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Abstract

Single-ISA heterogeneous multi-core architecture which consists of di-
verse superscalar cores is increasing importance in the processor architec-
ture. Using a proper superscalar core for characteristic in a program con-
tributes to reduce energy consumption and improve performance. How-
ever, designing a heterogeneous multi-core processor requires a large de-
sign and verification effort. Therefore, FabHetero has been proposed
which generates diverse heterogeneous multi-core processors automati-
cally using FabScalar, FabCache, and FabBus which generate various
designs of superscalar core, cache system, and flexible shared bus system,
respectively. This paper presents the detail of FabCache and shows that
the caches generated by FabCache with arbitrary parameter values such
as cache capacity, line size, associativity, access latency, and line trans-
mission width between cache hierarchies work correctly. This paper also
focuses on performance estimation and the physical design of the caches.
According to the estimation results, FabCache generates cache systems
which have almost the same area and power consumption as hand-tuned
cache because the ratio of L1 instruction and data cache controller in-
cluding extra circuits is only 3.5% and the increased power consumption
by comparing with hand-tuned cache is less than 0.1% although having
the overhead of automatic generation.
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2.1: Homogeneous and Heterogeneous multi-core
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2.2: Example of Cache System.
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7% 5.1: Available designs in FabCache

Memory hierarchy

Dimensions( L = line size,
S = set size,
W = associativity)

Specific microarchitectures

L1 instruction cache

L = (fetch width to 2")x4(byte)
S=1to2"
W =1, 2"-way, full

two banks interleaved vs. non-interleaved
1 to 8 fetch width
Interface with L2 cache
line size transmission vs.
burst transmission
enable vs. disable

L1 data cache

L = (1 to 2")x4(byte)
S=1to2"

W =1, 2"-way, full
MSHR =1 to 8 entry

Miss handling
blocking vs. non-blocking
‘Writing approach
write-through vs. write-back
Interface with L2 cache
line size transmission vs.
burst transmission
enable vs. disable

L2 cache

L = wider than higher hierarchy
S=1to2"
W =1, 2"-way, full

dedicated instruction and data vs. unified
Cache coherency

MOESI vs. MOSI vs. MEI vs.
dedicated for each processor core.
interface with shared memory

processor num to/from one vs.

processor num to/from multi-ported memory
cache replacement policy

LRU vs. Pseudo-LRU
enable vs. disable
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MHd. NTHYZTAINF AT TRy Y IIaDH UNHNET —F
T F ¥ 2HFET D LD KB L HEEN FabCache (21 H 5 728, A—
N—ty NFEEERALZ. ERAZ ) TNE—ET—F 77 F v %2 E
LU, UV ZEMNT B, Nv o7 ) 57— aVvnBBnK
[, A—/N—%w MNEIETIXER RTL 21— RIZFEEAEER 20D, Frikae
EBIMWNEZGTHE. UL, BTONET—FT77F Y2120V —A
T7ANVERELUTWSE 2D, NT A= BB MIHITIEMULTLEDS &
I— RAGEEEAME R UTCULE S, BRILAWN— R =27 HRERINT
LES LW 20DMEEMNHD. I— RafFtEiconTiE, a—%—IiZ
o TARBENZMETIIRWD, FRRFEETEE WD Z &Il & Y i
PUTWD. F72, BRILAWN=RY = T7IZDOWTIE, 5 6.2 82 TH
W19 2Rk T AEIC L O RL, £72, FHFHIL DRI N7
F yv ¥ a & FabCache (2 & > TERINAZF vy ¥ 2 DHIM - BITE - &

NHEBZWETEZ L2k, A=/ NEIEDZ Y Z MR L 7=,
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6.2 L1 @EFvyPa1DBE

PC

{Tag, Index}

Tag

Index

Bank select bit

Line select bit

byte offset

{Tag, Index} + 1

Bank select bit

{Tag, Index}

_

Even Bank Odd Bank
line size line size
set size set size
way size way size
are defined in are defined in
parameter file parameter file
(a, b, c,d) (e, f, g, h)
Bank select bit
_’( swap )
Line select bit (a,b,c,d,e, f,g,h)yor (e f,g,h ab,c,d)
Fetch width
_’( squeeze )

N (Fetch width) instructions

6.4: Implementation of interleaved L1 instruction cache

B 6411 VA=V =7 RLIGEF Yy VabiffizrLT\5. L1

mAF Yy ¥ ald, BIMLHNZ BHL 2 A ) FHNLOmET7 v F

WSS 27280, BEEEBD 2NV 7 %D\ 7 RAEY) THER X

NTHEY, swap L= b & squeeze L= h & FF>TW\5.

BNV DIEA="—ty Mg Z IO THREIh, F1VT1 X, &Y

M A X, EREENRERETH D, BIULHINZ L 2@a 7 oy F

WU, EUWHEBTF vy Y all&iNd 2720, SN\ Inb0h%
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L2 cache

Replay request |

Filled data
Miss status
Store Ack| |Store request holding register Missed address
Stage 1 e Stage 2

.........

E Store E CPU
;; Tag Data

Moas |~ memory memory
i| butter |} controller — controller

Requested data
1 Memory |

quuesl Tag Hit/Miss signal
from Tag address Data SRAM memo
cpu Data addresg

Tag SRAM memol

6.5: L1 Data Cache

bank select bit = VT A7 » 7L T\ 3 Line select bit (&7 =y F93 3
MADRHEEREL, TOBRNTA—ZT7AINTHRELZ T o FiEE
TR aERd. ZOFEKEEBTD-O, hI14 ¥4 XD ERITK
LIV 2DOREIFIZHOTND. FIZRIX, 3GH7 v FOHETE, 1
TANAMBTIET D). TDD, ZOD squeeze BIEIZ & 2 A —/N—

AN RIERW,

6.3 L1 T—49Fvyv>Pa1DBEE

M 651X L1 T—&2Fyyyasko 7oy 7KuErLUTW5, L1 T—
REYYYAZ2AT—IDIA TS5 VTRERINTSY, BYA 27N

miss status holding register (MSHR) (222 E X3 HAIVUIHHL T 7 2 A% 321
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M5, FyyyaAb—cky, 7oy dnEIAN—ILLARNE D,
O—RA, ANTH2BEEHOAEYNY 77 2FK>T W05, AEYUNY
77 DERIFNTA=ZT7AIIZEYEERETHD. AT —Y 1T
&, BITHBEINF Yy P aIAEZRIL, HEGTINOGBERNHD D Y
TANBRTNE, RIZFEFTTDV VT ANERBEL, 27 AEVITH
LCTYV—RUIIZANERKITTS.

LRU OFEHE A7 —Y 1 THEIFINS. Holding register ix AT — 1
TAR=ABRI LK, VIZTAMERFEFLHETS. ELFryvas
A%ELIULZV T ANRRTNIE, ATV NANY T 7RO HMY VT A
R AT =V IANREEIND., AT —YV2TIEHRITEZZIRL, by b
SARPRETD. LY FTHIWEY —RNIET 1 MEBNT — & A
EUANREEIND. I AZEIUALATIE, MSHR NI AMERE EG
T4, Fyvladb—LUVEETLED, EUEIEINEGRET
Y RU=2HNE, MSHRIFAT =Y IAERHMLES2%ETS. Th
PAATIE, MSHRIZL2F YV Y anI AV JTANEREL, HELR

5T —AEZITHS.
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[ L1 inst] [L1 datd] }dedicated design |

. T -
| Superset interface design| — :
' bank selegt. | unifieddesign| bank select
\bit==0 ' bit ==
L2 inst. L2 data | : :
or or .[arbiter0]  [arbiteri]—:
L2 bank0 L2 bank1 \ : :

6.6: L2 cache design

6.4 L2 vy a1DEE

[2F Yy Y alF 2NNV I EDNY T RAE) THEEINTEYD, &
- WA 2REDR A TR ERT DI LN TES. M 6.61FTNTNIHL,
HEL2 XYY a20HITHS. SHEMEIRIET D720, MOL2Fyy¥a
2NV I THRIN TS LTS, AERIL2F vy Ya b UTHAT S
&, 120NV 7% 12@8Fyyyab LT, iz l27—2Fvy
VAl UTHATS. #i, ELL2FyyYa UTHAT LSS, 20
VIDAVR—) =T RI2F Yy a bt UTEEL, 7 RLAHFESHIE
IRVEE, LI@4 - T—2F Yy ¥ ailiinoDRRT 7 AITHIG
5. SHEEBITZ2028 2L LN, 7T RUVABAZEST

7280, EBEIZIEZ3INV U EEREMRTH D, ZDFEKEL, RARDEE
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DL2FyY¥azLI-L2F vy Y afflOA—/S—ky M VA —T = —
Al LI T THEKZARE LTS, 2Hl2F vy Yoz
HHTLE S, LIl@d - 7—4F vy YaldEETNTNAD L2 F vy
VangEkida., —f, FEL XYy Yak UTHATSYE, T8
Re2D 2NV RATVDGAR), 1 VX—7 2 —ADHITENT 5.
ZOT7—ERIZEY, WIETEINVITEREL, VI T ANBREEFEIN
5. ZOMEIFY 7L TERINTVS 2O, BEHULANWN—R
DITEAVE =T 2= ADHIIERL BV, IHIL, fVE—=Txz—2A
DAWA—=/N—L Y N A— RTRBINT VD72, aFHEsEN. U
MU, N7 RAEVIZE>THERINT WS 720, maFyyyatl
THAINDEHZDOVTEHAINBZNA N T @M% ETTEHN—K
DT WEOTUE DM, TOEEIZSRAM AEY 250 F vy ¥ a i
T 2ROEBE AN ENOWHETELLE R 5.
COFEIZEY, 8- HEL2F vy YV adMENBRA —/N—~AY R T

FIET LN TE, I—RNAHEREEEND.
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> PANGAN
Core M
Cache
<
AN
0T FETCH_WIDTH1~8
iy 452
i3
i 74

6.7: Fetch image of superscalar

[c d e f

LineOjla bc d
Linet|le f g h
Line2|i j k |
Line3|[m n op.LineOa b c d|Linelle f g h
Line4 . Line2[i j Kk I|Line3Im n o p
Line5 :
Line6
Line7

Normal Memory Even Bank Odd Bank

6.8: Interleaved memory

6.5 SHEE Oty HEITOHNE

6.5.1 AVH——T RKxvv1DEM%E

FabScalar TIZMERE ED &2, EEDOEGFRNOHES L -m5s % 1Y

N

INTIT7vFTL5HEZEELTWS, 22T, A—NN—AhT7DG%

7V FOAR %K 6.7 2539, A—)N— A8 T I EB OGS %
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Even Bank Odd Bank

abcd efgh
i ] KI mn o p
qrst uvwx
| (@ b,c d) | ©fan
( ) | ) swap

(a,b,c,d, e, f,g,h)

1

(b,c,d,e)

) squeeze

6.9: Interleaved memory

FIRIZETT D58, —EOMBTF Yy andT I ATEROGS %
TV FURITNIERSZRND. UNULANS, BEDOFYY Y azHNT
COMKREEFEETD L, T VEREHEST VR ANFREL ZRIZ

A INTRTITIZENTIARN., ZOZL2X6.8EHWTHHTS.
¥ 6.8 Tl&, FabScalari&4@ms7 oy FO 7Oty UTHEINTS
D, aMbplEENETN1L DOMFEEKRLTWS. X 6.8 £DEE F v
VAaTIHLIAVIIDE, ADDWMAMEMINTEY, T VER%2E
MNRNGE (BIZIE, #iiL7za, b, ¢, dDWHE 7V FTIHHE)IC
IV AN TRBRERT— 222 THIZD2HENTRETHD. LMULAM

5, BEDXYYYaTIE1YA 27NV 1I 794 VDT 72 AUNTIRN
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Even Bank Odd Bank

abcd efgh
ikl mn o p
qrst uvwx
l(isL ka |) l (e, f, g, h)
( ——— ) swap
(e, f,9,h0,), K1)

) squeeze

1

(f.9.h.i)

6.10: Interleaved memory

F,oc, dyoe, fDEDIT, 2DDT A VEBENTHERMADVIEMI T
WBGG, TRERIZD /2 A VN ENREL TS, TITARMET
X, ¥y PakA VR —)—TRAE) LU THERTI2HE2IRETS.
ZDOZLT, FREOERL Zwma%2 1 YA 7N TT7 2y F45H %2 nEE
LT3,

AR —=Y—=TRAEYLIE, AERVEZEBONVZIZHEL, TN
TNONY I UTCHRRIZT =227 7 AT2HTAEY 772 A
ZEd LT EANTH D, K691, REFIKICETDLIamaFyryra
Ty ZHO—EERNZ, 2N I7DA VA=Y =T RAEY DOHlE R

LCWa. BNy ZIZIMEEE D T 1 V03, GBS 712358 3H%
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HWDZ A VMENTNRMING., ZOEIITT—Z2HKINTZETC,
d, e, fOEDIRAMET =Y FT IR ANKELZHBEIC, BNV
WS e, ABFIET DT V%, GENVInbe, IRFIHETEIIA V%
WiFNZFEAH U, squeeze 1= MI X > TRERID 2K D I & TIER
DL L 2@e %z 1 YA 2V CRIZDENAREL 25, swap 1= k%
W H1E LT, BERGHMNE, g h iDL ITKHINTND5E, [
FRICIMNGFETE I V8, g, hFETDE 71 V2KV I OIS
WZEiAH U, swap =W MZE 2 TIELWRIHIEIZ OB 25 Z & TE
BLTWd., £/, NI RATRVRMBHTLIHICEY, K— MZEH
PITHLSUWINIAETY T 7 AZARRIZTEIHET/N— R = THED

BIE RELL T 5.

6.5.2 /JrvJOvFvIxvy L aEERE

ZL< OEEET Oy RO —R - ARNTHEEELT Y NA T A —
RETHYR—-PLTWVWD 22, O—R - ART@SE2ELT I MAT
A —RFEFT WS 2 720121F, ATVY "NAA NI VT IV ave )
VIRV ITFRERF YAV AT LIIRO 5B, FabCache Tl
CPU & L1 Fyy¥afiioNA70 ha)be UT AMBA4 28AL, @ik
7oy iciin g 5720, wAKT16 LY M) D MSHR 2£> /)~
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L2 Cache

Filled data with ID l T Missed request address

_ Filled data or
‘ Fill buffer Invalidate signal
* Stall signal Fill signal with |D\ ‘Missed request address
MHSR is full
stage 2 stage 1

Miss status Replay signal
| holding registat f—os—oup
Missed request

packet
StatUST ll’ e l $ Stall signal

Comparator and
status collection

6.11: Miss status holding register

TOY R TRy T arERlTdIeNTES. AMBA4IZ4EY b
MUY IvavIDzRoTEY, —EIZ16 NIy a v xTH
Z %728, MSHROTY k) % 16 IZHIRL T3,

UL, Jry7aydyrEyyyanay hbod—7— TV MUK
B CHBE HEB A MU TUES. FiZ, avho—7—ik
FIEETNERING 2D, BV =T N IT VI AR EMS ZLINTER
V. DF Y, REHIEW - BENEHEELTLES. —H, 1A —
BREFFA—=IR—=AN TRV VT T4 Ty 3o &> Bila
AAY AT ATHAINDGEBLTOR YV DgGE, /Jry7avxy sy

FYvyaldpETRN, DFEY, ZOLDBMARAY AT LI ) VT
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OwFY7FyydazdZd 5%, mE- EHDOEMEHCTLES.
W, Toy R FyyvarEEgE oy HICEELTLES &,
TURNATA=RFEFICHRTERLSRY, @SEETBREIZR->TL
5. 2FY, ATAVTAYNFIATIZBWT, BEH IOy
MR T Oy UNRET 255G, RERT Yy VAV AT ANRL S
TLEW, 7JOvxy 7 - ) vy7aydy I3y vafiizEEdd 2
IFEELY., COMBERBIRT 201, A==ty hEHOTHZ
MSHR TV MV &Ko7z /) w70y F o7 Fyyasxd8L 7. X611
X MSHR OFfffli 2 R L TW5., F63/ICTRARNAZLDIL, AT—V21%
RAY VT ARE MSHRANEET S, 6L, NTIA—ZT7AIITE>
THELZMSHR TV N DX—HDGE, AT—Y 23 AN —IUE5%
AT =V 1INKEETD. TDHK, MSHRIZI AV Z T A NMIID %},
fill buffer N3%{E9 3. Fill buffer Z5Ed2 51 VDT —R %32 FH S
7z, SAVIJZANY RV AZL2F vy ¥a, ELLKIEFATVAEY
NEFETD. BL, TOITA UBENMEI NS ANETHNE, fill buffer
FHLES 2 AT —Y 1 ANKET . THhHTIE, fill buffer I35
T4 YT —R%E%ITE -7z, MSHR NID A CREL, FREC fill

EEEEETS. 522>/, MSHRIZID %t L, replay
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BRI TEIIAV I AN BEAT -V IANELEETS.

6.6 FabCache O #EM

FabCache I FabHetero 70 Y 27 hD—#i& UTHEEL TWE A, N
A7 NIV EUTAMBA 2 AL TS 72, BHEOF Yy av A
TLODWZECEMEAT S Z A HKkSD. AMBA 710 b a)Uik, BEL<
K LT3 System on Chip (SOC) IZE 1) 2 8EEE 7 10y 7 Dkt & B H
DIZDdD, =TV ARVE—=RBEFVFYvTA R =237 MR TDH
%. FabCache IZL>THEBIND F vy ¥ afflZIFTHRL, Fyyia—
Tty P, AA VAT —F ¥y ¥aflilonTE AMBANNA T O
NINVEFHLTWS 2O, I AMBA 702V ML TV 5]
DTy I U TRBICHERT DI L ME TS, F£72, FabCache i
BT — ROBIEHK 2 MG L 2@ n 7 oy F, ) 7y X THiE
BE, SHIZBITZEMEREA—NN=2 1T TOv v HIZH k% i
ZUTWa 720, WEANTOey 2R TEHIENTED. KT, X
BT Yy Y aY AT ABRIZIAZ, 1572y FIZENRUTWS 7~
O, MHARAA IO YV HFYY YAV ATLAEERTDE I ENTES

O, BB ZR > TV EERD.
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% 7.2: EDA environment.

Phase EDA tool
functional verification | Cadence NC-Verilog 09.20-S038
synthesis Synopsys Design Compiler 2013.03-SP2
place & route Synopsys IC Compiler G-2012.06
power estimation Synopsys XA G-2012.06-SP2

7 &

ARETIHERFRIIEL > THIERI N 2F vy Y a Y AT ANEL
SEMEL, F/, FEREICIVREMAINLZFYY Va2V AT AL
NFOORNERTHD I 2R, B OLEHIZTERNZELDIL, #E
FIETIXRTL I — MA e 2 MR T 2 2 DIZA—/8 =1 v Mg Z JHv
THY, BRULANN=RD 7 WERI N, #RE U THBEPHES
NOEMEH L AgEERH 5. I T, FEEEHI L) m#Eb L 2% vy
VavAThE, BEFIRIIEVERLZF Yy Ya v AT AR KL,
A==~y ReAHE >, FHiiREE LT, fildIRYFIY—2

1% SPEC2000INT, EDA Y —)VIEFE 7.2 1Z/RT.

7.1 EREST

FabCache (IZ& > THERKINZF vy T adELLKEETSE & & HER

35720, SPEC2000INT XY Fv—27 &V 1 EBaEFETL-. 7.12
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gap

0.9 Direct @
2-way -a
4-way -x-
8-way -o-

16-way —+-

Hit rate

0.8
8192 16384
4096 Cache capacity (KB) 32768

mcf

Direct o
2-way - %
4-way -+
8-way -4~
16-way -o-

0.9

Hit rate

0.8
4096 8192 16384 32768
Cache capacity (KB)

7.12: Cache hit rate

X, HEEZ2AXA LI NV EY IS 16018y NTVYYT T4 T
FTOETHREZRLTVD., FyvyaBgaMNlingdizoi, v b
BN EFHLUTWD Z MR- Z 25, FabCache IZ &> THEIAE

BXNZFrY VAV AT ANELLEEL TS I ENEZLND.
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7.13: Lllcache Power Consumption.

bzip

Benchmarks

AN

7.14: L1Dcache Power Consumption.
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T=AXYYyYaTE 7Y F U TFyy Y adl & MSHR M F#4E L T
LES. INHDMEENENHEZM LIS WEERH L 2d, THh
TNFEFEGHI L) B INF vy Y ay AT A EHEE & KL
7. FHiiFiEE LT, SPEC2000 INT XY F < —2 &V 5000 /74 EST
LU, EDA Y —)l Synopsys XA G-2012.06-SP2 # FHWTE N ZFHHIL 7=,
713, T4 IFENEN LI G - T A F Yy VaBHHEERLTE
V), ffl FabCache design {2 & > TIEHIELINT W3, 7.13, 7.14
O FabCache design I&Z M Zh, FabCache IZ & > CTHBIERK X 172 A—
N—=Y FI—RIZLDBA—N="Y RE2ELFYY Va2V AT AEZRL,
HIEA ==~y RE—gI& 2\, FEIZLY HREftINZF vy
VaAaVATALAERLUTWD, /2, R 7.31& FabCache IZ X > THEKI
x Yy Y at FERENIE D F vy Y aDBIERME L ZE DT H
5. FHMHEFERICE D &, BINUZENIF0.1% T, EERHE DX 0.1ns
THd7=0, RTL I— NGtk 2 RO 72D DA —/3—1 v MK 2 Y

ThHhdLEZD.
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Cache Control Logic

RAM MACRO] RAM MACRO|

RAM MACRO]|

RAM MACRO] RAM MACRO|

RAM MACRO] RAM MACRO|

7.15: Chip image of L1 instruction cache.

7.3 MR

HENERIZ &K 2 A==~y RERRE 5720, YEFY T 177 K
UER L, WREFHGiZT>7/2. K 715,716 I L1@%s - T—XF vy a
O F Y 7L A7 7 haeRLU TS, LIMAF Yy yabd/io A—4
id, BESKB, 71 VYA X4, 1724k y NTYYT T+ T THERZ
NTEY, X1V 27 v AV 7IZEBEOLTLRU A€, KkUFaYy
FI=IWEENTVWS. LI T—EF vy ¥adN\I AL, BE- 7
A VYA X EHBAEIXERET, Ty 3 IFryy v aTiEshd N1 Ty
KV D MSHR % &ATW5. FabCache (2 &> TERINAZFry ¥ ay
A7 A%, Rohm 180nm, HEKFAZ Y X— RIS 75V [23] 20

WCEmHE AR Z T2, X 7.15,7.16 H1D Cache control logic (&F ¥ > o
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Cache Control Logic

RAM MACROJE | RAM MACRO)
|

RAM MACRO] ‘i i RAM MACRO]|
|

RAM MACRO] RAM MACRO|

RAM MACRO] RAM MACRO|
[ N

7.16: Chip image of L1 data cache.

HlEH 2R LU THY, RAM MACRO IZSRAM AEV ZRLTWS. ¥
HLAT Y NOFHEFERICE D &, Fyy¥atlfifomEiias - 7 —
B XYy ¥ AT NTEI58,496.25um? - 60,232.16um?, SRAM AE Y 2&T
F Yy ¥ aYv AT ALKOERI 1,668,016.628m? - 1,669,752.538um?* &
7Y, BEROEBIINT S, HEERIZES A==~y R2ELF vy
¥ afilEROE G X 3.5%, 3.6%& &>/, DFY, Fyv ¥ aflERRD
HEMPIEFEITNI NI NS, RTL 3— Rafgilt 2 MRS 272D A—
Sy MRIRIZ K 2L ARWN—RY =7 3 WHT 2 2N TS -

OFYENRDB.
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