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Abstract This paper formulates a code placement problem to optimize the total energy consumption of a CPU

core, on-chip memories and off-chip memories in embedded systems. We proposed a code placement method to

minimize the total energy consumption considering a cacheable region, the scratchpad region and the non-cacheable

region. The cacheable region uses cache memory at access, the scratchpad region uses SPM and the non-cacheable

region accesses off-chip memory directly. The code placement problem to three region is formulated and proposeed

the ILP model in this paper.
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1. FC®»Ic

HABBARAT <A Ty ORI XVF—DAHR
BT, AVFYTAEY OEBLINF— 5D BEETNE
BNIKE->TETVS. ARMIT™ w14 7u/utyy ¢
RIHBENOD 43%, EHBREH SOty ¥ THS StrongARM
SA-110 EBVT D 27%DBANF vy ¥ 2 AE Y THBEh
TR LOB|ENHD [1~[3]. FryaAEYOHRTR

NVFE—=IEDWT, FT7FvTAEYDOHEBIRXINVF—L FL—
RAT7DOBABREZRUIF vy ¥ a XAE) 34 XORH#ELFiE
NELR/B|EATVS [4~[8]. ThEDOFREIR, Fyyia
ABYDY A ANKEL LB L, TH/EABIEYCBBEELX
WE-REINT 3 —ATF vy ¥ aIARBEDT B, £
TFY FRAEY TOWEBRTINF—PBOTHEEERALT
W3, FyvvaXeV0v A XeR#EtTZ LT, HRT
INVF—ER#EtTIC LETETHS. LHLEARY AT
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LBARTIR, RO A /0oy EZRVTY AT L2
KTBHPENEL, FryvaXBV Y4 XOBREHES I
TVBRABZV. FryPa ABUHAL IHBBEENTVS
BETH-TEH, FryYaXBYADOT I RABBITF vy
VaIAWEHIBT BT LT, Fyyva AT THRTST
FNVF—RHIRT BT LRERETHS. FHETE, Fyvia
AEV YA XIHPREL TV BB ETHEATELENET R
F—EFETHZ - FEBFHICERL, Bkoa— FER
FrE2HERELEFEORRRTo 12 LT, BRFEEAVSE
Da— FEBSHLHEOEBRL I TERE®TS.

RET 33— FEEFEIZ CPURYY 7, FyvyvaX
€Y (UTF++v>a), SPM(Scratchpad Memory) 33 & U4
TF v TAEYBEAREAD Y AT LOBIEBRT IV F—D
K275 FHETH 5. BEFER, Fryva2ERHLET
U RETS i (LT cacheable fHlf) &F vy o a BEHAY
FIET VX %75 BROERETS. Fryyaz2ALTI
7O RETSEEICIE, SPMICHIDYTONET RLAMK
I (LUF scratchpad fiif) BLUAT7Fv S AEVICHET &
+ 29 %R (LT non-cacheable fHif) D 2 MERHELT
V3. 3 DOBEANDOI— FEBEZFAMKICERL LEEFHE
AWaC T, RFELD BEBRTIVF—Ha— RER
ZEETS. FHTRHEBTRXNVF—R/MeBRE LT 3 i
ADI— FEEZRET SMEEZERILL, ZOILP £F1LO
RERITS.

FROMPRELUTIORY. 2 B THEOFEOB/N LR
FEOFHEZITY, 3 BTETREBIIVF—MNR/hEE3
a— FEEZRDBMERZERL, TOEXNLETS. 4 HT
& 3 HEBWTERIL L o— FEEBREZ BEEEMEICE
95 5 HTIRELDETS.

2. BEOHRELREFE

2.1 BEHR

2.1.1 BMEIREBIZI—FEE

Fyy Y aDY A XEREFTZCLEL, FryvvaBiUF
TF v TAEY) OB XVF—EHIEKT 3 Fkic, BAEIR
BT 30— REEFELNH S [9~[14]. BEOI— FEETF
ETIR, B8, X7y /BXUTF—2DRAEY T RLAZE
A TOEBRZF vy ¥ 2 OBEI AENR/NEES L5 BH
{EZfT>TV3. A

a—-FEEOEARLEZEZE, Y4 X C(=2Mword), 5
AVRLDEALY PRy THRDF vy ¥ 2 2FICHAT 3.
Fry Y aIXBOFTF v TAEY LDOTF—XDERIEZ, S
4 VE LEBAITITS. 7 RUAEEADDH B 7—% (7 KL R
M) OF vy V2N TOEBLY )ik [ M/LlmodC/L I &
bROBENDB. AEBUTFLAM,; & M; Z2FD 220057 —4%
PRAET BT (1) RickbFkEh s,

(][

2.1.1ica— FEBFEZEHAT 38277, B A B,

AEYPEUAEM I Ty ABYPELR I
*ryiarey 1 /)
SAURL {A)
PR |
O <] ’
N
FausaFA -
IZBVTRAIR
i A N—F

1 a— FEEF

CBILUDDBABYT7 RLAZEBIDLS IcRBEENTWS.
BEHADT AN A, B, D DIFCNV—TF5E, ALDD
HTHEIANRETS. B C L DOEEZAEYTRL
AZEMODESCANEZZ L, AL D OTRELTVE

BIRZRELLY. BEOD—- FEBREZ VIV XLT
&, HEIRABOBNCES LS ICa— REERRELTVS.

2.1.2 SPM N\O##%xa— REcE

Fyy ¥ a3 T 2REBESBERICN—FY L TIck b a8
HiciTbh a4 F vy TRAEYTHS, —/ATSPM T KL
ABEDIRONTED, TuFSIBLTIAVASOT RL
ABRICE D T—2BEMTOIB A Fy TRAEYTH 3.
SPM iEN— R 2 7L & 3 F—ZEEDY R— b BT
fed, Fvy a2 TRERZTT RUABSOUEHNSREL
K, 7V EARHBIRIVF—HEEROF vy a2 LHBL
ThEW. ThERRL, a>/31 )UBEIC scratchpad FEEEA
Da— REBRESEILL, F2F v TAE)OHEBIXINF—
EHIET 2HENTOIA TS, Banakar 5I3ERT, SPM
DHEFEHLUIBE Ty aDBZ2EALEEEDOTY
LWORDEELXNVF—HIFEHERL TS [15]. Steinke 51
scratchpad SIFAOH, EA&70v /7 BXTT—2OEER
FA% knapsack B L ER L, EBEIN/EE, EExTovy
BLUT—E\ORT 7t AESERAET 5L 51, BEY
M8, BEEToy s BRXUET—20OBREZTS 7TVIY XL
EZRELTVS [16].

2.1.83 FyvyTanARR

7 7 RAORERRFEMENI— R EF 9w ¥ 234 8K
TAHTILT, FrvvaliBI3HERTINVF—2HIET 3T L
MNTES. MATRANRREITS TLTHFry V2 OEHER
MNEREL Y, R LU THRF Yy Yo IAMRHIRT 2 H
T&%. Johnson 53, SITRHCT 7 ADKMEMNRFTEDR
MEITI>N—RY 2 7TEEBERELTVS 17. T—20T7 Y
TRNRE—VRBEL, 77 AORMMRFREMENT—Z
BFvy anNA 1Ry T 7 E2AVTINA ISR ZITS. Rivers
5@ A MY —LTF—ZD/NA 3R %1TS NTS(non-temporal
stream) F vy Vo BZRBEL TV S [18]. #ELTWVSF vy
al@ild, FALI by TARDLL Fyy¥alchi A b
V= LF—RERRICTINVTIIT T4 TRy ¥ aZ’z i
BETHZ. F—FERETIF vy aDBRIE, L2Fvy
VaTIF38DL LT3,

BLDOBRRFEICBOTEF vy ¥anaNRICKDF vy
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BARN1(16,0004 14V) BAM2(12,000419/L)  BAR3(15,0004 15iL)

2 Motivation example

Va2 IRBRHIRT 2 FEEERT AN, BRFETRF vy
VanANRRCERADONYy 77 ERERA LR, Fryvan
ANRRABREENRFIEDENTF—2 2 ATV 7 FL AZEHA
O non-cacheable fHIRIC I— REZEBEIT S L TEET 3.
non-cacheable B EFHT AT L TF vy v anNA R RFT
W, Frvya I ABEHIEUSHEBI OV F—-ORERTS
FHRRIFFHEOLDTH 3.

2.2 REFH

BEHR[19] KBNT, BESREHRLXLVF—(LEEN
L liea— FEEFEERRELTW3S.

PE3kD scratchpad FEAND I — FRERET VIV XLT
&, Fryal SPM ZRARRLITOLyHE2EELT
WIEWL. Fyyval SPMBRRENE SOy Y EEET
348, SPMOFIAICL 2F vy ¥ 2 I REFICDOVWTEER
THRENDS. BEFEOMRER 2 ITRTF vy ¥ and
TIEAFL—RAZAVTRY. RELLT, 77EAEL—
ARTSRENIE 1, EH2 BIUTEKS ZIRTEYA
AT2KBTHBHLTD. kfeAVFyvTAEVLLT2KBD
FyyraBLU SPM 2ER Loy 92 EET 5.
2ISRT ST, AidIIRIE 1 LRI 2 ARBEICETEA, %
FIEEEH 2 LAY 3 BREICEFTENSET FLAFL—XH
Bohizld3. WRFEEAVD L, 72U/ ERFEEIES
NRbHE L 378, scratchpad FEEICIZMER 1 BEET O
5. LHL, B 1 % scratchpad SIFICEE T 2354, B
2 LB 3 ORITHIYIDEBDLIBICHEL DF vy Va2 I RAEH
49 %. B2 A scratchpad fABNEEE WIZBE, Fvv
VaIARMEHRIHIBETE S0, FrvvabBiUL7
Fv ARV OHBLINVF—HIEE NS, tnx T SPM O
BRROEVEETE, HRIIVF—DHIREhZEER
non-cacheable fHENDEBZITS C L& AHETHS.

BRI 33— FEEBEFHL, cacheable fflf, scratchpad
535 & U non-cacheable flE{ND I — FEEEZKHEE T XV
F—IBRNCHED XS ICHRET 5. BRFIETI scratchpad
FREFATECLICEBT 7 RHb OWEBRT XILF—H]
BICINZ, scratchpad fEEADT 7AW F vy &2 %AV
WZ L%EERL, scratchpad FEADI— FEBICKZF vy
¥ a I AHEEIRDEREITS. FyyyaIABEERLLE
B F—REOBSc KD a—- FEBOFERTS>C LT,
F vy a I AHEENRA2ZR Ut scratchpad FRIEADEED
EHETES. SPMICINA T, BREFETRF vy 2 2EAE
THEHEATF v TAEYANT 22 AT % non-cacheable FHiE%

N—F9x7 ]

N—FIxPEF
1352—4

VI THRE
13524—4

|

| - FERERTITL ]

a—FERINE

| 5. vh |

3 a—FEREEFEOT7O—

FFG—a30Tnd5 4

4 BRFHECHI 33— FEBREER

5T 3. SPM i394 XM D 570, HACa— FEcHE
ZTOBRYA AU LEOI—REEET S LR TERD. R
P —=LF—=2D&X3icY A XWKEL, T7HRADEENR
FifEAMEL YT — & 1d non-cacheable fRSICEEE L, Fvv¥a
INAIRRZATS TENTRETH 5.

a— FEBEREE 3 IR 70—T75. 7 U r—vavic
HELER, SRy by Ial—& (ISS) iIck>THBET
TVr—varyadSLO7 78AT7 FLA L—ABLT
R L TEIEN—RY 27 DIR5 A—& 20— REEFR 0
TS LI AAL, Bifita— REEEZRDS. Rbiza—Fid
BiZav 4SO FakRick b, EFTEI— Rt
TEHLNTES.

3. EER®

FETI, BERFREICBT 30— FEBREMEDOESS &
TERERITS. :

3.1 REBFXRICHEITZ331—FEE

B 4 ICREFHICHT 3 31— FREOBSRZRT. A
BIBa—FEBE, 7SV —var s udSLAOME,
Ta—NIVEBBLUERT— 2 2EUATYL TV M
(I CEREOREZITS. EAEYATT 2P M cacheable 8
i, scratchpad fHIH 35 & U non-cacheable FHIRD 3 fHIK DL
ThMCEEE NS, cacheable FHEHICEEBENBHEIE, B
BEha7 FLABESF vy ¥ 2 IRBICHBERIET D,
cacheable fEIN TOEEIEFDHEELITS.

3.2 MRIXLX—REYEK

BB E LT, R (2) IRTHEBT V¥ — R0 e
T 5.
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TEtotat = Neache * Ecache + Nmiss * Emiss + Nub + Eub
+Nopm * Espm + (@ - Nmiss + &+ Nup + Nogs) Eor
+(Pog + Plogic)  tai
()
tall =CT(Nth . CNin.n + Nmias . CNmiaa + Noﬂa . CNog,
+Nub - CNup)
(3)
R Q) IEBVT TEia 1 CPU AT, FVF v TRAEVBLT
A TFvTAEY OBBEBRLINF—lRRY. TEioa %25
BEBRCBVTHVSNBE AT A—ZOBBAEITS. Neache,
Npiss BEU Nup EELF 2y P a7 72 AER, Frv
VaIABBIUFry T ahbDIA MRy TEERYT. Nem
& SPM D7 I L AEEERT. Nogs i34 TF v TAEUAN
DY VINVT ALK BT I REEZRY. Ewches Emiss
BLU By BELF ¥y ¥ anDT7 I ABH I IciBHRIR
WF—, IAPEHDICF vy ¥V aTHRESNZIRINVF—
BIUOTA MRy BB DIcF vy Y a THBEhS LR
WHF—%RY. Epm BEU Ep I3BLSPM T7 2 RbH1:
DICHBENAIAINF—BLUEAT7F v TAEYADT It
ABIEDICHBENEZXNVF—RRT. Pog. BLU Pog i&
BLOZy JROVHGHBRENBITAT7F v TAEY THN
IKHEZ WA BEIRET. adF vy VaIXABITSA MRy
BV TDZFTFYTRAEVADT 7L RAEHERT. tiota
RETRMTHS. R Q) BT CTIRITy F94 7 )V
ERU, Ningt BEITHRBERT. CNinsts CNmiss, CNogs
BEU CNw 3EL1 MRETHIDICRBRY A IIVE, 2
BB T D ICRBIRY A INVE, YV IVTIRRICEBS
TFvTRAEBVANDT 7L RCRBBEEY A 7 NVEBBEUTSA b
Ny 7B BBy A VR RT.
BEBBAR DT A—2CBNT, I— FERICHEE2Y
%785 A—21% Negehes Nepms Nogrss Npmiss BET Nyp DFH
THY, HONRFTA—2EERES I 2l —%, EEIIaL—
2 BRUBENENTY—IVERVIEREICE D BEIS.
3.3 MEoERL
O— FEBRBOERLICAN3/85 A—2 2L FIiTRT.

Nt AEYZTI Y M

Nmem AEBVYEFAOLEAEY Ty 78
Nway. Nt :F‘\"“/ vany 14&154:0’12‘? }‘&
Sepm scratchpad SO ATV T01y 8

0; AEBVYATI2 I Mi(i=0,1,2... Noy)
b o DAEY Ty I

acc; EITRED o; NDT 7 A[EE

ABRVTav 7 eiEFryya bt 7Fy TARVDOANER
DHEMITCHD, FrvaDIA VYL AXDREEDTOY Y
TH3.

% o; DELEZTRIER z: ZUTOX S ICERT 5.

z; € {0,1,2,...,Nobj — 1, Aspm, Anc}
i%1i and z; + Agpm => Ti F Ty

i+ i and i + Anc = 7; F T4t

Aspm > Ninem, Ane > Nmemy Aspm F Anc

O]

X = (20,71,%2,...,TN,;)

X 3E z DNY X THB. z; DML, Aspm DL ¥ scratchpad
FRICEHEENTVWAT EERL, Ane D& ¥ non-cacheable
BRCEEEINTOB T LERT. Nop; KDMEVEELS
813, cacheable FRIDHT z; BEICEEE N5 T L 2EK
T3,

EHIBED Neache, Nepm BET Nogs ZRD B 1201,
c(zi), 8(z:) BXU u(z;)) BUTOK S ICERT 3.

1 if:ti §Nobj
c(zi) = 5
(=) { 0 otherwise ®)
1 ifz; =A,pm
s(zi) = 6
(=) { 0 otherwise (©)
1 ifz; = Ape
u(zs) = 7
(=) { 0 otherwise @

Neacher Nopm BET Nog, DIERLUTOR (8), (9) BT
(10) ZAVCHETE 3.

Nop;

Neache = Y c(:) - aces ®
i=1
Nos

Nopm = Z 8(z:) - aces 9)
i=1
Nop;

Nogs = 2 u(z;) - ace; (10)

i=1
scratchpad fEIgAND I— FECEICIE, EERTEELSEHOY A X
IChlfbi D 3728, UTORIRT LS ICHBEh3.

Nop;

> 8(1) - bi < Sopm (1

i=1
Nmiss 35X T Nyp DFFEICIZ, cacheable fAIFEADT7 7+ X
L—AERAVRHEENDS. TSV r—varrudSLEE
TLTRETZERAT RLARL—R&ED, XEYXTVLY
MMODT VLA L—REBZLHNTES. AEULTTIx
ko DD jBEHDAEY AV I\DT YR % pi; &
TBL, P72AML—ATRIBUTOLS CB5Nh3.

Po,0, Po,1, Po,2, P2,0, P2,1,P5,0, - - - , P3,0, P3,1

BT VR pi; BV—RERRSA T 72ROV TIADT
»5.

BAEVAT V) MRS TONET FLRER, z:(i=
0,1,2... Noy;) ZHWTR (12) Ic X W FHETE 5.

Nop;
bn(i,5) =Y y(wi,ze) by +j (12)

i’=1
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R (12) HOD y(zi,z0) BUATDLSICEX BN 3B,

1 Ty > Ty

y(@i, zv) = { (13)

0 otherwise

Npiss BEU Ny ZAD Y T 372801, $iltliC aiju B
&0 wiy BERTB. TREOE p; CHEL, UFICRT
ai 1 2135,

ai,50 = {pw,j'Ipw,j+ (i & i'orj + j')appear between the
Ith appearance and (I + 1)th appearance of p;,;
in TR}

FA LTI ERTHS pi; KEBL, UTOEXSE wiix 2
®Bs.

] : 1 th p;.; is read
{@i,5,klas,5,xappear between

wij1 =4 the write access of [ th p;,;

1l th Di,j is write
and the next write access of

pii(k=1L1+1,014+2..)}

Nimiss BET Nup K (14) BEUR (15) lc K DEIEE N3,

Npiss = Z replace(as,j,1) + Constant (14)
Va;,j,1
Ny = Z writeback(w,j,1) (15)

Ywg ;1

R (14) KBV THW BN S replace(as i) &, Fryya
ABEHAVVITBRTHS. aijy B FL—ARTIBEHD
pi; B5 1+ 1BED p;; OMICHIRT 3 py j DEEERT.
replace(a;,j;) & aiju BEAET S pyr jo DT LRI, pij
EEMLTOES A VIEBOTHF vy Y a IANRET 356
X1, EIhZonEE LS. a1 OFIC, pi; LT 7EZD
BETS pyy BFYY T 2DY A8 Nuay UEFET 513
B, FryTaIANRETS.
DS

Py 1 €a4,51
0 otherwise

con flict(pi,j,pwr i) 2 Nuway
repalce(ai ji) =

(16)
writeback(w; j;1) &3 (17) TREENS. w kK FL—X
T, IBEDpi; DFA LT 7XEADE I+ 1BEHD pi; N
DA W T L AOMICEET 3 ai 0 ZRELTVS. 5%
pij "NDTAL RT IEABERD pi; NDSA R T ZLADM
I pi; EOHENS F oy Y2 IABRELEBE, S b
Ny SRRET B,
DD
ai,5,k €W4, 4,1
0 otherwize

replace(ai jx) >0
writeback(wi,j,1) =

(17)
R (16) THV SN S conflict(ps,j, pir 5+) DA (18) I &
hRHHNB. conflict(p;,j,p.-:’j:) %4 Di.j & Pyt jt DT IR
Tav iR, ACFryyasAYikIvBrTEhsLEic

1 DfEEL 3.

1 if zi ¥ Aspm, Ti F Anc and
(bn(i, ) mod Nie:)
= (bn(',j") mod Nset)

0 otherwise

con flict(pi,j,por,j0) =

(18)

HWERIFNVE-HRENeEZa0—-FEERZRDZHER
[TEta ZB/NET S X = (x0,21,T2...,TN,;) ERDBHH
Bl LLTERILENS.

3.4 BRILORIE

B TRUIEF vy ¥ a IRABBLCETA by FBOFEE
TOEXORIEZTS. A9y bYIal—RickhBE
FFPVr—2ary0D7 78R FLU—RETIC ai,j1 BET wi i
BERTS. RIHCAWET SV r—yar 7y S LI jpeg,
mpeg2 BEL U compress TH3. EiTHAL D 100 FRHET
UiBOT7 72X L—AZHWE. R (14)-(18) 2 C EE%
BAWTSEEL, 0, BEC w0 ZEANLLTEXF Yy Ya
IZABBRUTA ENRY IRDAT Y M RITo I

R (14)-(18) ZEE LI /0TS LEROTRIERE, Fvv
YavIal—RiK T JEA P L—REEX TRIERZHLR
L, R(149)-(18) KXV ELLF¥yYaIRABBIUTSA +
Ny IBHI Y FENTVE T LEERLE.

4. EBERHERE~OERL

BB TR UEERETIE, BHWBEES X UHIKRZALRFAL
TNTVEY. FETE IETRUERERBICERT ST
LT, BRFEICBT 50— FEBMNEZBEEEREL LT
ERXEZTTS.

o(z:) DEZFRR/TIERE o LT3 L, K (5) RUTOK
SICEMTES.

(Nopj —zi) +(1—¢)- U 20
(Nobj —z:i) —ci- U <0
Cie{orl}

(19)

s(z;) DEEFRRTIERE s L9558, R (6) FUTDELS
ICE#RENS.

Zi — Agpm — (1 —8;) - UL0
Ti— Aspm + (1 —8i)- U 20
a:i—Aap,,.+s¢~U=|=0
s; € {0,1}

(20)

AT 8 CDWTR (11) TRENZHFELLTOX 5 IcE#
Tha.

Nobje

Z 8- b < Sspm

i=1

(21)

u(z:) REZERHTIERZE uw £T3L, 8 BLT Aypm &
u BRU Ane KEMTZT L TR (20) LARICERT T LHT
&3.

R (4) TIRUTe z; DRMFRAFEREORMRICERT S, =

-35-



DHEHFNILIT DX S IR TES.
(1— )+ (@i — 7ur) %0

R (13) & y(@i, z0) DEEBRTIERE 4,0 LTBE, Y
TORTHERRZC LN TES.

(@i—ze)+ (A —gi) - U>0
(i —zo) — 90 - USO
v €{0,1}

RicK (18) DEEZITS. conflict(pi,j,pur.j) DIEZF
By r258% V(,5),(#,3) eL, b’n.(t,]) DE% d;,j 293,
25,3531 DY (dij — dis,51) [Nuew DUEERRT B LT B L, R
(18) BRUTDLS ICEHT R LN TES.

(22)

(23)

0 < (dij — dir,j1) — Naet * 2(i,5),(37,37) < Naet
(dij — dir,jr) = Naet - 2,3),(4,5") + VG.3), 0,3 U 0
(dis = dr 51) = Naet * 2(3,9),(,5) — (1 = V(ag),(0,50) £ 0
@5 — Nmem — (1 = vG,5),,59) - U <0
Tyt — Nmem — (1 — U(i,j),(il'jt)) -U<0
Y. € 0,1}
2,307 €L
(24)
I (16) i& replace(ai ;) DEEFRT 2ERE ey LTH L
LIFOXSIcHBTES.

Z V(3,5),(#,3") + (1 - et’,j.l) U g Numy

Pyt i1 €8i 5,1

Z Vi3, (i,3") — €igit * U < Nuay

Pyt 5t €a4,5,1

(25)

ei ;1 € {0,1}

R (17) i writeback(w;, ;) DERFERTHEHE fi;0 LB
REUTORSICEBMT B LNTES.
> eigk—fiiu-USO
@45,k €Ws, 5,1
Y ekt A= fi) U>0
ai,5,k€Wi 5,1
figp € {0,1}

X (19)-(26) THREICEBLERB LUK (8)-(10) BLUX
(14), (15) ZEPRICERT I LN TES. BNBEKTHS
R (2) &R (8)-(10) BXUR (14), (15) BAVTHREILTZ
3. BVESERETEL, X (19)-(26) TRLIEX S, il
KRB ZBE TR T LN TERYD, J— FEBREITER
EHEREE LTERLE hie.

5. ®b Y Iz

AR TREHBLRNVF—(LEHNE LT, cacheable FHI,
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