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1.3 AR

RISC-V HREFPSEEIA AT RECLHE— PRI, 25508 Fr AN i =R iU / sl il I 343t
A (D0 AT — T INA R, B BB A L 2 A AR . Sk i
PRERR ZatE T MU A RISC-V hart fUBEFTh . PR —28RE7E D BT
IR CSR #bht, WIRE 7P & _EYsiihk =< n]_EAY—2 .



B ERIRREFGFS (CSR)

£ RISC-V 1845, RETHRAEN (STSTEM) 4Rt T RilE & o IXLEHRERUGE S 1] LAS AWK,
N Zicsr §RHUE LHIRTLL A s B - B R RIS E fF de s 75— FONZ IRy E RS
o KRR Zicsr I JRIHE, HERAUR S TR RHE SR .

B T AEAR TS G iR AR AR S BN, BRI RE &L ASM CSR, X LB 5N
IRASFF A7 L AT 58— itk B2 IR S5 A7 a1 2 T UE VR R EAT VT ) AT
TR f7ar RO 25 1), JR SR TR RO RS = AR I D RE . AR R
AEAHPRAGRIERA) — 2GR S 1EHER, B CSR 5545 MU, H2
EATTH AT AR AR AL AT ]

PRAER I BT A (e SR I R B0, SeRERBCARIE R, SR R ERIY .

2.1 CSR HihbpitZ) &

brifE RISC-V 4845 TUE T 12 RSS2 ] (csr[11:0]), W] LAGmiS 4096 M&HI 5 fds. 10,
i 4 (L (csr[11:8]) FHTF X2 1P B YRR 0 U5 [ 2 A7 2 9 132 5 SRR A T 2 o Y
EPIAL (esr[11:10]) farnafran2iE/ 5 (00, 01, or 10 B 3% (11))o {1k 2 {7 (csr[9:8]) X nj# il
A g A RARAAL S BEA T 4 o

CSR bt 2y 48 CSR 49 4% th 45 % A BAA B9 37 FI R R e X AP 77 X AL 7 A4k 6945 2 40
M T 2 k89 CSR =), 12 ZFR4] T CSR b= 8] 69 megt 7 KXo

A BARZILT, 7T AL AU AFA E 3 09 SR A K A ABAR A9 R R R AL 49 CSR 5 1F, AR
HFEBX T F] X BT SRR R 69 A B

VTR — P AAE CSR 251K — A BERIES R . DG HRYRZUNT ) CSR 25—

MR G SEARKR S R . I/ BE AP A AR R, AERXRMEIUT
BT BRAL BY S SR A E R 1A 2 o
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# 2.1295E 1 CSR Hiht 2= (Rl AR AT B E SUHFR . 0 ics B e UEHT R CSR 25 [AAER R H bR
HEHCREAN P EDHTE Lo

Plas b ifE -5 CSR 0x7A0-0x7BF J2 A RETIHIATIRE Y. fEiXLE CSR 7, 0x7AO-Ox7AF fE]
a1 s R], 0x7B0-0x7BF WAEIH i) I o BARASEINry, MLasieys RlE-4 i & A7 e
PZARTE S S R o

B —ANE AR E, FRRTR S 6948 S FIBAT, AR MALFTHAT FAR A TG A\ 2] iR
MBALEF [1]o 4o BAKBRER RiE6) CSR &5 HREA R TiE-S6, T IR AL E A
4 CSR 1248 #4569 CSR &R ¥, AT A LA FARAR 693519, 12 RARARAIHHE -2
Lik0iE . BT, HHERE—NEK CSR.

2.2 CSR %3

 2.2-2.650H T AT E M BCRY CSR Mkt THRFER, THEGAIE R CSR #U2ARE CSR. HE
FATa R IR . JRSERE T R TRNE . EER, FHARITA R A A e AR SE L AR Y o
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CSR bkl 16 il FHIERTYT AR
[11:10] | [9:8] | [7:4]
RT3y CSR
00 00 | XXXX | 0x000-0xOFF | trifis/ 5
01 00 | XXXX | 0x400-0x4FF | it/ 5
10 00 | XXXX | 0x800-0x8FF | H i Wi/ 5
11 00 | OXXX | 0xCO0-0xC7F | Frift H ik
11 00 | 10XX | 0xC80-0xCBF | [ i ¥ Hik
11 00 | 11XX | 0xCCO-0xCFF | [ X His
FERLZUH) CSR

00 01 | XXXX | 0x100-0x1FF | triifEi/ 5
01 01 | OXXX | 0x500-0x57F | hrifi/ 5
01 01 | 10XX | 0x580-0x5BF | hriftie/ 5
01 01 | 11XX | 0x5CO-O0x5FF | H i N i/ 5
10 01 | OXXX | 0x900-0x97F | hriftie/ 5
10 01 | 10XX | 0x980-0x9BF | trifhid/ 5
10 01 | 11XX | 0x9C0-0x9FF | [ W%/ 5
11 01 | OXXX | 0xDO0-0xD7F | [ & X Hi
11 01 | 10XX | 0xD80-O0xDBF | [ i ¥ Hik
11 01 | 11XX | 0xDCO-0xDFF | HE X HiE

BRI E B (VS) 19 CSR
00 10 | XXXX | 0x200-0x2FF | FRifEis/ 5
01 10 | OXXX | 0x600-0x67F | frifiie/ 5
01 10 | 10XX | 0x680-0x6BF | tpifEi/ 5
01 10 | 11XX | 0x6CO-0x6FF | [ /& Vi) 5
10 10 | OXXX | 0xAOO-OxAT7F | fRifEist/ 5
10 10 | 10XX | OxA80-OxABF | FRifEist/ 5
10 10 | 11XX | OxACO-OxAFF | [ /& X/ 5
11 10 | OXXX | 0XE00-0xE7F | & X H i
11 10 | 10XX | OXE80-OxEBF | [4 1 5 H i
11 10 | 11XX | OXECO-O0xEFF | [ & X His

Mlasdry CSR

00 11 | XXXX | 0x300-0x3FF | brifEise/ 5
01 11 | OXXX | 0x700-0x77F | fRifEi/ 5
01 11 | 100X | 0x780-0x79F | Frifkis/ 5
01 11 | 1010 | 0x7A0-0x7AF | hpifEsz/ 5 CSR
01 11 | 1011 | 0x7B0-0x7BF | #it#izt% | CSR
01 11 | 11XX | 0x7C0-0x7FF | HE N/ 5
10 11 | OXXX | 0xBOO-OxB7F | FRifkist/ 5
10 11 | 10XX | 0xB80-0xBBF | it/ 5
10 11 | 11XX | 0xBCO-OxBFF | [47E X it/ 5
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Hig | FERL | HAFR iU
RGN HITE R CSR

0x001 | URW | fflags RN E . (Floating-Point Accrued Exceptions)

0x002 | URW | frm T RIS AR

0x003 | URW | fcsr PERPEFINIRAS T s (frm + £flags).
ARG/ T

0xC00 | URO | cycle RDCYCLE 454 (R4 A TT 4508 o

0xC01 | URO | time RDTIME #5411 H 45

0xC02 | URO | instret RDINSTRET f54-[1$5 4 1R IR T4 «

0xC03 | URO | hpmcounter3 M RE ST R o
0xC04 | URO | hpmcounter4 PREMS LT 5 es

0xC1F | URO | hpmcounter31 | MREWSMLITEHT

0xC80 | URO | cycleh cycle HIE 32 7, fUHTF RV32,
0xC81 | URO | timeh time [{F 32 iz, (AT RV32,
0xC82 | URO | instreth instret HYE 32 {2, (VT RV32,

0xC83 | URO | hpmcounter3h | hpmcounter3 HyE 32 i, (YT RV32,
0xC84 | URO | hpmcounter4h | hpmcounterd [y 32 ., {{HT RV32,

0xC9F | URO | hpmcounter31ih | hpmcounter31 HyE 32 {7, YT RV32,

* 2.2: HETE2ECH RISC-V AR CSR Hiht.
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i | B | K EfHRaN
WEE R E
0x100 | SRW | sstatus WS RS o
0x104 | SRW | sie B T RE AT 748
0x105 | SRW | stvec WEETR bA A BRAR B
0x106 | SRW | scounteren | W5iEZ1 s fifE.
WEARICE
0x10A | SRW | senvcfg WSS R IR E AT Fon
B A
0x140 | SRW | sscratch WS R P B FEAR B O
0x141 | SRW | sepc WE SR T A
0x142 | SRW | scause WS e B
0x143 | SRW | stval BRI AR ML B R 4 o
0x144 | SRW | sip WG .
W E DRI RTEN
0x180 | SRW | satp W R MR AR
W/ BR R BT A7 A
0x5A8 | SRW | scontext WER T AR

* 2.3 HETERchY RISC-V i EZ CSR Huht.
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BT | FRL | AR ik
RHLR B i PR
0x600 | HRW | hstatus HBR NS B RS BT o
0x602 | HRW | hedeleg AP E A TR AR 4R
0x603 | HRW | hideleg BRI E AW R A AR
0x604 | HRW | hie I G T (ERE =T A7 o
0x606 | HRW | hcounteren | S arilHasdiGE.
0x607 | HRW | hgeie B A ) SR i E AT A
AL A P R AL PR e
0x643 | HRW | htval LR E A A R B L
0x644 | HRW | hip LI AR TR TR
0x645 | HRW | hvip fﬁﬁ%&ﬂﬁ%%%fﬂﬁﬁliﬁﬁi
0x64A | HRW | htinst RIS EZE K LR AFES (transformed) .
0xE12 | HRO | hgeip RS E AR P AN B
FEZR I A
0x60A | HRW | henvcfg LRSS PN IE B B PT (F s o
0x61A | HRW | henvcfgh BB ISR INE. &4, HHT RV32.
FHI M A R AT RS A
0x680 | HRW | hgatp BRI E EF' ﬂﬂilt%i‘%m%}i‘
IR/ BR R AT
0x6A8 | HRW | hcontext RN E A *EJEJ:TIﬁ‘ﬁ
I de TR /I ph L T (e
0x605 | HRW | htimedelta | Delta for VS/VU-mode timer.
0x615 | HRW | htimedeltah | htimedelta [{& 32 {7, U T HSXLEN=32
e R 5
0x200 | HRW | vsstatus REPLIS S e IR S ZF
0x204 | HRW | vsie eSS as R W RE BT A7
0x205 | HRW | vstvec DL A B B B AL PR AR e Ee b bk .
0x240 | HRW | vsscratch S S A Fen
0x241 | HRW | vsepc @M%%ﬁ%ﬁ%ﬁﬁr%ﬁ
0x242 | HRW | vscause JoE UL M A A B B SR AT
0x243 | HRW | vstval FERLE AT R4t iR bk Bl R 4
0x244 | HRW | vsip RE U g R TS
0x280 | HRW | vsatp JEE PDLRE S e e AR A

% 2.4: UFTTOHECHY RISC-V ML IAE 281 VS CSR Hihl.
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M | B | TR fliik

Pl Earfrar
0xF11 | MRO | mvendorid | £V ID.
0xF12 | MRO | marchid 2y ID.
0xF13 | MRO | mimpid SEER 1D,
0xF14 | MRO | mhartid i fE2eAE 1D,
0xF15 | MRO | mconfigptr | HlEEHEEITEE

Bl B B

0x300 | MRW | mstatus Hle RSB A F 8 o
0x301 | MRW | misa ISA iR E.
0x302 | MRW | medeleg Hlas S LS Fas
0x303 | MRW | mideleg HlLgs A PR 2T 0 o
0x304 | MRW | mie Pl T RE A7 (74 o
0x305 | MRW | mtvec FLas e R AL TR AR e B bk o
0x306 | MRW | mcounteren | Hlasit4ias{dRE,
0x310 | MRW | mstatush BANIH LIRS B T ey, (T RV32,

MLasFa BHC HAR
0x340 | MRW | mscratch LA B B AL B 7 BT A7 o
0x341 | MRW | mepc Plgs SRR
0x342 | MRW | mcause Wl e B JE A
0x343 | MRW | mtval PLEREE L R 4
0x344 | MRW | mip Ml .
0x34A | MRW | mtinst WlesfaBig 4 (transformed).
0x34B | MRW | mtval2 Plasshiz s P Bt

MLas il e
0x30A | MRW | menvcfg Pl I E I B s
0x31A | MRW | menvcfgh HAMLEs I S . BEBE P Far, (YHT RV32,
0x747 | MRW | mseccfg IR e ol =R a2
0x757 | MRW | mseccfgh | #SMNHLAT L2l B frdr. (UHT RV32,
Bl N AR

0x3A0 | MRW | pmpcfg0 PR N AR AL
0x3A1 | MRW | pmpcfgl PIFRA AR ECE . (T RV32,
0x3A2 | MRW | pmpcfg2 PN AR L E
0x3A3 | MRW | pmpcfg3 FEANGAAPECE . (UHT RV32,
0x3AE | MRW | pmpcfgld | WAL E
0x3AF | MRW | pmpcfglb VIEEL A AR ECRE . (UHTF RV32,
0x3B0 | MRW | pmpaddr0O PIER N A7 R P ML BT A
0x3B1 | MRW PPN A PR AP IR AT (7 o

N0

NTI\T7

pmpaddril

v A A

A TH v A A e b L 2= A& BE

11
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i | FARL | AR ik
L R
0xBOO | MRW | mcycle MLas I Bh R B8
0xB02 | MRW | minstret Hlaste BT 5 es o
0xB03 | MRW | mhpmcounter3 Hlastth RE ST 808% o
0xB04 | MRW | mhpmcounter4 Hlesth RE LT T 2
0xB1F | MRW | mhpmcounter31 | HlestERENaPITEHs .
0xB80 | MRW | mcycleh mcycle HE 32 7, AT RV32,
0xB82 | MRW | minstreth minstret I 32 {2, T RV32.
0xB83 | MRW | mhpmcounter3h | mhpmcounter3 HyE 32 {7, (YT RV32.
0xB84 | MRW | mhpmcounter4h | mhpmcounter4 {75 32 {7, {UHT RV32,
0xB9F | MRW | mhpmcounter31ih | mhpmcounter31 [ 32 7, {WHT RV32,
Mlgs it et E

0x320 | MRW | mcountinhibit | #les5Filk T2 a3 7450
0x323 | MRW | mhpmevent3 Wlesth RE TG sk an o
0x324 | MRW | mhpmevent4 Wit GE WS TS Bhik a8
0x33F | MRW | mhpmevent31 HLas P RE M TG BhiE 4% o

P/ IR ERF gy (At )
0x7A0 | MRW | tselect W/ R A B A7 Ak i
0x7A1 | MRW | tdatat SB— IR/ R BRI R B P A
0x7A2 | MRW | tdata2 55 L/ R R B T e
0x7A3 | MRW | tdata3 5 = AT L/ BRER AR B A A7 2
0x7A8 | MRW | mcontext )RS Wl N e P

P A A

0x7BO | DRW | dcsr PR R RR S F A7 o
0x7B1 | DRW | dpc W R o
0x7B2 | DRW | dscratchO WG E3 54 0o
0x7B3 | DRW | dscratchl W Ao 74 1o

% 2.6: JETEECH) RISC-V Hlgdgh CSR Hiht.
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2.3 CSR FZEH#HE
IR RE SCRIfRIAR SR CSR A BT N o

TRERFRIVE, BAKE (WPRI)

e IS [ E A B B A SR o TR 1% 2 MR S B s R ME L B, RS R A
) H A B, B IZ AR B IS T B . 0 T HTHEAS . AR B EAR SEE A0 ok 27 B
FHHERNE. EF Gl XEEBRid ) WPRI

AT WA, CSR ¥ ¥RE FRAEWKREAREHTXTY, L CSR L€ FREFLM
B AR F 09 /B IR Ao

A, RAEH) CSR & sk RBLAAIR & F 5 REARF I8 X 24, & FRFIEA
FIRAL /R EBAL, M5 P RME R Ak

RE /#a#HE (WLRL)

HLep /5 CSR FBUMIA M M gt iATh . IR . e s B, BV IZAEAETE
HIME, FFHAREEOE MR EREE—DEERE, BRAFBRINERES TRk E, S H
FAERCEN — D EREZ R A HEN G BE. XETBAEF A aHid iRy WLRL

AR FZIRE RGO RELE 5 XFOE, 122 RAFE = 0, o4 A= T H A AT
AL HE AR

WARAE Sl WLRL FBSG — ASCRIE, SEBia Dt — 1 RER & 54 . (£ WLRL
TR, WREJER SRR AEIERE, A LAREUE SRR, (EURAR [EMERY 3% W
RIT A GIEN S NMEME N Z AT {E.

BHERHE, Ba%HE (WARL)

HLO32/ HiRAE CSR FRUUE U i, AERETS PRIESEEREIR P S FAERTATIZ T, RS AT
e BUE N CSR BARIEM, Al LUsE S AT R ESRE AR 2 A R B R B SR HERI B -
XL BAE AT fran A HARiC ) WARL o

Fhif WARL B 5 AR R %%W%%ﬁaﬁ fEiE— WARL BN, M55
5 A R . R LRI AR (LRI % R S A RO hart
BB A«
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2.4 CSR FBHIBHALITT

RIS —4> CSR B ANER T8 4 CSR B AN GEENES, WERIES AN, %
i~ CSR MBI R ORT R SR E PRI RIEER o RIMES AHT BRI EAE S NS4
HiE, W HTESAEE CSR, ZFBHIE T REST B K.

A h XA HLN 69 5], BN COSR A TR H 55 — A CSR 89 FHATE R R ik, 154
CSR 89— ANB#MEFHG —/ CSR Y FBENAZ A RERETA LI TE, INFERKEE
ARTEER) 89 &AL, HAkEds 245 2 A91h.

Fu CSR TEFHEAZLHEE CSR FENHIN L, &+ x —NXHW CSR 5K, y &
x WAL, ez CSR L) —ANBHEEFH o NI RBERET AL TERS, W
B RIERRATEEN , MALPBRFICAHRNL v 91k,

H T X R R E XS CSR MBS, ANEZ I CSR B — P S#HE, FIAZExX4 CSR
A ERTRIE R -

2.5 CSR HyRa=ix

HARSLEA MR A e X2 CSR, #lin, ArAF Ry S-mode fi5 FatZkIS: satpCSR HYZEAR . Ak
BOARFAW ], FRUEET R CSR 1iAlfe4, 18 CSR _LEAYEREdR R I S 7E 5 _ERoRis:
BAEIR IR E R — 2,

2.6 CSR % ERPALETT

If the width of a CSR is changed (for example, by changing MXLEN or UXLEN, as described in
Section 3.1.6.2), the values of the writable fields and bits of the new-width CSR are, unless specified
otherwise, determined from the previous-width CSR as though by this algorithm:

iR CSR W 5e AR TeAs (Hodn, @it f&k MXLEN s UXLEN, fE58 3.1.6.277fifi&) , FEi%
BHRFRIAEN T, CSR H writable - BEFEA H o5 Z 1 CSR IR 2 B v SR 2, 3l
AU TR AR ) —

L SERERCASHIHY CSR {EPS DUEI B R 58 RE Y I a7 A7

2. XFOEESCAHTHY CSR i S asr, A A A e TP AR R A2 B O

cH
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3. b A A7 e (4 55 BEAR AR T 0 56 B HEA T RE o A AR S5 1T W B2 BT R B8 R/ N, Ui ) 2 A
PR W LR, TS LB T o USRI 38 BE FC 2 i AR B8 B, DUl 2 e e 2
TR AT Y 5 T

4. XTFHIE L CSR AT G5B, #RoR I 3 47 e th IR U o HLAE

B CSRVBEEEAE CSR BEEECG BE . A ERIE
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F=F  Hlardk ISA, 1.12 iR

ARES AT HLEAE (M ) TR RIPLERZ0RE, X2 RISC-V RGEHRE R AR . M A
A TREAFERRE (Re) Ui, R RPEANR S — . M OBIE AT DU T 58 UK
St DR PR SCEN B A S B A T RE . RISC-V FIMLERZR ISA & — LR, HARYERTSZ
Frf H A A PANRE (- SC L B L g A0 R T e

3.1 Hlaszk CSRs

B T AT @Il g gt CSRs, M AR REAS LRI R BT A Y CSRs.

3.1.1 #Hlgs ISA H1F4% misa

misa CSR 21 WARL {52 (7%, T4 hart g TSA. e B{EFEMTSIIL%
HBLRTTR), ALRATLUAE 1 0 (ORFTRBASEI misa 47770, I H B A0 4h
WEBLEIRTIE CPU HYRES) .

MXLEN-1 MXLEN-2 MXLEN-3 26 25 0
| MXL[1:0] (WARL) | 0 (WARL) | Extensions[25:0] (WARL)
2 MXLEN-28 26

& 3.1: Machine ISA register (misa).

MXL FRFR (Gifts?) AHUEREHOY ISA 0. 1 31508 fe3F % /il ISA 15300,
MXL FRHEMSZATS1g. M i FiA% XLEN & MXLEN, fi MXL (03824, M nisa
. WA EERE, R MXL FRUCA R R I ISA 20k,

misa CSR (U %i2 MXLEN bitse @ISR misa fhisefUEIHZAREE, ABXMEHRY MXL 5B
ERFOR TR MXLEN. 412R% misa HYE NiEAL 1 MXLEN Ry, MXL g9 B R
BIL3E T misa fYFEATAL 2bits.

17
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MXL | XLEN
1 32
2 64
3 128

Z¢ 3.1: misa Hf§ MXL FE9Ri5

AAF T AEE nisa BEMEMH 565 L RhkAR, LTRBEHFEB a4
DEFRFE, TURETRMENENFHBET (XLEN) BALTRILHIES AR BRI LEEE,
Shah %l XLEN = 2MXL+4 gy

Y misa AR, ABMTETRABIE IR { RA—ANFHE, REKLALEH 32bits k
125, do BB R ZERE, WNER RVI2 #; 4o R AR RBILEZEE, WNEZ RVG)
6, TNFE RVI2S,

Extensions “FEmts | HuAEA HIMREY i, HA&— AR B 7 PR R Ey— 58k (bit 0 X"
e “A” Zafd, bit 1 X9 “B” gwtd, DAULZEHE, E& bit 25 4mfl “Z27). WAL ISA & RV32I.
RV64I 5 RV1281, N7 “17 bit, WiREA ISA & RV32E, &L “E”bit. Extensions B & —
PMREA SRS K WARL B, 7528 (where?) SLELAVHES R ISA. E {71, Extensions
TR AL G ISR BT AR, QiR E R TERAT LA, AR AMSeitss 1o

HEIEER misa FAHRMAL (bit) SREEIE— ARy AT, 297 e LaliiE s iyig &M CSRs 21k
SEVEANTE SRR RN, B RS .

RV128 Bl ISA fUBHEBAT e, R AR R R R E AR & AT T RV128, (EARRA
(RSO ETE RV32 HT RV64,

WASCRE I PR (user mode) , TP “U”bit BAL; AR SRR (supervisor mode) , T4
“S "bit B,

WAL AEPREY 2 (non-standard extensions) , NP “X”bit B,

misa CSR [AHLas AR TR T CPU WA TIRE H 5o FEHLEGEUT W LLEE I e

g
anar (rar . JEHAENRSIRER (boot process) HY—Hky, Ha& Kb AR ROM frifid: . RikfH
R AIE R

TN TEREAREALAE FERSE F R B A I ol IS BE 12 BRI CPU #5474
AT REIULR RS A AT S5 BRI ZIRY ISA, FFr EINFEE a8 M, HAR R
SNHREPEE Y 4H
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Bit | Character | Description
0 A | Atomic extension
1 B | Tentatively reserved for Bit-Manipulation extension
2 C | Compressed extension
3 D | Double-precision floating-point extension
4 E | RV32E base ISA
5 F | Single-precision floating-point extension
6 G | Reserved
7 H | Hypervisor extension
8 I | RV321/641/128I base ISA
9 J | Tentatively reserved for Dynamically Translated Languages extension
10 K | Reserved
11 L | Reserved
12 M | Integer Multiply /Divide extension
13 N | Tentatively reserved for User-Level Interrupts extension
14 O | Reserved
15 P | Tentatively reserved for Packed-SIMD extension
16 Q | Quad-precision floating-point extension
17 R | Reserved
18 S | Supervisor mode implemented
19 T | Reserved
20 U | User mode implemented
21 V | Tentatively reserved for Vector extension
22 W | Reserved
23 X | Non-standard extensions present
24 Y | Reserved
25 Z | Reserved

19

Z 3.2: Encoding of Extensions field in misa. All bits that are reserved for future use must return

zero when read.
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bit E 2 HiE. FRIE misa 2 HEAE, F0] “E” bit S/2 “T7 bit (M. X T HIEZHF RV32E
1 RV32L fYSEBE, Al ERR T bit SRKiksF RV32E.

WAk ISA TIRE = MRk T ISA ThEE v, ARAZAE R HINRE = WA ZEHIIRE v, & SEON A IhRE
A BN, WE “F’=0 1 “D"=1 & FF “F” T “D” #BPAHER.

— LB RES KA E A misa FRAVESIKERINBIMIIRE, EXFEL T, eI3tmEE
N HE) WARL FBOAFEIE] . 205 NAZ AL G 2 S EUX A B B 283 57
ERNE R

G\ misa A[REZINN IALIGN, flln, il A5 C " §7 g R E G A misa (54441 TALIGN,
1175 2R P HhEA 2 TALIGN-bit Xf551Y, WIEHNEIXT misa (WE N, fRFF misa A4,

HEAEE R ARTAS A ROY TR Y, BrA S8 e — SRR ISR AR TR ERY . BRI R AATRE -

3.1.2 M) @ ID FHfFsy mvendorid

mvendorid CSR Jg /> 32 L A iarfrde, fetii0RMFH N JEDEC fili&ry ID. %A fFanfElE
S BArR ARG AT e, (RS2 AT LARIAN O ], oz 7By 8, sl X2 — T aARmL ).
31 7 6 0

’ Bank ‘ Offset ‘
25 7

¥l 3.2: Vendor ID register (mvendorid).

JEDEC I3 D BT — 55 A 0x7e, li— RS T ox7s FEES D
VL, BB A — 2 B R, mvendorid 47T Bank 5B ELS- I AESERY
Hht, Jfgmd Offset FBUPHERIG — P71, RFEA. #lin, JEDEC #i&ER ID 0x7f 0x7f
0x7f 0x7f 0x7f Ox7f Ox7f Ox7f Ox7f Ox7f Ox7f Ox7f Ox8a(+ _/NiEZLfd, JFHIIRE 0x8a)
KRt 0x60a.

¥ JEDEC #94tik, AT 5 i XA F X 1; B ¥, mvendorid Bank 5 %55 —/ ik
JEDEC #4575 1 6944,

VAR, B R ID 2wy RISC-V International 5Bty 5#, 12X &4 7T JEDEC 4#+# %% ID
AR IAE . BB AL, @ JEDEC EM—ANHER ID 89— kR AH 3500,



Volume II: RISC-V Privileged Architectures V20211203 21
3.1.3 HlasZEfy ID FHiFas marchid

CSR & mxlen (v S35 A, Sl hart AORAGIZEN o %A FaAE TSI ER L IUZ W 352
), R AT LLRR] 0 {EFR AL 7B mvendorid M1 marchid HYZHE MAZME—HubRIR Ll
[ hart AR

MXLEN-1 0

’ Architecture 1D
MXLEN

& 3.3: Machine Architecture ID register (marchid).

FFYRITH 2844 id iy RISC-V International 4 J& 43I, 7+ H EAAIEZT 404 id, HrhHa 07 (MSB) A
Ko FAR R id B AL B sS4 D, (H R E MSB, I HANREAE T 41 MXLEN-1
IAEEaE S

M) ID M TFRAL TR repo 18 £ W BEH, @IEHEAR, FRIGHOTLHETE (1
THAR lisense 2 K) PRGRAERM ID. AT B Y B H oA TR LHRA, FREAE. T
B EM ID & RISC-V International & 32, A5 BACEA LELAZBATHIFRRAD. BLEH
ID ST AT it 60 7 TR 6 BB, 4232 7 A R R R PR A TR A B R A, BT I
TR R AT 89 ID (MSB set), B+ %R,

BT A RIE R TR AT TR 5 Al —RH 0 &, aleharehis,
misa 4 4 BEA T EHF Rt EAR,

3.1.4 Ml ID HiF4s mimpid

mimid CSR 2 ftALPRAR SCERRRCAR B ME— g o 1% (7 e AEAT A SEEL R AR U T BERY (R AT LAR
[ 0 [HLAME R ARSINL 7B SEBMANIZ S RISC-V ABEE A LI, AN RAE M 1L R 5E

MXLEN-1 0

’ Implementation ‘
MXLEN

¥l 3.4: Machine Implementation ID register (mimpid).

T BHIRE BE AR R IR R AR L (Bt TEATED A T S s B 21 +o5it
Hl 7 E, AT LA Implementation {E3H /24455 (BRI BB RIS NFF UG ), T BHE IR
M5 NGBS, LA (8 A AT ek o
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3.1.5 Hf4&fE ID #fF45 mhartid

mhartid CSR j&—/> MXLEN { -gearf7ds . & iafr R REFAAR AR ID o XAHF A7 de A
TSR FTBEY . fEZ AR REEH, Wa%F ID A—ERELm 51, HEDA i
R ID 0N 00 Hart id fAESRATIRIG FR b2 ME—RY o

MXLEN-1 0

] Hart ID
MXLEN

& 3.5: Hart ID register (mhartid).

BERELT, RNLAAERT —A hart AT LR (Flde, £ reset i), HHEBR—A
hart #5 &% hart ID # 0,
ATRBAE, ZAZAFRZES TRY 2L PR GRK hart ID & X

3.1.6 MlLEPREHFF4 (nstatus and mstatush)

mstatus & {7are 1 MXLEN-bit [{i5/5 %5 (74, AU 727018 3.707R . mstatus & (7
PREFAIZER] hart (A RTEAEIRES . mstatus (GSZIRIAEEY sstatus wf7ar HILAE s 2 ISA .

31 30 23 22 21 20 19 18 17
[sD | WPRI | TSR [ TW [ TVM | MXR | SUM [ MPRV |
1 8 11 1 1 1 1
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
| Xs[1:0] | FS[1:0] | MPP[1:0] | VS[1:0] | SPP | MPIE | UBE | SPIE | WPRI | MIE | WPRI | SIE | WPRI |
2 2 2 2 1 1 1 1 1 1 1 1 1

4 3.6: Machine-mode status register (mstatus) for RV32.

63 62 38 37 36 35 34 33 32 31 23 22 21 20 19 18
[SD|  WPRI | MBE|SBE|[SXL[1:0] | UXL[1:0]| WPRI [TSR|TW |TVM | MXR[SUM |
1 25 1 1 2 2 9 11 1 1 1
17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
| MPRV | XS[1:0] | FS[1:0] | MPP[1.0] [ VS[1:0] | SPP | MPIE | UBE | SPIE | WPRI | MIE | WPRI | SIE | WPRI |
1 2 2 2 2 1 1 1 1 1 1 1 1 1

¥ 3.7: Machine-mode status register (mstatus) for RV64.
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{UXF RV32, mstatush 22— 32 V. NiE/ 5 i fres, K& 3.8/~ . mstatus {5 30:4 {8
Wl &5 RV64 1Y mstatus 55 62:36 f7AHE Y F Bt mstatush HORFEAE SD. SXL f1 UXL B¢,

31 6 5 43 0
] WPRI | MBE [ SBE| WPRI |
2% 1 1 4

€l 3.8: Additional machine-mode status register (mstatush) for RV32.

3.1.6.1 mstatus AF{Far VRO 2 R i AR

Xt m A s B BIERAE T 2 B AER: MIE Rl SIE. ixX26A7 328 F FARE-S 24 AUt
T BT AL AR A G B B

4B xIE 4545 F mstatus #94KMad, AF@ETEAN CSR 345 R FIEERFHREMN

% hart DURFAUREG = TS, 35 olE=1 Br2mE Hhl, = 2lE=0 Ff2 2 b (R
AP, w<z, BRSRZAN, AEIAFPEITM 2R olE AHBE. SRR i,
y>a Jeh mé%’)ﬁ'ﬂﬂﬁﬁ MANVE BRI 27 yIE ALAGBREINT . E RS0 RS AT AR
PR EE SRR AL, ARG PR RIS A AU BT A S B S U T o

##17}%5\4 Yy TALREFBGELRAFPE XM ERN A G T, EXRXRFFEG, BAE
BTRIBY. RTHABTH REEAEA TR hart 35489 F K.

/G 3“\

N1 SRR E AR, B R LA R P RS RO 2 34T — S PR R S8R R I ) o AR AU 2
Ko 2PIE fRAFAE trap Z BT Y HPIBTEREALAYE , 2PP fRAFZ BTAYRAAURA . 2PP FBUARERA
AL @ BRI, R MPP 2 A EURSSE 1 SPP 2 — M HEFSE. 24— trap MUEFBURSC
y BENFAAU o i, aPIE BAKEDY alEalE &N 0;

KT BARK AL X, AT trap(RF XFF ) @F ARSI T HAT, FEBEATE
P B R4 trap A IR ARG T trap FHAR AR &6 BBE, A, o RR LAPAE E]
Bieg BT SC, MR EHE AT E AR AMACREK, BREMERREZ—AFE.

MRET = SRET 1540 BIHT M m #ial s SR trap i&17]. H300T 2RET f50, % 2PP
FrAME y. olE gl oPIE; SURMSESCY y;aPIE SUEN 15aPP BUE A B 2B RREC
(UnARSEE U Aoy U, A0 M)e iRt «2PP#M, aRET & MPRV=0.
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¥ xPP % B A xRET L L FGHRZ VX, A8 T4\ BAFRAE XA E L P IR 5] 3k
LR

PP FBE WARL 7B, HEEFFARRE A o FUTERT « B9SEIAIA R dn SRASF AU K
o AL, A4 2PP g KR 0.

M B AT LUE TSR RS N MPP, SR )5 FRR SRR, e 2 3 S8 Bl T Ui =e
SRR AR U AT M B, IR 2 AT AR R Zos MPP g 00 5 11

3.1.6.2 Base ISA Control in mstatus Register

KT RV64 2%, SXL F1 UXL FBHE 7 Al s #F0 u #=(1 XLEN {Hi) WARL B, jX£&
FERM L5 3.1 misa [ MXL FEAHF . s BT v B0 A9A R XLEN 23 51#7 8 SXLEN
fll UXLEN,

YT RV32 24:, SXL fll UXL FEBAFAE, SXLEN=32 f{] UXLEN=32,

X RV64 2%, WIRATZFE s iz, W SXL A HEE. B, B2 —14whS SXLEN HH{EY
WARL TR, Bk, seinl Dl SXL v B, HAER ﬁﬁ% SXLEN=MXLEN,

XF RV64 KRG, WA u A5, I UXL Oy Rk, S0, g2 4ih UXLEN H§{E
) WARL FBt. Bk, SCA LMl UXL i B, HAEEVETiff UXLEN=MXLEN &
UXLEN=SXLEN,

B AR T B XLEN 8 /N T i) 2R XLEN BER, e A SRR /0 200 BC & Y
XLEN 2 VRS ER AT franon . T H O 25 SR 47 59 B UAE 7 HbR A fran P ) S0
) XLEN. i, XLEN EHEE) pc MV#ZN, 4 pc 5NN, E#A5Y REIIHER R
i XLEN

FEMBRBVEL R Z LA AEANR B F AR, LB TINE LT H
AT EARARAF M, BARR M AT RFRBER S XLEN #ERE D TFRETT—4
?&m AR R £LEFT, ZIHANEEILTFE KRR, BREEIFFHFILT, PLEREL
= L RAFHY

ISRk MXLEN M 32 SHACH IR 5E L, mstatus 7Bt SXL M1 UXL, WISANRGIYAEAE, TG
B RY T SCRF R 08 BE LA EL, (B OB MXLEN 3.
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3.1.6.3 mstatus ZFfEas P HI N FEAL

MPRV (1R ABCA ZAs AR X, RN AT BRSO . 2 MPRV=0 i, Jnk
AR IR, A Y AR BB R AR AN R A B . 24 MPRV=1 I, ANZCRIEAE A 17 ik e age
FAERIF, FER S S BT RUS HER E o) MPP —H. 458 Ml N1/ A% MPRV
BEERE T WA u 0, W MPRV 2 332 0.

%Rk MRET 5 SRET $5#4 B BONEBUIRT M IR, 2k MPRV &Y 0.

MXR({E RIS TISCIF R 32) AAE S s A RERL A A AR 24 MXR=0 i, JUR MFRIEo AT BERY
DTNz (B 4.337910) R=1) A= dh. 4 MXR=1 i, MARICA A 2RI 4T (R=1 = X=1) [
DU IR L o 45T DU A9 REAU N AF AN LR, MXR SRR« WA SRS s 10, ) MXR

A 06

MPRV Fo MXR M| 69 BAA T 3EH m B XBIAZ 025, XL AN T S & 6954 4FAE,
Blde, A8 i B Ao Gtk MPRV It T &R F PAT 033009 F &0 MXR AF IAFITA
ALAAT 0 T @ e B A AT o

L AT AL X An MPP 35 R 9 A X TR LA R~ F &) XLEN %%, % MPRV=I1 &}, Jw
B Ao B4k N G FHAR B AT49 XLEN 4% E A MPP ¢35 XLEN —#%, #4& Section 77F 654
.

SUM(A# Supervisor User Memory ¥ [n]) (B s BN EAIAE i DT A1 HE AL N A7 ROAFAL. 25
SUM=0 I}, s B A5 IR Al U A RIRy sE (B 4.3300H) U=1) # i, = SUM=1 i,
VPRI Y BT T B9 BN FETCRE . SUM B A EER . R, HALL S ST,
SUM i 20 . (24 MPRV=1 fil MPP=S I}, SUM is A% WHRALH; s B satp.
SUM i 00 U2 Hise 0o

MXR 1 SUM L Wit TR IR i AR A ARE . 00, BT T pma 5 PMP 5[%
R ] Bt Sy AT B2 M o

3.1.6.4 mstatus ] mstatush ZF{FasH P H

mstatus A{| mstatush H1f) MBE, SBE #] UBE {2 WARL £, #&6INAZT7 AT, A
AT 155 HAUARL MR

MBE #H] M m #55 (ffi% mstatus. mprv =0) FEATHYARFESRBUA A5 2/ N ml (MBE=0)
d KA (MBE=1).
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WRAST s #52, N SBE Hik 0. A0, SBE #HI M s BB B2 hnak fieas i /25 nl 2
/N (SBE=0) iR A (SBE=1).

AR S w ASst, T UBE 9 A% 0. 700, UBE I u Astilb /7 19 Bt MBI 6 17
a5/ N (UBE=0) if 42 A3 (UBE=1).

XHF R XVT R E B G R A AR ERER S (TR) . T TS 2 i SBE ##]. i 38K SBE =
A XX SRR B A I SE AR, W SRAE T 2] SBE AR5 AE (o AT XA R B 251, m A5
B iEd 4T SFENCE SRR E] SBE. VMA 54, rsi=x0 Ml rs2=x0,

RALEAARLTOGZF, BRGAGEEBBIEEN T DHBIBRERN D 3hF Kk, £F%F, SBE
RALEBATNAEAEHR I L Z 8, EZXFFEALT, HOREFEERIBELEHRTLSARE S
BEH R, EAB P, REEWMW SFENCE, VMA 24865, ABE THRHEHEF 2K,

WARSCHy s A, MUSEELnal LAfE SBE jfioh MBE B9RBSERIAR . ARSCHF u A5, N sEln) LARE
UBE ji’y MBE = SBE ) 2 B2E] A

4w RF 8 MBE. SBE %= UBE # % R 0, W EIR LHD#N A R MBE % 2%
1, B SBE 4= UBE f& 34% s #XAn u M XA A R ik 1, M RILR B Km A EITF (T
35 AR

B T4 hart 83k o) 5 SUh 46 S b bty 2XUEN 3 R0 83 5. MdkAe AL K
Z ISR 8, TR H AR Yo, A, ERANBARRRLTAATTRSF
FTHE (FF. FF) 28RS

#4689 RISC-V abi IR A butf 69135 only R K3 only, RAFRAERI. K, TEEXL
T3k AER AR, Blde, BAH — AR 09 8RAE R YT ABATAR Bosn 89 ) P AR XA 7o 5 &
T ARAT AR AT AR, BRAF T AARIE T ZB4E N 07 9 6958 o

RISC-V 34 %—10.0 38 5, KI5 4 %ML 58709 3% 5% B MR48, X3t 84 fo SRAF AR A 4T
Ko FM, Blde, RISC-V L% B REIL % BHBAE 2o MG ED 85, e HFREXT
RAEPITIRE T HE Lk, MR, BILIA—ANE R F, A SRS 6 R R A =2
B X oP AT L35 T bg, sRARAL E K 09K AL —AHF o

K, 3T Gl XAEAALESE A6 RISC-V 3tk kit, RAbig4-BA 135045 &
AR £ KSRAEXNT, XA AL M H 2] B Xohn BFo 4% 69 35 1 5 48 469 5% 748 B, #
S 38 3w BB Fo B4 AT S F R
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3.1.6.5 mstatus F Ees P HEPIL

TVM (Trap EWLAAF) A& SCRHEEEEE RN A E RN WARL 7B, 24 TVM=1 i,
ZIREE satp CSR si#hifT SFENCE. #0isl SINVAL, VMA f544€ s SN2 5%
LR R . 3 TVM=0 i, f£ s BN VPR LEERlE. SOASHE s By, TVM Higeoh 0.

TVM MR AFE P BER AR s EAPAT, mARELGL w BXEDLEN, ARG T
MR E, X HEREZMET KL H s BX csr 89719,

3k satp 2 SFENCE, VMA #» SINVAL, VMA 35442 TR R ALY F R A E
EUEEL AN

TW (I SRfr) (02 PSR WEL 5408 WARL 5B (2 ?72/0). 2 TW=0 if, WFI
T84 A RE LABUIRAV R AU IAT IR AR R A T A B LR =5 TW=1 i, iRk WEL LME
R BURARAI AR CIAT . FF B E B E TSR BRI R RFI N S, IR WET $54K 321
— M AREIE S . BIRIRGIATRELZE 0, EXFMHOL T, 2 TW=1 if, WFL SO R RRY
BT FIRARESR S 7. SBAIRT M AR, TW 5 0.

WK WEI 354 TARE SR BB B —ANEPRIFALK, MAARTRELSAEP R%ET A
Ho

LB s AR, BLu BT WEL 2 S80E R =0, RIS E T LR A BRI I A 5E
o WHTERIASRIET AT RES AR — DR, W s BEUAEREB LY u BT R WL XA
ZhEE HAAE TW=0 WA B0 .

TSR (Trap SRET) (@ — P SCfriE R R 54 SRET iy WARL 7B, 2 TSR=1 i,
AR s BT SRET K51 A AREIE S = . = TSR=0 i}, s BTN izl S
s HEECHT, TSR O M 0,

3K SRET st F 5 A #M SRET 69 3L LA hypervisor ¥ & (5% NF) LB,

3.1.6.6 Extension Context Status in mstatus Register

SRR RZ RISC-V WEZHRZ —, BIBATE L TR, LA VrAR B TR
B AR (R R E T RIURMERS) SRR RS .

F A AL, VIRELZE—ZXTFE CSR FoIe9 G B2 AR & 94T AT Ko
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FS[1:0] 1 VS[1:0] WARL “#EcH1 XS[1:0] Az Bl H T8 5 15 B AR ER i A ST AN Ay oAty
PR RS RPRASR D> B SCRAFRIIRE A . FS F B i U TTIRESHIRES,
AR A e £0——£31 ffl est fesr, frm ] fflag. VS FERIMIGF iR RVGSHPRES, HF W
oA Far vO v31 fl CSRsvcsr, vxrm, vxsat, vstart, vl, vtype fil vlenb., XS FEZhdH
b P Y FR PRSI SORAS o BRSO GRS AT LG A X e By, DA A S A2 15 R SRS
AP o AN IR BARAF R, (R A 1 &A1 est SREEBUNILAL Tt AE o

ZEARPRERETIFEREBEFELLRIAYT P GET—ARFAFRE/ KA
KA, Bl SD fSRE T Rk E,

FS. VS HI XS FEA MRS, W5k 3.307R, DM AT RERIRASE 7514 Off. Initial.
Clean 1 Dirty,

Status | FS and VS Meaning | XS Meaning
0| Off All off
1 | Initial None dirty or clean, some on
2 | Clean None dirty, some clean
3 | Dirty Some dirty

Z 3.3: Encoding of FS[1:0], VS[1:0], and XS[1:0] status fields.
IR T F R, FS FERARERBENE,

WRBA I F 5 RGMASI s Bt 0 FS RHGE 0. MRS s Mk, 0 F 5 R
S, FS LA s

RFEFREZE F IR s BEXZAW FS FREARER, —LZHGLIFLEE not & FS
FRAREER, DMRBERTILGRBREN s B XFe u EXH F 5 &5 m #E X

WERSEEL T v Fffdas, VS FBANIZE HiE%.

WERBERA LI v FAa A LI s B0, A2 VS HEon®:. IR T s B0, B v HF
ar AL, VS ALV IR A3

A T EFREFOR P BN R GH, XS FRON AT . FAMIM ARSI RS
feflt—4~ CSR 7B, %7 B XS WELEMHNE. XS FEERIrAT RIGEHIRE,
#3301

XS FEAHIRET A AP T RREFEGFZRREE, FEANNTRETAMERE XS TR
89 4o
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SD i@ — A HuRhr, BEE FS. VS 8l XS FRUE MR R FARMIERA . 72/ I L
NICRAFRIN A AR FS. XS 11 VS #fg i, A4 SD 2%,

LMY RIS HALE Y Off B, AL 32l G HRRAS TR S H & S E M EEIR S =
HARZSN Initial B, XFRAPIRASR A — DA EUE. 2RESN Clean B, MWK A REL
WIERTEAN T, RS BT SOc# i e — MELEC. RN Dirty B, H_E—REREGFLET
SCLASK, MR HPIRAS AT RE BB

FERAF LR SC0IR] . ST YRR BRI R BRI Dirty WS AR ARES S8 AT LR R A9
WAEHEEN Clean. (£ L FICREMIE, HAREN Clean AT EMNAFHINEL L F3C (FEKE
I EANIZIE Dirty)o AIAUIRZSN Initial, WAL EF SCHE IR ER SCREI IR T HE, LA
B AR, ARIXA] AT A AR OU R ek BN, % 5T Al il AR AP ELFAE 0.

FS 1 XS FBAEMRAF L N SCZ AT RIS . FS FEAEME A b SO b RS B Rk
B, XS FENEE S NS RAPIRSHT i R E E . RS T BAURAETR AT R BT
A% AU o

R ISA W9 il A A My AP AR, FF RS AT RE LA BB A P KIS 20 7
JEATREIUR T HLE W ARy, sl vl e R T B R P TR G B B e 8 T mtERE, A
YA LAE SCROMITE S . LAA i P AU FROTIR B 2 TR IRAS . BRI HIC.

BN, Yk T RETE EEAE M AT TRCE , ARG 5 AT LU RACE " ARECE RS Fm A
T B SRAERY Initial SRAS. A0SR[E—D R R AE unconfigure F1F—> configure  [A[{/55K 1%
BT (X IRS R E A Dirty), ABASLER EBA WEAE unconfigure FE4ATHEFHIVIGHIRES,
R FPIRZSHEE A P R MRES, 21, Initial IR EEH S SEUMOEERSHE LT
SCRE BRI B A — M, TN E 641 unconfigure .

PAT PRI M M RICHER L E T Off IRSK- S B M RERS R MREM)S
et AR ITTHERT DT Z R E e FTTHITHY P AR S 675 fR T RIS B IE A
Wtat, ROABITRIREC M — A B R S

L FS AU ER I A A SN A BCA . R, E FS=0ff ALBIARE, WE
FS=Initial WAZIEERAA . KL, VS FIRER AR F A IGSHN A BRI, B2, Hit
IRABCE N Off B AT REA S IRAFIRES

SLILAT RE IS IR BT R AP A RS IR, RIEEBCARE R, A iz IR 2 e
e FERLESLEIr, — SRR RUIRAS A TR & AT RE R ECIRAS M Initial 5f Clean #4604 Dirty. f£
FoMseBArp, MEREEE FTREMRA R SR, AERXFIEOUT . AR FS RZESE Off Ml Dirty, i
R FS EN Initial 8 Clean 2= FECEHILEN Dirty.
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FS 6933 A2 SO R 2kl T4-R M m ¥ FS X EA Dirtye —%-F& TR AGFRAFK
HE BN FS & XA #2690 @1,

R4 B E N E T Ao fest (HAHEKENE, FH FS=Initial 5§
FS=Clean, Il FS 2444 Dirty f 3L E Lo

SEIR AT LA RE LA AL AR i 10 5 =C R B R i P A7 am RS O IERR B, B036 vl REAE ¢ it IR B
VS=Initial #f VS=Clean I} VS i¥& & Dirty. 4 VS=Initial 8 VS=Clean I}, E A [ %F
frasaf A CSR EAK AL NA TS 2 32 VS 982 Dirty & i SE LY.

* 3AWIR T FS. VS 8 XS WASALAY A AT RERIRAS et TERL, FRifEds RO JRAN SR A
PRI BGE A EEEE N /5 e -

* 3ALWIR T FS. VS a8 XS WESALAY A AT REMIRAS et TERL, FrifEes RO JRAN SRR A
JORSRYBUHRCE S B R o

F MR R RALEA R LT P40, Xk b T XAFRMEZLRGL S RE L
EHREL. TR T RBEARSHLEEN LT LIk T4.

BEMKEFEREE LY RRESTF, BAYFEELALAN, FLETFHEERRERARNY
Ry —3, B PREXRM R Ef @ T ERFEELRL 2.

XS FEARM T AT SRR EL, M MBRUAR RO AR PR Y b, LAt
— B B SRR T4

SD iy HEEfhr, 3 FS. VS 8l XS (4t AERASI & 1(H) SD= (FS==11) 8 (XS==11)
(VS==11)). XAV PR i E BRI BT 17 44U PC Z SMAT AT LRI LN SCORAT o

FERFIUIRAS SR AR RS (Fy D f/80 Q) AT #Ia . IRAMIE . U RS
FLEN, LAHENEA £ A frar ir B AIE 2 250 o

Pl AL FS. VS Ml XS (R BRI R S B FS. VS
XS ki S EERE P ORI BT SCHIRRPIRAS . Al S PR AR AR AR B R ST R A AT
S TR N PRAY o

BAEAT ARG R P, AP A% R AR Z A6 LT S # R O 37 12 E A i E AL AR R R 49
LTI mkE. E2E, WAERRERAEZERRERE LG LT SRRSFF P, RIEP
B HR P AL T LR M.



Execute instruction that possibly modifies state, including configuration

Action? Exception | Execute Execute Execute
Next state Off Dirty Dirty Dirty
Execute instruction to unconfigure unit

Action? Exception | Execute Execute Execute

Next state Off Initial Initial Initial
Execute instruction to disable unit

Action? Execute Execute Execute Execute

Next state off Off Off Off
Execute instruction to enable unit

Action? Execute Execute Execute Execute

Next state Initial Initial Initial Initial

% 3.4: FS, VS, and XS state transitions.
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Current State | Off Initial Clean Dirty
Action

At context save in privileged code
Save state? No No No Yes
Next state Off Initial Clean Clean
At context restore in privileged code
Restore state? | No Yes, to initial | Yes, from memory | N/A
Next state Off Initial Clean N/A
Execute instruction to read state
Action? Exception | Execute Execute Execute
Next state Off Initial Clean Dirty

3.1.7 HLesFaBtn R b F A (mtvec)

mtvec A fiene T MXLEN {7 WARL 52/ 5 27 {745,
A A (mode) o

PRAFFE DR ICE , fUf% A ie Rk (base)

MXLEN-1 21 0
| BASE[MXLEN-1:2] (WARL) | MODE (WARL) |
MXLEN-2 2

¥l 3.9: Machine trap-vector base-address register (mtvec).
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mtvec FFfFar L AUGZNAT, Hul DIE& HBeE. iR mtvec ZRAIHRY, MIRFA74% Al RERAFHY—
YUE R REN ST o A7 BUPRYEUAZAE 4 Tl AR EX355, FHMRAE B i fER X EA
T B R E AT N X LT

BMAF AT ST EAMMN G AP AM S KGR TN, —F @, BANRH LD LI Ao K
TR fide, 25 —F @, BMNFLZAFEKR LGN R EE,

Value Name Description

0 | Direct | All exceptions set pc to BASE.

1 | Vectored | Asynchronous interrupts set pc to BASE+4 X cause.
>2 — Reserved

% 3.5: Encoding of mtvec MODE field.

PP B AL AN EE 35878 24 MODE=Direct fif, Frfygt AHLE NI FEBFZ R pe BN
HEFBrPEy R . 2 MODE=Vectored i}, BEAMLAFHIAAT [R5 R 380 pe B E Ak
HEgHbEE, TS E pe Mo E YR A A _EPY R RIS . BN, Plas e i
ar T (IR TR 3.6) T2 pe YUXEN BASE+0x1c,

L& P BARAE R, PRTRIE 0T TR P AR XA ) Hos EACE 5 R FE AR R A R
EFARM A ZBF R, BAR PRI TR AMERN, ZRWERLA PR

KT AR A, SE ] AEAASE BEZT R . R 512 . MODE=Vectored 1t MODE=Direct
A A& 72 3

Fi & BAOHE X P A BG83 R AL AT K FAL AL 95 AL A AR e ik B3 R AGE DL T SR B

FEMEF LB T T4 NMI m 26942 &

3.1.8 HLESHNIBRILHES (nedeleg Al mideleg)

BRSO, AR R AU B9 B A7 B B AR AE ML e A AR B, RV AL e A 2 A B e AT A6
H MRET 545 P& BF EE 7 [FIE S 205 (58 3.3.277)0 N T2 MERE, LA LAME medeleg
fH-mideleg FHERAL MY/ E 00, LSRR FoLl i A0 I B3 B IR A R AL 20! LR AL . AL
o i ZILH ffar (medeleg) MIMlAF I ZFTLH /7 dr (mideleg) /2 MXLEN {3/ 5 5 /7o
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ABA 1.9.1 BRIFHBMATY, ZLEFEELA, 210E M BEXREH NAZE%Y M/U Z
Gob iR E] 0, EXEHAT, EARHEZREMNADE, BA nisa FARHRFECNAEH
2o

HrEBER RS S B, GBI RK S N scause AFf7ar; i HAREUFA B 4 19 R it
BN Sepc AFfran; HFIE TRENEIZTE N stval FfEas: (0 BB A& 4 N A1 SRR
A5 N mstatus [ SPP FB (AR A& AR SIE FRVES A\ matus [ SPIE FB; iR
mStatus [ SIE B, A5 N mason. mepc fll mtval Zyffayll X mstatus [y MPP il MPIE %
B

SEIURT LU E T A R E AR, Wit MBS NSRBI Z SR T ZRIRAL, AR
JFi%F] medelig ok mideleg HHME, DAEAWBLENIA B IRIT 1o

— LB NZAEAT AR medelegg f& R, RIMLA ] AZATRY R B BRI R A AT 2K
UL, SEEUAS X BT AL 2 B AT A2 ) mideleg [EI5E 0 a8 (1R AT LAXT AR5 Y b
XA o

WA 1.11 B F A AEATIL 69 mideleg A Riko F & AR/ 7T AL % 2 20 Ao X AE 69 R4 o

BE3 I RO AN 2 R B s RS U e B R AR AR i, 2R M BN E R AR ¢ R &
28 S i, T MBS EST T S5 A TE S WIREBRRE M RGPt T, TIARZAT
% S e MEZR, FEBFAT LIKCFRBG EAAHE R RG], R M B EEARE R ¢ R ZRAT
25 S, FRH S BB REIT T AREIR S, IAE S BECrh b T Ra

MXLEN-1 0

’ Synchronous Exceptions (WARL) ‘
MXLEN

& 3.10: Machine Exception Delegation Register medeleg.

medeleg A ULM 7?7 LY Table ?? HFRHEENFERE DR 17— ML E, A ERNRIISET
mcause TREWE Frfran (HI, BN 8 VPRI PRIR M I Z A BARPU R 0 b B AL PR R
F) o

MXLEN-1 0

’ Interrupts (WARL)
MXLEN

€ 3.11: Machine Interrupt Delegation Register mideleg.
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nideleg (RIE5 M HMTHINAIZIER . (AR mip ARG RA RARUCAD (BD. STIP iz
FERHIRTE 5 ).

TR A RE R BRI . A medeleg (Vo A% KijliE . medeleg[ll] /2

S

3.1.9 HLESHIZFE (nip Al mie)

mip 7 E— 1 MXLEN {/i%/5 %57, & CH PRI ER, M nie £MHNMA) MXLEN
e/ 5 A7, B EREA . FRWT AR5 ¢ (41 CSR mcause, Section 3.1.15 HffriR) 5
mip ] mie EF#J*J bit 4 MR 7 15:0 (U ECLA PRI, iz 16 K 5F @48 T F &
HAE S -

MXLEN-1 0

’ Interrupts (WARL) ‘
MXLEN

4 3.12: Machine Interrupt-Pending Register (mip).

MXLEN-1 0
’ Interrupts (WARL) ‘
MXLEN

¢ 3.13: Machine Interrupt-Enable Register (mie).

ISR LAUR A 454, e @ KB M AR (SEUFBEAESCY M D« (a) SRR
PO M H MIE f74F mstatus & (Farfiist s, s S B CRYEAUIET M-mode; (b) bit ¢
f£ mip 1 mie HPFIRE: (c) WIRFH/Fdr mideleg fFfE, fif i {£ mideleg AT E.

$M%Wﬁ$%pﬁxﬁﬁ TAEFWTAE mip e sl e b HE I A AT BRI ] A EAT IEAl . JF R
WAHESALT aRET 454 5O X Le B Bk 25 A W i (o). CSR Y UE N (404 mip. mie.

mstatus f{] mideleg),
15 12 11 10 9 8 7 6 5 4 3 2 1 0
] 0 | MEIP | 0 | SEIP [0 | MTIP [0 STIP [0 | MSIP [0]ssIP o |
1 1 1 1 1 1 1 1 1 1 1 1

& 3.14: Standard portion (bits 15:0) of mip.

WU B P F A B AL — AR TR, AR AL, P RRAR S BT B R IRSR AR, @
BRGNP R AR BT UA T KRG — AP L SN F F LR LB T E, ReX kb %
50 B LR B BR
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15 12 11 10 9 8 7 6 5 4 3 2 1 0
0 | MEIE | 0 | SEIE [0 | MTIE |0 | STIE | 0| MSIE [0 | SSIE | 0 |
1 1 1 1 1 1 1 1 1 1 1 1

/4 3.15: Standard portion (bits 15:0) of mie.

RSP i mip FHEBRTIL, B ALERAT NMI 14 B 5 018 X il € 09 B 18

i mip.MEIP Hl mie. MEIE JEHlavZSMibrhiii rhbr s mrh b g, MEIP £ mip Hug ik
. ke TP 5 B h Wz s i B AR R

. mip. MTIP A1 mie. MTIE JZALaRE A thl i R A /5 62 MTIP ££ mip Hg Mk
(K, FFIEL S APl I e LU A A Rl B

. mip.MSIP 1 mie. MSIE /24l H g sp W E AR Wi 2. MSIP £ mip Hog A ik
f . FF HAssd Vs ) A A P A AR BN AR hart X 2L il oy 47 de R IR AL Las AL 1 &5
[Elef o hart BT LAGE AR A AFBREHE R 2 i 5N H CRY MSIP fz. IR RGEHA > hart,
BN SR SR Sy (MEL i flar 240 #ag (Al Fp i, 1 mip. MSIP A1 mie. MSIE
TRV SaNe =

ARSI R, W mip fY4L SEIP. STIP F] SSIP LA} mie [f) SEIE. STIE fI SSIE 4 H

WS T W, 2 mip.SEIP f11 mie.SEIE J2 Wi 2 40 o B 11 o Ui ot b A0 o b 4l E Ao
SEIP £ mip @R[ GHY, FFEATLAH M-mode #{F5H AL S-mode f5/s Ml IEAEEEE . 1T
S, B dlas i Lo AR B N . BT S SEIP ALAE AR RN IR B AN
A E S MMM TR RS YA CSR 843 mip B, f£ rd HARF
franrPaRERy SEIP A AO(E2 P RS A0 SR B il il 10 rh (5 5 A2 e, Bk B bzl
aE S AT AS A SEIP {E. HAHIAE SEIP fi25 CSRRS 5 CSRRC {5411k
-5 A

Bldo, o REMEHKMATE SEIP 12 B Fo R AT HEH ZNE T4 LA E, &
R A7 csrrs tO, mip, t1, tt t0/9) A B |l %5 E, M B S& B || t1[9]. 4 %
csrrw t0, mip, t1 #&AT, AL t0[9] B&R B || E, @ B MEHB K t1[9]. A X HAF
WIOT, BATRIEMT Eo SEIP FBATH G AN L& HRETFBEGIR T I, @ FRaE
KT A EGSSR P T, B, COSR 35449474 5% # CSR 7 9 48 L& 15 2

AR S M AR, (. mip.STIP A1 mie STIE J2 W B € I die v Y o Wy s e A r b 66 BE 52
STIP £ mip FUZRI G, FFEALAH M B S LA ERT derh LB 2] S A,
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USRSEEL T MBS, 7 mip.SSIP Al mie . SSIE J2 W B A Hhi i Fh i ke A eh W (s RE L o SSIP
f£ mip HFUEAI G, ] LA E T & i s flae e E@n 1

LA M A B AR 2 [ s LU e 2 b e At it : MELL MSIL MTIL. SEL. SSI. STL

HUZE B BT B SE A S BHE LI RARIE AT R B I 49

B3 A X6 T B ol IR AR BAR AL X 69 P Z AT RS A LA & o

fi 16 AL FEHEMNBEATHRAARKREZTFEHRAR, HEFLELA RS RS
URR CEEE LR S E AR il

SRER P AR AR (BB /B PR AT AT B A b3 A E b T AR B P AR 4
B J) 49 3% & AR o

BAFH AN B FE XA AT, BARNFRENTEFEEF A TaE A, et
BARKEZ, Mk W R T AR E A &4k id. 552350 B2 et it T LA i P i, Rk
T VAR I R ] 69 o B B4R By B oM R BT B P B AR BT T mip 69 RAKeedn, B A EAE
FwRHHE, FHEALE AR LA BAL 5369 A CSR 354

mip 1 mie ZFfFarlZ R BN AEEHHIN sip Fl sie A ffav. WHIAIFE mideleg ZfF
P E MG S R, MIEAE sip T e A nl L, FEHATLMEA sie Ff7dy
UHTBRK . SN, sip ] sie HHAXT AL A HiEZE

3.1.10 MR NEES

M FE AL G — DA R GE s T H . mcycle CSR {54547 hart [ALFHES N AZ AT B 4
JE % . minstret CSR 118 hart EiEH AYHE 5%, mcycle fil minstret A {Feaftfia RV32 1
RV64 R4 E#HBEA 64 (k5.

TR AR e AR hart EA67 5 HAMERIE, JEHAT LA NG EH. (B CSR EEAEAES RS 5
A48, meycle CSR A LAFER— W% _EMY harts 2 [a)dE=, FEXFE MR, XF meycle (5 N
XFIXUE harts 0] 0o ~E& WA —FHLH ST 7~ BFLE harts 2= —4> mcycle CSR.

LR RENA LSS B0 HE 29 DAIN 64 A2 1T% %S, mhpmcounter3-mhpmcounter31, ZHffi%iFds
CSR, mhpmevent3-mhpmevent31, s& MXLEN {7 WARL & {F¢s, TGS SEHE N 1T
KEmib o IXEEHA S LG ENL, HF 0 g SO T Fra TR 1Z 230, H
A SR ARG A O R g SR R e A A O,

mhpmcounter /& WARL %7 {7#s, f£ RV32 1 RV64 < rEik 64 (V5.

AHLTE 6 RRASFT IR R SL— AP AU, AL AR AR Al WAL 257 B2 U o i 2 A o i o
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63 0
mcycle
minstret
MXLEN-1 0
mhpmcounter3d mhpmevent3
mhpmcounter4 mhpmevent4
mhpmcounter30 mhpmevent30
mhpmcounter31 mhpmevent31
64 MXLEN

¥ 3.16: Hardware performance monitor counters.

24 MXLEN=32 H}, mcycle. minstret f{I mhpmcountern CSR FizHGR [BIFH M T T8 Es AL 31-0,
MENHEM AL 31- -0; mcycleh, minstreth f{] mhpmcounternh CSR {12 [BI4H M 114 as B AL
63-32, M5 N{UESAL 63-320

31 0

mcycleh

minstreth

mhpmcounter3h

mhpmcounter4h

mhpmcounter30h

mhpmcounter3ih
32

¥ 3.17: Upper 32 bits of hardware performance monitor counters, RV32 only.

3.1.11 M8 EaE a fF4s (mcounteren)

TR o %7 (74% mcounteren 22—~ 32 (Aifrdr. M TIEHIRECHIEREMAII B EF — TR IK
BT BRI

31 30 29 28 6 5 4 3 2 1 0
| HPM31 [ HPM30 | HPM29 | | HPM5 | HPM4 | HPM3 | IR [ TM | CY |
1 1 1 23 1 1 11 1 1

/4 3.18: Counter-enable register (mcounteren).

A A TP B SRR AT . 3E S NI A AR s AT AN R i 2 s . RIMEAEAT]
Vi ARt 2 4k B 1 o
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4 mcounteren & {FasHY CY. TM. IR 5t HPMn {7iEZER, 241520 cycle. time. instret &
hpmcountern Ff {F#xff. S-mode 5 U-mode HATH 2 FEEARESR S T o MIXLHHH— DRI E
I, FOVFAE T — D SRR R 15 R B B A A2 a (SR SEEL T S-mode, 5074 U-mode) o

BB AL AR Y R XFRAF IR T REZSHATHEATRENRL, M
BAE KR T AR B RS F RN AT . I TEEZSHRTHEHHBSERIXC
A RERAT RB N R, RGBT AR TR AL X

cycle. instret f{| hpmcountern CSR /& mcycle. minstret f{] mhpmcounter em n, 43}/, time

CSR WML ntime % {748 HiEi 1 MU, £ RV32I L, cycleh. instreth
hpmcounternh CSR /& mcycleh. minstreth f{] mhpmcounternh, 735, £ RV32I |-, timeh CSR

e NG mtime A7 aRiyE 32 ALA BRI, 1 time (XSG mtime UMK 32 fir.

FZIT L time #» timeh CSR 494 BRAEIE A5t A A okgt mtime F A B hE, AE M E
R P AT R

FEEHA U MR Rgeh, WL mcounteren, (HAA FEHE WARL |, Jf HAJRERE HiE%E,
LN EEBUH N TH R 2 S EUE less- PHUATH HELARAFE & R B AU . B U B REEH,
mcounteren Ayf7-an /N IZ(FAE o

3.1.12 Mgt A fF 45 (mcountinhibit)

31 30 2 28 6 5 4 3 2 1 0
] HPM31 \ HPM30 \ HPM29 \ \ HPM5 \ HPM4 \ HPM3 \ IR \ 0 \ cyY \
1 1 1 23 1 1 1 11 1

K 3.19: Counter-inhibit register mcountinhibit.

2R 1B %7 7 ér mcountinhibit 2> 32 i WARL #ffdr. T &M MRLERE v e it
Hamd it o ZA A G PR E CUERTH B R B BN AT P Z I A A B R R T o

4 mcountinhibit Z¥fFasPHY CY. IR 5 HPMn (IEZEN, cycle. instret B hpmcountern 7y
A — i EEE. 24 CY. IR gt HPMn (BN, AHN TSRS A1 0.

mcycle CSR A DAE Rl — W ERY harts 2 [B]4E52 ) FEiXFME L N mcountinhibit.CY FEHHAEIX
46 harts Z [A]HE=E, R mcountinhibit.CY Y5 A2 0] ML XS ARLE/ N

A SEHL meountinhibit HEH, MISCHUGIT RS (R E T —F
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L RE R cycle o instret R B AT, TIFH HM4 R CMVUR Y BN . /LN CSR
LT R B EAHF TR B RITR T R A
B A time #HH B TUAESANZZEEZE, B R4 A mcountinhibit HLH| k2T,

3.1.13 #Hl#s scratch {74y (mscratch)

mscratch A {Fave > MXLEN {5/ Gar {7y . LHTHE. EE, R TR RPLa
3 hart-local EFICAERYTEEN, FEAEBEN M AR B AL AR Fr i 55 P g A7l sci

MXLEN-1 0

’ mscratch ‘

MXLEN

& 3.20: Machine-mode scratch register.

MIPS ISA % BT HAR P 5455 (k0/k1) BRI R GAER . RE MIPS 75 £3R4E T ik fa i
BRI, AR CRR Y TTRGR P FEE, FALEY I 23505 ER X#ERB. €&
TAZ KRB P BAZ A FRFANF AL, VOB e 69 % &R SF A 3 20k 69 8 X AT

RISC-V R p ISA G X 5 TR AR, BB R REATRH T HE R
G B R P& ISA. RISC-V CSR #3547 Ak g 445 & /W B 5| mscratch F 4
%o 5 MIPS B3t AR, #AEFR AT OMRI T /AR P LT XIEATH /£ mscratch 4 &R A
—ME

3.1.14 MEBRHEFITEES (nepc)

mepc &> MXLEN 3%/ 5 % (Fas ., #CA1E 3.21. mepc (mepc[0]) MIMIRALIGZ N E . FEAL L
$F TALIGN=32 [J=230 F, WAL (mepc[1:0]) IAZ N,

WS I A0 TALIGN & 16 5 32 (4, @ik # ik COSR misa) , M4E2Y4 IALIGN=32 i}, fr
mepc [1] FEIZHUME R, RILE ERESEN 0. Mkt & 2E7E MRET 84/ fati i, R
BB, 24 TALIGN=32 [}, mepc[1] {BSRETTE 1.

mepc 21> WARL FF{7dr, ELMEEN ORF AT AR REAE . EA T ERENS IR AT Fr A A] RE
HTCRbht. 5N mepe ZHT, SLIAIRESHTCRMBHEELAN mepe REAS AR A7) HoA—LETCR0M
fiko
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Bybhk e LA, Ak fety Bk R AN F 49, F ok, HakE 4 mepc 5L RR 95 AT LAETT
VARAAEA 2 pc A b hE 6y M 22 b it 5 A

U BBt A M BEAT, mepe B AR BEI R MR SR ERMAL. T, mepe AGEA
I R TR A -

MXLEN-1 0

’ mepc

MXLEN

€ 3.21: Machine exception program counter register.

3.1.15 HlEs i F4s (mcause)

mcause FF /7 arg T MXLEN (V5% ffar . HARAIE 3.22 fon. HFafFet AN M B, 2
G mcause fUfY, fERSFEEHRYSENF. B, mcause FRIEAZHSELHME . E BRI REHIK
(SRR

WRFE B s DAY, NE mcause FFA7ds T AL, S AU 7P Brl SRl f 5 i el
TS . 2 3.6 FIHE T RTRER LAY S AU . R AURS 2 WLRL B, Al A REARIIE
B SRR R E A,

MXLEN-1 MXLEN-2 0
’ Interrupt ‘ Exception Code (WLRL)
1 MXLEN-1

& 3.22: Machine Cause register mcause.

TEER, INEMIRE B 2 AN . M SRR AMO f54 24 /AMO

=
FT Mo

T Al it mecause A FAAMIF T LA RS LK P WL KA B0 I AT AR P Wi
LA FRBAK G 2 BE TR

RATVR R 54 AAG A Fo d R R R 7. ERAT RMIFRK T ZI LB L 2 5 ARG
0T ATGBHR GO B TALRX T RAEERZRE S XL, WwREZ, TR
VP R B B Z AL A AF % AL

IR FARLATRES K Z AR5, W Table 3.7 ML o0k iR 7R £ mcause HPRIUHIH
AR AT B2 R R R L IRE ST -
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Interrupt | Exception Code | Description
0 | Reserved
1 1 | Supervisor software interrupt
1 2 | Reserved
1 3 | Machine software interrupt
1 4 | Reserved
1 5 | Supervisor timer interrupt
1 6 | Reserved
1 7 | Machine timer interrupt
1 8 | Reserved
1 9 | Supervisor external interrupt
1 10 | Reserved
1 11 | Machine external interrupt
1 12-15 | Reserved
1 >16 | Designated for platform use
0 0 | Instruction address misaligned
0 1 | Instruction access fault
0 2 | Illegal instruction
0 3 | Breakpoint
0 4 | Load address misaligned
0 5 | Load access fault
0 6 | Store/AMO address misaligned
0 7 | Store/AMO access fault
0 8 | Environment call from U-mode
0 9 | Environment call from S-mode
0 10 | Reserved
0 11 | Environment call from M-mode
0 12 | Instruction page fault
0 13 | Load page fault
0 14 | Reserved
0 15 | Store/AMO page fault
0 16-23 | Reserved
0 24-31 | Designated for custom use
0 32-47 | Reserved
0 48-63 | Designated for custom use
0 >64 | Reserved

%% 3.6: Machine cause register (mcause) values after trap.

41
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Priority | Exc. Code | Description
Highest 3 | Instruction address breakpoint
During instruction address translation:
12, 1 First encountered page fault or access fault
With physical address for instruction:
1 Instruction access fault
2 | Illegal instruction
0 | Instruction address misaligned
8,9, 11 | Environment call
3 | Environment break
3 | Load/store/AMO address breakpoint
Optionally:
4,6 Load/store/AMO address misaligned
During address translation for an explicit memory access:
13, 15,5, 7 First encountered page fault or access fault
With physical address for an explicit memory access:
5,7 Load/store/AMO access fault
If not higher priority:
Lowest 4,6 Load/store/AMO address misaligned

% 3.7: Synchronous exception priority in decreasing priority order.
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A REAUH BB — B R, bk B BENEUE T RTRES | R AR E N F
INE/ A7k /AMO hEAS 55 S RO DL S 2 T RE & T BT I8/ A7 6% / AMO - DU B R AT [ £ %

(S
FF o

o B/ FAk JAMO Hodk R3¢ Fdfo B @45 3R 58 6948 A48 20 BT I8 LAY, A RE M it R E MR
b AR HF R FTFE O EIT AL ST LR F ok Fw, S AT H bk 35 3 3,
PRap A & o A H AT R s 4 T2 M 1k 69 R TR0 19 69 S Il R AR AR Fim B AT T A gL
AT S, EXAEILT I AR @4RFF X7 F L e,

Jo A HLHEIT B 5 BB A BT & (LA A IR R) A SRS E B R H (8 EBREAK #8431 %) BA
AR 69 R AL, A2 PR LR L

gAMbk KT F - F A AR AT B AR AR R AL A A8, W R AET RIS AT A B
Mo, IR 64 R SR T LA A R

3.1.16 HlLaxbaPHEH fFdr (mtval)

mtval A {7are 1> MXLEN {753 f7dr. U0 3.23. HEEBEA M B, meval 22
LRENE, ELABGNFETRENGER, DN S0, mtval jigAss b S8
5, REECWURHEFEARSE . MR EEMe R ot E ntval DIRAHER, LR
DITCE G O BN R . WAREEI-F S f € BUA R mtval ENAREE, W mtval Sy M
e

%o

UNERAESE SR AR I R AR R MR AT VAR BT R R i i, R HERME
G mtval, N mtval G085 R EELIIEE.

L RAT @G EMAN G, ARG EDIEE N ntval, PPt T HEAF7 44
FFF AL S AR EART K S R E R BIERIE A, LA L LA AT KB
% 89 5 Wo

MXLEN-1 0

’ mtval ‘
MXLEN

K 3.23: Machine Trap Value register.

AN SR AL T O I mle A5 2005 TR S8 PR B I AR R e B I R JERMES A mtval, JU mtval
LS FEER VT 1B 70 1 REAU L o
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UnARAE BT AT AR & B R 48 L AR AR 18- VT IR B IR sl DU 5 1R S I, meval DAARER(EE A,
W-mtval HEESFHERGIESH O EMNMI, T mepc HEm I M I Ko

mtval FHFAELTUTHWA TREFEESFFTHEREILASM (nepe 150 A FFHHEREES) .
R mtval EXAFEFARERHEAETETN, U mtval &2 D TR AEME:

o SLPRkESEA
o HMEHAWE —> ILEN fr
o WEAGAME — A MXLEN fr

I FEEAFE L E ntval WEEAXTN, FTARER S A AHRE RN E

R mtval FEHRELSMD THAEINIFH, A3 AR T 8% LRI o-46 2 4
#®, FHAERANBREELARAKETFEH TR ZREEZFIREFEZF . R
—MEEEZEERAANSF, LA EARTHNA, REEHSBEFRAE T TR LN,

—ANEREEFKBH 20T, BEANMES EFEDRE A MXLEN 1) RIE mtval
Po AR IZAREIN, IR 2EZAMEIELZRRNENES, B R ERFLERF
ZFAM.

mtval FHEAERTZHFUELZ LR, RERBT EZNEHEL. TUEH mepc M
WIHANFEEHARRRSXHABIL (&, TUEWRAERERGE, WEAZTHZNZ
RE LW trap A HE).

MTEME D, ntval HEREAT, EERKGIFET RN LME BB EHE L ntval Wi
Eo

R mtval FRREE, BA—A WARL FF&, M4 REHTH A BN E A F il R ©
FTEERGEERATHE R, £%5 ntval 28, LHATHLHE RIS N ntval
RYFAN LM — BT A A R LI T RE RSN, ntval 3 0H 4% REHTE /D
F oN dh, #d N B MXLEN fr ILEN # 8%/ —14

3.1.17 AHLEshc BHRET 8 (mconfigptr)

mconfigptr & —> mxlen fL R i CSR, #NWHE 3.24f1 7, CHRGFHE HAELEAH 3 4t
BT DL XA BEE M RKLIAKXT harts FERERENE L.

MXLEN-1 0

’ mconfigptr
MXLEN

€ 3.24: Machine Configuration Pointer register.
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G ET AL X T 00 AR N T I OK X FFH MXLEN: #ldm, R & A X FFH MXLEN & 8 xn, A4
mconfigptr[ log,-1:0] b7 H &,

McOnfigptr A LH, ECHAE, RFMERBEEN T FE, 2 L AERZ R K E ML

I

tio

B, B 048 25 4 1 A R AR R RAT A AL

BEREFE BT Y mconfigptr Wi B MW EH, EHMWIATHRE—M T L KEE CSR &
BEFRE B (E . Flin, mconfigptr W HEERTH T EH m AR GAT FHTEABHETHNAN
HR T HRHENME.

3.1.18 Ml IABENL B & {74y (menvcfg Fll menvcfgh)

menvcfg CSR & —~ MXLEN fLi/5 % 7%, 5 R{A MXLEN=64, W[ 3.25f77, 34 FF
ANT M OHE R AT BB B 3 R

63 62 61 8 7 6 5 4 3 1 0
| STCE | PBMTE | WPRI | CBZE | CBCFE | CBIE | WPRI | FIOM |
1 1 54 1 1 2 3 1

¥l 3.25: Machine environment configuration register (menvcfg) for MXLEN=64.

R menvefg FH(L FIOM (I/0 By Fence B HWHF) WEHN 1, MLAEFFNANT M HIE
KX THATH Fence HA¥# B, Wbk 4 1/0 W75 E E k0 E vk & A £ 55 58T
* 3.8 #HRT FIOM=1 B, @ THMNT M ¥R, FENCE 454{L PI. PO. SI #1 SO #hf&
KA

k0, T FION=1 BARAT M WER, WRITEELRE 1/0 HF 8 EHNETFEAH
UH aq F/E L BRE, MLRHABBEREUT LS 1/0 BHE—H.

WRALF s A, HFWR satp. MODE K REE (X & Bare), LIF LU FIOM H REE.

menvcfg ¥ F E FIoM (L, B m X T UM Chapter /\# hypervisor ¥ K, T &
hypervisor CSR henvcfg f}’ﬁ"/l\%ffl\ﬁ’] FIOM fi,

PBMTE fiix#| Svpbmt ¥ REEH AT s BRF g KM (Flin, T H satp & hgatp
WEE K)o YU PBMTE=1 A}, Svpbmt o HF s HXFf g KM #., 4 PBMTE=0 A, LI
B AT A s R H 23 Svpbmt — Ao WRIE A LI Svpbmt, M| PBMTE A R %, dhih, T4 H
W FY B henvefg L. menvefg B, PBMTE RiEH E. PBMTE £ %o
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Instruction bit | Meaning when set
PI Predecessor device input and memory reads (PR implied)
PO Predecessor device output and memory writes (PW implied)
ST Successor device input and memory reads (SR implied)
SO Successor device output and memory writes (SW implied)

Z 3.8: Modified interpretation of FENCE predecessor and successor sets for modes less privileged
than M when FIOM=1.

STCE = BUoy & 34 i B Bk 8 Sstc ¥ B4R Bt '©/E menvefg WHI A B Y e AEHOEZY K
R E R A

CBZE = Brthy & SU¥ Bl 5 B R By Zicboz ¥ R#Rfte U menvefg WY B M ZMIEZY &
ZH R AR

CBCFE f# CBIE T HHy & X ¥ B 5|k ey Zicbom 4 EB# M. TA17%E menvefg WH QT 84
W ZY B2 & & T A,

% MXLEN=32 Hf, menvcfg # 4 5 MXLEN=64 i menvcfg B bits 31:0 HEHF . Wb, %
MXLEN=32 Ff, menvcfgh = — /> 32 fL ) i2/5 % F &, © & & 5 MXLEN=64 i menvcfg H
63:32 LAl B F o Y MXLEN=64 M % % £ menvcfgh T H 7.

WRAZF uw X, WFHFE menvefg M menvefgh FH7

3.1.19 HlarZ MR EFHF/Fdr (msecctg)

mseccfg £ —/NF K MXLEN-bit /5 F4, SR 3.26077, vEH TR,

% MXLEN=32 FBf, mseccfgh Z—/> 32 fL¥iL/ 5 F 74, Y MXLEN=64 B, ©HE4E 5 mseccfg
fr 63:32 A 8 F o

XLEN-1 10 9 8 7 3 2 1 0
| WPRI | SSEED | USEED | WPRI | RLB | MMWP | MML |
XLEN-10 1 1 5 1 1 1

3.26: Machine security configuration register (mseccfg).

SSEED fn USEED F & Hy & 4t B 2 kW R B Zkr R ft. €M1 mseccfg W 4B ¥ fE
EREZY RZARE LT,
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RLB. MMWP fr MML = Fiy @ UK B3 6 pmp M58 Y & Smepmp ®Bh. UAIZE mseccfg W
WA E R B R A E .

3.2 Hlar N7 WA 77 de

3.2.1 HlESitBtER & 74y (ntime and mtimecmp)

T e ALt kS, EANFRANIEERETFHFE ntine AT ntime LAUER
WM RN, JF LT 60 AR B —FALF K E mtime HEHEH. WRITHE Y, ntine T
BRHAT

mtime 77 #EFTH RV32 v RV64 RA LMEH 64 MMEE. FERHE 64 LN FBAMIE
BREHBURFFS (ntimecmp)o ¥ mtime B4 KA THET mtimecmp H{H B, HLEAITH £+
B Z g ERRA, AR BENN EF 5 EH . E ntinecmp AT mtime (¥ Z 5 N\ mtimecmp
WER) Zar, PW—E#ARE. RALPHHE AN LE nie FHBEFRET MIIE L H, 7+
SPATH

63 0

’ mtime ‘
64

& 3.27: Machine time register (memory-mapped control register).

63 0

’ mtimecmp ‘

64

& 3.28: Machine time compare register (memory-mapped control register).

T 28 M AR SO (R e B A T R R It R B R X AR RS, TUABEBEASHETR
YRR, B A R AR S HOR A IR

RO HE LB (rte) RMARRE (FE—RMEK MEMS R{RFH), FHAERZHE A
W B BT, HE - ARRTFEERA M T SRS TR GME /R ERK. Fit,
RTC S E RS WFIA hart #£F, X RTC W77 I ¥ fh & 5 B0 K L A5 0 F I a3k 28 X8 4
Ko B, 1EAANFREFHFHLAT ntine HIEN CSR AF mtime E H K

BN EA LA E W timecmp FF & AR, PLEERX KRG LRAITHE T —MT et & F i
% %4 % mtimecmp F & K LT EIE N E DT &

o] B2 B B A A AR 0 VT DABE R B B b AT B T B e i At
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BN mtime 7 mtimecmp PRiFHZA S RBEE MTIP #, EF—F 4B R B XK.

o R A AL AR T % mtimecmp, A EILEIRE, M a2 K £ BITHBEFW, EA MTIP 7
W R B N T A RN AT A B R RS, ER S B
ZERELEERATRAL £ GiE MTIP HE C T HA L, &R 3R EBIT &P I LF &
RE AR
£ RV32 F, WEBA G ntinecmp RBMFHFHEN —A 32 L. WTRBFFIEE 64 I
mtimecmp 8, T4 T LB & oy o B8 1 48 1R 3 A JR U B 285 v i
# New comparand is in al:a0.
1i t0, -1

la t1, mtimecmp

sw t0, 0(t1) # No smaller than old value.
sw al, 4(t1) # No smaller than new value.
sw a0, 0(t1) # New value.

K 3.29: Sample code for setting the 64-bit time comparand in RV32, assuming a little-endian
memory system and that the registers live in a strongly ordered I1/O region. Storing -1 to the
low-order bits of mtimecmp prevents mtimecmp from temporarily becoming smaller than the lesser

of the old and new values.

X+ RV64, A X FFA mtime F-mtimecmp F 7 & B H AT 64 CLAFII, HFEHERETH,

3.3 HlarBAReBln 4

3.3.1  FRBEIE FHAIMT A

31 20 19 15 14 12 11 76 0
functi2 rsi funct3 rd opcode
12 5 3 5 7
ECALL 0 PRIV 0 SYSTEM
EBREAK 0 PRIV 0 SYSTEM

ECALL A A TH X HFHATHFELEER. Y2 U EX. s HERXZ M ERXTHTH, o
B & &K — environment-call-from-U-mode %% - environmental-call-from-S-mode | 4h
environment-call-fom—mode ﬁ?ﬁ?, ?Ffi;FfﬁffiiTﬁfifﬁo
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ECALL A ENFEHHRERAERTRN R, WETUFEFHERIRAARE. £ Uniz
BAE RGN —ANHE F G ZAF environment-call-from-U-mode =% Z4t% S-mode, Wi A &
HA = H o

RIX A M F EBREAK 5 W= AU B B R KITH . € £ I 27 % O B HAT E g 1.

WARFME T PELGHEAW C REY BT PR, C.EBREAK 154475 EBREAK 4844 Fl
#1E.

ECALL fr EBREAK T LRI E RN epc FHF &M X E N ECALL 3 EBREAK 547K & 8 i
i, not R T—4454 i, & T ECALL fr EBREAK S HEF 2%, U FHMAEBM&K, 3
FH AN ¥ minstret CSRo

3.3.2  FAMF& 454

MG BFR B B 46 A7 PRIV K ER1ED T4,

31 20 19 15 14 12 11 76 0
functi2 rsi funct3 rd opcode
12 5 3 5 7
MRET/SRET 0 PRIV 0 SYSTEM

FANEEGERE, SRR H] A 250 B R El 484, MRET #7 SRET. #5442 {f MRET. v
RIFEEFEX, WLMAEGR SRET, TN M5 K FEXHEASFH. 4 mstatus FH TSR=1 H,
SRET L5 1Z 5| K &4 R %, W Section 3.1.6.5 ¥ i, aRET 34 H UAERFER = 2
FE iR THAT, EREFE R THATRKE oRET 5445 W AE 24 09 55 A A0 I 8 L Fo gk A A
Atk BRTWE 3.1.6. 1 F TR BB EARZS, 2RET L1 epc R E N FH4%E zepc &
HFREP .

WRIF A&, MAF oRET 84 RREMAE RS LR MURE, EXRLFH. WRFE,
W BF AL B AR 7 B AT «RET Z R BRFIRGBE (Flan, BLEHEM SC).

R xRET #§4 &K ZE W LR Y, WA AFRERLS HAT LR/SC FF.
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3.3.3 iy

SHFPWEA (WFD) i TR MET —ANMR;, B S A hart ¥ ULE#, AEFH T FELEF . WwFI
WANPATH I A THRBET 6, & L8P il k8 i 2|k harto WFI ¥ Hl T A FARER,
WHHTF U R Y mstatus I TW = 1 B, WiEA TG K EFEAFE, WwE 2279 A
#*o

31 20 19 15 14 12 11 76 0
functi2 rsi funct3 rd opcode
12 5 3 5 7
WFI 0 PRIV 0 SYSTEM

If an enabled interrupt is present or later becomes present while the hart is
stalled, the interrupt trap will be taken on the following instructiomn, i.e.,

execution resumes in the trap handler and mepc = pc + 4.

TEEIASEZFH AN, UWEBHARERFHHERERE WFT B2 FHTRG.

WFI $64 0 HW 2 LB MR TR, HHEELIARZH WFI B4 NOP L.

WREAAPATIEA B RAEE hart, 2GS WFT B 5 R oy M40 0 $4T P,
It B A AL TR 7 0 R R, PR A FRORR R AT

Y 2R R, A AT WFT 384 WFI WBRIELMF X 2R (MIE fr SIE) f1Z&it
F I mideleg My ® (B, MR AME AH FHEL, WECHZLIARBENER, hart
Sh VKA, (RSB B (4, MTIE) (B, fn @b wrdEsE kg A, NS
KA hart). WFI X FZREAFEMEREA LERGAME F F B HAT, TAEEE N
WEA LB R T &R

WRFHK hart REIATHEHRTBOPE, MIATHAE pera BIRE, I HRPFL MR EHAT
WBRE, BRHERTTREEHHFEATHEIEEUER W,

WAL P R AR AR, TURATEEREYN L T XN P BEEFHEAND A,
B A ERAT WFT ZA T URFHEF L £ T o

mF AT Y mHE WET LIy NoP, BB HAE WEI 2 EHM RS LS EE
LA % B HE R AL B 280 B P O, Jn RO A AR I 214 € vy b o, MU BLAE3RE WFI. 7 LA 17 mip
% sip FFH, U HENB L EERFEX T EEFAEEM P

WFT WHRETZEREFGFHRXEN .
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FEX WFT RATHE—ANERTUAEE wFT B REENREERE, BaNLEER
BHEBMRAFRE, ATBANBEFRAER

MR “EHENHT EBTRATEENALE LR SN E R RRY R

3.3.4 HEXRLGHS

K 3.30% froxih SYSTEM X HEDHN F A A TEE X Ar. BN xHigd 5 L
SYSTEM f54—#F, AL 29:28 5% Fr 5 0y s (IR AU R o

31 26 25 1514 12 11 76 0

funct6 custom funct3 | custom opcode Recommended Purpose
6 11 3 5 7

100011 custom 0 custom  SYSTEM Unprivileged or User-Level
110011 custom 0 custom  SYSTEM Unprivileged or User-Level
100111 custom 0 custom  SYSTEM Supervisor-Level
110111 custom 0 custom  SYSTEM Supervisor-Level
101011 custom 0 custom  SYSTEM Hypervisor-Level
111011 custom 0 custom  SYSTEM Hypervisor-Level
101111 custom 0 custom  SYSTEM Machine-Level
111111 custom 0 custom  SYSTEM Machine-Level

¥ 3.30: SYSTEM instruction encodings designated for custom use.

3.4 HH

FEE, BHNHENERABILEN M. nstatus FH MIE 1 MPRV HEE N 0. WRIF/ D HK
%1 7], mstatus/mstatush FH& MBE ¥ EE N 0. misa FHAUEE, UEAKAXFYT BE
Frdx SHY MXLEN, 8 3.1.1% frike Xt TR A ARy R4 ML, A AN AT . pc
WRENEAEXNEE R E. mcause FHAEWRE N H T EMLEENME. 5 PMP FHFEW
AR L FHREEHN O, hETEERF L PP FHFE2 AT L WFREATRAMEEME. R
LT EWMH M EEFY E. MODE # vsatp. MODE FHEE X 0. 4 H WARL FEH2FE{H,
B A o IR S AP R AR E
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EEGW mcause HEAHHE TEIANMAE, EXT AR TR EELFH LN, NEREHE 0. X
AAEEEAGWEANRER 0 Ry T ENEE.

HRBFHTRAESHEERRE (Fln, ANEE. A BEEE. L2 E . F 42 o8& 8.
IR AL, IBEARGEFRARBETRALR X REH,

mcause EEMH A A ERA P B H ZE N4 mcause o WEEHF AN AR, HAEE
B, pc #EHREN G H AP EEE

3.5  AEBEic T

T FE#cp il (NMI) UF TR B4R E N, L6 hart B P W B F LR AT, #4 BBk
HED M BERETHEIE NS NI mE. F PRS0 BN SN nepc FHAE, HH
mcause X & H I~ NMI JRH91E. FE M, NMI 7 UE ZE I EE R P ir L HEE T F R A

% NMI EE AN mcause WEZ LI T XMW, mcause W EH FW AN X EHIH TR E —NFB. f&k
o mWR¥REBETR “KmwERE", #HAFREIT mcause & F 4 X4 NMI JREy LI A 7 ¥R
FRE 0o

S5FELRE, WI T2EEBALEERAE, MWEIDU WA Fow] ol ov B 445 1R 8 o

3.6 YN FEM

TEZARENENGFRFOELEF LR, — XN TAFERE, SN FRAERTHF
#, —H MM R P EN. FRNFRET AT FRIAT; AETHRFIFTFR
THRGE,; AETRALFRETEE, FTH AT RA AT GEE T ARSI ETREAFEANF
AR XM, AFERAEHNTEREERL NI E. TEFRENIFUREFFELZ
FEAM K BIEH 7GR, £ RISC-V A4, HLEMIE I = 8 i 44 IX 3 oy ix 2k )8
WAtk h A WENFREME (PMA) o AF /% RISC-V PMA Ki%EDLK RISC-V % 440 52 i frih
# PMA.

PMA ZEREFUNEREN, ERAAZTAHEARIER. § 3.7THFHANNEAFRIPELH,
PMA 4 B $AT £ T XX & . ~%ﬁ%Eﬁ%mmE%ﬁ&ﬁﬁ%@i% @w TR E
ROM. MM 77 ff K AR Bk it et B2, flin, Bk THMEFEEIS IS L. SHAKA&T
T%i%ﬁ&m%ﬁﬂ%(?ﬁﬁ&)%ﬁ%%iﬁﬁwﬁiawu%(T%ﬁ&) R LT
REZMTHTRE, WXHARWER, XERELRMN , h EERAT RAM T
— AN AR Ty — Amﬁiﬁﬁﬁ,iﬁﬁ% A%~ﬁ%¢%%%#%ﬁmﬁ ATV 18] o
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KEBRAGHERERENBRAZ G, AITEEFPWEGFISREE D — 5 pMa, B A E ik
BUEERANEAFRE LRy, FLAREFERETRE PMA BHN LM EE. BRWF
SHEMRMEENAFREFHLT —L PMA, JFERA TLB @ x LB ME, EXM 7R
RTFeMERENENLE, FTRFRAGE R, REEFEMEAFRIANENTRELEF
EFHMENT B o, THEREAADTRAECENENFZE FHETREE, AT-F ML
F B RS TLB 4 B WA R F KT

T RISC-V, RATH PMA HyHLE fukh &40 B 5| — AN R4, B PMA checker. 7EiF
ZERT, MEMI KRG BEEERRRITH AR o, FETUFEEEE PMA RRES T,
WREMERZTHITRESN, WTUREFET TN AFRARHTESE, WENEATELE
MR E e X BB (Fld, ¥ THETZREMATEGERRZEREXS8F L SRAM)
E PMA REHEMAWENFN I, BHELTENINNENFRER T AT HBFEAH
W, RAMBAEN, EFTHNENT, RISC-V A EREHFHR L ELAIT PMA BEWWE N FT
o WA ke PMA HHERIAN RS WRREH TS RRT, SENAFERNERERE LR &
By PMA FEBETI T BRI Ay, Bldn, LARNE AT E KRR 8 R AL — 30 R &
A . FERXFFILT, AR AW 8RN IRE 7 T & LRk T T .

PMA A AR, UEA R E LR EREHRTRE A FOEME 4%, v DMA 5]
%, T PMA 5 BT EHALREHE, FLAEYARLERFEE TN, RHETURAL
KT EFITFEM PMA B BREE (RARRREL) FF PMA WA, F R 2R
ZEXFEN Y, BB EiRm R, B, FETTFem R ARDERR PMA, HFRAHE
A — BRI B E A RS B B AR R B

WETHLH PMA WAAEHEE, HRE—BD, AT RESARYEREFRET S
MALER RIEHEFRRE B, A, EEENFRR BT REERBET Y RAE T
BRI, A A B K TR 6 R R

3.6.1 FfE I/0 WX

HENFHAECENREEFERCREHAGTAEIANR. I/0 REXEZRN. ¥AENFFEELA
UTHEWIFZRBME, W 1/0 RETUEAE ZWRBEEE. TE¥NEFHENFHEEKX
H, Plin, H4&FES RAM, ®HE N 1/0 KiK. ZRRREH 2 XN 1/0 K, EHEEEEET
XF I
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3.6.2 KA PMAs

Vil A E WG ETE, N8 MFVEKSZFRE, UARENFAFEEZ T LR F
B 377 7] o

R FE RISC-Vhart FIZATHHR UL FEHELERNGRE, HKETH LM DMA 5| %34T
SRRV I/0 k4, WO R I kol SRR B B K/

FARRBBAXFMAEREFNAATEIRENRE, 7 UHETE T XRHECKI

—UTF M RRERNAETAFH LR AR LT &7 4 L N H & E N F KR A

P

AXEHRT, THENFHLERE LRI TRIFHEOTEL, ELARBEEAF L
R AR —R T,

I/0 BR37T D4 @ A e A 5 i 3. B K IAT I A 2o

MNTEAET RO ENNFN ARG, 1/0 FolF KT Mag & SRR 4 TR B 4 TR 5
Hao

X Uniz REARBFERNATEFENFHCF R KB

3.6.3 JFTM: PMAs

BFM PMA HAR N KB BB T4 HETFHANIFHFL2 W HE: LR/SC Fo AMO.

&

FET2BXATREEN G X ERNERITFTETARTHRE

3.6.3.1 AMO PMA

7 AMO 9, A R X Fr: AMONone, AMOSwap, AMOLogical, and AMOATithmetic. AMONone
R T LT AMO £ 1E. AMOSwap % 7 Bb M3k 36 Bl X £ ¥ AMOSwap 354 . AMOLogical #*
X R 454 A b BT A 1% % AMO(amoand, amoor, amoxor). AMOArithmetic % 7 X ¥ Fr &
RISC-V AMO. M THMNXFRA, WRKENFRHAIFLEHENET, WXHFZTEN B A
F OAMO. TR FA I/0 R R LR ERE N ETREN N T ERTLFH.
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AMO Class Supported Operations

AMONone None

AMOSwap amoswap

AMOLogical above 4+ amoand, amoor, amoxor

AMOArithmetic | above + amoadd, amomin, amomax, amominu, amomaxu

% 3.9: Classes of AMOs supported by 1/O regions.

BNEWARTRAY I/0 RBRJ/EED AMOLogical HFFo

3.6.3.2 Reservability PMA

XT LR/SC, H Z /MR A M LR om o R A B Sk B 4 B 44 RsruNone, RsruNonEventual,
and RsrvEventualo RsrvNone X7~ %+ LR/SC #1F (ZLE F 14 Y ). RsrvNonEventual %
TR (LERZTIHREN), [ERAFR ISA AP H#A MW RTAKIGIRIL. RsrvEventual &
XX R, JFR R AN R IR

RMNBZWRTRYEINHFREBEYE RsrvEventual X . K& % I1/0 RB¥EF %+#H LR/SC i
B, BACM &Ry EMMEEZGF M £z L, BH Y 4 LF RsruNonEventual 2

RsrvEventualo

Y LR/SC FlTHRIE N RsruNonEventual B9 P TFALE B, k4R 32 fk 75 46 I 2 3 FF 1 & B A
) & SR AL

3.6.3.3 Alignment

TR B Fr B 5 B, I FFATSF LR/SC B SF AMO By AF R A T R X R AT FF LR/S B
KATFE AMOo R Xt T4 2 #udk Foif |9 5 %, RAEFFH LR/SC B AMO A Ak Hb bk b 5754, W AT
HAE R Z M Aoy |5 A e A E . k. LR/SC A1 AMO AL A R HE kR E R E .

W A YRR RAF AMO B LR/SC Hto AR “Zam” ¥RBET MHEGF AMO X
Fro MARMF LR/SC J7 W Fr H W R R AATEN, E LR F1 SC 3 Kot 5+ 3k oy R0 AT
SARE

B8 ) R A IF B A B R A G A R X TR AMO 5] R HhE R 3SR B 37 5] K b R xR
¥, XAHE M EXEHAERFPEDRS TN A LAERFAIRRA /T FERFEN
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KA 0T FRARAE R T Mo R AR T A 8 A0 77 b 4 A0 32 AR 7 4 R AR TR 09 R4, A
BRI AR ] 7 K oy 2 8 A B BT R O 1P AR A R T

TR FEH G, LTI RFEERRE, TARZHMIRSTFTRE, XRWBEHLE
1A BAR I Z AR Ao MR T 40 2 By iAo 9 562, PR R 5F 89 LR/SC A AMO #P2 A AT
(B B I e, U R A TR A e 1R A T Y AR S S i R A R R R B B AT

3.6.4 WiF[F PMAs

J 73t FENCE A4 FE FHAHFELH#ATHF, M ZEHRERBE 2L main memory =
I/0.

— hart W EFHERBHIFE AT HEM hart WER|, AT HEAETHFREZ R R
RIE KW e B H Ak & (Fl4e DMA Bl %) WE |, 4T EF 4 K S ZEH RVWMO = RVTSO
TR, FAHTHEFMEREEF LI N FEEER,

—/ hart X I/0 R ART B M hart fo R & E R ANEE, 4 LHEARA
I/0 %A WEE|, 1/0 KT LU#E T relazed or strong W /F#AT 7. xf A TANRFH 1/0
Eﬁaé’mﬁlﬂz@ﬁtﬁﬁﬂﬁ hart 0% & E 8 & KT X RVWMO 7% 88 X 3K 69 37 19 IR 7 e 77 SO0

, WAHTEE —%F a.4.2 FHR. AT, XEFBIFFH 1/0 K801 F R b H
hart 18 & & & & LR 77 WA

FAEMF 1/0 REMER MR TR, X —MIH, TUETHES 1/0 KR &
B FRIL. B 0 A THT A RiEHEF, £ 7 RF hart X EMKEK I/0 KM R E
B2 HE 7Y o

LL 1 ATERE 1/0 REREL2FEHEF. DX SEE 1 KKNEM 1/0 RIRGEMTT

| R BT s A f T/0 WA FIRFWER], BTt A T RS S
I/0 REHEAF 1/0 KRMFIE. %52, MA@ 1 P RKRWEATEADERTAERLSZH
Fz JE#AT fence io,io 14

H B K B S T O A A BT B9 T X3 B e T R SR B B BT
AR XFAENINFRERN ST EERTHIRLE.

EHFTRATRESEARERABRFREDMFEY, SECHEATEHHFHAN, 54
ANERFFHEAMIL, REER

AWEHTF GEE 0) 2BRETFHRALR, BHWR hart T 1/0 REZFERE—4H
PR AR, B ARE A Rt



Volume II: RISC-V Privileged Architectures V20211203 57

B, WRAEGEHF /0 RREFZHRNEEREZBREFEHRAFIEX, WellT
DAt AR R W9 e 7 B, T R AU R

3.6.5 —FM:HrZFMN: PMAs

—HM RN A E A R W B, R~ NREX LA BN R A AR RS R
Wo —HUARERAFANNT —HEEARE, ZRAERXTELERENAFRRN RS £ ik
T, WHRERTUREHE. £ RISC-V F &%, MTRHLZLME. MRMEEDH, TEME
R — B K K

WERRGTEFUETN BN ZE R RERE, ELM PMA PR ZR RS, WEXNFS
I/0 4% WHEHF. XFHFEMETFREUNR K. B, RAITETZFER N R L8
KK E RN F & AR E

WRFEXFAFRANTREZFRARE, WEETFEMIBEELAERERREFELE

M RIFT R T, B ARREZF 7R E Z 6 H M — e BMARAA T B A 2| s R
A<

o

KA1 RISC-V A7/ = F %A master-private, shared, and slave-private. % /i
ZHREFINENEINRE, AN FRARER/FERNARE. AZZFLTEEFNEFZ
B, TUREAR. MEREZEF2E W —8H, BHEMNZEMNNAERMER, FE®H
EM L HEM pra, B ERFHE—Fitn. REFHAHRA, SMNET—FHF, KNEA
private cache %k E%X A% Fo

—HETUNEERBAHETREZFO LT NF K IF—ANREE Pra 25
REARZEGEAAREZTEREF.

MHTRERSE, —FHHEaREE, TUESINMMEZL2HER, TAFEZFT —HET £,
MR PMA KA R, ERIFEF A

EUoEERRTaR A mEMEGE, EXHFELT, eNTUEZRELMEESF, L
TE-FEFTE. LXMW PMA BN T UM EF. BREWTUEZFELEZEEY, B
Hy AR R B K A

WRRETUEZFHURE (TRREFAREET) TUTHNRERE, IFEEF—
FUEFENBREERAIHE. ERZFHEF - FEH R (BHEF -8R F, &F %K
ATURLERGEF LA, ERGE—ZETEREEHRLA, THETFERTURGEEOER
R, BELSAMEEFETEYH. BHEGF BB FEFEEALNES, THETEF X
MR T B4 et EEE oy m KR AT

HTENEMEFE TR, PMA BT ZRBAEMTH, WRWRRZAZEH Z M T8
WA, WERABNEEAETERNS. STELRGE, —HEERASTRE-INNFLIZEF,
CARS T k2 B EE S AN R & — B A

FENHAZ AT R G HRERT B, BACNEHEEHAEE. RiE. EHER
— B H R w—MREG .
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MR PMA FER AT &4, AP xt iz K E 00k AR B R R, TR 2 R R R .

MTEAMEGEHEFANAG LA, THaEABFREZFA P LM ETOAFLEN
Moo EEFMERT, LRABEEZF AR AR T EFRAEX RN R EFNHT R0
AAR R T R AV FAT A RS

3.6.6 RE&H: PMAs

A PMA RN HA KRB EMEZENRF. BREFESRHTFEN I T 1/0 K%, &
Bfe 5N R T DL s (B, EBUR RSN, EEATE). R ZFEFER, Bt
AT ST U P 4R A oy IR R, A 4 06 J0 38 5 48 U M =KD AR 19

AT RCHFFE PMA, TRV PG 8 A B A R AR B A B

BARTE AR RIT B A6 2 R ATIE N R N KR AAT R KT R F], (E R 0 B
PR G F A fh T2 P X R R AR K B ]

A 7 5 X AT B A SO R T B U 1] a2 b [RS8 By R e 5 9 ] BL B R 4R IR R, TR R
fRRARIG T RE, BRARET R MR FRBEURAFHTE, XTHR2FEE
S8 B 1E A o

T AR R, IR A RBUR BN fe i 5 s P AT, DU A1 R U BR A o 23R AT 4R I 1 R
KA, AVFLIANERE S 1N RS B ALy B AT 8 2 KRR H A EF
Besh, HPAT AN M e R A, AVFEIBN B F AN next BRI IFFH power-of-2
DX 3k Py By (A 7 (32 [X I o S B R 2XLEN) o o S b a3 BBy 45 2R R T3 R JE 40 0 B =4
MRR R XM AT power—of-2 KBy A/ LI L, {ExFFEA T w9 E M
WHEE RS, HEADTRAEDL I RN TE KD

3.7 YEAGERY

AT XFRAREHF AR, ZIFRHEZITE hart EOKET I FGHIE b THYHER
ik (PMP) BTG ERHIERREMNFFE, URFAFINEANFRREEWEN T
FIACIR (. B $hAT). PMP 5% 774 #HAE PMA BEHTHE.

PMP i [ H R B R E R TF 60, B0 PMP 4 #l R/ B AN 547 B Ko ML IX 35,
B A IR T DL AR 2 ety —— Pl , S RORT e RAALBE AT, EAERKNARE F 7T Lo
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FENMENGERPIFRERRA, —LFETRERLM Pyp 54, UHTRBRAT
W T

PMP fo & I THBBNMEAN s R U WA, BFE s ft U A THHARR, 45
FaHE) MPRV Ly BiAE S 1 U MR THWHAE T, UKL ET mstatus ¥ # MPRV fi
mstatus FH MPP FHRE A S B U WHAEMEMER THATH K E. PMP B &4 A T M
WA TR, ARAEAERNY So Tk, PMP M EATEA T M R F, EXHEFRL
T, PMP T ARG E, HLEFEEZ M X KGR EZEREAN, EF hart HEE. ZIT
£, PMP HURT s v U AR (BOAFRTRA), HFETURH 1 EXWRR, BAF
T M #EXEA TN KR

PMP i Ml & 2 7 AL BR 2 AL B H 3R

3.7.1 YEANFRI CSRs

PMP 4 H B 8 [LHE F 74 M —/> MXLEN (it FFaEf#k, —% pvp REALFEA S
PMP % EIAH K ERBY ML T 7 2. & X HF 64 N PMP K Ho SEITULIAE. 16 = 64 1 PMP
CSR; S/ ¥ & LI H K45t PMP CSR. i H PMP CSR F#3JN WARL ,  H ¥ # 4 R %, PMP
CSR T AT M # K.

PMP BLE 7B E MK E CSR F, R/ ET XA E. T RV32, +751 CsR,
pmpcfgO--pmpcfgls, PRHFF 64 > PMP 4 H WM & pmpOcfg--pmp63cfg, WA 3.31f7r. T
RV64, /\/ME % T8 CSR, pmpcfglO, pmpcfg2. ... pmpcfgld, k77 64 /> PMP K EHWEE, W
B 3.32ff. T RV64, #F#H %k TWEE F 7 & pmpcfgl, pmpcfg3. ... pmpcfgls I K.

RV64 % % {E F| pmpcfg2 T & 2 pmpcfgl K% PMP 4 H 8-15 W B, i f i it 4 1%
T X FH % MXLEN B8 KA, HA T Rv32 fo RV64, PMP 4 B 8-11 W B # i A &
pmpcfg2[31:0] ¥,

PMP Hidl % F# %4 N pmpaddrO--pmpaddr63 B CSR. &~ PMP Hidl# 7 #&f RV32 #y 34 fi
WIS 33-2 HATHRD, W 3.33f 7. X T RVe4, HA PMP Mt F FHEM 56 foiyiE
Wity s5-2 FL¥ATHRA, W 3.34FT R AR AR ML AT L SEHL, E L pmpaddr F
A Z WARL .

% 4. 3THHREET sva2 MW ENAF T ZXHF RV32 W 34 AEME, Hi PP
EXLM LI RV32 h XLEN FHyMidt. # 4. 4T 12 PR ET Su39 F1 Suis T
WM R 56 L =, H ok RV64 PMP HuikF M An T AR B R A
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31 24 23 16 15 87 0

‘ pmp3cfg ‘ pmp2cfg ‘ pmplcfg ‘ pmpOcfg ‘ pmpcfg0
8 8 8 8

31 24 23 16 15 87 0

‘ pmpT7cfg ‘ pmpb6efg ‘ pmpbcfg ‘ pmpdcfg ‘ pmpcfgl
8 8 8 8

31 24 23 16 15 87 0

’ pmp63cfg ‘ pmp62cfg | pmp6lcfg pmp60cfg | pmpcfglh
8 8 8 8

¥ 3.31: RV32 PMP configuration CSR layout.

63 56 55 48 47 40 39 32 31 24 23 16 15 87 0

’ pmpT7cfg ‘ pmp6efg ‘ pmp5cfg ‘ pmpdcfg ‘ pmp3cfg ‘ pmp2cfg ‘ pmplcfg ‘ pmpOcfg ‘ pmpcfg0
8 8 8 8 8 8 8 8
63 56 55 48 47 40 39 32 31 24 23 16 15 87 0

’ pmpl5cfg ‘ pmpl4cfg ‘ pmpl3cfg ‘ pmp12cfg ‘ pmpllcfg ‘ pmp10cfg ‘ pmp9cfg ‘ pmp8cfg ‘ pmpcfg2
8 8 8 8 8 8 8 8

63 56 55 48 47 40 39 32 31 24 23 16 15 87 0

pmp63cfg | pmp62cfg ‘ pmp61cfg ‘ pmp60cfg | pmpb9cfg | pmp58cfg | pmp5Tcfg pmp56cfg | pmpcfgléd
8 8 8 8 8 8 8 8

¥ 3.32: RV64 PMP configuration CSR layout.

31 0
address[33:2] (WARL)
32

K 3.33: PMP address register format, RV32.

63 54 53 0
| 0 (WARL) | address[55:2] (WARL)
10 54

& 3.34: PMP address register format, RV64.

K 3.358 77 PMP MEFFHMlMA. XEE, R W 1 X LAl %kr PMP & B 2 F3E. A
HAPAT BHF—AMLPIFRE, MK FFEREAWIEL. R W X FEFR—1%E WARL
F, EFHRET R=0 fr w=1 W44, FTHANTFE A L BETEHHL2FNE,
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7 6 5 4 3 2 1 0
| L(WARL) | 0(WARL) | A (WARL) | X(WARL) | W (WARL) | R (WARL) |
1 2 2 1 1 1

¥ 3.35: PMP configuration register format.

ZRMETPATIRE PMP KIHRK BT 2 5l KT PR FH o S RPAT w3 S 4R 8 42
A, ZIRAERARBORE FEILTHE PMP Kk g Ak, &5 K7 &R &
WIATH G FHEAM = AMO 384, ZAECE R A TARIRE I T F PMP X 3y o 4 2
i, 25 KF@EEEERREE

#m R ¥ P 7 MXLEN, pmpzcfg FHW AN 2 K1k ¥, B4 H I £ H MXLEN WH X B 2 W
pmpcfgyCSR #. fl#m, % MXLEN A 6 4 KA 32 i, pmp4cfg M pmpcfgO[39:32] # 3 &
pmpcfgl[7:0] . pmpaddr CSRs follow the usual CSR width modulation rules described
in Section 2.6. R B E W CSR FE W E AN

Address Matching

PMP £ HWBETHFHTN A FHMX PP it FHFEW M ERERXFTHD. LT EH
Hmink 3.10fim. 4% A = 0 B, M PMP FEWER, FHFCEAA A T HH M A
HEEAMR: BRI 2 KETE (NAPOT), B4 B AXFH 4 FHROHFHRENL (NA); UK
FEGE (TOR) WL R, XX THFTFZFTHE.

A | Name | Description

0 OFF Null region (disabled)

1 TOR Top of range

2 NA4 Naturally aligned four-byte region
3

NAPOT | Naturally aligned power-of-two region, >8 bytes

% 3.10: Encoding of A field in PMP configuration registers.

NAPOT ranges make use of the low-order bits of the associated address register to

encode the size of the range, as shown in Table 3.11.

WREFET TOR, ARG HHE 5 7 BA I E B oy DU, W@ PMP M9 7 & A& T
HAETE BB K. R PMP £ H @ 8 A FBIREN TOR, WZAH GEMMI y B, #F
pmpaddr; ; <y < pmpaddr; (5 pmpcfg, | WME LK), R PMP & H 0 8 A FEIEZEHN TOR,
T REAE, Hike 5 y < pmpaddro
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pmpaddr pmpcfg. A | Match type and size

yYyy. . - YYyy NA4 4-byte NAPOT range
yyyy...yyy0 | NAPOT | 8-byte NAPOT range
yyyy...yy01 | NAPOT | 16-byte NAPOT range
yyyy...yo011 | NAPOT | 32-byte NAPOT range

yyoi...1111 | NAPOT | 2XLEN_byte NAPOT range

yO11...1111 | NAPOT | 2XMEN+1Lpyte NAPOT range
0111...1111 | NAPOT | 2XLEN+2hyte NAPOT range
1111...1111 | NAPOT | 2XLEN+3_hyte NAPOT range

Z 3.11: NAPOT range encoding in PMP address and configuration registers.

# R pmpaddr, , > pmpaddr;, 1 pmpcfg; A=TOR, W| PMP % H i F IEEAEAT Mk,

B PMP WLH| SCFFANEIOAF RS, EF 67 UiEE EAE PMP KiK. #%, PMP K E N
26+2 4 FHAFH PMP R P L AME. ¥ G > 1 i, NAda XA #k#E. ¥ G > 2
f1 —pmpcfg, . HET [1], HHERX A NAPOT, &5 ¥ (L pmpaddr;[G-2:0] HEH N AIH 1. 4
G>1 fr —pmpcfg, B.A[1] K%, B# KXY OFF = TOR, ML pmpaddr,[G-1:0] I K2 F,
fL pmpaddr,[G-1:0] "] TOR it CWEF 4 REEA LK —pmpcfg. [1]1 &M pmpaddr,
BIE, CR R GHEZTERETNAME—A R, 4 tpmpcefg; B, pmpaddr,[G-1]
R HFE4E. A N NAPOT & 4 TOR/OFF, #X)57% E NAPOT.

B LR EY 0 B N-pmpoctg, AEHTH 1 5\ pmpaddrO, 1%l pmpaddr 0 R#E
PMP K. R G RRMAMMEN T, W PP WEH 2072 FHi,

B YT XLEN AT MXLEN, W4 7 H i, PMP ik & 7 %4 A MXLEN (L% ¥ J& % XLEN
i,

Locking and Privilege Mode

L fikmr PMP X EHWAlE, MBREFFEMME XML FTERNE N AL, FEH PP & H
WhReEsie, ARHEKEE. R PMP K H @ 8%, A -PMPicfg ¥ pmpaddri B 5 N
WAk, B PMP £ H i #4E I H-PMPicfg. A X E X TOR, 5\ pmpaddri-1 W 4.

Setting the L bit locks the PMP entry even when the A field is set to OFF.
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T aiE PMP K ESN, L LA RAERN M HER T FES R/W/X AR, YXET L LE, #
Mt R R F AT R 4 L LV MRE, 75 PMP & B BEH M A X7 15 #4 &
o, R/W/X WIRAER T s 2 U #Ro

Priority and Matching Logic

PMP BB ERMTF. SHEMERFTAHCTN G5 RN PMP 4 B 5 € 1% 1 7] & K 2h
TRKM. LHH PMP FE SRR IGENFAFT, AR Lo R W A X AL, 374
S KMo Flam, R PMP A EWEE N CE N FHEE 0xC--0xF, MRi% PMP 4 H 2 IT X
Mk b R R RS H, MR E 0x8--f) 8 FH il N,

IR PMP & H 5T RIM A LA, W Ly Ry W AT X AL E s )2 s 2 6. it L
fr e LY R A AU AON M, TR A0, AR s 1 L Arelis MR ROy S 5 U,
WS T YRSV Ry W B X i, 5 A A 82

WARBA PMP Z8 H RS M AT R], VSR WRBEA PMP 45 HITRS S #iEl U £
], AHZEDS T —4 PMP 26 H, Y52

If at least one PMP entry is implemented, but all PMP entries’ A fields are set to OFF, then

all S-mode and U-mode memory accesses will fail.

RN VT AR @ B A T AR T h . TR, MRS REE R E M), X LETT )
FIREAN BB TR RIS A MAE D — MUK WA Ry . REZESE
A AT R RE S S, B EN R A ER . [ERERNE, 50BN FRTE S8
Z KT

FERAESCIUr, ARXSFFRIINE AT IR /T REM i 221 U51R], Hrh— 285 ) T REAE A4
ViR R s Z R R, sl PMP R Y ARXS T 0 — i il RE Gl I, R
—Eb o ARIEE PMP ARl XFFIET XLEN (ZRY3F R (B, RV32D i) FSD #54) . HIfd
FAEHAER H AR FFRY . dr] BE BRI AT

3.7.2 YHHNGRIPELHT

PP A AR AL N S5 NEE AR BT SO A RE LN 7 RG4S o H 2 TTR S D5 TR] A
MNAFHR S T RER SR A YT, AdEXT 0 ORI . PMP K1 T A A X
BT[RBT AT B AUAGE So
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{5 ] REAUA N A7 1 SR B Fe PR L A T bk 3, O ELEE RS R Frds A9I TRU BE AL, 9 ELAgE
FOVFAE ML B 2 A7 S5 AP 2 A7 B AT B4 AT BB A AR BRI A AT R oo S Hp (5 T B9 A R0
HEF YRR B e . 25 SRR PMP 5B AT LAZE s A e =X P A2 T 1) 22 ) AT
R A (W ATREEZEAE). I, 2 PMP BEHHE NN, m B0 PMP i &5 RN
FERGAUTEAT PMP Bl 2 7 [H) 20 o iIXEmid AT SFENCE SRERHT . /E5 N PMP csr Z
JG, VMA #8584 rsi1=x0 fl rs2=x0,

U SR SR DU A REAAN £, WAFTT TR 2 AP R PMP &, IEARR 2 SFENCE.VMA.



HPUE  Supervisor-Level ISA, Version 1.12 I
BEBXRIRLSHE, A 1.12

This chapter describes the RISC-V supervisor-level architecture, which contains a common core

that is used with various supervisor-level address translation and protection schemes.

AERIA T RISC-V WWEEIARGEH, UG MRIE0, nl 5&F R EE 200 bk FeAf i
PR —EMEH

Supervisor mode is deliberately restricted in terms of interactions with underlying physical hard-
ware, such as physical memory and device interrupts, to support clean virtualization. In this
spirit, certain supervisor-level facilities, including requests for timer and interprocessor inter-
rupts, are provided by implementation-specific mechanisms. In some systems, a supervisor
execution environment (SEE) provides these facilities in a manner specified by a supervi-
sor binary interface (SBI). Other systems supply these facilities directly, through some other
implementation-defined mechanism.

AFIRFAGREIM, BEEEXELSRENERNY XL MR SR T, wihE
NG A &P W7o ARG XAPARAY, R 5 H A AR, S AE AT I BT 35 e AL 2T 235 19 o T 69 9F
K, AAYHHFZT ZILGMNF R AFRLERG P, BEBSPATHRIL (SEE) ABEEH = z;%']
v (SBD) 157697 XA E 43k it . HAb & Soid i 4l — ok 5L 2 SUAg hLh) A 3 4
B AFRBRAE

4.1 Supervisor CSRs & # CSR

A number of CSRs are provided for the supervisor.

—28 CSR #dffhas B A

65
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The supervisor should only view CSR state that should be visible to a supervisor-level operating
system. In particular, there is no information about the existence (or non-existence) of higher
privilege levels (machine level or other) visible in the CSRs accessible by the supervisor.

BEZFHIXBRERARZANBEHBRERATILN CSR k&, 702, EREEHEXT
e CSR ¥, &A% T ZH0HERERN (MEARKLE) WAEE (FEELE) 178,

Many supervisor CSRs are a subset of the equivalent machine-mode CSR, and the machine-
mode chapter should be read first to help understand the supervisor-level CSR descriptions.

# 5 BEE % OSR HRAFHOMBEHRX CSR 69— ANF%&, BIRIZE LA ENEHRXF
T, AWBEMEEH R CSR 693k,

4.1.1 Supervisor Status Register (sstatus) BEHARASFHFE (sstatus)

The sstatus register is an SXLEN-bit read/write register formatted as shown in Figure 4.1 when
SXLEN=32 and Figure 4.2 when SXLEN=64. The sstatus register keeps track of the processor’s

current operating state.

sstatus F(Fare— " SXLEN /5 % (7¢% . SXLEN=32 i an&4.1 firrn, SXLEN=64 ff
Fe AN E4.2flr7R . sstatus Ay frdn o IREFALHAS 19 2 Ba  PIRES .

31 30 20 19 18 17
sD | WPRI | MXR | SUM | WPRI |
1 11 1 1 1
16 15 14 13 12 11 10 9 8 7 6 5 4 2 1 0
| Xs[1:0] | FS[1:0) | WPRI | VS[1.0] | SPP | WPRI | UBE | SPIE | WPRI | SIE | WPRI |
2 2 2 2 1 1 1 1 3 1 1

€] 4.1: Supervisor-mode status register (sstatus) when SXLEN=32. SXLEN=32 HJ [ &5 &5
RS FFF4+ (sstatus)

The SPP bit indicates the privilege level at which a hart was executing before entering supervisor
mode. When a trap is taken, SPP is set to 0 if the trap originated from user mode, or 1 otherwise.
When an SRET instruction (see Section 3.3.2) is executed to return from the trap handler, the
privilege level is set to user mode if the SPP bit is 0, or supervisor mode if the SPP bit is 1; SPP
is then set to 0.

SPP (S AR ERE N BB B BT P T RORA O o B AR I, B SRR B ok 1 A
L W SPP BEDY 0, HNEDN 1o 40T SRET 184 (W583.3.277) MFEPHFAERERE iR Bl
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63 62 34 33 32 31 20 19 18 17
|sD | WPRI | UXL[1:0] | WPRI | MXR | SUM | WPRI |
1 29 2 12 1 1 1
16 15 14 13 12 11 10 9 8 7 6 5 4 2 1 0
| Xs[1:0] | FS[1:0] | WPRI | VS[1:0] | SPP | WPRI | UBE | SPIE | WPRI | SIE | WPRI |
2 2 2 2 1 1 1 1 3 1 1

€ 4.2: Supervisor-mode status register (sstatus) when SXLEN=64. SXLEN=64 H {9 laH 15
FORAZ 74 (sstatus)

Wk SPP £ 0, NPKAURZ BB M P A iR SPP el 1, MIBEN I E 0 A5
14 SPP #EH 0.

The SIE bit enables or disables all interrupts in supervisor mode. When SIE is clear, interrupts
are not taken while in supervisor mode. When the hart is running in user-mode, the value in
SIE is ignored, and supervisor-level interrupts are enabled. The supervisor can disable individual

interrupt sources using the sie CSR.

SIE M AE SR T s ZE A E Hil. 24 SIE g Ry, fEME AR AR I rp . 24
B 2GR A F P CIB AT, W Z20E SIE FfgfE, FF B nEE . WEEE LM sie
CSR ZE H BRI

The SPIE bit indicates whether supervisor interrupts were enabled prior to trapping into supervisor
mode. When a trap is taken into supervisor mode, SPIE is set to SIE, and SIE is set to 0. When
an SRET instruction is executed, SIE is set to SPIE, then SPIE is set to 1.

SPIE fAR/REF N M BB AR 5 T R EE . BB A\ S B, SPIE
BHE SIE, SIE #E 0o 44T SRET {541, SIE &4 SPIE, #&)5 SPIE & 1.

The sstatus register is a subset of the mstatus register.

sstatus Zi{fen & mstatus Z(Eecl— P15,

In a straightforward implementation, reading or writing any field in sstatus is equivalent
to reading or writing the homonymous field in mstatus.

FE—Fr R g, £ sstatus PiERBEATFEEM L T /A nstatus FiERE L
FHBo
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4.1.1.1 Base ISA Control in sstatus Register sstatus ZF{fas LA H]

The UXL field controls the value of XLEN for U-mode, termed UXLEN, which may differ from the
value of XLEN for S-mode, termed SXLEN. The encoding of UXL is the same as that of the MXL
field of misa, shown in Table 3.1.

UXL B U 0 XLEN {H, #84 UXLEN, Xnlggly S #¥) XLEN {EAE, FrHM
SXLEN, UXL f%i55 misa i MXL $i4E[E, W323. 10178,

When SXLEN=32, the UXL field does not exist, and UXLEN=32. When SXLEN=64, it is a
WARL field that encodes the current value of UXLEN. In particular, an implementation may
make UXL be a read-only field whose value always ensures that UXLEN=SXLEN.

24 SXLEN=32 I}, UXL FBEARIELE, 1 UXLEN=32, 24 SXLEN=64 [}, & 2— 4%} UXLEN
HETEN WARL B FRRlE, —FSiainlgefd UXL gy — D His B, HE S 2wk
UXLEN=SXLEN,

If UXLEN # SXLEN, instructions executed in the narrower mode must ignore source register
operand bits above the configured XLEN, and must sign-extend results to fill the widest supported
XLEN in the destination register.

W12k UXLEN # SXLEN, fEHZERTPATIIE LM 20 & T RCE XLEN fJRH F iR FEL
fr, IFHAASEERIATIF 59 R, LUETE HAnaF fFar P SCRFRY S i XLEN.

If UXLEN < SXLEN, user-mode instruction-fetch addresses and load and store effective addresses
are taken modulo 2V¥MEN - For example, when UXLEN=32 and SXLEN=64, user-mode memory

accesses reference the lowest 4 GiB of the address space.

it UXLEN < SXLEN, H PB4 SRR NS 7764 A BObhE 7 2Ext 2UXEPN ks,
P, 4 UXLEN=32 [fij SXLEN=64 i}, A5 ) A5 kit 25 Al i iR (A9 4 GiB.

4.1.1.2 Memory Privilege in sstatus Register sstatus ZFffas BN FENR

The MXR (Make eXecutable Readable) bit modifies the privilege with which loads access virtual
memory. When MXR=0, only loads from pages marked readable (R=1 in Figure 4.33) will succeed.
When MXR=1, loads from pages marked either readable or executable (R=1 or X=1) will succeed.

MXR has no effect when page-based virtual memory is not in effect.
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MXR (Make eXecutable Readable) A& 7 g iy 0] EALA AR . 24 MXR=0 B}, HMbxR
AR T (E4.3390 0 R=1) fi#k. 4 MXR=1 i}, MAFRicAA el /TRy oim (R=1
o X=1) fnd. 3T A BN ZICEET, MXR %A #0.

The SUM (permit Supervisor User Memory access) bit modifies the privilege with which S-mode
loads and stores access virtual memory. When SUM=0, S-mode memory accesses to pages that are
accessible by U-mode (U=1 in Figure 4.33) will fault. When SUM=1, these accesses are permitted.
SUM has no effect when page-based virtual memory is not in effect, nor when executing in U-mode.

Note that S-mode can never execute instructions from user pages, regardless of the state of SUM.

SUM (permit Supervisor User Memory access) (A S BT A < V5 0] 2400 A A7 FO AL BR o
2 SUM=0 A, S #ysn U SRR R st (F4.335010 U=1) # B, S SUM=1
I, M APFTIXLEN A o HEET DURAY REAUN A AERO . sl U BRI, SUM #i
AW TR, S BRUKGEARERITR B P TTHIRYHE < . TEie SUM HRRZA T .

SUM is read-only 0 if satp.MODE is read-only 0.

R satp.MODE A H 352 0, ] SUM 72 HisE 0,

The SUM mechanism prevents supervisor software from inadvertently accessing user mem-
ory. Operating systems can execute the majority of code with SUM clear; the few code segments
that should access user memory can temporarily set SUM.

SUM #UH] 3T ART (L M5 4 % B R &P im B R P N o AR GTUE SUM # 0 4910
THAT KR RA; FZFFA P NG D BT s i & SUM.

The SUM mechanism does not avail S-mode software of permission to execute instructions
in user code pages. Legitimate uses cases for execution from user memory in supervisor context
are rare in general and nonexistent in POSIX environments. However, bugs in supervisors that
lead to arbitrary code execution are much easier to exploit if the supervisor exploit code can be
stored in a user buffer at a virtual address chosen by an attacker.

SUM Ll AR S BE XA 69 BIRIAT R P ARA T 89484~ ABEHEX LT T M
R P AT AT A E RGBT IR Y L, @ BAE POSIX AP U RG L. 122, m REEFHHE
KA 69RAG ™T A Ak e A A R RO A P &k KR Mk ¥, AR A& 28 F T ARATHEERA
89 B R RE B AR A o

Some non-POSIX single address space operating systems do allow certain privileged software
to partially execute in supervisor mode, while most programs run in user mode, all in a shared
address space. This use case can be realized by mapping the physical code pages at multiple virtual
addresses with different permissions, possibly with the assistance of the instruction page-fault
handler to direct supervisor software to use the alternate mapping.

—2 3k POSIX $#3bhk % MIRAE R 550 5% ATF R AR S 303 2 ) P, B A AR
XFTHATHSARF, MRS BREFARN P EXNTET EAAHB) T A8 H 4 AR T g 2]
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SAEHFREARIRG E A L R, ITREZAKSNHRLEREFAOHFITELR, LA
¥ W8 R R &R Bt .

4.1.1.3 Endianness Control in sstatus Register sstatus ZF{Ear BT B H

The UBE bit is a WARL field that controls the endianness of explicit memory accesses made from
U-mode, which may differ from the endianness of memory accesses in S-mode. An implementation

may make UBE be a read-only field that always specifies the same endianness as for S-mode.

UBE {2/ WARL 7B, BHlfE U ST TR AR 795y, X gEAET S
R TN DT R T 7 —FSEBrl LA UBE g — 1 R B, BR2iRES S B
H 73

UBE controls whether explicit load and store memory accesses made from U-mode are little-endian
(UBE=0) or big-endian (UBE=1).

UBE #zil4E U At AT B9 e 2UmaanAe i A 77 e/ N 5 197 (UBE=0) 382 K 579 7
(UBE=1),

UBE has no effect on instruction fetches, which are implicit memory accesses that are always

little-endian.
UBE XHE4SRBUA I, #5430 — FI M7, B MR 1.

For implicit accesses to supervisor-level memory management data structures, such as page tables,

S-mode endianness always applies and UBE is ignored.

X W EE A A PR RO BSEUT IR, e, 2] S ARy F Ty, 2 UBE.

Standard RISC-V ABls are expected to be purely little-endian-only or big-endian-only, with
no accommodation for miring endianness. Nevertheless, endianness control has been defined so
as to permit an OS of one endianness to execute user-mode programs of the opposite endianness.

A8y RISC-V ABI BUs iz R\ A5 89 Kot FH R 3 MR FHF, mARAAERE. &
SLF AR RA T R —F F 7 50 BAE 2 APATAER TR F T F6 A XA
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4.1.2 Supervisor Trap Vector Base Address Register (stvec) Wi H &FERER &L
Hitk & fFes (stvec)

The stvec register is an SXLEN-bit read/write register that holds trap vector configuration, con-

sisting of a vector base address (BASE) and a vector mode (MODE).

stvec AR 1 SXLEN fiift/ 57k, CMRAFHBHTRILE, kSl (BASE)
FI— IR (MODE) 41k
SXLEN-1 21 0

] BASE[SXLEN-1:2] (WARL) | MODE (WARL) |
SXLEN-2 2

€ 4.3: Supervisor trap vector base address register (stvec). W& 20 IF BF K B hE B (28

(stvec)

The BASE field in stvec is a WARL field that can hold any valid virtual or physical address,
subject to the following alignment constraints: the address must be 4-byte aligned, and MODE

settings other than Direct might impose additional alignment constraints on the value in the BASE
field.

stvec 11y BASE FBUZ > WARL 7B, A UEGEAR(T A RN RE M s bt &2 LU A5
2R Hitb L AUE 4 SR 5E, B Direct LLAMY MODE & & 5h, W REXT BASE B AIE N
BN FFAA

Value Name Description

0 | Direct | All exceptions set pc to BASE.

1 | Vectored | Asynchronous interrupts set pc to BASE+4 X cause.
>2 — Reserved

7 4.1: Encoding of stvec MODE field.

5| &% | ik

0 | Direct | FrAMYFHENG pc ixEN BASE,
1 | Vectored | W pe X E A BASE+4xcause.
>2 — g

2% 4.2: stvec MODE 5K 4w

The encoding of the MODE field is shown in Table 4.2. When MODE=Direct, all traps into
supervisor mode cause the pc to be set to the address in the BASE field. When MODE=Vectored,
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all synchronous exceptions into supervisor mode cause the pc to be set to the address in the BASE
field, whereas interrupts cause the pc to be set to the address in the BASE field plus four times the
interrupt cause number. For example, a supervisor-mode timer interrupt (see Table 4.4) causes the
pc to be set to BASE+40x14. Setting MODE=Vectored may impose a stricter alignment constraint
on BASE.

MODE “FE ) #midinzk4.2/r/~. 4 MODE=Direct I, it NIEEE B2 S pe B
WEN BASE FEHMAE. 2 MODE=Vectored I}, FrA#EA M E 2 RH 2 S5 pe
WHEN BASE FE Mk, Mk 230 pe &SN BASE BRIy Ml i b rr i R A )
Pafse i, — N EESTEI SRl (I%44) =580 pe B E N BASE+0x14. #HE
MODE=Vectored T fE£x%F BASE Bl sE ™ k4 (16 5 2R

4.1.3 Supervisor Interrupt Registers (sip and sie) W& H R PWHFFEL (sip M
sie)

The sip register is an SXLEN-bit read/write register containing information on pending interrupts,
while sie is the corresponding SXLEN-bit read/write register containing interrupt enable bits.
Interrupt cause number 7 (as reported in CSR scause, Section 4.1.8) corresponds with bit ¢ in both
sip and sie. Bits 15:0 are allocated to standard interrupt causes only, while bits 16 and above are

designated for platform or custom use.

sip A fFamae M RR I RN SXLEN /13527 (F48 . 1T sie ;EAHMN SR E AL
1 SXLEN {7352/ 5 & 748 FWIEFE S ¢ (U1 CSR scause, #4.1.85fiA) 5 sip fil sie
HIES & XTI o 52 15 0 AU FCZa PRt R R AL, Tz 16 A7 A2 DA EREFE E -6 B H 8 AT
Ho

SXLEN-1 0

’ Interrupts (WARL)
SXLEN

[§] 4.4: Supervisor interrupt-pending register (sip).

SXLEN-1 0
’ Interrupts (WARL)
SXLEN

K 4.5 WWEERPIFHFd (sip)
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SXLEN-1 0
Interrupts (WARL)
SXLEN

€] 4.6: Supervisor interrupt-enable register (sie).

SXLEN-1 0
Interrupts (WARL)
SXLEN

B A7 WWEEH WA Fes (sie)

An interrupt ¢ will trap to S-mode if both of the following are true: (a) either the current privilege
mode is S and the SIE bit in the sstatus register is set, or the current privilege mode has less

privilege than S-mode; and (b) bit ¢ is set in both sip and sie.

UIRERE LU P ZEE, il i B ANE] S Bl (a) ZEAHRTEBURTAN S, sstatus &1
werP iy SIE Ao BN 1, sl SRRt S BEUA ARG (b) 28 @ (i AE sip A sie
FHEHE E

These conditions for an interrupt trap to occur must be evaluated in a bounded amount of time
from when an interrupt becomes, or ceases to be, pending in sip, and must also be evaluated
immediately following the execution of an SRET instruction or an explicit write to a CSR on which

these interrupt trap conditions expressly depend (including sip, sie and sstatus).

e A T B B 25 A A A — 5 BB TR B T P4, XA IS TR AR IR AE. sip HRAR Sk ol 4
IEEERI B, BATERAT SRET 5458 305 N\ CSR Ji a7 RIS 4 Hh b B B 2% 44 B A 1
ZFiirar (B45 sip. sie 1 sstatus) H{TIFAlb.

Interrupts to S-mode take priority over any interrupts to lower privilege modes.

B NZ] S AECHT R AT IE T B\ 2 AR U G T o

Each individual bit in register sip may be writable or may be read-only. When bit ¢ in sip is
writable, a pending interrupt ¢ can be cleared by writing 0 to this bit. If interrupt ¢ can become
pending but bit ¢ in sip is read-only, the implementation must provide some other mechanism for

clearing the pending interrupt (which may involve a call to the execution environment).
A frar sip G FAAL AT LU AT E Y, AT U R 2 sip HRISE ¢« (@RI ERY, —

AR ¢ RTEAEE S AT 0 SqmRR. MR ¢ LR, (2 sip HPRYEE @ AR H B
Y, AR ARSI S LS FABATL A AT BRAF LR TR (X AT BBV SO AT RS R o
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A bit in sie must be writable if the corresponding interrupt can ever become pending. Bits of sie

that are not writable are read-only zero.
UERAHR BT DS . sie HAY— MR W B Y. sie AN GHALE HiEEF,

The standard portions (bits 15:0) of registers sip and sie are formatted as shown in Figures 4.10

and 4.11 respectively.

w17 sip Al sie INFRIERS (150 0) AURsatshBIMIEA 10RI411HFR

15 10 9 8 6 5 4 2 1 0
| 0 [setP| o [stip| o [ssip|o]
1 3 1 3 1 1

4 4.8: Standard portion (bits 15:0) of sip.

15 10 9 8 6 5 4 2 1 0
| 0 [selE| o [sTIE] o [ssIE|o]
1 3 1 3 1 1

€ 4.9: Standard portion (bits 15:0) of sie.

15 10 9 8 6 5 4 2 1 0
] 0 [seP| o |stip| o [ssiP|o]
1 3 1 3 11

K 4.10: & fra sip HISRIERR> (fF 15:0)

15 10 9 8 6 5 4 2 1 0
] 0 [selE| o [sTIE| o [ssIE|o]
6 1 3 1 3 1 1

K 411 Ff7ds sie MUARIERRS (fL 15:0)

Bits sip.SEIP and sie.SEIE are the interrupt-pending and interrupt-enable bits for supervisor-
level external interrupts. If implemented, SEIP is read-only in sip, and is set and cleared by the

execution environment, typically through a platform-specific interrupt controller.

fir sip.SEIP M sie.SEIE Jg W& & /MR i) i W CLRI i B AL JnZRSCEL, SEIP £
sip HUR MR, FFHRPITEREIRCENNER, X E R M E T B TR il

Bits sip.STIP and sie.STIE are the interrupt-pending and interrupt-enable bits for supervisor-
level timer interrupts. If implemented, STIP is read-only in sip, and is set and cleared by the

execution environment.
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fii sip.STIP M1 sie.STIE Wi+ ZiT i ar iy rh ke fomh i jm H Ar. WniRsesl, STIP
£ sip RN, FFHRPITIEB AR

Bits sip.SSIP and sie.SSIE are the interrupt-pending and interrupt-enable bits for supervisor-
level software interrupts. If implemented, SSIP is writable in sip and may also be set to 1 by a

platform-specific interrupt controller.

fii sip.SSIP M1 sie.SSIE J& Wi &L h i ) rh W HE Ao A i 5 Az i sRSCBL, SSIP 4
sip HUEAIGHY, HA] AR E T-F- 6 B h s sl ar st o Lo

Interprocessor interrupts are sent to other harts by implementation-specific means, which will
ultimately cause the SSIP bit to be set in the recipient hart’s sip register.

40 72 35 18] o W7 38 1 45 R T BLAK 5L I G Ty AR R B Ak v, KR R B AR MO T 49
hart %9 sip & &% F 49 SSIP 1i4kik &,

Each standard interrupt type (SEI, STI, or SSI) may not be implemented, in which case the
corresponding interrupt-pending and interrupt-enable bits are read-only zeros. All bits in sip and
sie are WARL fields. The implemented interrupts may be found by writing one to every bit

location in sie, then reading back to see which bit positions hold a one.

TR (SEL STI 8 SSI) ATREARMEIEIL, AEXFMEICT . AR A Fh I oA i
Mf#RE N % sip Ml sie HRYFTARARE WARL F B SCHIF Pl al LUEE AR sie HPRYE:
MAEEBAN 1, RJEESEAER WA IRy 1 R4kE].

The sip and sie registers are subsets of themip andmie registers. Reading any implemented
field, or writing any writable field, of sip/sie effects a read or write of the homonymous field
of mip/mie.

sip o sie # A £ R mip #» mie FH RV TH. R sip/sie WML LANFE, X5
NAEAT B 3%, # 4% H mip/mie ¢9F & F K15,

Bits 3, 7, and 11 of sip and sie correspond to the machine-mode software, timer, and
external interrupts, respectively. Since most platforms will choose not to make these interrupts
delegatable from M-mode to S-mode, they are shown as 0 in Figures 4.10 and 4.11.

sip #= sie #15 3 7 He 11 4R 3t B FAURAE XER4E. B st d . T RS H
PG BBFERF LR BN M EXEHS SHEX, BECMNERL10F4. 11V ETHA 0,

Multiple simultaneous interrupts destined for supervisor mode are handled in the following decreas-
ing priority order: SEI, SSI, STI.

Z A Boss WA AR I A TP TR L LU Es gl P42 . SEL. SSIL STL
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4.1.4 Supervisor Timers and Performance Counters W& it Bt ssfik et Has

Supervisor software uses the same hardware performance monitoring facility as user-mode software,
including the time, cycle, and instret CSRs. The implementation should provide a mechanism

to modify the counter values.

>

W 5 P 5 T P RO PV REBSRS T HL 6345 time. cycle Al instret CSRs.
LR SR R R TR DL

The implementation must provide a facility for scheduling timer interrupts in terms of the real-time

counter, time.

HASLE e i — M RYE L TR time SRAHET I arhHg T A

4.1.5 Counter-Enable Register (scounteren) {I-%a8ia H & F4F (scounteren)

31 30 29 28 6 5 4 3 2 1 0
| HPM31 [ HPM30 | HPM29 | | HPM5 | HPM4 [ HPM3 | IR [ TM | CY |
1 1 1 23 1 1 11 1 1

4 4.12: Counter-enable register (scounteren).

31 30 29 28 6 5 4 3 2 1 0
| HPM31 | HPM30 | HPM29 | | HPM5 | HPM4 | HPM3 | IR [ T™M | CY |
1 1 1 23 1 1 11 1 1

& 4.13: {1es B 25 F%s (scounteren)

The counter-enable register scounteren is a 32-bit register that controls the availability of the

hardware performance monitoring counters to U-mode.

TR S 27 (745 scounteren j2—> 32 (25 f7ay, Bl U A= M- e IR is T+ T
Mo

When the CY, TM, IR, or HPMn bit in the scounteren register is clear, attempts to read the cycle,
time, instret, or hpmcountern register while executing in U-mode will cause an illegal instruction

exception. When one of these bits is set, access to the corresponding register is permitted.

24 scounteren A {Fes AT CY. TM. IR 8 HPMn {3F 0 B}, 7 U iz N 722838 cycle.
time. instret H{ hpmcountern ZifFarl4- FEARAIE S Fh . HXLA P — P ER, 5t
FOVFYT AR R ) BT A7 o
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scounteren must be implemented. However, any of the bits may be read-only zero, indicating
reads to the corresponding counter will cause an exception when executing in U-mode. Hence, they

are effectively WARL fields.

WSEIY scounteren, RN, (AT — (i HRTREE HiE , IXFEIAE U R N2 BUH M Y 114
s SRR . B, Bk LR WARL FE.

The setting of a bit in mcounteren does not affect whether the corresponding bit in scounteren
is writable. However, U-mode may only access a counter if the corresponding bits in scounteren

and mcounteren are both set.
mcounteren PAL# K HE R ¥ scounteren P XN WAL R ET 5, Awm, RA L
scounteren fv mcounteren T #4948 M A4 AR AR B0, U RAE XA k7R 38,

4.1.6 Supervisor Scratch Register (sscratch) M # %% Scratch & 174§ (sscratch)

The sscratch register is an SXLEN-bit read/write register, dedicated for use by the supervisor.
Typically, sscratch is used to hold a pointer to the hart-local supervisor context while the hart is
executing user code. At the beginning of a trap handler, sscratch is swapped with a user register

to provide an initial working register.

sscratch A ffave—" SXLEN /5 i ffav, L1 ILIEE B H. #E, sscratch A
T hart $047 FH FCASET R AT ) A M R 2R R W B A e e 5t o AEBE B FRRR P T AR
sscratch 5 A Far i, DA — M RIIG I TAES f4s o

SXLEN-1 0

’ sscratch
SXLEN

[§] 4.14: Supervisor Scratch Register.

SXLEN-1 0

sscratch
SXLEN

& 4.15: W F 2% Scratch Z745as
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4.1.7 Supervisor Exception Program Counter (sepc) WE &L ETFIFEL
(sepc)

sepc is an SXLEN-bit read/write register formatted as shown in Figure 4.17. The low bit of sepc
(sepc[0]) is always zero. On implementations that support only TALIGN=32, the two low bits

(sepc[1:0]) are always zero.

sepc j& /> SXLEN 3%/ 5% 7, HAEHWEA1IT/R. sepec KIHARNL (sepc[0]) IRZNZE.
FEALSHE IALIGN=32 Ry, HAliiifs (sepcl1:0]) IRZNZE.

If an implementation allows ITALIGN to be either 16 or 32 (by changing CSR misa, for example),
then, whenever TALIGN=32, bit sepc[1] is masked on reads so that it appears to be 0. This
masking occurs also for the implicit read by the SRET instruction. Though masked, sepc[1]
remains writable when TALIGN=32.

WR—FpsEI Ao TALIGN & 16 5§ 32 (beln, #itiar CSR misa) , A4, f524 TALIGN=32
I, sepcl[1] fRiStHUMN IS # HRillc, B RKE 0o XFPhflth & 41 SRET 541 Fa szt
EAREERE B T, 1H sepcl1] 7F TALIGN=32 N{}5A 1] 5 .

sepc is a WARL register that must be able to hold all valid virtual addresses. It need not be
capable of holding all possible invalid addresses. Prior to writing sepc, implementations may

convert an invalid address into some other invalid address that sepc is capable of holding.

sepc 21> WARL Zifrdr, EMUMRER AT AT AR R hE . BT ZREW IRAF BT AT I RE
HIZeRhl. £ 5N sepc ZHT, BRI LLKE — S ICROtE 45l sepe RERS IRATHYEL A TCRK
Mkt

When a trap is taken into S-mode, sepc is written with the virtual address of the instruction
that was interrupted or that encountered the exception. Otherwise, sepc is never written by the

implementation, though it may be explicitly written by software.

YFaBH A BEN S B, HehrelB R R R TR S R BRI S N sepc. A5, sepc FKIZA
SHEMATIHEN, REEATREHHF RGN

SXLEN-1 0

’ sepc
SXLEN

[§] 4.16: Supervisor exception program counter register.
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SXLEN-1 0

sepc
SXLEN

A 4.17: WEE SRR

4.1.8 Supervisor Cause Register (scause) W& HRIFH w174 (scause)

The scause register is an SXLEN-bit read-write register formatted as shown in Figure 4.19. When
a trap is taken into S-mode, scause is written with a code indicating the event that caused the trap.
Otherwise, scause is never written by the implementation, though it may be explicitly written by

software.

scause A ffaw/e 1 SXLEN {53 frr, HAEE4190R. HEBRAEN S T,
scause M H ANHER FEFE PV FAFIIARG. BFIN, scause JKIEAZ HEMKILIEAN, JREEH
AL ERTE S S PN

The Interrupt bit in the scause register is set if the trap was caused by an interrupt. The Exception
Code field contains a code identifying the last exception or interrupt. Table 4.4 lists the possible
exception codes for the current supervisor ISAs. The Exception Code is a WLRL field. It is
required to hold the values 0-31 (i.e., bits 4-0 must be implemented), but otherwise it is only

guaranteed to hold supported exception codes.

WARFEBZ s ER, WSIRE scause T fFae TV AL, F U BES —MrilE/a
TR PR A, A AT T AT A Y ISAs ATREH IR R AU, R AR
WLRL 7B, RZEAREE 0-31 (R, @Z0sLBles 4-0 fn) A NAUPRIE DR BE 32 SCRr Y S (A

SXLEN-1 SXLEN-2 0
’ Interrupt ‘ Exception Code (WLRL) ‘
1 SXLEN-1

[§] 4.18: Supervisor Cause register scause.

SXLEN-1 SXLEN-2 0
Interrupt ‘ Exception Code (WLRL)
1 SXLEN-1

K 4.19: I ERFRINZ {4 scause
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Interrupt | Exception Code | Description

0 | Reserved

1 | Supervisor software interrupt
2-4 | Reserved
5 | Supervisor timer interrupt
6-8 | Reserved
9 | Supervisor external interrupt
10-15 | Reserved
>16 | Designated for platform use

Instruction address misaligned
Instruction access fault

Illegal instruction

Breakpoint

Load address misaligned

Load access fault

Store/AMO address misaligned
Store/AMO access fault

Environment call from U-mode

© 00 N O Ot W N = O

Environment call from S-mode
10-11 | Reserved

12 | Instruction page fault

13 | Load page fault

14 | Reserved

15 | Store/AMO page fault
16-23 | Reserved
24-31 | Designated for custom use
32-47 | Reserved
48-63 | Designated for custom use

>64 | Reserved

O O O O O O O O O O O O O o o o o oo oo ol HFH R = =

¢ 4.3: Supervisor cause register (scause) values after trap. Synchronous exception priorities are

given by Table 3.7.
4.1.9 Supervisor Trap Value (stval) Register I HREHHE (stval) FiFds

The stval register is an SXLEN-bit read-write register formatted as shown in Figure 4.21. When

a trap is taken into S-mode, stval is written with exception-specific information to assist software
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|
=

B Ak ps =
S YR

filiik

0

1

2-4

5

6-8

9
10-15
>16

X"
W B
{% 4

W 2O
1@

B S
"
AT

O O O O O O O O O O O O O o o oo o o o o HH B B = =

© 00 N O Ot s W NN = O

10-11
12

13

14

15
16-23
24-31
32-47
48-63
>64

4 Hikik R Xt 5%

i

EHE‘{ZJET’ H2
ﬁﬂ?ﬁaf@ﬁtﬂiﬁ%

e
Store/AMO Ktk AR X 75
Store/ AMO 5[] i e
kE U BRI
R H S BRI
%3

Store/AMO TSR
wa
#EAT A ZLNE
&
EERT A ZLAE
&

81

# 44 NRIREENRENA A scause HYMH, R3.THEH T RILFHMILH

in handling the trap. Otherwise, stval is never written by the implementation, though it may be
explicitly written by software. The hardware platform will specify which exceptions must set stval

informatively and which may unconditionally set it to zero.
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stval FfFare 1 SXLEN (7325 & ffar . HAR N4 210R  HFaBHl A gt S (T, stval
FENFETRENER, DA BRGS0, stval A BEASIHEN, HEE
FIRE A R B N o REPR-F- 5o fig € MREE S i VA (R B SO stval, WRESHT LATESR {4
Wl HA B

If stval is written with a nonzero value when a breakpoint, address-misaligned, access-fault, or
page-fault exception occurs on an instruction fetch, load, or store, then stval will contain the

faulting virtual address.

UNERAETE AR N EAA I A AW s HIEER AL, 5 ISR R BB DU R stval B AR
B, N stval HeRAEL 455 RELA L .
SXLEN-1 0

’ stval ‘
SXLEN

& 4.20: Supervisor Trap Value register.

SXLEN-1 0

stval

SXLEN

P 4.21: IEHRIEHHER 7o

If stval is written with a nonzero value when a misaligned load or store causes an access-fault or
page-fault exception, then stval will contain the virtual address of the portion of the access that

caused the fault.

UNSRAEAKS 7 N8 A 7 ot S BT [ R B R TR AT stval B NAERAE, W) stval HA&F
SRR AT R0 ) RE DL Ak o

If stval is written with a nonzero value when an instruction access-fault or page-fault exception
occurs on a system with variable-length instructions, then stval will contain the virtual address
of the portion of the instruction that caused the fault, while sepc will point to the beginning of

the instruction.

UNSRAE SRS Pl AR A B R 58 _E LR 2 VT MR e TURE I stval 5 AARE(E, N stval
KL SFEER RIS H R L, T sepc HHRIITESHITTL

The stval register can optionally also be used to return the faulting instruction bits on an illegal
instruction exception (sepc points to the faulting instruction in memory). If stval is written with
a nonzero value when an illegal-instruction exception occurs, then stval will contain the shortest

of:
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stval A (Farid il LGB H TR FIHREE © i EHIMRAR 0L (sepe 51 A7 RY BT
) o WERAELAEARFAR S R, stval EHARRMEE AR, N stval Kt & AN SR -

o the actual faulting instruction

e the first ILEN bits of the faulting instruction

e the first SXLEN bits of the faulting instruction
o SEPREBETE S

o HIRRIESRYSE > ILEN {7

o WpEFESHYEE > SXLEN {i

The value loaded into stval on an illegal-instruction exception is right-justified and all unused

upper bits are cleared to zero.
(AR FH LnEE] stval BMEEA A, JFHIT AR S HIES .

For other traps, stval is set to zero, but a future standard may redefine stval’s setting for other

traps.
X HABREBE, stval o ENE, EREARMIRERT RES N HALFEPFEHE L stval HIHE.

stval is a WARL register that must be able to hold all valid virtual addresses and the value 0.
It need not be capable of holding all possible invalid addresses. Prior to writing stval, implemen-
tations may convert an invalid address into some other invalid address that stval is capable of
holding. If the feature to return the faulting instruction bits is implemented, stval must also be
able to hold all values less than 2%V, where N is the smaller of SXLEN and ILEN.

stval J2—/> WARL Zifrdr, EUMAENS IR AF AT AT R REAIIEAN(E 00 BT ZRENS LR A7 P
AATRERY TG IE . FE SN stval 2|7, BRI RESH— MICROE N stval RESIRAY
H A TCR AL . ARSI T IR AR 1 & M RRIE , B2 stval IAREBARTENTA/NT 2N 1
{E, Hrp N 2 SXLEN A1 ILEN f/MH-.

4.1.10 Supervisor Environment Configuration Register (senvcfg) W% #H JRIFHE

B % {74y (senvcig)

The senvcfg CSR is an SXLEN-bit read/write register, formatted as shown in Figure 4.23, that

controls certain characteristics of the U-mode execution environment.

senvctg CSR J2—/ SXLEN firif/Gaifeit, MeatFa.28fi7, Sl U Bt Forbsi0—2t
ot
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SXLEN-1 8 7 6 5 4 3 1 0
WPRI | CBZE | CBCFE | CBIE | WPRI | FIOM |
SXLEN-8 1 1 2 3 1

€] 4.22: Supervisor environment configuration register (senvcfg).

SXLEN-1 8 7 6 5 4 3 1 0
WPRI | CBZE | CBCFE | CBIE | WPRI | FIOM |
SXLEN-8 1 1 2 3 1

] 4.23: ISEEH BRI E (75 (senvetg)

If bit FIOM (Fence of I/O implies Memory) is set to one in senvcfg, FENCE instructions executed
in U-mode are modified so the requirement to order accesses to device I/O implies also the re-
quirement to order main memory accesses. Table 4.6 details the modified interpretation of FENCE
instruction bits PI, PO, SI, and SO in U-mode when FIOM=1.

WRAE senvefg H1, fi FIOM (Fence of I/O implies Memory ) #{i%E A 1, AALE U Bz I
fTH) FENCE {52 pE ik, [RIxt e 1/O #4775 ) B SRt R X A7 A T 5
AR . K4.61F4HULHT [ 4E FIOM=1 I}, {£ U BTy FENCE 54 P1. PO. ST 1 SO [y
RS

Similarly, for U-mode when FIOM=1, if an atomic instruction that accesses a region ordered as
device I/O has its ag and/or 7l bit set, then that instruction is ordered as though it accesses both

device I/O and memory.

K, T U, 2 FIOM=1 i, WR[E 7 HeS 07 nasss I/O U HESIA XBE, Hig$n
BT ag 5l 7, ARAZIES WA B E RN 1/O N1,

If satp.MODE is read-only zero (always Bare), the implementation may make FIOM read-only

Zero.

AR satp.MODE N H % (04 Bare), SEMF Al EEME FIOM h H e,

Instruction bit | Meaning when set
PI Predecessor device input and memory reads (PR implied)
PO Predecessor device output and memory writes (PW implied)
SI Successor device input and memory reads (SR implied)
SO Successor device output and memory writes (SW implied)

% 4.5: Modified interpretation of FENCE predecessor and successor sets in U-mode when FIOM=1.
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FROAL | BEIZAIT Y& L
PI | A& AN FHEaS R (g PR)
PO | ATE &S A (s PW)
SI | JE&ec s A i ar et (25 SR)
SO | et AfFfhar 5 N\ (RS SW)

# 4.6: 24 FIOM=1 i}, X} U &z0T FENCE R & SM1 a4k S5 U H9 irRe

Bit FIOM ezists for a specific circumstance when an 1/0 device is being emulated for U-
mode and both of the following are true: (a) the emulated device has a memory buffer that should
be 1/0 space but is actually mapped to main memory via address translation, and (b) multiple
physical harts are involved in accessing this emulated device from U-mode.

LIEEA UBXEM 1/0 84, 5+ BATAANFHAR L, 42 FIOM B T 4% (a)
BIMEER —AANEETR, €ARE I/O =W, 12 5k LR BT bab et 5] £ 4; (0) A
U # X7 1B oA R &0 3 B % Ny B R A2

A hypervisor running in S-mode without the benefit of the hypervisor extension of Chapter /\
may need to emulate a device for U-mode if paravirtualization cannot be employed. If the same
hypervisor provides a virtual machine (VM) with multiple virtual harts, mapped one-to-one to
real harts, then multiple harts may concurrently access the emulated device, perhaps because:
(a) the guest OS within the VM assigns device interrupt handling to one hart while the device is
also accessed by a different hart outside of an interrupt handler, or (b) control of the device (or
partial control) is being migrated from one hart to another, such as for interrupt load balancing
within the VM. For such cases, guest software within the VM is expected to properly coordinate
access to the (emulated) device across multiple harts using mutex locks and/or interprocessor
interrupts as usual, which in part entails executing I/0 fences. But those 1/0 fences may not be
sufficient if some of the device “I/O7 is actually main memory, unknown to the guest. Setting
FIOM=1 modifies those fences (and all other 1/0 fences executed in U-mode) to include main
memory, too.

BITE SBXTHFLEAAFANFTHEREDIERLZY RGREDNERE, R RREAT4T
BAME, ThREEA UK G o RF—ANEMIE R BRET BA AR st £42
BRI (VM) , FF—xF —Howedd 8] L 52 698 A2, AR & 5 AN AR 7T At JF A 17 IR AL
W, ETHREZRA: (a) BMALF 69 EERM R LKL F I L RS — NI EAE, Wik
B P B LA F Z NG G — AR S AR ), RE (D) K& IEH (R odE4]) EAMN
—ANFAF B AL A B B — AR ERAR, Bl e R BALA B BT RO 3T TR OL, B
WU 89 B P 3R B ZARAR T — AR R IR A VA R AL B2 35 18] P BT OB 3R 95 % AN AR AR R A2 69 3T
(BE) & & 07 E, XA — R LEBIT I/O FrERA L E. 127, o RELZET/O" %
FrEZAEHFBAITH, RAZE /O FETRETS, mEFFRmEX e, XE FIOM=1
Tax L ie (RER UBEXTHATYHA L 1/0 F8) BERALS A,

Software can always avoid the need to set FIOM by never using main memory to emulate a

device memory buffer that should be I/0 space. However, this choice usually requires trapping all

85
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U-mode accesses to the emulated buffer, which might have a noticeable impact on performance.
The alternative offered by FIOM is sufficiently inexpensive to implement that we consider it
worth supporting even if only rarely enabled.

BAEATABE AT A RBEN—ARRZA /O 208 E N AET K R#EREZ
E FIOM 4% %. K, ZALHFAFTELZHRE UL THAAEMEF R E, ZTia
AL AR F N Y. FIOM REGHER T ELBRET, Ry B R, RALILA EEF
X Ho

The definition of the CBZE field will be furnished by the forthcoming Zicboz extension. Its alloca-

tion within senvcfg may change prior to the ratification of that extension.

CBZE FBHYE UK RIS ER Y Zicboz 7 JR e fite EHUEZIRIRZ AT, HAE senvefg WYL

FIRERIAAL o

The definitions of the CBCFE and CBIE fields will be furnished by the forthcoming Zicbom ex-

tension. Their allocations within senvcfg may change prior to the ratification of that extension.

CBCFE ] CBIE ZEHE S i B 23k 19 Zicbom 3 [EsE42At . fEHOEIZIR B2 BT, SAE
senvcfg I IC AT RESS AR

4.1.11 Supervisor Address Translation and Protection (satp) Register Wi% &
BEERIRANGRYT (satp) FFfEdE

The satp register is an SXLEN-bit read/write register, formatted as shown in Figure 4.25 for
SXLEN=32 and Figure 4.27 for SXLEN=64, which controls supervisor-mode address translation
and protection. This register holds the physical page number (PPN) of the root page table, i.e., its
supervisor physical address divided by 4 KiB; an address space identifier (ASID), which facilitates
address-translation fences on a per-address-space basis; and the MODE field, which selects the
current address-translation scheme. Further details on the access to this register are described in
Section 3.1.6.5.

satp A fFarie— 1 SXLEN {3/ 5 25 {745 , #5201 SXLEN=32 [{J[¥4.25F1 SXLEN=64 (1] [¥]4.27 It
N, BB EE SRR IR A . 2 A Far IR IUR I IS (PPN), RIS
YRR HEBR LA KIB s Ml 23 [AARRAF (ASID) |, J7 EAEfE dhdih 2 ) B9 Bl _b gk f 7 b 46 s 0
MODE FBt, ik Yaifbhl #4607 . XTIV niZ A Fan it —5 407 WEE3.1.6.515

Storing a PPN in satp, rather than a physical address, supports a physical address space
larger than 4 GiB for RV32.
f& satp P G44% PPN, w293 3it, 1 RV32 XK T4 GiBAHh bt = ),
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31 30 22 21 0
| MoDE (WARL) | 4s1D (WARL) | PPN (WARL)
1 9 22

€] 4.24: Supervisor address translation and protection register satp when SXLEN=32.

31 30 22 21 0
| MODE (WARL) | 4s1D (WARL) | PPN (WARL)
1 9 22

/4 4.25: SXLEN=32 I () i 4 ML S BN R 4P 27 7% satp

The satp.PPN field might not be capable of holding all physical page numbers. Some plat-
form standards might place constraints on the values satp.PPN may assume, e.g., by requiring
that all physical page numbers corresponding to main memory be representable.

satp. PPN FER TR AL Z R THAGHE R, —&F 5174 7Ti 23T satp. PPN #94456
Aaffdl, Hlde, BERRE T HET L GHADER FARTRT,

63 60 59 44 43 0

| MODE (WARL) | ASID (WARL) | PPN (WARL)

4 16 44

& 4.26: Supervisor address translation and protection register satp when SXLEN=64, for MODE
values Bare, Sv39, Sv48, and Svb7.

63 60 59 44 43 0

| MODE (WARL) | ASID (WARL) | PPN (WARL)

4 16 44

& 4.27: %F MODE {&} Bare. Sv39. Sv48 LUK Sv57, SXLEN=64 1] W54 & il G54 fis 4
Zifide satp

We store the ASID and the page table base address in the same CSR to allow the pair to be
changed atomically on a context switch. Swapping them mnon-atomically could pollute the old
virtual address space with new translations, or vice-versa. This approach also slightly reduces
the cost of a context switch.

ENA ASID Fo AL HAELEF —A CSR F, AAKLE LT IIn#utBF 3 £ 506X
T BIERT . AARRF 89 7 XA BUE AN T R 2437 09 $5 3 db pb 77 B 89 R b ak = 10, R TR Ko
XA I ik LR AR T BT U 349 R AR

Table 4.8 shows the encodings of the MODE field when SXLEN=32 and SXLEN=64. When
MODE=Bare, supervisor virtual addresses are equal to supervisor physical addresses, and there

is no additional memory protection beyond the physical memory protection scheme described in



88 Volume II: RISC-V Privileged Architectures V20211203

Section 3.7. To select MODE=Bare, software must write zero to the remaining fields of satp (bits
30-0 when SXLEN=32, or bits 59-0 when SXLEN=64). Attempting to select MODE=Bare with
a nonzero pattern in the remaining fields has an A455EH] effect on the value that the remaining

fields assume and an AF5EH] effect on address translation and protection behavior.

H£4.8F KT Y4 SXLEN=32 f{] SXLEN=64 i}, MODE FEB%ifL. 4 MODE=Bare I, W&
REPAHESE T A PR, JF BLRR 7SS T R BB N AR AT T R 2N AN N A
AP 2k MODE=Bare, Bt AUGEFE N satp IWHRTFE (SXLEN=32 I 4% 30-0 {7,
8¢ SXLEN=64 %5 59-0 fi7) o fEHATBAEFMA T 21k MODE=Bare 230 H A 7B’
FEHMEFE—NARIGERN CRIGER ) S, FH R AT T A7 AR R 2 ) CRIEER )

.

When SXLEN=32, the satp encodings corresponding to MODE=Bare and ASIDI[8:7]=3 are des-
ignated for custom use, whereas the encodings corresponding to MODE=Bare and ASID[8:7]#3
are reserved for future standard use. When SXLEN=64, all satp encodings corresponding to

MODE=Bare are reserved for future standard use.

2 SXLEN=32 I}, MODE=Bare f{I ASID[8:7]=3 X}/ [ satp WAt & A H & L H, 1
MODE=Bare {1 ASID[8:7]#3 X} {2 il 4% £ B LA R AR E . 24 SXLEN=64 i, Ffr
A5 MODE=Bare XV 1] satp Jmfid#lary, PABEASKRIIPRE H o

Version 1.11 of this standard stated that the remaining fields in satp had no effect when
MODE=Bare. Making these fields reserved facilitates future definition of additional transla-
tion and protection modes, particularly in RV32, for which all patterns of the existing MODE
field have already been allocated.

AAFAEE 1.11 BRI, % MODE=Bare if, satp PR AFREA KR, RGX ks
BA BT AR R LB AR ALK, MR RVIL ¥, B A ALY MODE FES A
X T ZHES .

When SXLEN=32, the only other valid setting for MODE is Sv32, a paged virtual-memory scheme
described in Section 4.3.

4 SXLEN=32 if, MODE M —H M AL E R Sv32, JXEH4.3T R IAR —Fh o DUR LN £7
ET

When SXLEN=64, three paged virtual-memory schemes are defined: Sv39, Sv48, and Sv57, de-
scribed in Sections 4.4, 4.5, and 4.6, respectively. One additional scheme, Sv64, will be defined in

a later version of this specification. The remaining MODE settings are reserved for future use and

may define different interpretations of the other fields in satp.
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24 SXLEN=64 I, EX T =F T ERINGE T2 Sv39. Sv48 1 Svs7, 4 RIfE4E4.4. 4.5814.67
IR . A — T 5 Sv64 BAE AR JE LA E Lo HRH MODE % B4 4 B LAk
i, JFATREE L satp HRHEAt = Br AN A e

Implementations are not required to support all MODE settings, and if satp is written with an

unsupported MODE, the entire write has no effect; no fields in satp are modified.

BB AR E AR MODE &, MR satp PE AN T ASHRY MODE, NPREAZAT(E
R satp LT BARA S BB

SXLEN=32
Value | Name | Description
0 Bare | No translation or protection.
1 Sv32 | Page-based 32-bit virtual addressing (see Section 4.3).
SXLEN=64
Value | Name | Description
0 Bare | No translation or protection.
1-7 — Reserved for standard use

8 Sv39 | Page-based 39-bit virtual addressing (see Section 4.4).

9 Sv48 | Page-based 48-bit virtual addressing (see Section 4.5).

10 Sv57 | Page-based 57-bit virtual addressing (see Section 4.6).

11 Sv64 | Reserved for page-based 64-bit virtual addressing.
12-13 — Reserved for standard use

14-15 — Designated for custom use

% 4.7: Encoding of satp MODE field.

The number of ASID bits is AF5EH) and may be zero. The number of implemented ASID bits,
termed ASIDLEN, may be determined by writing one to every bit position in the ASID field, then
reading back the value in satp to see which bit positions in the ASID field hold a one. The least-
significant bits of ASID are implemented first: that is, if ASIDLEN > 0, ASID[ASIDLEN-1:0] is
writable. The maximal value of ASIDLEN, termed ASIDMAX, is 9 for Sv32 or 16 for Sv39, Sv48,
and SvbH7.

ASID (VEUEARTEE ORIEER ) Wi, FREANZ. SLHIHY ASID friy%cst, #RANASIDLEN, W]
DLt a) ASID PRI MIE AN 1, A58 satp HHEYME, &F ASID FRHHMRLE AL O Fr
1 SEHiE . ASID FYRARA RN Je s il : gl /2. 415 ASIDLEN > 0, ASID[ASIDLEN-1:0]
BUAE. ASIDLEN [ A(EFRHA ASIDMAX, XFT Sv32 4 9, Sv39. Sv48 ] Sv57 4 16,
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SXLEN=32

5 | & | ik

0 | Bare | AR

1 Sv32 | FETIUMA 32 A ERLT-aE (WEE4.375) .
SXLEN=64

5 | & | fk
0 | Bare | A ARSI
1-7 — | KRG ATAFER &
8 | Sv39 | BT U 39 ALELLTAE (HEE4.477) .
9 | Sv48 | BT DUAIAY 48 ALREMFHE (MEE4.575)
10 | Svo7 | BT Uiy 57 Al (WEE4.675) .
11| Sv64 | RE A TATR@E 64 4 EMTF 3k
12-13 | — | R A THAERNE
14-15 | — | HERATAHZLRNE

% 4.8: satp MODE I, [ 45

For many applications, the choice of page size has a substantial performance impact. A large page
size increases TLB reach and loosens the associativity constraints on virtually indexed, physically
tagged caches. At the same time, large pages exacerbate internal fragmentation, wasting physical
memory and possibly cache capacity.

N TFHERAEFRET, R@ KR FS R ERENH e, — AKX R @ K3 e
7 TLB 49 &350 , 20k T 24 s hk b 3R 04 84E A & 3] b sk F 35 545 A A AR
WM EZREFH XK R, SRE, KGR @B T HIHRERA, BT T HENAFTHR
EVE TN

After much deliberation, we have settled on a conventional page size of 4 KiB for both RV32
and RV64. We expect this decision to ease the porting of low-level runtime software and device
drivers. The TLB reach problem is ameliorated by transparent superpage support in modern
operating systems [2]. Additionally, multi-level TLB hierarchies are quite inexpensive relative
to the multi-level cache hierarchies whose address space they map.

ZREHE, BMECEZHETT RVS2 4 RV6, MIFERAR @K H 4 KiBo RANHF LA
P BT AR ACARBBAT i A Ao iR G BN AR 8 B AL . ARBAE R R [2] PATERAHRBAT Y
XHHET TLB B ECE G R, doh, Mk Tt = 6 % A5 EAEREH, S5
TLB J& R &# dEF AR E

The satp register is considered active when the effective privilege mode is S-mode or U-mode.
Executions of the address-translation algorithm may only begin using a given value of satp when

satp is active.
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LA, S BEE U B, satp AFFar iR THBIN (active) o HAA satp 40T
TS, Ml EEA BT IR I 45 €Y satp (EHAAT .

Translations that began while satp was active are not required to complete or terminate when
satp is no longer active, unless an SFENCE.VMA instruction matching the address and ASID
is executed. The SFENCE.VMA instruction must be used to ensure that updates to the address-
translation data structures are observed by subsequent implicit reads to those structures by a
hart.

R AEMAT S HuhkFe ASID IR 8y SFENCE. VMA 34, TN % satp AB& T EFHKREN,
£ satp A& TEHREM N TR T E TR KL L. SFENCE VMA 5454 AR &5
PR ok 25 3 RYE L5 A 69 AT T LA UG (& X 5k BRAX 2 25 M 69 2R A R A2 LELF) .

Note that writing satp does not imply any ordering constraints between page-table updates and
subsequent address translations, nor does it imply any invalidation of address-translation caches. If
the new address space’s page tables have been modified, or if an ASID is reused, it may be necessary
to execute an SFENCE.VMA instruction (see Section 4.2.1) after, or in some cases before, writing

satp.

HHER, B satp HAEWRE IR ARSI 2 A EATIP20H, A SRS Hidk
FARZATRI IO A bk 25 [ TR BB, BiE U ASID #E ], NIRRT ZAE T A
satp ZJ5, ELAERLEHIL TS AT SFENCE.VMA 154 (WL554.2.177),

Not imposing upon implementations to flush address-translation caches upon satp writes reduces
the cost of context switches, provided a sufficiently large ASID space.

do RA R K89 ASID =18, FIRFEIA satp B ANIR b4 % AT B LT L
2K EPOW S

4.2 Supervisor Instructions & &HE4S

In addition to the SRET instruction defined in Section 3.3.2, one new supervisor-level instruction

is provided.

B T AEER3.3. 277 P E LY SRET 54 0h, dfgflt 7 — Ml E & 2aE <.
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4.2.1 Supervisor Memory-Management Fence Instruction W54 3% N3 5 &g

A?\
31 25 24 20 19 1514 12 11 76 0
funct? rs2 rsl funct3 rd opcode
7 5 5 3 5 7
SFENCE.VMA asid vaddr PRIV 0 SYSTEM

The supervisor memory-management fence instruction SFENCE.VMA is used to synchronize up-
dates to in-memory memory-management data structures with current execution. Instruction exe-
cution causes implicit reads and writes to these data structures; however, these implicit references
are ordinarily not ordered with respect to explicit loads and stores. Executing an SFENCE.VMA
instruction guarantees that any previous stores already visible to the current RISC-V hart are
ordered before certain implicit references by subsequent instructions in that hart to the memory-
management data structures. The specific set of operations ordered by SFENCE.VMA is deter-
mined by rs1 and rs2, as described below. SFENCE.VMA is also used to invalidate entries in the
address-translation cache associated with a hart (see Section 4.3.2). Further details on the behavior

of this instruction are described in Section 3.1.6.5 and Section 3.7.2.

WEENAEHERRETES SFENCE.VMA JH T4 W A N A E R 25 i B3 5 S aiis 17 H
Ho APUTES RIS T AT, XRS5 B A SR Tk
M B THE P o SFENCE.VMA $i5 4 BYPAT R SRAEATAT 2 BT Y X 25 Ay O (- e R ] AR A
ik, Lk B AR REAF L Y Ja B4 4 B0 A BN R 45 A B S e R =0 | 2 BT AT HEIT
SFENCE.VMA #UE PR EAEH rs1 fl rs2 #5E, W TNAriA. SFENCE.VMA j&H T#5 hart
MR L B B 22 A I 25 HTER (WL554.3.277) o R T ARI5 AT N B 204071 WAE3.1.6.577
FIEE3.7.275,

The SFENCE.VMA is used to flush any local hardware caches related to address translation.
It is specified as a fence rather than a TLB flush to provide cleaner semantics with respect to
which instructions are affected by the flush operation and to support a wider variety of dynamic
caching structures and memory-management schemes. SFENCE.VMA is also used by higher
privilege levels to synchronize page table writes and the address translation hardware.

SFENCE.VMA J TR # Pr A 5 % bk 4% 48 X 89 KbA 22 65, IR A — MR R
& TLB R#7, & A T 3AE K TIREIE A 2R 31 RAE # e 09 B AW 6935 L, FFXHF R 20 S
GHEMANEERS R, LHRIRERNLAA SFENCE. VMA % F % R A5 Nfodb k4 5%
o

SFENCE.VMA orders only the local hart’s implicit references to the memory-management data

structures.
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SFENCE.VMA FUM A hart X A7 & BRI 05 T HE -

Consequently, other harts must be notified separately when the memory-management data struc-
tures have been modified. One approach is to use 1) a local data fence to ensure local writes
are visible globally, then 2) an interprocessor interrupt to the other thread, then 3) a local
SFENCE.VMA in the interrupt handler of the remote thread, and finally 4) signal back to
originating thread that operation is complete. This is, of course, the RISC-V analog to a TLB
shootdown.

b, %A A4ERRIEEMPASEN, LA H Bk LR, —FFEA G4 1)
R ARBIERAL, AARAREANELFHANTIL, Rig 2) F— NI F b ZiE 3] X
2, MG 3) ERAEEAZE P WA A FAL A AN SFENCE.VMA, %J& 4) ¥ 0 R4 442
REAE5, KRBRET TR, HK, XZ RISC-V ## TLB # & %

For the common case that the translation data structures have only been modified for a single
address mapping (i.e., one page or superpage), rs! can specify a virtual address within that mapping
to effect a translation fence for that mapping only. Furthermore, for the common case that the
translation data structures have only been modified for a single address-space identifier, rs2 can
specify the address space. The behavior of SFENCE.VMA depends on rs1 and rs2 as follows:

XFEAPBAR AR B e (RI—TUE0B T -7 TR0 WAE DL, sl ] LAFE1Z Mt
SFrRdg R — LN, DACUA IZ M SEE S BB o M Ah . XA s R 25 A O B k23 )
FRARAFHET T WAL, rs2 W] LIS @bk 25 8], SFENCE.VMA {47 HBET rs1 F rs2,
ORIV

o If rs1=x0 and rs2=x0, the fence orders all reads and writes made to any level of the page
tables, for all address spaces. The fence also invalidates all address-translation cache entries,

for all address spaces.

o If rs1=x0 and rs2#x0, the fence orders all reads and writes made to any level of the page
tables, but only for the address space identified by integer register rs2. Accesses to global
mappings (see Section 4.3.1) are not ordered. The fence also invalidates all address-translation
cache entries matching the address space identified by integer register rs2, except for entries

containing global mappings.

o If rs1#x0 and rs2=x0, the fence orders only reads and writes made to leaf page table entries
corresponding to the virtual address in rsi, for all address spaces. The fence also invalidates
all address-translation cache entries that contain leaf page table entries corresponding to the

virtual address in rsi, for all address spaces.
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o If rs1#£x0 and rs2#x0, the fence orders only reads and writes made to leaf page table entries
corresponding to the virtual address in rs1, for the address space identified by integer register
rs2. Accesses to global mappings are not ordered. The fence also invalidates all address-
translation cache entries that contain leaf page table entries corresponding to the virtual
address in rs! and that match the address space identified by integer register rs2, except for

entries containing global mappings.

o WR rsi=x0 H rs2=x0, WIFFREHEFXTFrf Mkt 2s 8] i TSR Ay 2 FRGUN B Fr A se ORI B
BATHE . BREETR QIR A b S A, B A5 osT A i RESDUL AR B I DTSR H Y
JiT A Mk 2 A7 5% H Tk

o WK rsi=x0 H rs2#x0, BTSSR FrA BRSNS Nt THER . (B QO REE 174
rs2 FRiR ik 2 A BE T HE Y o X BB iiin CLER4.3.1°0) A THY . BRABa2)m
WRETHIZE H AL, % B Rde & B & SR A rs2 iR Bk =3 [A] IR BC Y B ik %
e Ar A HITRL

o WK rsi#x0 H rs2=x0, MIXFTHrAMhasE, FEEESOOSS rsl P DL AR
IR E HEA TN B N XTI A 25 0], PR S S rsl TR eI AL
FHXS T DT e 2% H B9 BT AT Hiht it e 47 5% H I/

o WIR rsi#x0 H rs2#x0, M, BRSSO OOSEELET fFar rs2 pRiRAgHb 2w, /EH T
rs1 PR RE AL ARG B A I DTSR 5% H B B2 BONT 5 NEA TR o X 2 SR A 35 T A 2E A 7
Fro BRAEE 2RSS E SN, SRR SRS rsl drag EIEXT R Y T
% H DL SRACET (7 rs2 BriR Bt 23 (R DT BC Y i A7 ik B 42247 4% H TR

If the value held in rs! is not a valid virtual address, then the SFENCE.VMA instruction has no

effect. No exception is raised in this case.

UWERAE rsl PR RAFRYEAZ — AR ERIAE, T SFENCE.VMA 154 BARUR . AEIXFMF N
T A HIUE TR

When rs2#x0, bits SXLEN-1: ASIDMAX of the value held in rs2 are reserved for future standard
use. Until their use is defined by a standard extension, they should be zeroed by software and
ignored by current implementations. Furthermore, if ASIDLEN < ASIDMAX, the implementation
shall ignore bits ASIDMAX-1:ASIDLEN of the value held in rs2.

M rs2#x0 I, rs2 fRFFAIAL SXLEN-1:ASIDMAX #¢0R B, DA SRIAREMEH . 72 e 1R
FBEARHEY B E L2/, EATOZA A 0, IF B Y wr i B AR SC L 20 . IbAh, ik ASI-
DLEN < ASIDMAX, | HARSZHNY Z0E rs2 r a9 iz ASIDMAX-1:ASIDLEN,
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It is always legal to over-fence, e.g., by fencing only based on a subset of the bits in rsl and/or
rs2, and/or by simply treating all SFENCE. VMA instructions as having rs1=x0 and/or rs2=x0.
For example, simpler implementations can ignore the virtual address in rsl and the ASID wvalue
in 152 and always perform a global fence. The choice not to raise an exception when an invalid
virtual address is held in rsl facilitates this type of simplification.

AR R AR, Blde, AT sl AR 12 F O —ANTFRIITHBEHH, ARME
WA SFENCE.VMA #5434 rs1=x0 VA& 1s2=x0, 4w, —Fr F 2865 237 LT Bk
rsl PR Ik Fo rs2 F 69 ASID A, H# AL PIUT— AN B W FER S, SE 151 PRAT
— AR R ek, SRR R AR T A A R,

An implicit read of the memory-management data structures may return any translation for an
address that was valid at any time since the most recent SFENCE.VMA that subsumes that address.
The ordering implied by SFENCE.VMA does not place implicit reads and writes to the memory-
management data structures into the global memory order in a way that interacts cleanly with
the standard RVWMO ordering rules. In particular, even though an SFENCE.VMA orders prior
explicit accesses before subsequent implicit accesses, and those implicit accesses are ordered before
their associated explicit accesses, SFENCE.VMA does not necessarily place prior explicit accesses
before subsequent explicit accesses in the global memory order. These implicit loads also need not
otherwise obey normal program order semantics with respect to prior loads or stores to the same

address.

WA E BRASR 25 A ) B s AT RE i [ — > btk ) 4 e 48, bk B 8 B AL S A Bl Y
SFENCE.VMA 54 LK, AERHME# AR, SFENCE.VMA /RIS 5RiE RVWMO Jifty
AR BTS2 DRRER A B a5 R B U IO S AN B T2 RN A . Rl 2,
R SFENCE.VMA £ J5 23515 [ 2 B0 s i aef k. o HiX Eefass e % 20
Vi Z Bt T4k . SFENCE.VMA A E 2 RN A o e i e x5 [ E TR 202 005 )
ZJA o IXREERR N HAL AT ZOE A5 ST R I A i 2 A — I AR O B IR FRE e I 1 3o

A consequence of this specification is that an implementation may use any translation for
an address that was valid at any time since the most recent SEFENCE. VMA that subsumes that
address. In particular, if a leaf PTE is modified but a subsuming SFENCE. VMA is not executed,
either the old translation or the new translation will be used, but the choice is unpredictable.
The behavior is otherwise well-defined.

GATLH — NG R A, BARZIT LA — A ak e T3, it A RAELSCH R
# SFENCE.VMA $#A7 vAk, 1EAToHEH A 2009 4552, W RGEE T PTE, 12 k4T 6
4 SFENCE.VMA, W ¥4 Jf) 8 3% 3% XA 35 4, A2 2R RTAM 090 Mesbrldh, %47 A RN
RS o

In a conventional TLB design, it is possible for multiple entries to match a single address

if, for example, a page is upgraded to a superpage without first clearing the original non-leaf
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PTE’s valid bit and executing an SFENCE.VMA with rs1=x0. In this case, a similar remark
applies: it is unpredictable whether the old non-leaf PTE or the new leaf PTE is used, but the
behavior is otherwise well deﬁned.

HAEG TLB #3t ¥, R A G RARLET, @G LFRRLE T PTE 898 5455

7 1s1=x0 #) SFENCE.VMA, meéﬁyéxa@mﬁA%ﬂ ERXAHILT, £yl

R AEAWegIEer PTE 2697 PTE R TN GG, 12474 £ L7 @ & UFRIT.

Another consequence of this specification is that it is generally unsafe to update a PTE using
a set of stores of a width less than the width of the PTE, as it is legal for the implementation to
read the PTE at any time, including when only some of the partial stores have taken effect.

AL B — AN RA, MA—WEENT PTE LA A4k 237 PTE 8% A RZ 424,
A FRAALAT AR I PTE & A 7k4), @46 R M0 H4k L850

This specification permits the caching of PTEs whose V (Valid) bit is clear. Operating
systems must be written to cope with this possibility, but implementers are reminded that eagerly
caching invalid PTEs will reduce performance by causing additional page faults.

WAEAFEA V (A A2ikF TR PTE, LM% 5N 2 SRR LI TRIE, 22
REELIE, 2B ALK PTE /\%ﬁ:«%ﬁﬂ‘ R @R, A BRI RE

Implementations must only perform implicit reads of the translation data structures pointed to by
the current contents of the satp register or a subsequent valid (V=1) translation data structure en-
try, and must only raise exceptions for implicit accesses that are generated as a result of instruction

execution, not those that are performed speculatively.

SLBLAREXT satp W AFa I L BT AR BURSAR (V=1) BRERai s B TR R s8R a1t
PATRRAS FF H I RERHE S PAT AR T A B USR5 A e o

Changes to the sstatus fields SUM and MXR take effect immediately, without the need to execute
an SFENCE.VMA instruction. Changing satp.MODE from Bare to other modes and vice versa
also takes effect immediately, without the need to execute an SFENCE.VMA instruction. Likewise,
changes to satp.ASID take effect immediately.

X sstatus FBt SUM il MXR (5 SCE 2 BIAERL, AT 27 SFENCE.VMA 584,
satp.MODE M Bare #5iz0 8 Mo HAMA, a2 BIARL, mi#dT SFENCE.VMA {54
K2Rk, [ERE, X satp.ASID [0 th sy B A28

The following common situations typically require executing an SFENCE.VMA instruction:

AT 69 T LB F % & AT —A SFENCE. VMA 54~
o When software recycles an ASID (i.e., reassociates it wzth a different page table), it should

first change satp to point to the new page table using the recycled ASID, then ezecute
SFENCE.VMA with rs1=x0 and rs2 set to the recycled ASID. Alternatively, software can
execute the same SFENCE.VMA instruction while a different ASID is loaded into satp,
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provided the next time satp is loaded with the recycled ASID, it is simultaneously loaded
with the new page table.

o If the implementation does not provide ASIDs, or software chooses to always use ASID 0,
then after every satp write, software should execute SFENCE.VMA with rs1=x0. In the
common case that no global translations have been modified, rs2 should be set to a register

other than x0 but which contains the value zero, so that global translations are not flushed.

o If software modifies a non-leaf PTE, it should execute SFENCE.VMA with rs1=x0. If any
PTE along the traversal path had its G bit set, rs2 must be x0; otherwise, rs2 should be
set to the ASID for which the translation is being modified.

o If software modifies a leaf PTE, it should execute SFENCE.VMA with rsl set to a virtual
address within the page. If any PTE along the traversal path had its G bit set, rs2 must
be x0; otherwise, rs2 should be set to the ASID for which the translation is being modified.

o For the special cases of increasing the permissions on a leaf PTE and changing an invalid
PTE to a wvalid leaf, software may choose to execute the SFENCE.VMA lazily. After
modifying the PTE but before executing SFENCE.VMA, either the new or old permissions
will be used. In the latter case, a page-fault exception might occur, at which point software
should execute SFENCE.VMA in accordance with the previous bullet point.

o LA ASID (Bp, ¥R L5HAMTATH XK B, BEJEEHR satp AL EIH
ASID ¥ w1 % R &, SRG#4T SFENCE.VMA, 3 rsl=x0, rs2 % & A @ilkty ASID, 3,
#, BT ALK TR 4 ASID #e# 3| satp B, #4748 R 49 SFENCE. VMA 354, Al4%
A TFR¥ satp B @Is ASID af, T 56 R ARl

o o BRI R ASIDs, RFE A EAFLLALR ASID 0, WK satp BAG, H4
B AT 151=x0 49 SFENCE.VMA. £ R ARG FILHEALT, 152 BIXEAR x0
VI FHE, BFABOSEE, R TRIH 2R,

o Jo REAMAGE T kvt PTE, W AT rsl=x0 4§ SFENCE.VMA . 4o % 7% % F 3842 69447
PTE % E7T GAx, W rs2 &M A x0; FW, rs2 miX EAHBGLiEHeg ASID,

o J REAMLGE T et PTE, W g 34T SFENCE.VMA, % rsl i E A T W 69 5 k.
do Rk i %42 LA AEAT PTE & BT G4, W 1s2 oA x0; FW, 1s2 miX EA BB
H ey ASID,

o T mrt PTE 89RIRFH A PTE AR BT 945 H L, BRI THR G FRER
#AT SFENCE.VMA . #4#% PTE )& $h47 SFENCE.VMA Z 7T, ¥4% ) #7 B 2308 Ao
BJe— T, ThaBILRAFF, i A B ARIE A @ 49 & 5947 SFENCE.VMA.

If a hart employs an address-translation cache, that cache must appear to be private to that hart.
In particular, the meaning of an ASID is local to a hart; software may choose to use the same ASID

to refer to different address spaces on different harts.

U SRAE P SR (8 I E B IR AT . MZZRAT U IR SRR & A7 o H5Rl2, ASID 5 X
TR FAARRPA I P AT LA (0 AR Y ASID K5 | FAS RIS ¢ 2o b RAS Rl bk 23 1A o
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A future extension could redefine ASIDs to be global across the SEE, enabling such options as
shared translation caches and hardware support for broadcast TLB shootdown. However, as OSes
have evolved to significantly reduce the scope of TLB shootdowns using novel ASID-management
techniques, we expect the local-ASID scheme to remain attractive for its simplicity and possibly
better scalability.

KRG ETi AN ASID T4 7 LA A SEE #9548 ASID, I %3k F 4% 550
J % TLB & %0984 X FFRA. A, MAEREZRAOLIE, AR ASID ERHERXK
BT TLB %0 TH, RMNFTAR ASID 7 £ R L H LA 2470 T 5 B m R F R 5]
71

For implementations that make satp.MODE read-only zero (always Bare), attempts to execute an

SFENCE.VMA instruction might raise an illegal instruction exception.

Tl satp. MODE N H % (U540 Bare) RYRARSLHL, Z4{ifT SFENCE.VMA f54alfER
FIRARETE S R

4.3 Sv32: Page-Based 32-bit Virtual-Memory Systems Sv32: 3t
TOm A 32 SN FE RS

When Sv32 is written to the MODE field in the satp register (see Section 4.1.11), the supervisor
operates in a 32-bit paged virtual-memory system. In this mode, supervisor and user virtual
addresses are translated into supervisor physical addresses by traversing a radix-tree page table.
Sv32 is supported when SXLEN=32 and is designed to include mechanisms sufficient for supporting

modern Unix-based operating systems.

2 Sv32 G\ satp w{rar ) MODE FEMf (Z2UHA1117) , WERFAE 32 (27 BUELLA 7
RG]t AERXPEECT i AR TR, R R AT Y R AU B e A Y R R
Mk, 24 SXLEN=32 I3 HF Sv32, FEHE# I A& B USHRIAET unix FIHRIE RSN
Lo

The initial RISC-V paged virtual-memory architectures have been designed as straightforward
implementations to support existing operating systems. We have architected page table layouts
to support a hardware page-table walker. Software TLB refills are a performance bottleneck on
high-performance systems, and are especially troublesome with decoupled specialized coprocessors.
An implementation can choose to implement software TLB refills using a machine-mode trap

handler as an extension to M-mode.
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Bty RISC-V 5 REMAGRRZ LRI A LB DA R LR AW AR LN, ZMNT L
BRI TRAFRELAEEHRUER 25K, k4 TLB BHAZ SHRA KL — N, AR
B F AL E P AL ARIR AAREIT AR A LB XTGP EARFAE A M AR5
Rk ERBA TLB EHHA A

Some ISAs architecturally expose virtually indexed, physically tagged caches, in that ac-
cesses to the same physical address via different virtual addresses might not be coherent unless
the virtual addresses lie within the same cache set. Implicitly, this specification does not permit
such behavior to be architecturally exposed.

—b [SA Ak F M AT T BRG] MEFRICHE A, B ABER R 6 E Bkt 9
B — TR, RIFEMIE TR —ZA% T, ZILRRALERT, WAL RAHA
RAH ENTFILEAT Ao

4.3.1 Addressing and Memory Protection SHEFIN 7R

Sv32 implementations support a 32-bit virtual address space, divided into 4 KiB pages. An Sv32
virtual address is partitioned into a virtual page number (VPN) and page offset, as shown in
Figure 4.31. When Sv32 virtual memory mode is selected in the MODE field of the satp register,
supervisor virtual addresses are translated into supervisor physical addresses via a two-level page
table. The 20-bit VPN is translated into a 22-bit physical page number (PPN), while the 12-
bit page offset is untranslated. The resulting supervisor-level physical addresses are then checked
using any physical memory protection structures (Sections 3.7), before being directly converted to
machine-level physical addresses. If necessary, supervisor-level physical addresses are zero-extended

to the number of physical address bits found in the implementation.

Sv32 HAASLISZ Ry —> 32 AR E ik 23 m] . o M4 KiBUTI o Sv32 REAMBHEAR I 73 0 REAU 0T 5
(VPN) HIDTAmZ L, 431078, HAE satp Ff7arH) MODE 7Bkt Sv32 REAl N (7
A, W AR — A P DR o I - M3tk . 20 (i VPN Bl 22 (r4EE
T (PPN), 1 12 7 GTA M % MRt SR, ™ AR ) M B B U B AR B B et oL
eI A SRR ARG (3.7 BT A, IIRALE, IWEH
HohbRs 2 R S BRI - B ) P B 7 2

For example, consider an RV32 system supporting 34 bits of physical address. When the
value of satp.MODE is Sv32, a 34-bit physical address is produced directly, and therefore no
zero-extension is needed. When the value of satp.MODE is Bare, the 32-bit virtual address is
translated (unmodified) into a 32-bit physical address, and then that physical address is zero-

extended into a 34-bit machine-level physical address.



100 Volume II: RISC-V Privileged Architectures V20211203

Blde, ZR—/EH 3 1SRN RVI2 2 %. % satp.MODE #5444 Sv32 B, T ¥4
HBEAR S B dht, AR EEZEY &, % satp.MODE #5{44 Bare B, 32 % jE ¥
HAREER (RIEE) A 3245 Mit, REEWEMMMEYT EA 3 S BB YT,

31 22 21 12 11 0
’ VPN[1] ‘ VPN|[0] ‘ page offset ‘
10 10 12

% 4.28: Sv32 virtual address.

33 22 21 12 11 0
PPN]1] \ PPN|0] \ page offset
12 10 12

& 4.29: Sv32 physical address.

31 20 19 10 9 8 7 6 5 4 3 2 1 0
PPN[1] \ PPNJ0] | Rsw [D|Aa|G|U|X|W][R]|V]
12 10 2 1 1 1 1 1 1 1 1

K 4.30: Sv32 page table entry.

31 22 21 12 11 0
VPN[1] ‘ VPN][0] ‘ page offset
10 10 12

& 4.31: Sv32 Rt

33 22 21 12 11 0
PPN[1] ‘ PPNJ0] ‘ page offset
12 10 12

K] 4.32: Sv32 YyrE bl

31 20 19 10 9 8 7 6 5 4 3 2 1 0
PPN[1] \ PPNJ[0] | Rsw [D|Aa|c|U|x|W][R]|V]
12 10 2 1 1 1 1 1 1 1 1

K 4.33: Sv32 T1FEIi

Sv32 page tables consist of 219 page-table entries (PTEs), each of four bytes. A page table is exactly

the size of a page and must always be aligned to a page boundary. The physical page number of

the root page table is stored in the satp register.

Sva2 T 210 AT H (PTEs) 4. 54 4 51, TR STAIN A/ L5, IH
WL TR RN . TR TS 41 satp ZF(EEH.
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The PTE format for Sv32 is shown in Figures 4.33. The V bit indicates whether the PTE is valid; if
it is 0, all other bits in the PTE are don’t-cares and may be used freely by software. The permission
bits, R, W, and X, indicate whether the page is readable, writable, and executable, respectively.
When all three are zero, the PTE is a pointer to the next level of the page table; otherwise, it is
a leaf PTE. Writable pages must also be marked readable; the contrary combinations are reserved

for future use. Table 4.10 summarizes the encoding of the permission bits.

Sv32 [ PTE #z{n&4.33f7r. V fion PTE 2HA%0G WRE 0, PTE Ry prfy HAb A AR A
BRI, ATEABAR PR B o ARG Ry W AT X 0357 BURZ A5 Al i5e AT SRR T HiX
=AERNEE, PTE Z51A L~ — AR A0, &M PTE. w5 H It 2 8bs
TEA AR s MY A BAERRE I - 364100845 T AURGZAY i 1E DL

<
=
=

Meaning

Pointer to next level of page table.
Read-only page.

Reserved for future use.
Read-write page.

Execute-only page.

Read-execute page.

Reserved for future use.

=== OO O O
= = O O = = O O
— O Rk O = O =k O

Read-write-execute page.

% 4.9: Encoding of PTE R/W/X fields.

=

_ O R O R O ~ O|X
3

X

T RUURRRE
HBETT
PG R AL
BN
URAT I
BE-PAT T

PR BEH R AL A
B AT T

R = R RO O O O

_ = O O = = O O

2% 4.10: PTE R/W/X 59265

Attempting to fetch an instruction from a page that does not have execute permissions raises a

fetch page-fault exception. Attempting to execute a load or load-reserved instruction whose effective
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address lies within a page without read permissions raises a load page-fault exception. Attempting
to execute a store, store-conditional, or AMO instruction whose effective address lies within a page

without write permissions raises a store page-fault exception.
MBI TRER T A RBEE S, 25 R BUSHITURE « 28l T iy s #1541y
AROOIEALTBOA BEBAURI DT A, 255 IR EE U o P T AR T30 B AR
TUH NI SRR AMO 454, S8R ERITRE .

AMOs never raise load page-fault exceptions. Since any unreadable page is also unwritable,
attempting to perform an AMO on an unreadable page always raises a store page-fault exception.

AMOs KZF RGN Z B R OHRFF. BAEMTRTHG R OLART S, FILXE
AERT R @ EPHIT AMO ¥ 22 FH AR EHERFF .

The U bit indicates whether the page is accessible to user mode. U-mode software may only access
the page when U=1. If the SUM bit in the sstatus register is set, supervisor mode software may
also access pages with U=1. However, supervisor code normally operates with the SUM bit clear,
in which case, supervisor code will fault on accesses to user-mode pages. Irrespective of SUM, the

supervisor may not execute code on pages with U=1.

U fz3e7m i P A O2 A a AT FZ 00 . U AR BB U=1 I YTIRZ IUA . QPR BEE T
sstatus Afrar T SUM fir, W8 FBBAE AT LI IR AEA U=1 [90m. S50, e R
WAL SUM AEBRAVTEOU M iafT, XM RO, B E AR £ T R Ao A i 4 o

An alternative PTE format would support different permissions for supervisor and user. We
omitted this feature because it would be largely redundant with the SUM mechanism (see Sec-

tion 4.1.1.2) and would require more encoding space in the PTE.
% —# PTE # X X H B EH AR P ORRRR. BEAEB T XA AR, BACERRE
B b SUM k6 Ta (FILF4.1.1.27%), FBE PTE Y EZ XS0 RMEN,

The G bit designates a global mapping. Global mappings are those that exist in all address spaces.
For non-leaf PTEs, the global setting implies that all mappings in the subsequent levels of the page
table are global. Note that failing to mark a global mapping as global merely reduces performance,
whereas marking a non-global mapping as global is a software bug that, after switching to an
address space with a different non-global mapping for that address range, can unpredictably result

in either mapping being used.

G (RER RIS &SN AAAET IrA it = R e X AR PTE, 2 FRiEEWRE T
KNS TR ABSHERR 2RI HER, RE2RMGRC 2 /ARG, Rk
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LSRR ERIC AR R — AR R . AR DR B Ik Y B A [F AR 2 R et e kit 2 R )

A

B/ AT ORI B i A T

Global mappings need not be stored redundantly in address-translation caches for multiple
ASIDs. Additionally, they need not be flushed from local address-translation caches when an
SFENCE.VMA instruction is executed with rs2#x0.

LRMHEE T AGHESAN ASID W i3 % A P, o, % PHAT 1524x0 #
SFENCE.VMA 3548, 1% M AR 3 5 5 7 & R AT E A1

The RSW field is reserved for use by supervisor software; the implementation shall ignore this field.

RSW FRORE , BUEEPEET . BARSELN 20 5 B o

Each leaf PTE contains an accessed (A) and dirty (D) bit. The A bit indicates the virtual page has

been read, written, or fetched from since the last time the A bit was cleared. The D bit indicates

the virtual page has been written since the last time the D bit was cleared.

f0 PTE @& —AE95E (A) FIBE (D) . A fifnH g A ALKk, BRI et
BHG BABHEE. D R H EGER D ALLCRE S AL

Two schemes to manage the A and D bits are permitted:

LU PR 2 AT AR EE A 2AD D A7 :

e When a virtual page is accessed and the A bit is clear, or is written and the D bit is clear, a

page-fault exception is raised.

e When a virtual page is accessed and the A bit is clear, or is written and the D bit is clear, the

implementation sets the corresponding bit(s) in the PTE. The PTE update must be atomic
with respect to other accesses to the PTE, and must atomically check that the PTE is valid
and grants sufficient permissions. Updates of the A bit may be performed as a result of
speculation, but updates to the D bit must be exact (i.e., not speculative), and observed in
program order by the local hart. Furthermore, the PTE update must appear in the global
memory order no later than the explicit memory access, or any subsequent explicit memory
access to that virtual page by the local hart. The ordering on loads and stores provided by
FENCE instructions and the acquire/release bits on atomic instructions also orders the PTE

updates associated with those loads and stores as observed by remote harts.

The PTE update is not required to be atomic with respect to the explicit memory access that
caused the update, and the sequence is interruptible. However, the hart must not perform

the explicit memory access before the PTE update is globally visible.
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o MREBITHGETRIFFE A 0 0 B, sERITHBS A E D 2204 0 B, — M ERITRH 4
5%

o SUEEMTTRBIIIIEE A B2 0 B, st@BITTEHS AR D 6% 0 #f, BRI PTE
B2 M. PTE SRR PTE FE A A AU B TAERY . 3 ELOVE
THbE PTE REAOHET EWAIR. A S ERTAREIHTIZE, 8D
BTSRRI (ED. R . IF A M B R PR Wb I04h, PTE B
PR A R G I A5 T 8 A 1 T A M P R 2 AL T 0 5
BN AL FENCE $54 5L AR A 7 LUR S 745 4 ER3RE BB th A4
SR AR B AR BRI O . X X BRI 6 4 PTE S 4
TS RE G BN G, PTE EHAHERETA . PTREIIRTHRNN. K. 1
PTE 8§ 4R W2 B, B R AT B A2V

All harts in a system must employ the same PTE-update scheme as each other.

RGP FrA LR A R PTE B85 5.

Prior versions of this specification required PTE A bit updates to be exact, but allowing the A
bit to be updated as a result of speculation simplifies the implementation of address translation
prefetchers. System software typically uses the A bit as a page replacement policy hint, but
does not require eractness for functional correctness. On the other hand, D bit updates are
still required to be exact and performed in program order, as the D bit affects the functional
correctness of page eviction.

BAL TR AT RAGH LA PTE 49 A 1o, 12434 AR EN @ L3, BaFilT
WAERFAIR B LI, RARSFEFLN AEAROHFLRLGYGRT, BEREEHAHGAR
AN, B — T, DAL TR E BAFTR I ERARFRFPAT, BA DAL R R @I E 695
At B A

Implementations are of course still permitted to perform both A and D bit updates only in
an exact manner.

LK, MR BARE I A6 77 KPAT A foAe D A% 23,

In both cases, requiring atomicity ensures that the PTE update will not be interrupted by
other intervening writes to the page table, as such interruptions could lead to A/D bits being set
on PTEs that have been reused for other purposes, on memory that has been reclaimed for other
purposes, and so on. Simple implementations may instead generate page-fault exceptions.

EZXHFHELT, BRRBRFETAHL PTE $H AW A TFRBEANR LGBREFE, A
A AP BT 25 A/D i X EAEA LR GEAY PTE L, RXELALECANE
WEgA AL, AR, —FFH £69 KILT AR LR T RFF o

The A and D bits are never cleared by the implementation. If the supervisor software does

not rely on accessed and/or dirty bits, e.g. if it does not swap memory pages to secondary storage
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or if the pages are being used to map I/0 space, it should always set them to 1 in the PTE to
improve performance.

A fiAe D AZRIZ TR EARE I F o o R E R AR T S35 Bl A RNEAL, e, 4o
REFKHN AR LB M E4ES, RFE P RZXLETHERN TS [/O 21, W pibi PTE
PRHEMEEA 1, ARZHE,

Any level of PTE may be a leaf PTE, so in addition to 4 KiB pages, Sv32 supports 4 MiB megapages.
A megapage must be virtually and physically aligned to a 4 MiB boundary; a page-fault exception

is raised if the physical address is insufficiently aligned.

AT PTE #r] LUZR PTE, kR 7 4 4 KiB DT 4h, Sv32 b2 Fr 4 MiB ER A d. —
AEATUAAE —> 4 MiB  FAEW L EFIRESLL EXI55 WAy bR 5w w55, W5k
DRI R R

For non-leaf PTEs, the D, A, and U bits are reserved for future standard use. Until their use is

defined by a standard extension, they must be cleared by software for forward compatibility.

XFAE PTE, Dy A M1 U AR R BERBARERE o FERRIEY R E SCHAAE R 21T, s
FEATRE 0 LA ATt

For implementations with both page-based virtual memory and the “A” standard extension, the
LR/SC reservation set must lie completely within a single base page (i.e., a naturally aligned 4 KiB

region).

X T EA ST DUE N A A AN AR R R SEEL, LR/SC fRE BRAA I 5E o0 T BN AT
TP CRIVE 2% 55 94 KiB X0

4.3.2 Virtual Address Translation Process Jg a5 38

A virtual address va is translated into a physical address pa as follows:

— A REBHE va AR — AL pa HIRERRANT B

1. Let a be satp.ppn x PAGESIZE, and let i = LEVELS — 1. (For Sv32, PAGESIZE=2'? and
LEVELS=2.) The satp register must be active, i.e., the effective privilege mode must be

S-mode or U-mode.

2. Let pte be the value of the PTE at address a+va.vpn[i] x PTESIZE. (For Sv32, PTESIZE=4.)
If accessing pte violates a PMA or PMP check, raise an access-fault exception corresponding

to the original access type.
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. If ptew = 0, or if pte.r = 0 and pte.w = 1, or if any bits or encodings that are reserved for

future standard use are set within pte, stop and raise a page-fault exception corresponding

to the original access type.

. Otherwise, the PTE is valid. If pte.r = 1 or pte.xz = 1, go to step 5. Otherwise, this PTE is a

pointer to the next level of the page table. Let : =7 — 1. If ¢ < 0, stop and raise a page-fault
exception corresponding to the original access type. Otherwise, let a = pte.ppn x PAGESIZE
and go to step 2.

. A leaf PTE has been found. Determine if the requested memory access is allowed by the

pte.r, pte.w, pte.x, and pte.u bits, given the current privilege mode and the value of the
SUM and MXR fields of the mstatus register. If not, stop and raise a page-fault exception

corresponding to the original access type.

. If i > 0 and pte.ppn[i — 1 : 0] # 0, this is a misaligned superpage; stop and raise a page-fault

exception corresponding to the original access type.

If pte.a = 0, or if the original memory access is a store and pte.d = 0, either raise a page-fault

exception corresponding to the original access type, or:

o If a store to pte would violate a PMA or PMP check, raise an access-fault exception

corresponding to the original access type.
e Perform the following steps atomically:

— Compare pte to the value of the PTE at address a + va.vpn[i] x PTESIZE.

— If the values match, set pte.a to 1 and, if the original memory access is a store, also

set pte.d to 1.

— If the comparison fails, return to step 2

. The translation is successful. The translated physical address is given as follows:

* pa.pgoff = va.pgoff.
o If i > 0, then this is a superpage translation and pa.ppn[i — 1 : 0] = va.vpn[i — 1 : 0].
o pa.ppn[LEVELS — 1 : i] = pte.ppn|[LEVELS — 1 : 4].

. % a } satp.ppn x PAGESIZE, % i = LEVELS — 1 (%T Sv32, PAGESIZE=2!?, LEV-

ELS=2). satp #iffas AT AR, RIARERBUEERATY S el U £,

. & pte MHibE a + va.wpn[i] x PTESIZE 4t PTE f9{E (T Sv32, PTESIZE=4) . W ;

7] pte S0 7 PMA B PMP 08, W51 % 556 AIZEA R A D7 ) Fh i 7 o
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3. W2k ptew =0, B pter =0 H ptew =1, sliEUIRAE pte HCE T HORE LML ARIE

RO g, TS 151 & 5 A S (] SR Ry ) D T 2R S o

4. 70, PTE A% WHR pter =1 8 pte.x = 1, $RLHE 5; FIMI, I pte EARATIF T —

Zptaste =14 — 1 W2R ¢ <0, MMEIEFFFIA SRR RSB I Y DU F R =

N, fif a = pte.ppn x PAGESIZE 552 L0 2,

&

5. BB PTE. fE£57E SR mstatus #Ff7arf) SUM A1 MXR FEAEMIEI T,
W€ pte.rs ptew. pte.x Ml pte.w (L RVFIE RNV WA, W51 %

5 A TR ) T«

6. W15 i > 0 H pteppn[i — 1: 0] # 0, BORAMFMEHET: £ 11351 % 5D IE A B,

FA DL T B 1R S

7.7 WIR pte.a = 0, BCEEMRIGIRNAFTT AR H pte.d = 0, W55 RAAYT RIS

HIT SRR A B

o WIR pte MifFfEER T PMA 8 PMP #a 8, 5[k 5617 ST R 15 )46 1R 5

H o
o HIIMITLL TP ER:
— ¥ pte S5HhE a + va.vpnli] x PTESIZE 4b) PTE (E3EF7 5] .

— WSRAEITAC, NPKE pte.a WEN 1 WEREFIRNAFITRZAERE, WA pte.d IWEN

1,
— ARXSHOANDERD, R EPER 2,

8. 8. WM. AR T

e pa.pgoff = va.pgoffs
o W i>0, NMEXZE— MR AL, pa.ppnli —1:0] =vawpn[i —1: 0],
o pa.ppn[LEVELS — 1 : i] = pte.ppn|[LEVELS — 1 : i],

All implicit accesses to the address-translation data structures in this algorithm are performed

using width PTESIZE.

A X Ak e R 25 A RO BT [ RS2 (T 58 2 PTESIZE $A0 TR -

This implies, for example, that an Sv48 implementation may not use two separate 4B reads to
non-atomically access a single 8B PTE, and that A/D bit updates performed by the implemen-
tation are treated as atomically updating the entire PTE, rather than just the A and/or D bit

alone (even though the PTE value does not otherwise change).
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K&k A, Blde, Svf8 FZILTH RAAE R EIRG 4B ok IER FALRT R £ A 8B
PTE, 3 Rz BAKZRPATH A/D 1% 3 A R FH EH N PTE, & TR a 12
Fa/K DAL (Bp4 PTE LA K)o

The results of implicit address-translation reads in step 2 may be held in a read-only, incoherent
address-translation cache but not shared with other harts. The address-translation cache may hold
an arbitrary number of entries, including an arbitrary number of entries for the same address and
ASID. Entries in the address-translation cache may then satisfy subsequent step 2 reads if the
ASID associated with the entry matches the ASID loaded in step 0 or if the entry is associated
with a global mapping. To ensure that implicit reads observe writes to the same memory loca-
tions, an SFENCE.VMA instruction must be executed after the writes to flush the relevant cached

translations.

SR 2 PRI BRSO T RER AT — 1 FU . AR Tk B2 Arp, (AAZ S H
flff AR L . MM A7 ] LAMRAFAE R ROR RS H L AR A9 R —#e kA ASID R9%%
Ho RS HARRERRY ASID 52088 0 gy ASID DUfic, siBaniias B &R ek,
U HhE e e A7 PP 2% H AT DA R IR 2222 5K 2 R3O 1 B ER e s U RE LR 2 AR TR] N A7 ot
BHEN, WS NEIT SFENCE.VMA 154, LURBHR A 02217 .

The address-translation cache cannot be used in step 7; accessed and dirty bits may only be updated

in memory directly.

IR T RICTEE I AR G2 A7 s 5 I AR, A RE BRI A BT

It is permitted for multiple address-translation cache entries to co-exist for the same address.
This represents the fact that in a conventional TLB hierarchy, it is possible for multiple entries
to match a single address if, for example, a page is upgraded to a superpage without first clearing
the original non-leaf PTE’s valid bit and executing an SFENCE. VMA with rs1=x0, or if multiple
TLBs exist in parallel at a given level of the hierarchy. In this case, just as if an SFENCE.VMA
is not executed between a write to the memory-management tables and subsequent implicit read
of the same address: it is unpredictable whether the old non-leaf PTE or the new leaf PTE is
used, but the behavior is otherwise well defined.

AHFE—3it) S AR EERA LA XKW, AR TLB EREM T, e REF
FR R4 et PTE 698 3455 HAT 1s1=x0 &) SFENCE.VMA &)L TF, H— AR @A AH
—ARAT, R& e REBEREMOL R BHN LT HES A TLB, WTHHA /M50 LA
EAMHE, EEFEUT, MAREHENFE LA B NFF — ik 69 )5 4 1a Xk R A HAT
SFENCE.VMA —#t: 4 A \#ydkvt PTE £ & #6957t PTE 2 RN 6, {2 LT,
HAT A AR A XA,
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Implementations may also execute the address-translation algorithm speculatively at any time,
for any virtual address, as long as satp is active (as defined in Section 4.1.11). Such speculative

executions have the effect of pre-populating the address-translation cache.

HEE satp A TIRPRAS (NER4. LT e S0 . BARSEINIA AT DAAEAT AT BB AAn] R A0l 1 0
PEHIPAITHORE SR SR o MSSHENIE DT B A TR e b S 2 A O RUR

Speculative executions of the address-translation algorithm behave as non-speculative executions
of the algorithm do, except that they must not set the dirty bit for a PTE, they must not trigger
an exception, and they must not create address-translation cache entries if those entries would
have been invalidated by any SFENCE.VMA instruction executed by the hart since the speculative

execution of the algorithm began.
oI AR NS T S BRI S T AT o MR, (RENIZE RN PTE BN, W

SRRl R JFE, IR B EIARHENIRA T IR LK . BEfFZRERATRIME(T SFENCE.VMA 154
AREELMXLEZ AT T . WENTAMF eI b a2 7 5 H

For instance, it is illegal for both non-speculative and speculative executions of the translation
algorithm to begin, read the level 2 page table, pause while the hart executes an SFENCE.VMA
with rsl=rs2=x0, then resume using the now-stale level 2 PTE, as subsequent implicit reads
could populate the address-translation cache with stale PTEs.

Bl de, JFEPAT 3 B 3 309 3R 3 M PAT A R HAT, I 2 B K, ERAFZEPAT
rsl=1s2=x0 #9 SFENCE.VMA B%1%, R Mezidate 2 8 PTE, X &47 ARk
8, BABEGRIERTiRAS AL PTE AR RE A

In many implementations, an SEFENCE. VMA instruction with rs1=x0 will therefore either
terminate all previously-launched speculative executions of the address-translation algorithm
(for the specified ASID, if applicable), or simply wait for them to complete (in which case any
address-translation cache entries created will be invalidated by the SFENCE.VMA as appropri-
ate). Likewise, an SFENCE.VMA instruction with rsl#x0 generally must either ensure that
previously-launched speculative executions of the address-translation algorithm (for the specified
ASID, if applicable) are prevented from creating new address-translation cache entries mapping
leaf PTEs, or wait for them to complete.

B, 2% % ZIF, rs1=x0 4§ SFENCE.VMA 354354 .k 557 8 3h 69 ¥ bk 25 30 0k 09 b7
HAEMPAT (e RER, 43445 289 ASID), IR AFHFEMN AR (EZFHILT A E LA
Sohk 3545 R el SFENCE. VMA AL Rd R AR . BAE, 1s1#x0 49 SFENCE. VMA 3%
A8 o SR AR By 0k S BT B B 69 e hk 3 F R 49 M AT (Ge RIER, 4hatds Eeg ASID) 4
Bt PTE 8937 ik 3 B B0, R FHEAN T &Ko

A consequence of implementations being permitted to read the translation data structures
arbitrarily early and speculatively is that at any time, all page table entries reachable by executing

the algorithm may be loaded into the address-translation cache.
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A BAR AL TR AT Fo e M M i AR M R AE LA 09 LS R, EAEATRME, BEPATH
T VATE P8 BT R A e BAR T A B a0 % A .

Although it would be uncommon to place page tables in non-idempotent memory, there is no
explicit prohibition against doing so. Since the algorithm may only touch page tables reachable
from the root page table indicated in satp, the range of addresses that an implementation’s page
table walker will touch is fully under supervisor control.

BARLFFFAATHAERAF AT, 1250 2A AP ZHM. b Tz 5% T ik Rk
BN satp PaERAGART AT T AT 6 T A, B ILAAKEILG R KRB B AR R A AL

A s EHIEH .

The algorithm does not admit the possibility of ignoring high-order PPN bits for implementations

with narrower physical addresses.
ZE R ARAF D FEIR R FE 6 LI &us PPN #9545,

4.4 Sv39: Page-Based 39-bit Virtual-Memory System Sv39: JtT
WK 39 MEPHNERS

This section describes a simple paged virtual-memory system for SXLEN=64, which supports 39-
bit virtual address spaces. The design of Sv39 follows the overall scheme of Sv32, and this section

details only the differences between the schemes.

AHS ARl SXLEN=64 5 SR & R 5. B30k 30 GUiBUEE s, Sv30 Ml
16 Sv32 MR R . AU R % 5

We specified multiple virtual memory systems for RV6) to relieve the tension between providing
a large address space and minimizing address-translation cost. For many systems, 512 GiB of
virtual-address space is ample, and so Sv39 suffices. Sv48 increases the virtual address space
to 256 TiB, but increases the physical memory capacity dedicated to page tables, the latency
of page-table traversals, and the size of hardware structures that store virtual addresses. Sv57
increases the virtual address space, page table capacity requirement, and translation latency even
further.

FAH RV64 H 2T 5 ANARMAN A Z L, AEBRAE IEAE T A fo o a3 38R A Z
AR KR, STHS R%, S12GIBY R ML T 8 T, Frvh Sv89 2% T . Svi8 ¥k
PAH B R 3G o B] 256 256 TiB, 2RISR T EAFRAGHENEE ST, BH R AGLR,
VAR A5 ik BB 3001 69 BEAF 25 89 Kolvo SuST R BN —F A TR MMAEE R WA ST E KA
R AL IR,
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4.4.1 Addressing and Memory Protection SHEFINFRT

Sv39 implementations support a 39-bit virtual address space, divided into 4 KiB pages. An Sv39
address is partitioned as shown in Figure 4.37. Instruction fetch addresses and load and store
effective addresses, which are 64 bits, must have bits 63—-39 all equal to bit 38, or else a page-fault
exception will occur. The 27-bit VPN is translated into a 44-bit PPN via a three-level page table,
while the 12-bit page offset is untranslated.

Sv39 BARSLISZHF 39 A EWIMhEZS[A], 73 N4 KiBIT. Sv39 itk f% 3 A1 E4.37 7. 353
Motk DO INERIE i A il (64 A7) AL 63-39 MATAERETAL 38, G &4 TSR -
27 {7, VPN jijd =R TRl 44 £ PPN, M 12 {37 0T A w8 FOR B4t o

When mapping between narrower and wider addresses, RISC-V zero-extends a narrower physical
address to a wider size. The mapping between 64-bit virtual addresses and the 39-bit usable
address space of Sv39 is not based on zero-extension but instead follows an entrenched convention
that allows an OS to use one or a few of the most-significant bits of a full-size (64-bit) virtual
address to quickly distinguish user and supervisor address regions.

LA T F dg ek 2 kgt ey, RISC-V ¥ 2 #6948 sbhk Ry & 3] Wk 69 Koo 64 4%
EMHHEFe Sv39 &9 39 AL A ik = A XA A B A T RY k., ol — AP AR B 49
YR, BPARFRAM RGN A RT (64 42) B3I 85— DKL R E R4 ki K 5

P Al B ok K 3R
38 30 29 21 20 12 11 0
| VPN][2] \ VPN([1] \ VPNI0] \ page offset |
9 9 9 12
% 4.34: Sv39 virtual address.
55 30 29 21 20 12 11 0
PPN|2] \ PPN[1] \ PPN]0] \ page offset
26 9 9 12
& 4.35: Sv39 physical address.
63 62 61 60 54 53 28 27 19 18 10 9 8 7 6 5 4 3 2 1 0
| N | PBMT | Reserved | PPNl | PPN[1] | PPNO] | RsW |[D|A[G|U[X|W]|R]|V]
1 2 7 26 9 9 2 11 1 1 1 1 1 1

K 4.36: Sv39 page table entry.

Sv39 page tables contain 2 page table entries (PTEs), eight bytes each. A page table is exactly
the size of a page and must always be aligned to a page boundary. The physical page number of

the root page table is stored in the satp register’s PPN field.
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38 30 29 21 20 12 11 0
VPN][2] \ VPN[1] \ VPN]0] \ page offset
9 9 9 12

& 4.37: Sv39 [EIHiHE

55 30 29 21 20 12 11 0
PPN[2] \ PPN[1] \ PPN[0] \ page offset
26 9 9 12

& 4.38: Sv39 ¥yrHhl

63 62 61 60 54 53 28 27 19 18 10 9 8 7 6 5 4 3 2 1 0
| N | PBMT | Reserved | PPN[2] | PPN1] | PPNjo] | RsW |D|A|G|U|X|W|R]|V]
1 2 7 2 9 9 2 1 1 1 1 1 1 1 1

& 4.39: Sv39 T1FEIi

Sv39 TIFALS 2° AT (PTE), M 8 M. —iKITFRIENZE TR TR A/, TR
IR DU A FEA 5T IRTURAVBL DTS A7 £ satp A fFaxfd PPN FBH.,

The PTE format for Sv39 is shown in Figure 4.39. Bits 9-0 have the same meaning as for Sv32.
Bit 63 is reserved for use by the Svnapot extension in Chapter fi.. If Svnapot is not implemented,
bit 63 remains reserved and must be zeroed by software for forward compatibility, or else a page-
fault exception is raised. Bits 62-61 are reserved for use by the Svpbmt extension in Chapter 7. If
Svpbmt is not implemented, bits 6261 remain reserved and must be zeroed by software for forward
compatibility, or else a page-fault exception is raised. Bits 60-54 are reserved for future standard
use and, until their use is defined by some standard extension, must be zeroed by software for

forward compatibility. If any of these bits are set, a page-fault exception is raised.

Sv39 [ PTE % nE4.39F77R « A2 9-0 S54E Sv32 frie S S5 T E R, 7 63 fREF%S Svnapot
PIRAE o WRASEIL Svnapot, NI 63 fREH, Ff HAA B A LASCILRT IR ARAE . A0 251
KUTHER - SB/NE M, A7 62-61 fREF4Y Svpbmt §7 /R WIRASLIL Svpbmt, N7 62-61
OREE . IR R 2R AR T3, A2 5 1 & DU A SR - (7 60-54 fR B (IR SR
PRAEREHT AR d LR ey e SR Z AT, A%, DLSEBRT et IiRiE v
XA AT — L, 25| & DU SR = o

We reserved several PTE bits for a possible extension that improves support for sparse address
spaces by allowing page-table levels to be skipped, reducing memory usage and TLB refill latency.
These reserved bits may also be used to facilitate research experimentation. The cost is reducing
the physical address space, but 64 PiB is presently ample. When it no longer suffices, the reserved

bits that remain unallocated could be used to expand the physical address space.
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EMATROY EALE TIUA PTE AL, Xy i@ AFRE R EALR, BRI ANFEHAZ
Fo TLB E# P AER, Nk st T ATt 2 069 L8, X EAR G2 4 T A FIRBAAR 5
Bro MARRYVHHEAIEN, 12 6/ 64 PIBATEC RS, 5T RELGN, RGO K BALT
ATy EpEAN T,

Any level of PTE may be a leaf PTE, so in addition to 4 KiB pages, Sv39 supports 2 MiB megapages
and 1 GiB gigapages, each of which must be virtually and physically aligned to a boundary equal

to its size. A page-fault exception is raised if the physical address is insufficiently aligned.

FETRA PTE #EiT LR PTE, Filkk T4 KBTI, Sv39 i H2 MiB B4 7 @ 11 GiB+
KT8, G TR AL R SRS A MR R 56 o AR R TS5
W25 | TR

The algorithm for virtual-to-physical address translation is the same as in Section 4.3.2, except
LEVELS equals 3 and PTESIZE equals 8.

RESI IR B AL R R SRE S R 4. 3.2 PR AHIE] . B LEVELS 2T 3, PTESIZE % 8,

4.5 Sv48: Page-Based 48-bit Virtual-Memory System Sv48: }LT
BUTHAY 48 MBI F RSE

This section describes a simple paged virtual-memory system for SXLEN=64, which supports 48-
bit virtual address spaces. Sv48 is intended for systems for which a 39-bit virtual address space is
insufficient. It closely follows the design of Sv39, simply adding an additional level of page table,

and so this chapter only details the differences between the two schemes.

ARATIr A A ) SXLEN=64 73 GUEILNF RS, B3HF 39 A ERULE 2SR Sv48 & T 39
i EDUIAE 2SS LB R GE. B RIR Sv39 Wikit, FUZHm 7 — oM TERZ0) . I AR R R
PRI R T PRI SR IR Y 225

Implementations that support Sv48 must also support Sv39.

SCRF SvA8 HY BRI BERS SCRF Sv39,

Systems that support Sv48 can also support Sv39 at essentially no cost, and so should do so to
maintain compatibility with supervisor software that assumes Sv39.

I H Sui8 A GAT AR KL EZARNH LHE Sv39, B iz XEBAREELE Sv39 6
BB R A
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4.5.1 Addressing and Memory Protection SHEFINFRT

Sv48 implementations support a 48-bit virtual address space, divided into 4 KiB pages. An Sv48
address is partitioned as shown in Figure 4.43. Instruction fetch addresses and load and store
effective addresses, which are 64 bits, must have bits 63-48 all equal to bit 47, or else a page-fault
exception will occur. The 36-bit VPN is translated into a 44-bit PPN via a four-level page table,
while the 12-bit page offset is untranslated.

Sv48 BRSNS HF 48 ALREDIMhEAS[H], 73 4 KiBITe Sv48 Mtk A4 o> a1 4.43 [ Fi5 2R
bk DUE InE A A Rl (64 7)) 967 63-48 WA HETAL 47, AN & 4 TUH IR S5 o
36 fz. VPN jd i PUZR TR Fe 45l 44 A2 PPN, i 12 {3 0T AR #S SR B4t o

47 39 38 30 29 21 20 12 11 0

| VPN][3] \ VPN([2] \ VPN([1] \ VPNI0] \ page offset
9 9 9 9 12

% 4.40: Sv48 virtual address.

55 39 38 30 29 21 20 12 11 0
PPN[3] \ PPN|[2] \ PPN([1] \ PPN]0] \ page offset
17 9 9 9 12

& 4.41: Sv48 physical address.

63 62 61 60 54 53 37 36 28 27 19 18 10 9 8 7 6 5 4 3 2 1 0
| N | PBMT | Reserved | PPN[3] | PPN[2] | PPN[1] | PPN[0] | RsW |[D[A |G |U[X|[W][R] V]
1 2 7 17 9 9 9 2 1 1 1 1 1 1 1 1

4.42: Sv48 page table entry.

47 39 38 30 29 21 20 12 11 0
VPN]3] \ VPN([2] \ VPN[1] \ VPN]0] \ page offset
9 9 9 9 12

& 4.43: Sv48 EI kL

55 39 38 30 29 21 20 12 11 0
PPN[3] \ PPN[2] \ PPN([1] \ PPN[0] \ page offset
17 9 9 9 12

& 4.44: Sv48 YT HHl

The PTE format for Sv48 is shown in Figure 4.45. Bits 63-54 and 9-0 have the same meaning as
for Sv39. Any level of PTE may be a leaf PTE, so in addition to 4 KiB pages, Sv48 supports 2 MiB
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63 62 61 60 54 53 37 36 28 27 19 18 10 9 8 7 6 5 4 3 2 1 0
| N | PBMT | Reserved | PPN[3] | PPN[2] | PPN[1] | PPN[0] | RsW |[D[A |G |U[X|[W][R] V]
1 2 7 17 9 9 9 2 1 1 1 1 1 1 1 1

& 4.45: Sv48 T1FEIn

megapages, 1 GiB gigapages, and 512 GiB terapages, each of which must be virtually and physically
aligned to a boundary equal to its size. A page-fault exception is raised if the physical address is

insufficiently aligned.

Sv48 1) PTE Kt 44577, AL 63-54 1 9-0 157E Sv39 s & SRRl (LTI PTE %
"L PTE, i, B T4KiBUIAh, Sv48 b2 MiBE# . 1 GIBF Ik fil512GiB #1L 7,
B TR AR RE I B _E SIS R/ MHEE R RS 5o SR B IR TS 055, W51 %
DU R

The algorithm for virtual-to-physical address translation is the same as in Section 4.3.2, except
LEVELS equals 4 and PTESIZE equals 8.

RESI IR B AL R i p SRE S 2R 4. 3.2 PR AHIE] . B LEVELS 2T 4, PTESIZE % 8,

4.6 Sv57: Page-Based 57-bit Virtual-Memory System Svb57: 3T
WA 57 AL AT RS

This section describes a simple paged virtual-memory system designed for RV64 systems, which
supports 57-bit virtual address spaces. Svb57 is intended for systems for which a 48-bit virtual
address space is insufficient. It closely follows the design of Sv48, simply adding an additional level

of page table, and so this chapter only details the differences between the two schemes.

AR08 RV64 RGERATRY R UM AT R SE, % AGEHF 57 AL EMIMhE 25 H] . Sv57
T 48 (A RERIMHE 2SR R RSt BRI Sv48 1yikit, FUBMINT — RSN TR0
AT A T PIFT R IR ZE R

Implementations that support Sv57 must also support Sv48.

SCRF SvBT HEMRSLILNRERS SCRF SvdS.

Systems that support Sv57 can also support Svi8 at essentially no cost, and so should do so to

maintain compatibility with supervisor software that assumes Sv48.
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XA SvST 8 R GALT AR L RN I Svl8, B bmiZXHEBARK L Svis 8
B IRAF O R A

4.6.1 Addressing and Memory Protection SHEFINFR

Svb7 implementations support a 57-bit virtual address space, divided into 4 KiB pages. An Sv57
address is partitioned as shown in Figure 4.49. Instruction fetch addresses and load and store
effective addresses, which are 64 bits, must have bits 6357 all equal to bit 56, or else a page-fault
exception will occur. The 45-bit VPN is translated into a 44-bit PPN via a five-level page table,
while the 12-bit page offset is untranslated.

SvbT BARSLINSIHF 57 A EWIMhEZS[A], 73 N4 KiBIT. Sv57 itk f% 73U E4.49F7k . 38R
Motk AR AN R A il (64 f7) AYNZ 63-57 M4 EETAL 56, 75K & 42 TUAS R o
45 {7 VPN i FLg pTae 4y 44 AL PPN, 17 12 7 5T (A% SR B

56 48 47 39 38 30 29 21 20 12 11

[e=]

| veNgg | veNpl | VPNRL | VPN | VPN[o] | page offset

9 9 9 9 9 12

4 4.46: Sv57 virtual address.

55 48 47 39 38 30 29 21 20 12 11 0
| ppN[ |  PPNB] | PPNl | PPNJ |  PPN[o] | page offset
8 9 9 9 9 12

& 4.47: Sv5T physical address.

63 62 61 60 54 53 10 9 8 7 6 5 4 3 2 1 0
| N | PBMT | Reserved | PPN [RsW [D[A|G|U[X][W][R]|V]
1 2 7 44 2 1 1 1 1 1 1 1 1

53 46 45 37 36 28 27 19 18 10
| PPN[4] | PPN[3] | PPN[2] | PPN[1] | PPN[0] |
8 9 9 9 9

& 4.48: Sv5T page table entry.

56 48 47 39 38 30 29 21 20 12 11 0

VPN[4] | VPN[3] | VPN[2) | veN[ | VPN[o] | page offset

9 9 9 9 9 12

& 4.49: Sv57 FERIHiHE

The PTE format for Sv57 is shown in Figure 4.51. Bits 63-54 and 9-0 have the same meaning
as for Sv39. Any level of PTE may be a leaf PTE, so in addition to 4 KiB pages, Sv57 supports
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55 48 47 39 38 30 29 21 20 12 11 0
| PPN4] | PPN[3] | PPN[2) | PPN | PPN[0] | page offset
8 9 9 9 9 12

& 4.50: Svh7 WyFE

63 62 61 60 54 53 10 9 8 7 6 5 4 3 2 1 0
| N[ PBMT | Reserved | PPN [rRsw [D[A|G|U[X|[W][R]|V]
1 2 7 44 2 1 1 1 1 1 1 1 1

53 46 45 37 36 28 27 19 18 10
| PPN4] | PPN[3] | PPN[2] | PPN[1] | PPN[0] |
8 9 9 9 9

K 4.51: Svb7 TUERII

2 MiB megapages, 1 GiB gigapages, 512 GiB terapages, and 256 TiB petapages, each of which must
be virtually and physically aligned to a boundary equal to its size. A page-fault exception is raised

if the physical address is insufficiently aligned.

Sv57 [ PTE k5 CE4.51 7R fin 63-54 il 9-0 S57E Sv39 Wil SUAHIE . M3 PTE #3
AL PTE, i, B T4KIiBish, Svb7 iA57F2MiB EA# R, 1GiB TR, 512GiB %1
RA1256 TiB PETA ®, £/ DU AR AT e SR S5 e R/ IMHF I T 55 SR s
HEARFEA X, M5k TES IR T o

The algorithm for virtual-to-physical address translation is the same as in Section 4.3.2, except
LEVELS equals 5 and PTESIZE equals 8.

JE L B P P et ) BT S 28 4. 3.2 TR ARIE] . H LEVELS Z%F 5, PTESIZE % 8.
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FhE  “Svnapot” NAPOT BliiFi% gk rybr

P JE, WA 1.0

7 Sv39. Sve8 I SV57 Hf1, 2 PTE ELA N=1 i, PTE FoR{f W HESEHe 5 s e el —
SMREH. PTE £ 50 M. SRERGTEELIAIUEE B AAXIFFEY 2 W7 (NAPOT) g, A

AR T N

Svnapot ¥ BT Sv39.

i pte.ppn|i] Description pte.napot__bits
0 | x xxxx xxx1 || Reserved —

0 | x xxxx xx1x || Reserved —

0 | x xxxx x1xx || Reserved —

0 | x xxxx 1000 || 64 KiB contiguous region 4

0 | x xxxx Oxxx || Reserved —
>1 | x xxxx xxxx || Reserved —

Z 5.1: Page table entry encodings when pte.N=1

1F Section 4.3.2[¢Hih i HuEg:h, NAPOT PTEs (17854 NAPOT PTEs #i[&., 47T

o W5 pte FINZRALIRHE Table 5. L2 AR, #8424 NAPOT PTE 15t BUR SR [F] pte [
JEORME 2R 8] pte IIRIAS, Hib pte.ppn[pte.napot_bits—1 : 0] #f vpnli][pte.napot__bits—1 :
0] HufCo WiRARYESR 5. 104 pte Hhygmhd, WIWAZ5] % TUHE

o [BEGE NAPOT DURIAA] GEZ G b B HR 22 2 10, 4% a 4 va.vpn[j] x PTESIZE Wit
pte —"PEIA, HA pte.ppn|pte.napot_bits — 1 : 0] #f vpn|0][pte.napot_bits — 1 : 0] HUA,
XFFARATE A 5. (8 : napot_bits] = i[8 : napot_bits| HHIFr A Mk =S [HIFR RN 288 0 fin

I satp.

119
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1A NAPOT PTE #9)8AA, €TREA—ANAIENMRTELERBWYRALEAE TLB F, R
—ANEIFEBENEAN (K) R—H. EXEGFTT, IFNERTAF B IR TLB R . %55
WA A S TR LG Sv39. Sv48 Fo Su5T PTE # X, M RABIRAFE R EINZL I £
A FIRA . sool, Babihb s e ok 69 8 AT T F k.

WA R ZE B RIHE T B T2 & L8 AN NAPOT R824 TLB 48 84T H .
TR ARG L# NAPOT PTEs #)5:39L—3, ¥ NAPOT R4 %% TLB R, & ZILAT
B 2 RF BB KA. Blde, —A 64 KiB & NAPOT PTE TH A% 16 AMrAey 4 KiB
TLB % B 694) 3, FiA 4B 691 242K NAPOT PTE % &% (Rt 4 KiB R34 PTE
AR TR A )

e A 6 4% B F o, A8 K 38,89 NAPOT PTEs ¥ B4 48 F) 49 & 1 48 F) 49 PPNs #Fai% 5-
0 %948 R 4o RSW ARG A L8 B prdzsl. BIFR %A /REBBEF A wBRE R L, & NAPOT
pte Fo fb & &40 B AL E 9 NAPOT %34k NAPOT PTEs X A R AEAER—H. R EE3
ATEH, BAFARGABTRZE AT AW PTE 3, REX LB L2CANIA 4 KiB X3
49 SFENCE.VMA 354 (2483334 rs1=x0 84 ¢ A SFENCE.VMA, %4 i&it#% A rs1#x0
4 % A~ SFENCE.VMA #54-), )& L% PTE, 4o T2 W P&, hiF ot LT R —KARAL
F4y,

Jr R —ANZI AT NAPOT PTE(R A AMAE), €T iARKRT 2 &1 Section 4.3.2F
HikABig ety PTE, Bb, AR e Aol b, EAAEMRIEER QAR Y, Diif A
AT ARAI R o R KL AEN—ARGYGHA NAPOT 5\ %, A EiZR @2 F TG
B e/ B e RBE R AT AHRET AR @ Afife/R DAx, EBURM 7 Rbd8 i
K E M NAPOT 5\ %49 A e/, D 45, VAR STl B0 T4 B

538 PTEs —#, TLBs ## %4 V (Valid) 424 %% NAPOT PTEs.

WRAEF L, KRT AW NAPOT 7 %4 8| FAb P 1A | K Fo /SRR A0 HAEA] o 500
FAATER T BRI NAPOT Koo #de:

i pte.ppnli] Description pte.napot__bits
0 | x xxxx xxxl || 8 KiB contiguous region 1
0 | x xxxx xx10 || 16 KiB contiguous region 2
0 | x xxxx x100 || 32 KiB contiguous region 3
0 | x xxxx 1000 || 64 KiB contiguous region 4
0 | x xxx1 0000 || 128 KiB contiguous region 5
1 | x xxxx xxx1 || 4 MiB contiguous region 1
1 | x xxxx xx10 || 8 MiB contiguous region 2

AZFEILT, FRTRIH, LTRRXFNA LR %Y RV ZIANH KRBT, AL
R GAERA A X KD

FA b KN T A BCREHE R, XA A WA R A TA A NAPOT K3 k45 PPN 45 ()
do, FAKH AL pte.ppnli]) FRTEAR T H AL R &,

1252, de RanAs 09 P R R & Ko LHFBGER TR A, EARBFRAFAEN 64 KiB L HAE
AFH—Y.



BANE HTETHmMAGFRENREY R
“Svpbmt”, A 1.0

In Sv39, Sv48, and SvH7, bits 62-61 of a leaf page table entry indicate the use of page-based memory
types that override the PMA(s) for the associated memory pages. The encoding for the PBMT
bits is captured in Table 6.2.

1 Sv39. Sva8 1 SvST 1, M GTRIINIS 62-61 (AT STHINTE AR, AL
ST PMA(s). PBMT HRFHOARSINFE 6,207

The Svpbmt extension depends on Sv39.

Svpbmt 3" AR T Sv39.

Mode | Value | Requested Memory Attributes
PMA 0 None

NC 1 Non-cacheable, idempotent, weakly-ordered (RVWMO), main memory
10 2 Non-cacheable, non-idempotent, strongly-ordered (I/O ordering), I/O
— 3 Reserved for future standard use

% 6.1: Encodings for the PBMT field in Sv39, Sv48, and Sv57 PTEs. Attributes not mentioned
are inherited from the PMA associated with the physical address.

B | EH | FENNGEEE

PMA | 0 | &

NC | 1 | AR . S5NENF (RVWMO). = fF i
10 | 2 | A4 AERSE. mNENUY (1/0 HEi7) . 1/0

3 | PG AR RATEALA

% 6.2: % 6.1: Sv39. Sv48 Fl Sv57 PTEs 1 PBMT FEHSHL. A2 K0 EM 2 M S5 Mot
KB PMA 4k o

121
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Future extensions may provide more and/or finer-grained control over which PMAs can be
overridden.

ARG R TRRBEE S o /R EmAz L0424, XLk F PMA TAWE £

For non-leaf PTEs, bits 62-61 are reserved for future standard use. Until their use is defined by a
standard extension, they must be cleared by software for forward compatibility, or else a page-fault

exception is raised.

XA PTE, {7 62-61 GRE RS TRIERE o AR R E SCENTR A Z AT, 2/ i pF
THERENTASEBURT A, AN 5 A TR R o

For leaf PTEs, setting bits 62--61 to the value 3 is reserved for future standard use. Until this
value is defined by a standard extension, using this reserved value in a leaf PTE raises a page-fault

exception.

XTI PTE, #4547 62-61 BB NH 3 #ff b LALESRATARIESE o AR Rl J e SCZ AT, A5
- PTE rhffi iz R B 2 51 A T S R e o

If the underlying physical memory attribute for a page is vacant, the PBMT settings do not override
that.

R T IR A AR N 2, N PBMT WEASE %R

When PBMT settings override a main memory page into I/O or vice versa, memory accesses to

such pages obey the memory ordering rules of the final effective attribute, as follows.

Y PBMT SEAH LA I SN /O s AEMHIE DL T , XX 2L DT A F7 U5 (RS R 2 A U
FIAAFREF AU, R Ao o

If the underlying physical memory attribute for a page is I/O, and the page has PBMT=NC, then
accesses to that page obey RVWMO. However, accesses to such pages are considered to be both

I/O and main memory accesses for the purposes of FENCE, .ag, and .7l

W R YRR N R 1/0, FFH % U A A PBMT=NC, X2 v 1935 78 E
RVWMO. #Aif, T FENCE. .ag fl.rl (Y HRY, XX 00E 95 gl 2 /O N7
Vil

If the underlying physical memory attribute for a page is main memory, and the page has

PBMT=IO, then accesses to that page obey strong channel 0 I/O ordering rules with respect to

other accesses to physical main memory and to other accesses to pages with PBMT=IO. However,
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accesses to such pages are considered to be both 1/O and main memory accesses for the purposes
of FENCE;, .agq, and .7l

IR DU R E N AR R A, HF HZ EEA PBMT=10, H82%S T4 17 i) H A7 A
AR PBMT=1/0 BB A HARYT ), jEYE#EE 0 I/O HE N, J81, HiF FENCE. .aq
Frl BIH R, XEXLE BT R HEA A E 1/ Oboth ENAFITR].

A device driver written to rely on I/O strong ordering rules will not operate correctly if the
address range is mapped with PBMT=NC. As such, this configuration is discouraged.

Jo R HEFEE B4 2] PBMT=NC & K3k, W% 5 ARH 1/0 iRHEF AN 698 & K425
PRFEFET. B, FEBXARE.

It will often still be useful to map physical I/0 regions using PBMT=NC so that write
combining and speculative accesses can be performed. Such optimizations will likely improve

performance when applied with adequate care.
1% PBMT=NC weit 32 1/0 RBAFHRIEA A, TRAGTEIATE &5t Fe it 37 19
Jo R BRGNS, XA RRAL T R 2 AR F M AR

% Svpbmt 5% PBMT 4atd— AR, 65— P 0Tm e 24 R ln) 4 sEF AT 7 4E . HA
AAFER AR 5 Svpbmt # PTE, U As S bt th ] DOWESZE E P H A £5 1X
HAENARYE, AR M #55:s MODE=Bare Hf4A4THYX [ — TR FFE A V5] AEIXF
UL, ArREid S sE T8 (B2, BRI TR A Z ).

AR R AR (F1n NC A1 10) YsTaAHE A A S8k ry k., EalpE s FEUR
SN AFHER . A Z A PRAER S A R I o AEIXEEYT N Z [AJIAIT fence iorw, iorw f54 /2
AR Lk AR B 252K o

fence iorw, iorw, followed by cbo.flush to an address of that location, followed by a fence
iorw, iorw. ff ANE AL A @I VT MAE A AL B AT B S 3Bt By K o AEIXFh T ) [ AT
AN Fesil, wf DA 1k —EE RN A ) 22k fence iorw, iorw, JAJR/Z cbo.flush FALAfr
BEHHiE, K52 fence iorw, iorws

B, de RS TR R R4S B 5] AR B 694 B, W w6 R F S E B

FEXREILT, 855695 7] 7T A R A By bAn T 69 & &, X5 U2 Bp ik 4769 RVIWMO W
B Y Zichom ¥ EF OISR LNE XML EH@MA%.

When two-stage address translation is enabled within the H extension, the page-based memory
types are also applied in two stages. First, if hgatp.MODE is not equal to zero, non-zero G-stage
PTE PBMT bits override the attributes in the PMA to produce an intermediate set of attributes.
Otherwise, the PMAs serve as the intermediate attributes. Second, if vsatp.MODE is not equal to
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zero, non-zero VS-stage PTE PBMT bits override the intermediate attributes to produce the final
set of attributes used by accesses to the page in question. Otherwise, the intermediate attributes
are used as the final set of attributes. 247F H §7 b 5 FH Wi BE bt FoF TUm Ay N A2
WP BUY . 56, R hgatp MODE A%TE, % G-stage PTE PBMT {7 PMA
H R LR R RS AN, PMA Vo E . Hik, AR vsatp. MODE A%EF4, dE
% VS-stage PTE PBMT (o448 s )@, LAA oy (A 5C o i B 9 e 2 B e B o I, %
PR R R AR N S 2 SR R £R



BEE TR kR R A7 R ALY " Svinval”
PriEY i, 1.0 iRt

The Svinval extension splits SFENCE.VMA, HFENCE.VVMA, and HFENCE.GVMA instructions
into finer-grained invalidation and ordering operations that can be more efficiently batched or

pipelined on certain classes of high-performance implementation.

Svinval ¥ @& SFENCE.VMA. HFENCE.VVMA f] HFENCE.GVMA $§4-354> J 4k 11 TCRK
WHIHE P A, IX SRR ETT DA R Sk RE Y ARSI L o S b g A T b AR sl i /K 264K o

31 25 24 20 19 1514 12 11 76 0
funct? rs2 rsl funct3 rd opcode
7 5 5 3 5 7
SINVAL.VMA asid vaddr PRIV 0 SYSTEM

The SINVAL.VMA instruction invalidates any address-translation cache entries that an
SFENCE.VMA instruction with the same values of rs! and rs2 would invalidate. However, un-
like SFENCE.VMA, SINVAL.VMA instructions are only ordered with respect to SFENCE.VMA,
SFENCE.W.INVAL, and SFENCE.INVALL.IR instructions as defined below.

SINVAL.VMA f5 A A rs1 1 rs2 (Y SFENCE. VMA 154 DREFEALL, 2 (5 5 A bk e 45k
28474 HJCA 9K1 , 55 SFENCE.VMA A, SINVAL.VMA 54~k F1fi & X [¥) SFENCE.VMA.
SFENCE.W.INVAL #1 SFENCE.INVAL.IR $§4- 3 7HE R«

31 25 24 20 19 1514 12 11 76 0
funct7 rs2 rsl funct3 rd opcode
7 5 5 3 5 7
SFENCE.W.INVAL 0 0 PRIV 0 SYSTEM

125
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31 25 24 20 19 1514 12 11 76 0
funct? rs2 rsl funct3 rd opcode
7 5 5 3 5 7
SFENCE.INVAL.IR 1 0 PRIV 0 SYSTEM

The SFENCE.W.INVAL instruction guarantees that any previous stores already visible to the cur-
rent RISC-V hart are ordered before subsequent SINVAL.VMA instructions executed by the same
hart. The SFENCE.INVAL.IR instruction guarantees that any previous SINVAL.VMA instruc-
tions executed by the current hart are ordered before subsequent implicit references by that hart

to the memory-management data structures.

SFENCE.W.INVAL 544l B4 75 24E SINVAL.VMA #4281, %243 RISC-V
WA £ 2 F U FE TSR RTR 77 B 7 HEFF . SFENCE.INVAL.IR $8/4- e SR AR e
L PR EIR I T2 B0 X4 BT AR LB S TR T SINVALL.VMA #5485 (74
Ko

When executed in order (but not necessarily consecutively) by a single hart, the sequence
SFENCE.W.INVAL, SINVAL.VMA, and SFENCE.INVALL.IR has the same effect as a hypothetical
SFENCE.VMA instruction in which:

e the values of rsi and rs2 for the SFENCE.VMA are the same as those used in the SIN-
VAL.VMA,

e reads and writes prior to the SFENCE.W.INVAL are considered to be those prior to the
SFENCE.VMA, and

o reads and writes following the SFENCE.INVAL.IR are considered to be those subsequent to
the SFENCE.VMA.

Y RN N (EA—EiESE) $ATh, %] SFENCE.W.INVAL. SINVAL.VMA f]
SFENCE.INVAL.IR 5{%i%1 SFENCE.VMA 54 B A HERIECE, Hi&H SFENCE.VMA 54
e

o SFENCE.VMA [ rs1 il rs2 {5 SINVAL.VMA rh{di Fi g {EAa [

« SFENCE.W.INVAL Z BiliEf S84 SFENCE.VMA ZRiliEs, UK

o SFENCE.INVAL.IR 2515 #A A& SFENCE.VMA 2 5.
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31 25 24 20 19 1514 12 11 76 0
funct? rs2 rsl funct3 rd opcode
7 5 5 3 5 7
HINVAL.VVMA asid vaddr PRIV 0 SYSTEM
31 25 24 20 19 1514 12 11 76 0
funct? rs2 rsl funct3 rd opcode
7 5 5 3 5 7
HINVAL.GVMA vmid gaddr PRIV 0 SYSTEM

If the hypervisor extension is implemented, the Svinval extension also provides two additional
instructions: HINVAL.VVMA and HINVAL.GVMA. These have the same semantics as SIN-
VAL.VMA, except that they combine with SFENCE.W.INVAL and SFENCE.INVAL.IR to replace
HFENCE.VVMA and HFENCE.GVMA, respectively, instead of SFENCE.VMA. In addition, HIN-
VAL.GVMA uses VMIDs instead of ASIDs.

ARSI T AR Y, Svinval 9 EIATRAL T W S NfE 4 HINVAL.VVMA F1 HIN-
VAL.GVMA. ©{]45 SINVAL.VMA EGMENE X, HET14 85 SFENCE.W.INVAL
fil SFENCE.INVAL.IR %4, 34 m##: HFENCE.VVMA f1 HFENCE.GVMA, [/ &
SFENCE.VMA. iit4h, HINVAL.GVMA f{#i[] VMIDs [fiji /2 ASIDs.

SINVAL.VMA, HINVAL.VVMA, and HINVAL.GVMA require the same permissions and raise
the same exceptions as SFENCE.VMA, HFENCE.VVMA, and HFENCE.GVMA, respectively. In
particular, an attempt to execute any of these instructions in U-mode always raises an illegal
instruction exception, and an attempt to execute SINVAL.VMA or HINVAL.GVMA in S-mode or
HS-mode when mstatus. TVM=1 also raises an illegal instruction exception. An attempt to execute
HINVAL.VVMA or HINVAL.GVMA in VS-mode or VU-mode, or to execute SINVAL.VMA in
VU-mode, raises a virtual instruction exception. When hstatus.VITVM=1, an attempt to execute

SINVAL.VMA in VS-mode also raises a virtual instruction exception.

SINVAL.VMA. HINVAL.VVMA # HINVAL.GVMA 4 %] % % &5 SFENCE.VMA.
HFENCE.VVMA #1 HFENCE.GVMA [H WA BRI 51 & MHIE N FH. Falg, =il U
R N PHATIX AR — DS B R S5 A dRER S 7 h . 1Y nstatus. TVM=1 I}, 22i{7E
S fizEg HS fi FH4T SINVAL.VMA 5 HINVAL.GVMA th2=8| K HEE 4 Fi. 22iutiE
VS Kistal VU #it FH4T HINVAL.VVMA = HINVAL.GVMA $54, s VU gzt b
SINVAL.VMA {84, 25| % EWE4 75 . 24 hstatus. VIVM=1 i}, 27 VS B T AT
SINVAL.VMA th2=5] & REUFE 255 o
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SFENCE.W.INVAL and SFENCE.INVAL.IR instructions do not need to be trapped when
mstatus.TVM=1 or when hstatus. VI'VM=1, as they only have ordering effects but no visible
side effects. Trapping of the SINVAL.VMA instruction is sufficient to enable emulation of the
intended overall TLB maintenance functionality.

Y4 mstatus.TVM=I X, hstatus.VT'VM=1 f, SFENCE.W.INVAL Fa
SFENCE.INVALIR 4R & &M, BATMREAHFZR, BA TN aE
o SINVAL. VMA 34094 N VL EINIT T 438 TLB 43P h it o945 Ao

In typical usage, software will invalidate a range of wvirtual addresses in the address-
translation caches by executing an SFENCE.W.INVAL instruction, executing a series of SIN-
VAL.VMA, HINVAL.VVMA, or HINVAL.GVMA instructions to the addresses (and optionally
ASIDs or VMIDs) in question, and then executing an SFENCE.INVAL.IR instruction.

SRR AR, RAFBLE AT SFENCE. W.INVAL 354, 3748 X 6936k (F=7T k49 ASIDs
R VMIDs) 47— % 3| SINVAL.VMA. HINVAL.VVMA 2 HINVAL.GVMA 354, K)E#AT
SFENCE.INVAL.IR 154, 133k #3402 5 69— Z 7] i A 1k T alo

High-performance implementations will be able to pipeline the address-translation cache
invalidation operations, and will defer any pipeline stalls or other memory ordering enforce-
ment until an SFENCE.W.INVAL, SFENCE.INVAL.IR, SFENCE.VMA, HFENCE.GVMA, or
HFENCE.VVMA instruction is executed.

SR A AR LKA B AT b A A R R AT A KA L, XWERETR
KEHAF R IR N A8 5, A3 HAT—A SFENCE.W.INVAL. SFENCE.INVAL.IR.
SFENCE.VMA. HFENCE.GVMA 2 HFENCE.VVMA %4,

Simpler implementations may tmplement SINVAL.VMA, HINVAL.VVMA, and HIN-
VAL.GVMA identically to SFENCE.VMA, HFENCE.VVMA, and HFENCE.GVMA, respec-
tively, while implementing SFENCE.W.INVAL and SFENCE.INVAL.IR instructions as no-ops.

78 69 LT A9 R4R B, SFENCE. VMA. HFENCE.VVMA #» HFENCE.GVMA #4 5
oI SINVAL.VMA. HINVAL.VVMA #= HINVAL.GVMA, w¥ SFENCE.W.INVAL #a
SFENCE.INVAL.IR #5459 A = #4k



FINE BREESIOE, 1.0 ik

XEIA T RISC-V I E R N T XHHSFTAE type-1 8 type-2 #IURE i FINER
(guest) #AFRGEMN efficient hosting, I E GRREAME T I E IO . HIURE S0 Rt I E B
BN TR BN E Bk o) KER X (hypervisor-extended supervisor mode) (HS-FE5, B fEIFR
BE X)) o —DHIURE BN HAEE TURRE R FE T HS-H0 B BIURE R
IR T N E B I3 ik (guest physical addresses) F| W EMIFHIE I EIEG B, HOW TR
BE ARG A N R (B R N\ 7 R 48 HS-EE T R S-Bt, (H22 THIMNITE
AHHEREM S-BE (VS-mode) b, il HuMEEI T BEFISZHF host —PIE% OS IR HIIRAFF
1745, HS-mode

TR S ERIE R RESAE HSHEA AR VST R E B E RSB 3T

fE HS-Hirh, — MR Rgeal— Ml E dv vl LB A R SBI (& as —athiler]) SHlds
RH, g MRERGERAE SIS HECE . A HS-BA R I E 48 %A B
VS-S 5 A R g5 B SBL

I E a0 RO TR T T A 32x 75 fFde (Rl BE L ISA (RV32I 8 RV64D) |, AR
RV32E, RONERA 16x Fifrdr. CSR By mtval Apfrae AR LUE HR9E, Jf HARMERYEST DuE
FUbhEENE (RV32 (19 Sv32 = RV64 Y Sv39 RYKG I AL/

WA CSR HY misa AFfranfys 7 00 CGRECFHE H) WEN 1 RIT B E IR,

LB AR IR AT RISC—V IR AR IBREATLL misal7], WA ASE, iX 3R R AT RERR
Eip

T KR EAFR R A R E IR RGIER, —AEEREZRRER P BA
BATAERL L, B AR D 6 HAEE AT AAR B 5 694 2] A= o

AR R 3538 1 Y XA TG NG IR AR AE T R LA AR

AEAAENRBERLEREN TS L, B3k SHXBTRAREBERATRALEES
CSR i iE m G NE] M-AEXFe A T HIFMH R A& (shadow page table) G N3E] M- X, #R
W E B O 2HR TS A L
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K3 type-2 EARKHB BB E R CSR 7 FRZA KN SHEXTE, HAREZREGA. &
U MY E X e O

8.1 FFRUAEA

HRTHE BB X (7R V 20R) R PFERE SR e T — =% .

4 V=11, Bf7fE VS-HIAH — PN EFREARS L LR FLRE, s0E 2T M S50
(VS0 s 24T U-Al (VU0 .

24 V=0 i}, B174E HS-HEUR— MRE RS ERVBEFZEE, s 24T M-, 40T HS-,
BERALT U

REMRA LIRS 2 A5 B Bt AERE 2 RS (V=1) RS2 ARMER (V=0). 3% 8.1%H 1A
FBY I B AR R A — A RISC-V T EZAR A9 AT B AU

FERL 2B . o MW B (Two-Stage)
gt o) | oml | | T it
0 U U-t | PR K
0 S HS-Ei= | BRI E SN RN RS R | KM
0 M M-fE | Bl %
1 U VU-FE | LAY A VAWE
1 S V-t | R WA P VAN

% 8.1: WA BRI E R RIS, Privilege modes with the hypervisor extension.

HFRRUER U A VU R, & U@ K2 U B, TR HS F1 VS S, 4%
IR R S B

HS-ECH V- B B HUBUR . VS-HistHe VUG A B0 . ST 1 U-BEUF L VS
VL 2 TP

EAF R BA A G E] UAL X R VU X6 ¥ W 69 Ttk JF Bdo R—ANR P 200 69 F B 45
R R0, LRBMA LR EE,
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8.2 RUE AR LML d B BPRES A s

—MisfTfE HS-H IR E RE s ZURE S IEE S CSR 575 . itk i1 KR stfT
CH. N T EHPH BbhEEFE (two-stage address translation) MIER] VST 5101 E RS
1o, HOMY CSR mifetlbss 17 HSH, (HinA#RAtes VS, #ishay CSR N : hstatus,
hedeleg, hideleg, hvip, hip, hie, hgeip, hgeie, henvcfg, henvcfgh, hcounteren, htimedelta,
htimedeltah, htval, htinst, and hgatp.

Mook, —22 i 515 & 2 CSR (VS CSRs) @l CSR W&, #lan: vsstatus 22—
sstatusCSR 7& VS Ei=t a9 E H.

4 V=1, VS EEHRPARE T BB e B2 CSR HYTR MAZ VT AR VS #E]
WA FHR . Y V=1 I, KEEN A A1 CSR Hihh, BEEEEE—1 VS RS AR a51E
A EEIME S . ON USSR SR AER IS R — M REIR S i) VS =l e
HAEM M-Aal HS-Bei el

M V=1 B, —fHE VS St CSR R0 HS ZUEEFR OSR HF BT, (HERE X LI
N, AR BRSO AR A AEREG, 24 V=0 I, VS b bIARA A 7 Sl s R A
HLESHIFTA . Bkt CSR #5485 .

—LEARIER I SR RS A A4y (senvefg, scounteren, Al scontext, HREILAHAL) A
XN VS PR A frde. B V=1 B, XL E TS HRPRES T s et 109 ShReAn el 1y
IR, BRAE VS AN VU B0 1 HS BT U Bl 2 i B d P R 2 A w2 T2 5
XA (A I (H

RA LS BEEBEFNREFEELARAAN T, SR VS B4 REFES T 2L, (BE
BIEHNREFABEBENAOFT BTN, RALEBNEIR (trap entry) X )G SRET Z A% 7 45
AEIPAT, LB RAE A B2 Kk — MR REF A B, THWAR) Matching VS
CSRs exist only for the supervisor CSRs that must be duplicated, which are mainly those that
get automatically written by traps or that impact instruction execution immediately after trap
entry and/or right before SRET, when software alone is unable to swap a CSR at exactly the
right moment. %87, KRB EREHREFHEAETX— %, 2K LT R4, Currently,

most supervisor CSRs fall into this category, but future ones might not.

FEIXEE, FATAARTE HSXLEN 8 CAERA T4E HS B N A R XLEN, FIARIE VSXLEN 8L
1718 VS iz N AR XLEN,
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8.2.1 WREHIIREHFA (hstatus)

hstatus A7 are T HSXLEN {i#/5 % ffde. 24 HSXLEN=32 i}, HMMEFERNE 8.1, X
HSXLEN=64 ff, HMEFRNE 8.2 iIX1> hstatus A f7an MIBERAIFER] VS B AR RS
S E AT NRALER], KT mstatus F(Fd.

31 23 22 21 20 19 18 17 12 11 10 9 8 7 6 5 4 0
| WPRI | VTSR|VTW | VIVM | WPRI | VGEIN[5:0] | WPRI | HU | SPVP | SPV [ GVA | VSBE | WPRI |
9 1 1 1 2 6 2 11 11 1 5

K 8.1: 24 HSXLEN=32 i}, W5 e IR A3 74+ (hstatus ), Hypervisor status register (hstatus)
when HSXLEN=32.

HSXLEN-1 34 33 32 31 23 22 21 20
WPRI | VSXL[L:0] | WPRI | VISR | VIW | VIVM |
HSXLEN-34 2 9 1 1 1
19 18 17 12 11 10 9 8 7 6 5 4 0
| WPRI| VCEIN[5:0] | WPRI|HU|SPVP[SPV|GVA|VSBE| WPRI |
2 6 2 11 11 1 5

€ 8.2: 24 HSXLEN=64 i}, HZ I & eIk AT 7%+ (hstatus ), Hypervisor status register (hstatus)
when HSXLEN=64.

VSXL ## VS st R A%k XLEN (VSXLEN) , VSXLEN ff£5 HS izl Fiy XLEN
(HSXLEN) A[d. 24 HSXLEN=32 ff, VSXL B Af74F, HH VSXLEN=32, 34 HSXLEN=64 ],
VSXL 5& 1 WARL %k, H¥mtiL Y nisa () MXL HE L, 7£58 1801, # 3.1HR/R.
e, —Fhscai T gEssik VSXL giohy— Uiyl e EEUERIE VSXLEN=HSXLEN,

A2k HSXLEN M 32 (AR S A 36 B, FF HANR VSXL BB BRG1oh — M —mE, BAE
FFEIAERT BT B BE RO SCRFICEE . (BN IX - HTHy HSXLEN

hstatus [ VISR, VIW Hl VIVM 83 5E Y L mstatus [ TSR, TW F] TVM Jg, [HE
JUE VS BT AT, M5 DR EBIE S SR A Z AR 7. 21 VISR=1 &Y, {[H4E VS
A TAT SRET 5lE MM 7H . 2 VIW=1 If (&% mstatus. TW=0), U1k WFI i{[&
VS BN AT WEL 25— EE S 5 When VIW=1 (and assuming mstatus. TW=0),
an attempt in VS-mode to execute WFI raises a virtual instruction exception if the WFI does not
complete within an implementation-specific, bounded time limit. X4 VIVM=1 i}, K[&7E VS fx
A N7 SFENCE.VMA. SINVAL.VMA #}jjjln] CSRsatp & 5| — M EIES o
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VGEIN (HEMFEZIMERWT5) d8oh VS AR ks — =& shrbifrjii. VGEIN J2—4
WLRL S, HMREW RFFAE 0 A R ISR S (Mehry GEILEN) Z[HIRY A {E. 24
VGEIN=0 Ff, #AFEFINERHWIEN VS dohiirhiritd. GEILEN Alggi2 0, HERXMIEI T,
VGEIN J2 /S 0o SR AMPIPRAESE 8. 2.4 HURE . VGEIN B TEHAESS 8.2.377 ik

HU 8k (f£ U BCT RGBPURE ) 25 PRI/ /6615 . HLV, HLVX f1 HSV
FILME U BT . 25 HU=1 i, XSRS LAME U SR T, stBsE HS SR AT —
Ffo 2 HU=0 i}, #£ U BB E Sds S5 E— AR A

HU A AR BB E B —H0BATAE UBKXT, ARFRFRBEIIGGRY, BRI
BB AAL A 6975 9]

f£ HS #UT, ARATEME trap B93AT, K22 SPV i (EH E— P REBEED SN i
sstatus FIff) SPP (LG E NG A LR (42 30 ERY) BB, hstatus Hfy SPV (7% A4
NI, BAEOREDS V (H. 27E V=0, $fT SRET {54/, V #uXEs: SPV.

3 V=1 fil— /MK EAE HS 58, SPVP fi (K28 E— BRI HER IR\ LT 4,
SUEREFRUSER, #i% sstatus.SPP. {LEMIRARGAZH V=0, SPVP fEK ASLHF RS -
SPVP sl HHEBLI AR A7 4 HLV. HLVX 1 HSV 3109 SR 1 i AU R

S5 SPVP, 4w R34 HLV. HLVX #= HSV # @3 sstatus.SPP FHCAN 57 15 894 2%
A, R4l HU=1, U XA B REE VS BA 7 E EMMNA &, B AHidid SRET #A U
XS AL SPP=0, % SPP, & HS # XA U X2 &% 2%h SPVP B

FEATAINE, & 2E4E HS MR IOFN, {# GVA (Guest Virtual Address) (85 N\ Field GVA
(Guest Virtual Address) is written by the implementation whenever a trap is taken into HS-mode.
T EE RGN stval A (Bl EEARXSTT ViRIgEIR. DU IR e R 5 T
% (guest-page flaut), GVA #& 1. XT7E HS BTN HAME AN, GVA #E 0.

TR —ANELAEN stval S EFNATFIBA, T SPV Bk, GVA 2S48 (&
AAMLA—84) . mL HLV. HLVX 3 HSV fg4 51 4%e, XAMNRRATREY (SPV=0
2% GVA=1),

VSBE i@ —4 WARL ik, Hizfl VS BN 28 A 75 RS Fre i)l i VSBE=0, VS
PR SR BRI o A AT T2/ N PR o SR VSBE=1, HO2 Kimfr . VSBE thfz il fr
AXE VS A A PR 2SR BSOS Rl A e R, BRI D — - BARRYSEEL T RELL VSBE
A BRI, SURTR RS HS A A A o
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8.2.2 BHUE M NBFLAIF4 (hedeleg Al hideleg)

%1734 hedeleg fll hideleg /& HSXLEN [rift/ 57 frit. JURes U8 3FIES AT 7. Bk, (T
LRI A MBI FREALEE, SR M B Z40 ] medeleg il mideleg Fiiliks
FAFIBITSEH N4 HS B3t hedeleg fl hideleg FHIRAZI1ER I —LLIG NBHER] 1
VS RIS (1S nedeleg fil mideleg —HL.

HSXLEN-1 0

| 7 (WARL) |
HSXLEN

K 8.3: HM I E e i BT % F e (hedeleg) Hypervisor exception delegation register (hedeleg).

HSXLEN-1 0
| il (WARL) |
HSXLEN

K 8.4: HE I E T ZAL 3 ey (hideleg) Hypervisor interrupt delegation register (hideleg).

FEFENFIMR Y hedeleg i E 2 A, — M EAWZATL HS #X (JH medeleg) MIFEIEFEAN,
BE—2P 24825 VS B (MR V=1). £37> hedeleg (W iZH 22 n] 5 E 42 HiEMI % . hedeleg
(I3 22 e B A B I 2 T 5 IR 2 0, FIZ$AEER 8.27R . WM TALIGN=32, A2 0 i &R T8
AR FE IR AR,

hedeleg #)— ML FZRTE MY T — LB AU E BELE TR LILNGES

U1k hideleg MHVAIHGRE., — 1 EAWZEITLE HS MHIPIFT (using mideleg) Kimiidt 24T
25 VS Bz, fE hideleg [ 0-15 fizr, 10, 6 1 2 iz (GhsiE VS ZnirhlitHo) BrISH), 12,
9v 5 F1 1AL (SARiERY S JUFhriHSS) &2 HBERY 0.

UL SNERI (RTD 10) B VS BRI, SIS VS BRI
WERINRE (R 9), CIFAEPEIEATEAN vscause HI{EH. 20U, — D REMIYIEE
eIt bl (6) BRI VS B NRIRE G EpEr (5), F— D ERSE S (2) #
B VS BT — MBSl (D)o SRR, #Ed B ] REERT REAT- S 8 B E Sl
fih% (fCA%-A 16 FIBE &) o Similar translations may or may not be done for platform or custom

interrupt causes (codes 16 and above).
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Bit | Attribute Corresponding Exception
0 | (See text) Instruction address misaligned
1 | Writable Instruction access fault
2 | Writable Illegal instruction
3 | Writable Breakpoint
4 | Writable Load address misaligned
5 | Writable Load access fault
6 | Writable Store/AMO address misaligned
7 | Writable Store/ AMO access fault
8 | Writable Environment call from U-mode or VU-mode
9 | Read-only 0 | Environment call from HS-mode
10 | Read-only 0 | Environment call from VS-mode
11 | Read-only 0 | Environment call from M-mode
12 | Writable Instruction page fault
13 | Writable Load page fault
15 | Writable Store/ AMO page fault
20 | Read-only 0 | Instruction guest-page fault
21 | Read-only 0 | Load guest-page fault
22 | Read-only 0 | Virtual instruction
23 | Read-only 0 | Store/AMO guest-page fault

7% 8.2: Bits of hedeleg that must be writable or must be read-only zero.

8.2.3 HZMENTWIFFEy (hvip, hip 1 hie)

77 hvip & HSXLEN (/B3 8. —RAIEE RIS A hvip, SH5RAT VS
BRI T . RIS hvip BYALE HEER 0.
HSXLEN-1 0

’ R Virtual Interrupts (WARL)
HSXLEN

K 8.5 ML E en ML P W %7 Fes (hvip) Hypervisor virtual-interrupt-pending register
(hvip).

hvip HIFRIERRS (0-15 A7) #iks M mIE 8.6/ . hvip i VSEIP. VSTIP 1 VSSIP {7 @A'E
o {E hvip 1, #&'E VSEIP=1 F£/x—1 VS JUMRrhl. 1&E VSTIP £Ix—14 VS Zif
Wr. 18& VSSIP Fx—1 VS ik . Bits VSEIP, VSTIP, and VSSIP of hvip are writable.
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Setting VSEIP=1 in hvip asserts a VS-level external interrupt; setting VSTIP asserts a VS-level

timer interrupt; and setting VSSIP asserts a VS-level software interrupt.

15 11 10 9 7 6 5 3 2 1 0
| 0 |vselP| o |vsTiP| o |vssiP| o |
1 3 1 3 1 2

& 8.6: hvip HYFRIEES (0-15 {i2) Standard portion (bits 15:0) of hvip.

# {74 hip Al hie J& HSXLEN {5/ 53 frdr. MRN10 et 7 HS 3R sip Ml sie. hip &
ek T SERr I VS ZRTBIUSE IR, 1 hie L& XL A fRENL
HSXLEN-1 0

’ Interrupts (WARL) ‘
HSXLEN

K 8.7 MR I E AP 527 {748 (hip) Hypervisor interrupt-pending register (hip).

HSXLEN-1 0
’ Interrupts (WARL) ‘
HSXLEN

K 8.8: IS E R TWIfERED Fes (hie) Hypervisor interrupt-enable register (hie).

£ sie HEERIERIAL, f£ hip Ml hie FPHIRI AN M iZ0E Hikiy % . (AL, f£ sie Al hie Hf
ERALEE AP, sip fI hip th2—H.

hip = hie A FUL RAL R E/A HS 4 sip Av sie ¥, B AZTHEMIAILAR LA LA
EEZARBBBEBEENFE, REARFREMBREE /K.

T AEM RS, Rl @ A HS BRI (1) a2 HarRiEtisU2 HS &, JFH
sstatus A 1Y SIE A0 E: R ATERERITAMRT HS BEURIR. (2) f£ sip
T sie B(fE hip fl hie H1, @ fifliXE: JFH (3) £ hideleg H' ¢ BLAMIRE.

IR sie 1Y i A2 HIRINE, f£ hip PAHRIALATRER W S RYE AT RER M. 2 hip 1Y @ {7
A HH, — DR R ¢ ATLGE XA AL FRAERR . R @ TLME hip HhEERE, H
hip HRY ¢ R A, AR AL ATl ] LLEE I ER hvip HIEE @ AEgaikR, ZARX D SLIAIR
fefit 7 HABEA, FAFHX AT ARyl (AT REEL S — XTI I D

WERAE hip o, PRI DI AFE R, AR ALE hie GRS MLANIZIZE Al HHY. hie AR E

(DAVAYF=IRR54: N

hip M1 hie FfFarHIbRIERR> (0-15 ) AYREZI ] s AE1&]8.9418.10,
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15 13 12 11 10 9 7 6 5 3 2 1 0
| o [scewr|o|vselr| o [vstip| o |vssiP| 0 |
3 1 1 1 3 1 3 1 2

K 8.9: hip HUbRUEHSS (0-15 {i7) Standard portion (bits 15:0) of hip.

15 13 12 11 10 9 7 6 5 3 2 1 0
| o [scEE|o|vsEIE| o [vsTIE] o |vssIE| 0 |
3 11 1 3 1 3 1 2

K 8.10: hie HYbRIERS (0-15 fi2) Standard portion (bits 15:0) of hie.

hip.SGEIP #] hie.SGEIE (L@ A4t TIE R (HS 9¢) =5 HMESHA I H ) A iy S 48 (o R o i il
REf. £ hip W1 SGEIP 2 Hify, JfH Y HAUY 27 f74% hgeip Ml hgeie MBI S1EE
—(rERNAEZE, HAE N 1. (W5 8.2.4 7Y 8.2.4)

hip.VSEIP {iif{l hie.VSEIE {i & VS /MR Wi SR AL fI P (H 8B, #F hip ' VSEIP
P HEn, 2P IS A ek
e hvip [ VSEIP fi;

o hstatus.VGEIN &1/ hgeip {i7; Fl
o [EATHMEAFEGEXT VS ZHIE SN EHES

hip.VSTIP il hie.VSTIE i@ VS g pyhi SRl figEfz . /£ hip tf VSTIP J2
SBERY, JFEJE hvip VSTIP FIEAMEACSE-SEX VS SR h i i (5 5 H & 4 ek

hip.VSSIP fifil hie.VSSIE {2 VS Sy rh W F Ar AT Wi il fERZ. hip B9 VSSIP g
hvip FMHFEARLAYA4 (AT5).

N HS B E R 2 A SR W gt I an T e J7 5 sQ4C B - SEL SSIL STI, SGEL VSEIL VSSI,
VSTI,

8.2.4 MWHUMERREZINRTWZH G4 (hgeip Ml hgeie)

hgeip & ffare > HSXLEN {7 2 iedyfidr, HARA N E 8.1187R . HAs R a4 ke 5
RPNl hgeie PFfFdn@ > HSXLEN fiie/ 5 & fFdr, HEAW A 8.128R, HA
& RIS R SN TP T R B RE AL . AR SNSRI @ XTI T hgeip A1 hgeie HIHY 4 fif.

Guest external interrupt number ¢ corresponds with bit ¢ in both hgeip and hgeie.

FER AN AERE XS VS ZUHRG A RERALA ol o 20—~ RISC-V PG 3l — MR
B R PR E R gl S8 A i/ N LR T S (RAROAAE— 1~ RES LRI B A
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HSXLEN-1 1 0
’ R AN Guest External Interrupts ‘ 0 ‘
HSXLEN-1 1

K 8.11: A I g R AN P T 25 1 7 {7 #s (hgeip) Hypervisor guest external interrupt-pending
register (hgeip).

HSXLEN-1 1 0
’ RN (WARL) Guest External Interrupts (WARL) ‘ 0 ‘
HSXLEN-1 1

8.12: RIS E s AN W RE 27 7%+ (hgeie) Hypervisor guest external interrupt-enable
register (hgeie).

Z B AL (pass-through) B H ¥4 B (direct assignment) (FFE1F: iXHETEEF— XA
), B4, FEXFRERIE N, MR & H A R U — R REAU L. hgeip RIAF—ALESE T
BEXT—A READRE A LA ) B A S bl R e BRI S . N T X MZ NI R AR
RHISERF RO T, B 08 [P H Rr 2 o

AT XFREIERT W, FRZ—ATEERE, L2 abE maLeg & i o Ak & i 5 Tl gk

hgeip 1 hgeie HONTEZIMBIPIT LAY M BORARIEERN . FHFHREE. X TETHIRN
GEILEN. Br 7% 0 {7, SARiomdoseie HItn R GEILEN V2%, 1-GEILEN {7 i% 2
£ hgeie 2N 5, JFH hgeip Ml hgeie HYHAMLAINIZZE AT

Je — ANy B AT BAR F A M e 2L T8 B B IER P B SR AT Ak 5 A A AR AR
AR E—AWRBEEARTY, RENFPU S @ RRILE AR EA L0 EFIh30 T
B i A Ro 3 TARAT — AR ERAT, TR AT K FINER P BT 69 K KR SRR A R AT R
GEILEN T4l 2T RV32 894 MM 5, GAMBERAZAZG R KA 31; T RV64 @
3, £ 65

BB B AT AAEATHZ 09 A RAZAE DR &, WA GEILEN #1%Hl. R
B E (pass-through) (A¥:5-0e) 49 % i< 2| GEILEN R4 6930, F LIRS 23X A
T A R IR AR R F, W R E R R PR AR E . — AN IR B IR KA L
BB 89 R B A2 B AP W 4] 8 ATk 2.

hgeie A {ramitfF Al LASIEIEE S (HS 40) A REE MBI 75 hgeie HHIMEREM A
WML hstatus VGEIN # hgeip Y VS oM
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8.2.5 MM E LN E &S Fes (henvcfg Fll henvcfgh)

henvctg CSR J&—/> HSXLEN-bit i/ 5 %1 fr 8%, 1t A HSXLEN=64, U1/ 8.13ffx, B
HHEIIRSC V=1 BT IR R LERAE o

63 62 61 8 7 6 5 4 3 1 0
| STCE | PBMTE | WPRI | CBZE | CBCFE | CBIE | WPRI | FIOM |
1 1 54 1 1 2 3 1

5 8.13: HSXLEN=64 , WIUTESRIEALE T 74y (henvcfg).

WA henvefg HU4A7 FIOM (I/O [y Fence BWRE M) BN 1, IB4Y V=1 B$1T1 Fence
BN BB, X IE 1/O B9 )R Bk th Bk 56 A7 5 R 2Rk . 3% 8.31E4NHiIA
T FIOM=1 ] V=1 B} FENCE 1§4{ PI. PO. SI I SO A& 2 fiftFs

K, 2 FIOM=1 1 V=1 B, WERVFIEN B 1/O fEy R KR 715 A B/ ag F1/85L
rl piE . A AZARS PR E ViR 1/O RINAF—1E.

Instruction bit | Meaning when set
PI Predecessor device input and memory reads (PR implied)
PO Predecessor device output and memory writes (PW implied)
ST Successor device input and memory reads (SR implied)
SO Successor device output and memory writes (SW implied)

# 8.3 BT FIOM=1 M V=1 Fff FENCE g8 aflE S a MR,

PBMTE {7 Svpbmt # @2 &0 T VS Zidtiht#54, 24 PBMTE=1 K}, Svpbmt A - VS
RHiH AR . 24 PBMTE=0 I, SCAT AL Svpbmt &AL VS BBtk 444 . QiR A
SEE Svpbmt, N PBMTE A Hia,

STCE 7 BRI S i RIAG RISk Y Sste §7JR4E . EAF henvefg HRGIMIC I REAE LY RHLIEZ i
KA

CBZE 7 BRYE I R 2R AY Zicboz 7Rl ‘EAE henvefg MY ECHIREAE LY FEALIEZ
A A AR

CBCFE 1 CBIE 7Bt SO i RIS 2R AY Zicbom § g fit. ©A /£ henvefg NI BCAIRE
FERLEIZY R Z AT A A A

4 HSXLEN=32 [if, henvcfg {345 HSXLEN=64 [} henvcfg [ 31:0 (AR FEE. HLAh, 4
HSXLEN=32 [}, henvcfgh /& —> 32 (i[NiZ/5 T f7ar. B &5 HSXLEN=64 [} henvcfg [}
63:32 [ AH[A 7B . HSXLEN=64 [}, Z7{f¢s henvcfgh F{FA{E.
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8.2.6 BELMENIT LA MEEE/EEy (hcounteren)

THEAR fRERT f74% hoounteren 2~ 32 fuFifrdy, EEHIMIEIERER T Aas Xt B8 REAUALIY
A

31 30 29 28 6 5 4 3 2 1 0
| HPM31 | HPM30 | HPM29 | B | HPM5 | HPM4 | HPM3 | IR [ T™M | CY |
1 1 1 23 1 1 11 1 1

K 8.14: WA IWE AT REZ 4% (hcounteren)

24 hcounteren ZifFesHy CY. TM. IR = HPMn {2 A25H), 24 V=1 B[ 152H cycle. time.
instret B{ hpmcountern Zif{Fssll, WIE mcounteren HI[E—(7 N 1, NPK-SEERTES HH -
XL RO E, Y V=1 B, PN AR TR, BRAEA HAB A IR, £E
VU #AF, BRAEAE heounteren fI1 scounteren HR|IIZE [ ML, A INTHEE AT o

hcounteren W/HHAAT. JAIMT, (EMTALATAIRER I BEE, JXFRNIY V=1 i, XA TR A9 3520H
FESRE . B, ENT2ARR WARL 7B

8.2.7 WBHIMLE T EMRFE (Delta) H{fdr (htimedelta, htimedeltah)

htimedelta CSR &%/ 5% fids, BHS time CSR PEY vs B vu B TR EMEZ [A]
M ZE(E. BatEul, 78 VS 5 VU 4 N iEH time CSR #4421 htimedelta HJZAF time [
SERRMEZ F o

B % £ & htimedelta = time B, & Z% overflow, F7VA™T XA4£JA htimedelta #9 K&k
AT R AR A E.
63 0

’ htimedelta ‘
64

K 8.15: ML AR (Delta) Zifiey, HSXLEN=64

fU6F HSXLEN=32, htimedelta ff/7FH0tHM F 32 i/, htimedeltah fffFHEe M L 32 {,

31 0

htimedelta

htimedeltah
32

K 8.16: I I E AT A m AL 7 ey . HSXLEN=32,
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8.2.8 MRME A NEFF4 (htval)

htval & ffae 1> HSXLEN-bit [/ 5% frar . HARAWIE 8170 H— AN HS 1
), htval 5 stval —EPEGAFIMNIRHE T RERER, LA IHEEIZEA
HSXLEN-1 0

’ htval ‘
HSXLEN

K 8.17: g Ew N EF Fdr (htval),

ST TR R P ABEN HS BECH], htval AFREUATRY S - B A 2 25N X T HAh
MR htval HBtENZ, (FRARNRAPRIER" R rT REZ M HAR I Fa B EHE L htval HYICE.

FEHETURRATREZE TS — BB (VS BrEy) bkl a pg S AT R s R, XA
LT, B htval HEEEYEMIER0R & AR BRI B A A5 R A9 Mo —— N, TEdkiselu VS
POFRIF AL (35 VS BrBeRE R MO SR RE AUl s i A sk s Bl 2R ATRY . ) CSR
htinst R4 7 HAE ST BRI FME DUAY B Lo

AN, X T SECRE R SR IN AN AF# 5 1% . htval PRIEFREEWHEBBHEXT Y T H stval
H REA B EES R R DT RIS R R o 3T BA L RKIES I ARLE EHIRS & TR, 4E%F htval
XFNVFH stval HRYREMIEFR YRS RIEE IR o

BN htval $9E XM A 245, ARMb B3 XLEN £ 5 63at, xFF RV32, BARE
WEIGEAFEZENBEIITE 34 4%, htval REHIHGF 39:2 15, KW b b 69 XA i
2 BAitpihy PMP 3bika 53 (5 77%) FoWAFR (54.37, #4477, 54575 4.67)
o 4 4y 32 3b ik 25 L AR IT B

o RF BB I R BN ILH I ) RARA AL P ML, X EATIEF L stval F 4569
JE DAH 6 AR BAL G B AMEAB R o 2T T VS BrBsb b eg & XA A5 9 d 3 3089 4
iR, RAKA AL AL A Ko TOMEA F 4% htinst PR KX 53X &5 2L,

htval 21 WARL #/7dr, EUMAEBANE, I EATRERER AN Al 2 (1A A i 25 P Hili
BRI AR (WA ) o

TRAEA AR BB (Flde P& A7E), FAES N htval #9504 5% htval 4% 2AF A A4
8918



142 Volume II: RISC-V Privileged Architectures V20211203

8.2.9 BAWEREANIGLAFA (htinst)

htinst & {7ave 1> HSXLEN-bit {352/ 535 fr e, HARAUIE 8.18F7Re =P AZEAN HS #1
XS, htinst PENMME, WERZEARE, WAL ERARSRER, LA BB % i
No FERAEFAR, FTEES A htinst FUETCRAELR 8.6.375H,

HSXLEN-1 0

’ htinst ‘
HSXLEN

] 8.18: ML E S AR S P77 as (htinst),

htinst 2> WARL Zifrdr, B EZREWG RSBl REAE A LRGN B 315 N ERIH.

8.2.10 MR ME S RBFHUBFMRIF 74 (hgatp)

hgatp A {7 ar e — 1 HSXLEN {Vi£/5 7 {74y, H HSXLEN=32 %Al 8.19fr/x~, H
HSXLEN=64 #: & 8.20f77x. B G Uy Bthk dHiE M OR3P 5% e 4l ik 97 i Bl 12 1
BB (WA 8.59) . KT satp HHMRET e, XDAFas /AT | YR IR Y
HITS (PPN): — A REMUNIARIRFRF (VMID), BAEREREIIL (per-virtual-machine) Y2l E4e (i
HEEREBEPSE . Similar to CSR satp, this register holds the physical page number (PPN) of the guest-
physical root page table; a virtual machine identifier (VMID), which facilitates address-translation
fences on a per-virtual-machine basis; and the MODE field, which selects the address-translation
scheme for guest physical addresses. X4 mstatus. TVM=1 I}, f£ HS # N E X125 hgatp
ZHlE— LRSS R

31 30 29 28 22 21 0
| MODE | 0 (WARL) | VMID (WARL) | PPN (WARL) |
1 2 7 22

4 8.19: 2§ HSXLEN=32 I, I E ar & b FHEMR 73 f74% hegatp

63 60 59 58 57 44 43 0
| MODE (WARL) | 0 (WARL) | VMID (WARL) | PPN (WARL) \
4 2 14 44

& 8.20: 4 HSXLEN=64 i, S AE AL Sv39x4. Sv48x4. Svh7x4 [, i e &t
TR MHE RN 2 /745 hgatp

2% 8AFEN T, ¥4 HSXLEN=32 f] HSXLEN=64 I}, MODE %%, 24 MODE=Bare I}, =%
Pt 5 IS E R E A — 2 IR, N T MEF BV SN AR TSR (fE
55 3. THA) RARTNAF. TERXPEDL T, hgatp FYFRIRIAATH L E A 0.
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24 HSXLEN=32 [}, MODE [{Mi—{E & Sv32x4, Sv32x4 ZFH11H Sv32 T BRI T Z s
Wi, HAnESrH T 34 gy, 24 HSXLEN=64 {#i, Sv39x4, Sv48x4, I Svh7x4 # & X
o Sv39, Sv48, Tl SvhT TUREIAN G T ZRAVE M. FrA X LE T BN N A7 T 2550 8.5. 11 ik

HSXLEN=64 Ry MODE B H KM HFrIR S . FTHEAE hgatp AYHARIE SUAE T

HSXLEN=32
Value | Name | Description
0 Bare | No translation or protection.
1 Sv32x4 | Page-based 34-bit virtual addressing (2-bit extension of Sv32).
HSXLEN=64
Value | Name | Description
0 Bare | No translation or protection.

1-7 — Reserved
8 Sv39x4 | Page-based 41-bit virtual addressing (2-bit extension of Sv39).
9 Sv48x4 | Page-based 50-bit virtual addressing (2-bit extension of Sv48).
10 Svh7x4 | Page-based 59-bit virtual addressing (2-bit extension of Sv57).
11-15 — Reserved

% 8.4: hgatp " MODE [ %mh5

% HSXLEN=64 i}, A 2L LB A E BT MODE #55E -

AR MODE HRXS hgatp MG BAEASH satp RG2S . 2. hgatp fEILTH A
write to hgatp with an unsupported MODE value is not ignored as it is for satp. Instead, the
fields of hgatp are WARL in the normal way, when so indicated.

AUBER 8.5 I ARREHIAREE . X T TUE MBS (Sv32x4, Sv39x4, Svd8x4, Hl SvbTx4), HITH
HIoR/IVE 16KIB, I HLAM 16KiB X155 fEX PR, hgatp HRYMIELITS (PPN) HURARAHL
SRR R o SRR E LAY DU #77 SR /SR AL A SEBR AT RE(E PPN[L:0] 0 H s

VMID fECRARSEER . FFHARERE. Wil VMID dkrpf— 5N 1, JAEFM hgatp
Betly. 7 VMID SRR (5 1. 7 EIgE VMID BESBUAE (TATE VMIDLENFT) -
VMID AR S o S Bl: X st k%, W VMIDLEN > 0, VMID[VMIDLEN-1:0] Z#J
5. VMIDLEN i KME (HARE VMIDAX F£I/R) & Sv32x4 [ 7 5 Sv39x4, Sv48x4,
SvH7x4 Y 14, The least-significant bits of VMID are implemented first: that is, if VMIDLEN > 0,
VMID[VMIDLEN-1:0] is writable. The maximal value of VMIDLEN, termed VMIDMAX is 7 for
Sv32x4 or 14 for Sv39x4, Sv48x4, and SvhH7x4.
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N T R R RE R H Y, hgatp A7 &AM E K60, BRIFEARRIBIRRAZ U FFH
hstatus.HU=0, The hgatp register is considered active for the purposes of the address-translation

algorithm unless the effective privilege mode is U and hstatus.HU=0.

EAZL@MAT HLV, HLVX, Fa HSV 3543l HAT 49 FE Ho

R, fETCREDH IR SR G BrBtk B2 /. 5 hgatp FARRUMEMIF LR WERHTHY
JEWBLI A A CE B T, aiE—1> VMID #fliH, WS hgatp ZHisk FHAT
HFENCE.GVMA 54 (%5 8.3.2%),

8.2.11 EHIBEIIRE TS (vsstatus)

vsstatus ZF{Farse— 1 VSXLEN {i[¥i/5 % fi#s, & sstatus fE VS Bz FAIRA, M4
VSXLEN=32 [}, HEXmE 821877, 4 VSXLEN=64 [}, HAZWE 8.220 k. 4 V=1
B, vsstatus {0 sstatus, firLISERTZEREER sstatus HYF542LFR E2>ijh] vsstatus,

31 30 20 19 18 17
sD | WPRI | MXR | SUM | WPRI |
1 11 1 1 1
16 15 14 13 12 11 10 9 8 7 6 5 4 2 1 0
| Xs[1:0] | FS[1:0) | WPRI | VS[1.0] | SPP | WPRI | UBE | SPIE | WPRI | SIE | WPRI |
2 2 2 2 1 1 1 1 3 1 1

€ 8.21: 4 VSXLEN=32 i, JEHINEIIRESZT /745 (vsstatus)

VSXLEN-1 VSXLEN-2 34 33 32 31 20 19 18 17
sb | WPRI | UXL[10] | WPRI | MXR | SUM | WPRI |
1 VSXLEN-35 2 12 1 1 1
16 15 14 13 12 11 10 9 8 7 6 5 4 2 1 0
| Xs[1:0] | FS[1:0) | WPRI | VS[1.0] | SPP | WPRI | UBE | SPIE | WPRI | SIE | WPRI |
2 2 2 2 1 1 1 1 3 1 1

& 8.22: X4 VSXLEN=64 I}, [EHIGEIIRAS Fes (vsstatus)

UXL $g#zdl VU #F AR XLEN, ErfgEAET VS #i Fiy XLEN (VSXLEN) . 4
VSXLEN=32 [}, UXL i ASfEE, JHH VU # Ay XLEN=32, 4 VSXLEN=64 [if, UXL 2
—/> WARL &, HZmi077 5 misa iy MXL H[E, 4048 18M95E 3. 1R, R, —Fpscl
Al fELE UXL 2 hstatusVSXL JE[{ HiEE A, 58E(H VU #i1) XLEN=VSXLEN,
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IR VSXLEN M 32 fA2 A — SRy BE 1, FRHAR UXL St soa gBRE s — R —a9fE, A
2 UXL A3 EERXAHY VSXLEN BRI 58RI .

2 V=1 i}, vsstatus.F'S fI1 HS Z¢f) sstatus.F'S 2 FEFARAY. HENIRE A 0 (GRM) B, il
HHT — M ERIES S5 — P EEES RE . 4 V=1 WMBSOF RS S5 R ENE B E N 3
CIER) T

sFF— A% BT the extension context status ¥ B Y% Bk, ©LMA L HS % sstatus
AR, ARG LR VS B X T IR L 6BT —ANEEBRAF R %o

While a version of the extension context status obviously must exist in vsstatus for VS-
mode, a hypervisor cannot rely on this version being maintained correctly, given that VS-level
software can change vsstatus.FS arbitrarily. If the HS-level sstatus.FS were not independently
active and maintained by the hardware in parallel with vsstatus.FS while V=1, hypervisors
would always be forced to conservatively swap all floating-point state when context-switching

between virtual machines.

HiH, 24 V=1 i}, vsstatus.VS F] HS Z¢ffJ sstatus.VS [EBHAR. S EIEBH 0 (S£H]) B,
WERT— ARS8 K — N RRES . Y V=1 IHESF SRS S5 R e T &
3 (IEEY)

Hieds SD il XS E14E T the extension context status, [F N At VS #i=tal W, #an: HS 4%
sstatus.FS {EAE I vestatus.SD AJ1HE-

— PR EZiE UBE 302 hstatus.VSBE BRI

4 V=0 i}, vsstatus A EEFIHLE TN, BRAE— DRI/ 74 (HLV, HLVX, or HSV)
5f mstatus A {Faxf) MPRV FHEBHRIT M INEECE 6% GliR V=1 —#0 .

8.2.12 EHIME R P A 4 (vsip M vsie)

vsip Ml vsie #Fffar/e VSXLEN fiik/SGafrdr, ERWES CSRsip Ml sie ff) VS MHIAR
A, HASH 8. 23/18.24f 7k . 2 V=1 [}, vsip Ml vsie B IilH [ sip 1 sie, ATl
W EIEY sip/sie BUTEL P EXVGIN vsip/vsieo R, 2 V=1 IF, fi5i HS ST Hiak
Zife HS ¢ sip Afranthia s, AV vsip FHE/R.

VSXLEN-1 0

’ Interrupts (WARL)
VSXLEN

K 8.23: LI E W E T rdy (vsip)o
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VSXLEN-1 0
Interrupts (WARL)
VSXLEN

Kl 8.24: FEMIRE RPN ERER fiar (vsie).

vsip fll vsie FffarHIbRIERR: (0-15 ) AR &I8.25H11&18.26 7K o

15 10 9 8 6 5 4 2 1 0
| 0 [selP| o [stip| o [ssip|o]
1 3 1 3 1 1

4 8.25: vsip [WRIERRSS (0-15 fiL)

15 10 9 8 6 5 4 2 1 0
0 [sele| o |sTIE] o [ssiE|o]
1 3 1 3 1 1

8.26: vsie HFRUEERS (0-15 fi7),

24 hideleg HY%ZE 10 (v NFEN}, vsip.SEIP fll vsie.SEIE & H %, HABK{%, vsip.SEIP fl
vsie.SEIE /& hip 1 hie.vseie 154

24 hideleg 45 6 f NEN, vsip.STIP fI vsie.STIE & HiZ, HAbK{E, vsip.STIP I
vsie.STIE /2 hip.VSTIP fI hie.VSTIE FJ5]4%

4 hideleg HYZE 2 (V. AZEN}, vsip.SSIP fil vsie.SSIE J& H %, HABLKE, vsip.SSIP FI
vsie.SSIE J& hip.VSSIP fil hie.VSSIE 544

8.2.13 BB HIaN N EFMULFTFFE (vstvec)

vstvec Fffare 1> VSXLEN i/ Garfrae, BWENT o stvec Y VS B AYMA, H
AN 8.27HR. 2 V=1 B}, vstvec B TIlHHY stvec, FrLABHEEN stvec HIFF4
LR BRI vstveco X V=0 fif, vstvec AR EIEFMAHLAHITT N

VSXLEN-1 21 0

] BASE[VSXLEN-1:2] (WARL) | MODE (WARL) |
VSXLEN-2 9

K 8.27: LB AN EHHEZT 748 (vstvec),
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8.2.14 JEWIMLE K scratch ZF{F#+ (vsscratch)

vsscratch ZFf7ai e — 1> VSXLEN i/ 5 % f7as, Bl Ed 74 sscratch [ VS #izH
WA, HAgAAnE 8.28M/~. 24 V=1 i, vsscratch U Tl sscratch, Al 2a&
P4 sscratch (54 SLBR_E251/iiR] vsscratch. vsscratch [N M ELERZ LA TH

VSXLEN-1 0

’ vsscratch ‘

VSXLEN

K 8.28: EHIINEZ scratch ZFfFgs (vsscratch)

8.2.15 EMBERRHEF LA (vsepc)

vsepc Aifiame— 1 VSXLEN i%/ 5 % Fee, TSR ias sepc I VS BiCH A, HKE
A 829078, 24 V=1 I}, vsepc U T sepc, FrllEH &I sepc M4 sLfr L
Zxiiln] vsepco 4 V=0 I}, vsepc N EEHIMMPLATIIT .

vsepc j£ 1> WARL #F ey, HMIMREW RFS sepc AlLAMRFFHIMHFEMEAI S S

VSXLEN-1 0

’ vsepc ‘
VSXLEN

K 8.29: EMIEE IRt (vsepc).

8.2.16 JEMINERIEHFFE (vscause)

vscause Aiframrae — 1 VSXLEN 133/ 5 5 f4r. CrliEd 74+ scause [ VS B A,
Hg A 8.30f /8. 24 V=1 i, vscause [0 T scause, frLLER EEEN scause 1
84 Lbr _E21in] vscause, X4 V=0 [f, vscause N EFEHMPLATHITT .

vscause ;&> WARL Ziffas, HUNMREWIRTFS scause W] MRFFHIHIEMEAISES

VSXLEN-1 VSXLEN-2 0
Interrupt ‘ Exception Code (WLRL) ‘
1 VSXLEN-1

K 8.30: LI ERIAR T4t (vscause),
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8.2.17 BRI ERENEFFE (vstval)

vstval #77AfE 1 VSXLEN fLifi/ G428, BRUBAAER stval 1§ VS BaUOHTR, 1
Hes N S 31F7. 24 V=1 I, vstval (B TR stval, FFEMEHIESEN stval 9754
SRR VIR vstval. % V=0 B, vstval R EBAIILERAO (T 0.

vstval f2 > WARL #{78, HAAEHIFAS stval i MRS IR EHES

VSXLEN-1 0

’ vstval ‘
VSXLEN

K 8.31: EHLEBA N E AR NE T Far (vstval).

8.2.18 JEMIMEE JOIRIFEMIRIPFF A4y (vsatp)

vsatp FF{rare 1 VSXLEN (Vi) 5% fidr, Bl ERaTfar satp /£ VS B FRIMRA, H
VSXLEN=32 fgAn& 8.32, VSXLEN=64 #& N 8.33ff7R. 24 V=1 I, vsatp {0 satp, fit
PLizEE R satp Y454 EBR L&sVi R vsatp. vsatp #254i] VS B BCr 2 fE A AE ik B - P Y
BOREP S — B (W58 8.51) .

31 30 22 21 0
| MODE (WARL) |  ASID (WARL) | PPN (WARL)
1 9 22

/4 8.32: 3 VSXLEN=32 i, RESNIGE ZUhERIFNIRIT P77 ds vsatp

63 60 59 44 43

| MODE (WARL) | ASID (WARL) \ PPN (WARL)

4 16 44

[ 8.33: 2§ VSXLEN=64 Iif, #4l. Sv39. Sv48 H1 Sv57 1T, e e i S kit B A 47 ar
{ies vsatp

N7 HEERIERIAER H Y, vsatp FFAFGBOA N E KA, BRAFARIBIRE R U HFH
hstatus. HU=0. JRIM, RIS vsatp JZ{RERAY, VS HrBOOC SRR A (AR LIRS HE A
RSSO E . BRI BRI VS 85 VU.

FrA e, B B/ AAE (HLV, HLVX, & HSV) # 4~ (misspeculatively) In particular, virtual-
machine load/store (HLV, HLVX, or HSV) instructions that are misspeculatively executed must
not cause VS-stage A bits to be set.
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24 V=0 i, Xf vsatp BT AN SCFFHIRUIRE G UEN SRIEE AN (4 satp —1F), HA4
vsatp HYEAEE AV AT i WARL. JA17, AR V=1, XJ satp Ay AR SR
EN G RAESHANE, HHASK vsatp 4R,

Y V=0 i}, vsatp AZEREFINAHITT, BRAE BRI/ FEEE S (HLV, HLVX, or
HSV) =it mstatus HEJ MPRV Rl RS T— I elifr i il Oiltiqe V=1 ).

8.3 MU RS

B A RSN 1 RE LN 6 15- 2 RPN RAAU i 4 o

8.3.1 WPUE FUEMAMBMF TS

31 25 24 20 19 1514 12 11 76 0
funct7 rs2 rsl funct3 rd opcode
7 5 5 3 5 7
HLV.width [U] addr PRIVM dest SYSTEM
HLVX.HU/WU HLVX addr PRIVM dest SYSTEM
HSV.width src addr PRIVM 0 SYSTEM

M g R LI B A 4E U MBI B HS BT AR, 8ifE U BT Y
hstatus HU=1 AR A4S PIT DR AN AT, KRE V=1; B, BAAHIREAG. fR4PR
Uihe, WHT vs BREEL va BT RIAFYIR. B SPVP [y hstatus $EHI5 RIIGEFRIUN . 4
SPVP=0 I}, WAAFVIRSUEAE VU BT ek, 2 SPVP=1 I, SURAE VS AR 58 i FIfE
R, Y V=18, AW, HS 2% sstatus.SUM ¥4 Z0% . HS 2 sstatus.MXR
AT B T HABEREHU0P1B 2 (VS BBV G BB #BRATHEAY, T vestatus MXR
SIS — IR B (VS BrBY) o

WA RV32IL 5 RV64I f#454 LB, LBU. LH. LHU. LW. LWU 1 LD, #G—A %M1
ERIFLINE E4 : HLV.B. HLV.BU. HLV.H. HLV.HU. HLV.W. HLV.WU 1 HLV.D, %} F4/
RV32I = RV64I {7154 SB. SH. SW F1 SD, &G —MH N I EBINLZ %184 : HSV.B. HSV.H.
HSV.W f{l HSV.D. 4%k, #§4 HLV.WU. HLV.D fl HSV.D % RV32 JTC%(.

HLVX.HU 1 HLVX.WU #5445 HLV.HU f1 HLV.WU J2—F#£[), B 7 ekt ey, $uar
PR T AR @il BRI N A7 O IR e R BB BOAR 2 AT TRY . (HANAR 22
BEBURR o X f bk B A 09 W s bk W S A A SR R b A I T AT A B AL
fRo (RAWE BMWENEBESHIEEFWIANARIT (58 3.777) BRylasmItiErt. )
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HLVX T# B EME BN A HRY (PMP), R X E LI PMP 35 2 A AT A B4 KA
FHIF VIR R

R HLVX 35409 2 XN A5 9 F ZHATAE, 12 CA5 R A5 L5 F i he .35 448 F 9
FF, WS K EBSEF .

HLVX.WU X}T RV32 2A%M, B LWU fl HLV 20, 8T RV32, HLVX.WU 1 LA%
WHE HLV.W [, FEARFSY /RS 32 fETE K. )

V=1 I, IRE AT RN/ (i 1S (HLV. HLVX 5 HSV) 25 REIE S FA. 2
hstatus.HU=0, {7 U BT Bkt S S5 EARER A

8.3.2 LU BN TEAFFINERE &

31 25 24 20 19 1514 12 11 76 0
funct7 rs2 rsl funct3 rd opcode
7 5 5 3 5 7
HFENCE.VVMA asid vaddr PRIV 0 SYSTEM
HFENCE.GVMA vmid gaddr PRIV 0 SYSTEM

HAZR IS PR (S HE BRI FE 4 HFENCE.VVMA {1 HFENCE.GVMA, 472l SFENCE.VMA
(IhfE (55 4.2.175), (B HTH CSR vsatp (HFENCE.VVMA) ##(1) VS 20N 1755 FE 451
a1 i CSR hgatp (HFENCE.GVMA) f5 il (1) 52 2 7 PN /745 FREUR Z5 /4 9h . 154 SFENCE.VMA
HW AT 2400 satp 61N AE SRR (Y V=0 If/& HS 2 satp, 4 V=1 [/ vsatp),

HFENCE.VVMA i ff M #£:(e HS BFA ERNACR S mEEAN VS BTF T
SFENCE.VMA L. #4417 HFENCE.VVMA R LAgER 4 i 288 B 28 ) WA Js
AR RAE . EFrARRtEBE S/ VS BrBotibtfiFE 2 i E e . RERSUT

« £ HFENCE.VVMA > 51454, Hl
e 4 hgatp.VMID 5417 HFENCE.VVMA HHFRIZERHIZER, PATHHES .

% hgatp.VMID 5 HFENCE.VVMA $i{7f R AR, FRAEEBON T 2. R BRAERL
rsl#x0, BIRE M EERMMIE, WIRIRIER rs2#x0, BIRE— =5 HIbE = AR IR (ASID).

—A HFENCE.VVMA 4R A F—Akmi, % HFENCEVVMA #ATR, @dEE
hgatp. VMID #7i% % B B #A L.
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W rs24x0 I, rs2 HELEIIMEIG 7 XLEN-1:ASIDMAX {554 DA bR Al o ZERR R AE L
AT AT, EAINIZME I, TS T SEEL 20 o Ak, Wiif ASIDLEN < ASIDMAX,
SIS ZBE rs2 EERIE G ASIDMAX-1:ASIDLEN 7,

HFENCE.VVMA {5 #6952 0L7T A 2w 1s] T8 =& btk rs2 o9 R ASID 15, LR
hgatp. VMID, 344 A by VS BN G5 BHATAR B, LE AR N AE BIIE
LR PAT R .

mstatus. TVM F] hstatus.VIVM ARG HEFHE N

HFENCE.GVMA (U £E HS #0724 mstatus. TVM=0 i}, 87 M #XF (A% [E mstatus. TVM)
AR AT HFENCE.GVMA f5-4 PRiIIE 2 BT B Lo fE 4] WAEATSS RTAfE 0k . AE I RE 1T
AL NENE HFENCE.GVMA HY459 3T G Wy B bk fHiEm i A Ba e U AR p . An R agAE
L rs1#x0, CHE D EEVHEMAL, JFAT 2 60 WREBAEE rs2#x0, BfE D HEMAIIRIR
% (VMID).,

MBS L, —ANERATRESH AN ERES: —MFEFZE AP 3] ZE N EHnt,
B AN EBEYE w4 B K B bt . HFENCE.GVMA REZR# o —NEH, 12
C ik NG —NEA ¥R # 5 HFENCE.GVMA #uytfe VMID %348 I BLég 4 B o

LFNE, FAOLRIIMFNEA, CHERZE DN A3 B8 A F e,
M7 XA A I, T TREAEZI, AREEMIRG S5 HFENCE.GVMA ) 33k Fe
VMID %4 1T Bt 49 52 %) 32 Ho bk 69 AL AT 2 B o6 AR 30 AXAY 5 XA S BHAH 5B 52
BEMEIIARITEA], IRMARS . B F R GHRZRMIE HFENCE.GVMA # VMID %
HEGHAFR, W AEARI AL

MR EGAFT BN htval (9 EEZYEA—4F, £ sl PHREIGEZDEENFAEHS 245, K
AUk % 5T XLEN &5 69 #uk,

2 rs2#x0 B, rs2 AR HIE R XLEN-1:VMIDMAX £ B3 DA SRS H o FEFR Y R 2 LB
IR Z 8, AN IZERAEEZ, FE8Y BT SEEL 20 o it sh, antt VMIDLEN < VMIDMAX,
N SEEAS 2006 rs2 A ARAF RO E RS2 VMIDMAX-1:VMIDLEN,

HFENCE.GVMA &) 1& % 2 I AZ8, rsl PR Bt Fe rs2 P8y VMID 1, FH64A
A A REDENGERPITLEERE, EEAMANGERRBEEHIITLEERE.

W hgatp. MODE % T-45 &) VMID ##H%, HFENCE.GVMA Wi fTH A rs1=x0(LL K rs2
WEN x0 3 VMID) ) GVMA, DME#SH A MODE SR 5 2k = fllie——HIfi[H MODE
8¢ MODE 4 Bare,
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HEH T HFENCE.VVMA |, #iff V=1 [if{if7 HFENCE.GVMA 25— ERFESFEN, MiE
U i N2l i R R S 2 S 8RR SN #£ HS B FIf H mstatus. TVM=1 i}, i{[&
#4T HFENCE.GVMA 12 S 33k E8 5 .

8.4 HMlask CSR

B 0 B R INE & 2 T Hles gt CSR mstatus. mstatush. mideleg. mip Al mie, FFUIIT
CSR mtval2 #] mtinst,

8.4.1 MlardRAS%HEss (mstatus Fl mstatush)

FE NG AR R P B MPV 1 GVA Y InEIHLEs 2031 mstatus 5 mstatush CSR H1, FH&
BOLD AR mstatus FEIITH. B 834078 TR TS E#40 EIF H MXLEN=64 [,
B mstatus FifFar. 4 MXLEN=32 i}, #ZUEE 0% MPV f1 GVA ¥1%] mstatush
M/ E mstatus. /& 83507 7 AESLIL T I 284 e 3t H MXLEN=32 i}l mstatush 27{%

1S

%LE:O

MXLEN-1 MXLEN-2 0 39 38 37 36 35 34 33 32
SD WPRI | MPV | GVA | MBE | SBE | SXL[1:0] | UXL[1:0] |
1 MXLEN-41 1 1 11 2 2
31 23 22 21 20 19 18 17 16 15 14 13
WPRI | TSR | TW [ TVM | MXR | SUM | MPRV | XS[1:0] | FS[1:0] |
9 11 1 1 1 1 2 2
12 11 10 9 8 7 6 5 4 3 2 1 0
| MPP[1:0] | VS[1:0] | SPP | MPIE | UBE | SPIE | WPRI | MIE | WPRI | SIE | WPRI |
2 2 1 1 1 1 1 1 1 1 1

A 8.34: I AR E G, RV64 THIPLGHIRSFT 747 (mstatus).

31 8 7 6 5 4 3 0
| WPRI | MPV | GVA | MBE | SBE| WPRI |
24 1 1 1 1 4

&l 8.35: S [ HEIURE AR BN, RV32 FINFIMIPLEHIRSZT/74F (mstatush) . RV32 [
mstatus R FEARLER,
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MPV fi (HLas ARTRY EBUEARER) EFEABEAN M AR E N B MPP 7B N KB R s
BN (4 ER) RS, MPV (AER N R AR I s B O RS C V I9{E. 2 MRET 54
AT, BB V BB o8 MPV, BRIk MPP=3, {EXFIEN N V £REFH 0.

7Bt GVA (Guest Virtual Address) fEfABEAN M R FSEEILE N XTR R EMIEE A

mtval FUEMFEAN (Wi BHEAXSTE PiisR R DURGHIRECER UM ) . GVA #EEN 1.
XFFHEAN M BRI HABRE A, GVA B E N 0.

mstatus Y TSR fl TVM FBUULN HS BCFRYHAT. AR VS BUFHIHAT. TW F B
SomlR MRS N B AR AT

wE TVM=1 aJfJ; Ik HS #i(50] hgatp 5T HFENCE.GVMA 5 HINVAL.GVMA, {HX}iJ5
] vsatp 254 HFENCE.VVMA &5 HINVAL.VVMA %A%

TVM # 4T mstatus P, A4HEBARAS B K5 B R 45 b ab &1k 42, 8% 2
AT B R R A EIFT BAEANS — AR, & TVM=1 B A5 45BA
RIFIE B A satp v hgatp, HEAB IR (FRERALFYRMIFELS M ZA9KAH
) (lower-stage) #&F4), LEHMERAR LB 3] o M BEHM TAUE B H A
R IO EERTY R, L E B DMER T A4 BUSA hn e bk #0389 R R RISC-Vy
e, Blde: S ERBBEBEFOREISE, WAL CRBALE R LIETBAGEE S,

K, &E TVM=1 ~42%%5 1 vsatp 3#& HFENCE.VVMA 3 HINVAL.VMA 354~
HraN, IHEE VS BEX T RIGEMTEANE, BA M BEEREZ T A VS Bridbab s, 3t
TRIAER, REE VS Bregeat®nigE, m¥irn ey dFmi&E5t3 & hgatp #2449
GWBYFRAT, RIZKAS T, mEMRATARZWR. XAEEA T S AT AR R % A 2
89 KR TH A RISC- VI Jedthn T — 3 R4,

RS E Rt R L mstatus SRR B MPRV 1T 4. 24 MPRV=0 I, BEARIPITH
EH. 24 MPRV=1 i}, BN R, HEN . i Sl e e g oy
MPV, Y4 RS R A1 S o MPP, 36 8.5512¢ 1 X464+,

MPRV A2 N RIS/ A6 154« HLV. HLVX 11 HSV. X254 19 BA a2 B
V=1, JFHAZ L BRI hstatus. SPVP —#f, Al 7 MPRV.

mstatus Z{Fes2 HS 2¢ sstatus H{FeslUtEEE, (HAE vsstatus HUHEEE.
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MPRV | MPV | MPP || 50

0 - - — YT IA]; Y R ERAAR N H - Normal access; current privilege mode
applies.

1 0 0 A HS ORI AR 71T U 24375 7] . U-level access with HS-level
translation and protection only.

1 0 1 HEA HS 20 5B HS 28708]). HS-level access with HS-
level translation and protection only.

1 — 3 A TR M 235 1R) . M-level access with no translation.

1 1 0 || BAEMWIHHARATH VU 245i0]. HS 2¢ MXR LR Al P47 0T
T #E ] 32. vsstatus MXR [EARLEAE VS EHIERH BObRIC N AT PAT Y BT
TR, (H AR B BA A 3. VU-level
access with two-stage translation and protection. The HS-level MXR
bit makes any executable page readable. vsstatus.MXR makes
readable those pages marked executable at the VS translation stage,
but only if readable at the guest-physical translation stage.

1 1 L || BAWZEARARATE VS 24517 HS 2% MXR LT i $hfT
DUHIHAR R 32 vestatus. MXR fHARLESE VS BB Bobric ml ik
Ry U B A Al e, (B U A R R B B B R
vsstatus.SUM {3 HS 2% SUM {7, VS-level access with two-stage
translation and protection. The HS-level MXR bit makes any exe-

cutable page readable. vsstatus.MXR makes readable those pages
marked executable at the VS translation stage, but only if readable
at the guest-physical translation stage. vsstatus.SUM applies in-
stead of the HS-level SUM bit.

# 8.5: LR /RNAFVT M RYRIFEAI R, MPRV R0,

8.4.2 HEPWRIIHGEE (nideleg)

HLIE R frdh R, mideleg HYZE 104 6 A1 2 fr (KR TARHE VS Zirpil) A2 k. 1k
S, ARESEEL TALAMT R SN ik (GEILEN 24F%), mideleg f 12 i (X T MBS AP

) o2 . VS BRI R AN T U2 N M OBEZE TR HS A

XTF mideleg NZEMIfL, hideleg. hip 1 hie HFHM [ A HikZ.,
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8.4.3 HlavhiiFF4r (mip Ml mie)

B A RO B 2 B A TR IR R R At 737 774 mip Al mie BUAMAYTESHAL . [518.367118.36
AN TSR TP E AR R, A AF AR mip A1 mie AYBRUERSS (£ 15:0).

15 13 12 11 10 9 8 7 6 5 4 3 2 1 0
] 0 \ SGEIP \ MEIP \ VSEIP \ SEIP \ 0 \ MTIP \ VSTIP \ STIP \ 0 \ MSIP \ VSSIP \ SSIP \ 0 \
3 1 1 1 11 1 1 1 1 1 1 11

] 8.36: mip AYFRIERRT: (0-15 fif).

15 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0 | SGEIE | MEIE | VSEIE | SEIE | 0| MTIE | VSTIE | STIE [ 0 | MSIE | VSSIE | SSIE | 0 |
3 1 1 1 1 1 1 1 1 1 1 1 1 1

K] 8.37: mie HYbRIEZSS (0-15 7)o

mip Hf) SGEIP. VSEIP. VSTIP Fl VSSIP (i /282 5% CSR hip HAHIE A AI44, 1] mie
rhf) SGEIE. VSEIE. VSTIE F VSSIE {742 hie HAH[E I 54 .

8.4.4 MAPFE _NHEFF4 (ntval2)

mtval2 FF{FHERE— 1 MXLEN fiAyi/ G278 EAGaCUIE 8385 R, S— T HASEA M izt
i, mtval2 5 mtval —EPEAHSMNGRFRAGE, LI BEE LR

MXLEN-1 0

’ mtval2 ‘
MXLEN

] 8.38: Hlawsh “Fa NHAF A4 (mtval2),

YEF AR IEA M AR, mtval2 ] 0 GRS WEIEA T 2 5N T H
AP . mtval2 PORENZ, (HIRARAITR Y e n] fES N HARHI B N FEHIE X mtval2 [
BE

MR EZ T IR E R TE B (VS BB ki &5 a1 Ba =X ;N 55 180 iy, ka5 A
mtval2 [JEZYEEMME S & AR BRAGFT EY#E ik . CSR mtinst 4R {L T HAb(E
T BRI TR BT A I S o

AN, X T PEOEE TUA IR INEAF SR, mtval2 RRHEREE R AEXS Y T mtval
H Y REAMBEESR R BT RIS RS 7 o X T AL RKAR S IR ERIIR & TR, 4% mtval2
XFF H mtval R AR RIS YRS ORI o
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mtval2 j2—> WARL #ffdr. COMAERRNE, FEHATREHRER AN HAbZhES 2 (rp & i
ok TR TER (CIRA IS -

8.4.5 HMARPANIESF/F4y (mtinst)

mtinst FFEAEE > MXLEN (ifKi/ 527 e, MsUmE 8395k, S RAEA M Bt
i, minst B A, WERZEAEE, WO AR S IEE, DABIE I . 7T AE
FEBAHFE N mtinst HY(HICFEAE Section 8.6.3H,

MXLEN-1 0

’ mtinst

MXLEN

K 8.39: MR ANTRL 7 f7ay (mtinst),

mtinst is a WARL register that need only be able to hold the values that the implementation

may automatically write to it on a trap.

8.5 R Bt ak B

USRS AR RERUSEC V2 1 I, BIE BO B ORI IR A28 X TR RN A2 VT R, s
R A58 — I B e (U R B B stk o X VS JUibhE B B vsatp A f7AR 15
il FERYIHHBIERAE S " B A N I B A L o X R M hE BRI REAE heatp
FAFa R IXPIAH BN VS B BORIER] G BrBoflliF. RE S V=1 Rable al O
P B hE R, (EUR AT LA AR O H A A @ (vsatp B hgatp) BEZ, A4 RIS BARXT B
FORER T Bl

vsstatus [ MXR & (LEHGE T RATRO U E) A VS BB R4, 1£ VS it E MXR
R SR TR SR, 1F HS 25N E MXR, 243 VS HrBo G BB R HF 74
R

M V=10, FEEEHHEEENANETT R A% G BNAARIERN LR X683 VS BBk
BRI, BIanEEs VS 2511k,

HLASZRADEE  2 R4P SR T U A . I FLTE (TR, T
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8.5.1 SEERYBLIHINLTIF

MEFYEHAE R S R B B heatp FEHPIREST A e frisil. (55 8.2.1077).

4 hgatp By MODE BGe a9k filiF 7 0L (Bare) B, SEo4siht 5 W58 2y i bt
B BOAMEATER, I EBLBOA A RAP A XA N A2 2 B M b 380 8 2 M B ) 7

4 hgatp.MODE 155& 7 — M EEE L (Sv32x4. Sv39x4. Sv48x4 Bf Svb7x4), G ¥y BihhlFliE
SRR DU REAUHBHE BRI )T 28 (Sv32. Sv39. Sv48 Bl Sv57) H)— A8k, (fEXFMEN T, 4
ANHHER R IR TE AL (FE Rk 34, 41, 50, B 59 ). N 7AW 2 fin, RITER () ¥/
T4 fiE, N 16KiB, MAZIET Y 4KiBo O 1 DEECH B KRR RSE, M DRI 753 16KiB 14
GL, AR AKIB TURGA S . BRI AN, B HAR T HEY Sv32. Sv39. Sv48 Bf Sv57 1
AEHHT G WrBfliE. JERIEMra R (PTE) AR, #HidES4.3, 44, 4.5,
4.6,

X Sv32xd T E, BRI — A TS (VPN) RITUwe2, anl&l 8.4087R.
XA S T 4.31 (3T 100) kA Sv32 REAMBHEAAIR], B 74 VPN[L] @iy 2 1z (7
B REEYHMhER D EE S Sv32 o ECss B IR Y GEH——XF R, AniE] 4.327 )

33 22 21 12 11 0

’ VPN[1] ‘ VPNI0] ‘ page offset ‘
12 10 12

P 8.40: Sv32x4 MEMMAE (G HEIMAL) .

XF Sv39x4 115, A ANRY YR oy N 8.41f7R . iX P73 4.37 (3T 112)
IR Sv39 RERMEAHIE . BR T AE VPN[2] SOy 2 1PN Mk 63:41 fLn/iiaxifhZ:, A0
M EETERE RS K.

40 30 29 21 20 12 11 0

’ VPN|[2] ‘ VPN[1] ‘ VPN][0] ‘ page offset
11 9 9 12

K 8.41: Sv39x4 FEIHhE (CEZEYFEHNE) .

XHF SvA8x4 (M1, A NRYSE YA N 8.42f7R o iX P37 3 4.43 (T 114)
fiiR ) Sv39 REFMMEAHIE, BR T AR VPN[3] mAi2 1 PIfL. Hihk 63:50 ALaiianin %, 0
— M EEIERE RS K.
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49 39 38 30 29 21 20 12 11 0

VPN|3] \ VPN]2] \ VPN[1] \ VPNI0] \ page offset

11 9 9 9 12

] 8.42: Sv48x4 EMIMhE (EEYFHNE) .

X SvhTx4 T, A& NHIEZ B AE 53 an &l 8.43F7R . XA 43 75K 4.49 (7T 116)
AN Sv39 RELUMEEM . Br 7 AE VPN[4] S 2 7L, bk 63:59 fL/ieiln®, A0
—PEEITEERR RS R,

58 48 47 39 38 30 29 21 20 12 11 0

| veNEd] | veNpl | veNl | VPNI] | VPN[O] | page offset
11 9 9 9 9 12

K] 8.43: SvbTx4 EM ML CEZYFHNE) .

RVS2 A TR @ G N5 E-Sv32r), MAXAEF Y LEEZHEEY, A
RV32 BB U A BEMALASE 3245 RISC-V it MMM H RE B% 5| FR4], Bl 2R LA
3345 K, 34 AL A A A, de REAEITAE 334K 34 A ikl X TR LA ALE B
DB F 9T Re e o AR T A Ko Foxt 5 KR 4 AT Sv32 B & 34 fisbik ey R R
ke IF—ATRLENRARR A, T 12KiB 83 Fst T XS4 (THRITE) SFRER
89 )5 RAMT RIE .

S F A w45 TR M BE % 18] 69 4 B2 b & ] 69 B AL, — BLAY IR AL AE ) AKA A 2F RV64
BA— AL Blde, ST LI 39 fLE pAl (Sv39) MLE, IAHFLBBE BI6RE L
% 4R REN IR T, mAE LA S AL E B (Svl8) RERM X HF, LRER
AR T R AR E Kb E N,

Sv32x4. Sv39x4. Sv48x4 mf SvHTx4 FEFYIF AL, iS5 Sv32. Sv39. Sv48 & Sv57 fH
A AR SER, e 4.3.2 R, BRT:

hgatp FAL T I satp;

A YE BRI A VS el VU i, HibkB0FE A LTI
ek EE U (i, YEiRsbUs=Ca2emh U #is: mA

51 & AT AR, A S TR R 5 o

X G G bl B, BrA AR (450 VS B Both bk S iy n SR a5 i via)) &RSHA N2
PRSI, A U SN AT PR IR——nl . a5l al i fT——E G By
FhErPpdeE (5 VS BrBrIBIEHED « XT38 VS HrButht e (Blns:/ 5 VS Zisk) fM
FYIIR, AR G el i, AR S SRV (B2, X TRIAYIREAL (f5
A EkEA P/ AMO), SRR TR .
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Frfi G BrBi PTE HRy G ALARZ AR B FRIESE T T ORBE Y o A28 B8 I RObR IS JR XE SLZ AT
N TR, ERAZHEIEE R, I HLAURRE 20

G Bbib 3Bt B 5w Mk s: A0 B 69 PTE #% X, £264 U, BA G F"ﬁx%ﬂi’éﬁn
T HS BB TREF % (XTA) k. FEXIFRNERTLSTMT , &AL
F AR

8.5.2 SEETIHHIR

pa

R TUEHIRANAE medeleg FYFEHI AT A M #CHLE] HS =, (E2AREACEER) HAD R
Lo MEEFISEEREY, CSR mtval B stval G — R4 MR ERHIEE N, 1 mtval2
oY htval NGl % - %@i@ﬁtg)\ia L% Wiz, CSR mtinst B htinst [H] A HER H
TR 2B M EARAREES A, RIS 8.6. 3T R ARFE

juil

AR BRI FF B9 A A5 TR 5 MO B R 288 S B B RPOAS 5] O e . 2575 7 DB
D BAEX RO T, B mtval/stval AYEEIR RIS 2 DU AR T B9 RE AL I A I o
R SR DU A B AT A e B RO RE DU ) B2 i T i A RE DU Y
Tl L

B MEETERAZ BT VS BrBotitfF RSN AT R Br S 20, 5 A ntval2/htval [
PR AWMLY S E AN ntval /stval [ U]REIERIR R .

8.5.3  NAFEBHLR PE

SFENCE.VMA 54 1783 45T ERG V 1520, 24 V=0 i, ERUbISH0E—14 HS g
UHshE, ASID 2¥02—4 HS 2% ASID. 54 551 HAEGE 2 AR50 HS Zutthk #1En9 HS 24
Wtk EF LA

% V=1 i, SFENCE.VMA FHEHUEEZ50R S0 ERUHLA 22 B . 3L ASTD S0 7Y
NTHEBULEY VS ¢ ASID. 4§ BiLHLI CSR heatp 1§ VMID FBHRI. AL ASID LAY
R VMID 5 vs % ASID fj41 4. SFENCE.VMA 354 FSIUEi4E] ., fER—mmblh, 25
S VS WrEHEEEN, VS SUtEEESEE R, BT (1Y hgatp.VMID 15 SFENCE.VMA #if
RS AR

WP 28454 HFENCE.VVMA #i1 HFENCE.GVMA #2 4L % 4P 8 778 B B i, 4P 78
SFENCE.VMA, X475 8.3. 27 ik,
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3029 HE THE N AR (PMP) MRS T RERY S Bl . R 2GERA2, & PMP
BB R R B ORAF TR O3 A A7 s ORI AR R RO MU ER N A MG 6750 PMP 3%
BEYREMAGFERER L. MT HS FUlht s, 2aidfe M BN AT SFENCE.VMA {7
& (ffi rsi=x0 Ml rs2=x0) RISLMH. IEHEFEL G BB VS BB Eaassty. Hir—=4
HFENCE.GVMA 5% (rs1=x0 il rs2=x0) ELARHrA G BBl VS BrBubhl#FEs /70, X
LRI C 257 | HRA CRENIREIY I IEX VA PMP &, — HFENCE.VVMA &
LRI o

8.6 FAA

8.6.1 KA NJEH %Y

AR E SRy R TR g, 3 8.65IH AL BN S R B4 ¥ R rT RERY M A=A HS
BN 2 VS Zohlr (Rl 20 6. 10). SIS /MBIl (hil 12). RS
SFew (Sl 22) MIEZDUASR R (Fh 200 21, 23) IR0 4GRS, EOh, SRE VS SR IREE A
e BC MR 10, Tiisk B HS AEE S B R PRSI A 8 A A 9.

HS #: XA VS B X8 ECALL JA R R BAL, AT AMATET AR5 A

0 V=1 i, R IESE HS-qualified, NWEH S5 E— 1 REIESFE (K85 22), 1A
- MEREESFE. BE V=18, BT RBON Rl TR I E R ECEIUR B & CSR(HI4n
scounteren B{ hcounteren HHH#fIZEA, %3844 T. 3% CSR mstatus [ TSR 1 TVM
FERARAE, MR —FA82ME HS BT (TR e iR PR L E) A%, )
2 E ke HS-qualified.

FERRARINIE F T 157 A)32-fr 24> CSR |y CSR 54>, 1 cycleh H htimedeltah, *§ V=1 f/I
XLEN>32 i, 2%i¥/j[A) high-half 15%52% CSR. high-half #4425 15452% CSR. high-halfVS 2% CSR
8¢ high-half JEFFFL CSR EE2 5| ZAREIE S FH . £ vs B, R VU BiXHy XLEN KT
32, MZ7 1A high-half FI P Z0H) CSR(GARFAT CSR AFH) =il KAREESRE. H—
JrTE . 2% V=1 ] XLEN=32 i}, WREHEH—F low-half CSR(HIU cycle 5 htimedelta) 4l
/] CSR #§4 /& HS-qualified, HE2475[A] high-half (1] S 2. @R ELE. VS BFERAL CSR HITE
R T | R IR T, MAEIRRIE S =i AR, 78 VS f&imh, & VU ff) XLEN
32, WS HE S —2F low-half 1 CSR [{#H[E CSR #5412 HS-qualified, 35[A] high-half ] F74k
CSR Moz 5 | & EITR & 5, AR ARE RS R .

RISC-V BB ZEMBWMNEA LA F % CSR, 12eM T LETZFLEN KRR ART K
AHmo
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il | AL | A
1 0| ¥y
1 1| ISR ATl Supervisor software interrupt
1 2 | ERLRE AR AR Virtual supervisor software interrupt
1 3 | MlasifH T Machine software interrupt
1 4 | G
1 5 | WS e P Supervisor timer interrupt
1 6 | FEWLIAE R AP Virtual supervisor timer interrupt
1 7 | Wlash gl Machine timer interrupt
1 8| @y
1 9 | WREZ NIRRT Supervisor external interrupt
1 10 | LS AN T Virtual supervisor external interrupt
1 11 | Flas/MERH M Machine external interrupt
1 12 | WS AN Supervisor guest external interrupt
1 13-15 | #R8 &
1 >16 | # A T+ & REZH A
0 0 | 84 Hulik A Xf5% Instruction address misaligned
0 1 | ¥8497 0458 Instruction access fault
0 2 | JEiE$84 Illegal instruction
0 3 | Wi Breakpoint
0 4 | fn# bk AR XS 55 Load address misaligned
0 5 | Ingkiin4giR Load access fault
0 6 | 7% /AMO HihEA X575 Store/AMO address misaligned
0 7 | 4% /AMO jf5njgE iR Store/AMO access fault
0 8 | £ U fixEk VU Bk &4 3518 B Environment call from U-mode or VU-mode
0 9 | fF£ HS fi & ERE H Environment call from HS-mode
0 10 | 7£ VS =0 &R E A Environment call from VS-mode
0 11 | £ M B A 2EREREE I Environment call from M-mode
0 12 | ¥84 714512 Instruction page fault
0 13 | gk 4R Load page fault
0 14 | #&RE 8y
0 15 | fFfk/AMO Ti4iR Store/AMO page fault
0 16-19 | /%<8 4
0 20 | {4 TUH 1% Instruction guest-page fault
0 21 | I E TUH 1% Load guest-page fault
0 22 | EAI$E4 Virtual instruction
0 23 | 74 /AMO £ T 1% Store/AMO guest-page fault
0 24-31 | AaRXIER
0 3247 | KB 8
0 48-63 | A\ IIE
0 >64 | REGH
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BACRSL, AELUMROU R 5 1R e & S

16 VS B30, 24 hcounteren HJMHMN AN 0 H mcounteren W[ AHE LA 1 B, 27
[A] non-high-half 11%7%% CSR;

£ VS £, iR XLEN=32, 4 hcounteren HJHHW {7 N 0 H mcounteren H{YFH[H|
Ak 1B, 22i)510) high-half 114038 CSR;

16 VU #5F, 24 hcounteren HIJMHI 724 0 H mcounteren HHHE A 1 I, 2217
1] non-high-half $14{#% CSR;

14 VU &0, 8 XLEN=32, 4 hcounteren FHJFHN {7 A 0 H mcounteren FFHFH[E
Ao 1B}, 221)510) high-half 1148 CSR;

£ VS Bl VU BEACR s R T— B 2R E2HE 4 (HLV, HLVX, HSV, 5 HFENCE);

£ VS Fixel VU BT, ik mstatus. TVM=0, 47£ HS #:0F RrHE R (52/5)
. 245 A — 4 EACEELHY non-high-half HZE M2 CSR = VS 2 CSR;:

£ VS el VU T, (B4 mstatus. TVM=0, #15% XLEN=32, X7 HS iz~ nif
#f CSR ) low-half f53 AT VIE] (i%/5) I, 2500710 C 32U high-half 2
W58 CSR 5% high-halfVS 2% CSR;

F£ VU BTN, Y mstatus. TV=0 B80T WEFT sifid T E 945 < (SRET 5 SFENCE);

1£ VU fAR, R mstatus. TVM=0, 4 HS BT RdFHRITR (32/5) B, 2205
[ — B EEE A non-high-half 15252 CSR;

f£ VU BT, {RIX mstatus. TVM=0, #I5 XLEN=32, X47£ HS #&T RiFih CSR {1y
low-half {532, {7 SEIR) high-half §§452¢ CSR;

VS 120K, 24 hstatus.VIW=1 fil mstatus.TW=0 i}, {EHfT WFI (G645 1FE4r
FE TSI BRE BRI N SE ) 5

1F VS B3R, 24 hstatus.VISR=1 i}, Zi{#fT SRET; JfH in VS-mode, attempts to
execute SRET when hstatus.VITSR=1; and

16 VS Bt R, Y hstatus. VIVM=1 B, 2i4#{7 SFENCE.VMA. SINVAL.VMA s3j]
satpo

XRISC-VERRUR RZEHI B ALY g ] RER B INAE V=1 B SEEIIE S S HIP R .

FEREAME S AT, mtval 8 stval A4 5 7S ARETE S A
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AT IHHEETEREFIE THAORE, BBUE B LIMBEDG] LEIE A FF 54, XA
HRFARF N BFHEIMIEESTENAERIL HS B ZAIE R, HIIEERAGAT
e AE MBEXTAE, REBA K GALHM) 4% HS K. Bk, RIIE4ASBAGE
W L% PR R 2G4 e ANAL AT B

L TARBAG NG AT, AR B % R R 4G AT N A BB R ALe R B AR .

A % mstatus ¥4 TSR f= TVM R%h S # X (HS #X), Frolde VS B X FH 26 7% 4

‘?‘_{‘ lﬂ& rE- ,ﬂ] o
AL Exc. Code | #iiR
Highest 3 | 54 HikH T Instruction address breakpoint

12, 20, 1

LEFe 4 bk FE T A2dh . During instruction address translation:

B ERI TSR, First encountered page fault, T2 TUAR R, BT )45 1%

AV M FE 4 With physical address for instruction:

1 5415 n)55 1% Instruction access fault
2 | B84 Tllegal instruction
22 | E#IF54 Virtual instruction

0 | 84 Hilik A Xf5% Instruction address misaligned
8,9, 10, 11 | IR Environment call

3 | IAEEW S Environment break

3 | g/ G4/ AMO HihkT RS Load/store/AMO address breakpoint

Al H: Optionally:
4, 6 Iz /74 / AMO Mtk A& X5 Load/store/ AMO address misaligned

13, 15, 21, 23, 5, 7

1 BN NAETT g kB PE L FEH . During address translation for an explicit m
UGl A DU R, First encountered page fault, 2 Ui, EijnlfE i gu

WA RN AP Bk . With physical address for an explicit memory ac

5 7 Iz /74 / AMO 5 nl%8 1% Load/store/ AMO access fault
MR ARFH SRS If not higher priority:
Lowest 4,6 Ik /G /AMO Hitk AR X 55 Load /store/AMO address misaligned

IR SRS HE
FIFFA S A S o

8.7 HEPIE AR, PR R E .

IR ZANFEERE, WL 8Ty 37N, 7F mcause B scause HIR
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8.6.2 [PHNLK

AR HS #E U BT LR, BRI M B, BRIFZIT medeleg B mideleg HYZR4E
BEN HS B AL AAE VS #iel VU B, R M B, FrAR4IT medeleg B
mideleg FYZAEHEN HS Hi, FRARZIL hedeleg i hideleg Rt ZATHEN VS ikl

A M BRI, HERLEG V I 0. nstatus(di nstatush) ffyEE MPV il MPP
RPEEE 8.8 H. A M HAIASFE mstatus/mstatush PG N FE GVA. MPIE il MIE, Jf
5 N CSR mepc. mcause. mtval., mtval2 f{] mtinst,

Previous Mode | MPV | MPP
U-mode 0 0
HS-mode 0 1
M-mode 0 3
VU-mode 1 0
VS-mode 1 1

#* 8.8 TEfaAZ| M #i:{ 2 J5, mstatus/mstatush [J MPV fil MPP g, XNk, JfH
MPP=3 i}, ZW& MPV,

P AEN HS B, MV IXE Y 0, hstatus.SPV Al sstatus.SPP {5 8.9iK&. W
RAEREANZ AT V 9 1, hstatus H[1) SPVP EEIHIHE N sstatus. SPP; &I, {fFF SPVP
AR, N HS BRI ARG 7B GVA 5\ hstatus, FE SPIE A1 SIE 5 A\ sstatus. CSR

sepc. scause. stval. htval f{] htinst,

Previous Mode | SPV | SPP
U-mode 0 0
HS-mode 0 1
VU-mode 1 0
VS-mode 1 1

# 8.9: fEfgAZE| HS i 5, hstatus [ SPV FEA sstatus [ SPP FEHI{H.

YR AFEN VS #i], vsstatus.SPP M5 8.104% % . Zi{F#+ hstatus fI1 HS 245/ sstatus
ARBEE, ARV fRFr 1o BEA VS BAIYBENESAE vsstatus 15 N7 B SPIE 1 SIE,
H#5 CSRs vsepc. vscause f{] vstval,
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Previous Mode | SPP
VU-mode 0
VS-mode 1

7 8.10: TfEfE AR VS #i 2 )5, vsstatus [{J SPP “FEIY{H.

8.6.3 A mtinst B htinst HJEEHIELSeifhigSd

AR AE] M BB HS BB, N —MESH H IS N GERNBATE S CSR
mtinst B htinst H:

B NTE A B0
— I EEXHIE CUERATESRARER BT L) 1 Bl

— R TR S o

Br 78— M S MERREN (Fmaid) . SA ntinst 5 htinst IUESZTEEF. X
KA AT A TR R B A SR ETE R

BANFBAFEA CSR A BmAR M. H—ANB G RIEZHENLZREF P Ig MR E, —H
7 RABIAAALERES (handler) BN FF B AR 4, 5B —FF 7 X2 T # %
FatfTH5 40— T, F AR RZEAIHRARB L TEERDHEZEFFOMME L, X
B FH AR A VS B b5 % m AT 8 XN G5 19 5] A2y,

AT R Gidm, FENIE A G EIRAR B N R AR A G A 0 AH, RmnE AR
A LA R T AL IAAE AT F 20945 B0

e, AR AR S A RTINS R, IR AR,
SR 575 45 B F 46 -z —

0fn2 1, 1 B 1 LA RN R SR & R A R A o

FEXFMEOLT . ARG SA A ER R IR 2R —F M, I A FarEaREA
PR AR, ST E L. flhn, anif -1 frg ikl 11, FFEaERbaiE LW(Om4;
T) IR, AT IR LW, S e ER R ERAR LW fi5 SRy,

0fioh 1, Al 18 1 ACKEHZEA NN B E R4 BATRER TS HAD (R - AR
IREEGR) o

RE A M. KAEFARIIR S RAMR NG & AIRUEXT B E SUERI RS S AT IUE -

This is a custom value.
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o ZAEHRMIEE XA MR ES . Irf X fife S AL 0-1 A#f5ET 00,

ZRMEUHERR T KSR RERGE, FIINATA 0-1 AL55E T 3k 10 B9fE. ASRAIFRIERY @]
JE SR DL, I AVE S BTACHEBRAEL. PP al LA 2t B N AR 2 35 A oA Al RO A

i
fE
i

o

o
oG

AT H5AMAENKRGITREFTHZE, M mtinst & htinst AEBIE TG KM L0 7 A BIE
GAA S LRI RS HFE R —, #lde, 3F RV64, X3 mtinst 4§ 0-6 452 0000011, 12-1/
4552 010 R R VAEEZWHEHIER T H—FH L, FFEHER S L —AMFAEG LW 354 18R,
B0 IR IN mtinst 89 32-63 4R L K.

RRGAFETE A A 64 15 mtinst & XFe94E, XEAE 32-63 5P R, 24 0-31 15
TR LA HARE RV64 45448 B 69424 Ko

LirkiATRNE, TE2REZULYIRA BB L EBANGIRALAME SRR (LER
R G NI AT RIR)

® TVEIR T RESETXT AR R E R IR A H S B NBENTE S A A S E X T LR ARIUE & By
. ARREAZENIEH. HASKEBARIES AR HERRE, 4 ESEANEEEH. &K
SRAUPRIEEY e vl REAR VPSR S HAMAE , MR SZ A R E AR X 2 ME

WP SIZEN , AL RIS A e S X BNV (A load. store fI AMO
184) SIENSEIN BRSO ERS. R, BT OOV EE NI RTE S8 LT iR,
RIFL BN R AR E L briERE & b, IBABANIR S A A% 5 A% (B, il
DT, BRI TS (H) -
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Transformed Pseudo-
Standard Custom | instruction
Exception Zero | Instruction Value Value
Instruction address misaligned | Yes No Yes No
Instruction access fault Yes No No No
Illegal instruction Yes No No No
Breakpoint Yes No Yes No
Virtual instruction Yes No Yes No
Load address misaligned Yes Yes Yes No
Load access fault Yes Yes Yes No
Store/AMO address misaligned | Yes Yes Yes No
Store/AMO access fault Yes Yes Yes No
Environment call Yes No Yes No
Instruction page fault Yes No No No
Load page fault Yes Yes Yes No
Store/ AMO page fault Yes Yes Yes No
Instruction guest-page fault Yes No No Yes
Load guest-page fault Yes Yes Yes Yes
Store/AMO guest-page fault Yes Yes Yes Yes

#* 811 WAL, "REM H G NI S 3747 (ntinst B} htinst) [HJ{H.

XFARESE4 . fif2 LBy LBU. LH. LHU. LW, LWU. LD. FLW. FLD. FLQ & FLH >
—HIPRHE NGRS, FHUE AT AR TR

31 25 24 20 19 15 14 12 11 76 0
’ 0 ‘ 0 ‘ Addr. Offset ‘ funct3 ‘ rd opcode
5 3 5 7

& 8.44: Transformed noncompressed load instruction (LB, LBU, LH, LHU, LW, LWU, LD, FLW,
FLD, FLQ, or FLH). Fields funct3, rd, and opcode are the same as the trapping load instruction.

SFFAEIESTES, /2 SB. SH. SW. SD. FSW. FSD. FSQ & FSH  —[{riEfrikie s,
e HE R s PR .

FTFRMEE TS (RE N, S rEfsk AMO $54), i a1te 4 U B 2707R.
XETARIE R LN/ 77 < (HLV. HLVX 8¢ HSV), it j5 a4 HIR e 84785,
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31 25 24 20 19 15 14 12 11 76 0
’ 0 rs2 Addr. Offset ‘ funct3 ‘ 0 opcode ‘
7 5 5 3 5 7

& 8.45: Transformed noncompressed store instruction (SB, SH, SW, SD, FSW, FSD, FSQ, or

FSH). Fields rs2, funct3, and opcode are the same as the trapping store instruction.

31 27 26 25 24 20 19 15 14 12 11 76 0
’ functb ‘ aq ‘ rl ‘ rs2 ‘ Addr. Offset ‘ funct3 ‘ rd opcode ‘
5 1 1 5 5 3 5 7

¥ 8.46: Transformed atomic instruction (load-reserved, store-conditional, or AMO instruction).

All fields are the same as the trapping instruction except bits 19:15, Addr. Offset.

31 25 24 20 19 15 14 12 11 76 0
’ funct7 rs2 ‘ Addr. Offset ‘ funct3 ‘ rd ‘ opcode
7 5 5 3 5 7

/€ 8.47: Transformed virtual-machine load/store instruction (HLV, HLVX, HSV). All fields are the
same as the trapping instruction except bits 19:15, Addr. Offset.

TELL EFr A e f5 4, Addr. Offset FBUE AR ERDME (B mtval B stval) 5J5IEHEIL
f@iﬂtZlEﬂE’JE%ﬁ BREETHES 15-19 (10 rsl FB. HAEIESF NG RIER T, ES
AR AEZN . WEIER, WTREARMIMBRTM, a4 0 ERmE 7B % .

TR EESE TS (16 (1<), FefaE T B :

L $RRIELHR S NI 32 R4
2. BFARIX A 32 RN HE .
3. a0 AUEER 1 fi.

B NIRRT, WG S AR TR 195 0-1 ACR2 gt o1, SHIPKZ 11,

A mtinst X htinst 49N BB, —LHRBA T T FEE SR ERARAME (LB, LBU, LH,
LHU, LW, LWU, LD, FLW, FLD, FLQ, & FLH) XX k&4 (SB, SH, SW, SD, FSW, FSD,
FSQ, % FSH) #%#, sh R EZHINZR A FE (81:25, Fo 24:20 X 11:7) AE, piE &
T 38 09 4H IR A B, /A 09 G A 3R R CAIE B TG N3 AT R 245 4o



Volume II: RISC-V Privileged Architectures V20211203 169

AR RRBRATRR A SN AT FEIZ L. 2R, ATRERE, ETREEE
AR THARRY, TAZARLZR,

T EF IR, AR T AL NEIL T MR R SEE N (a) ££ VS BrBiiht
FEd i, RRNATTREER SR, JFE (b) A mtval2 B htval 5 AJER(E (FHREEY)
AR o WERPIASATFRAT S . ABAE N mtinst 50 htinst MYEMIING 8. 12165 TRAM
FVFRY o

Value Meaning

0x00002000 | 32-bit read for VS-stage address translation (RV32)
0x00002020 | 32-bit write for VS-stage address translation (RV32)
0x00003000 | 64-bit read for VS-stage address translation (RV64)
0x00003020 | 64-bit write for VS-stage address translation (RV64)

Z 8.12: Special pseudoinstruction values for guest-page faults. The RV32 values are used when
VSXLEN=32, and the RV64 values when VSXLEN=64.

FieiE LR DR A AERBAS T N S EA I A A H Zm A A DI XS B, 4 Table 8.13 17K

Encoding

Instruction

0x00002003
0x00002023

1w x0,0(x0)
sw x0,0(x0)

0x00003003 | 1d x0,0(x0)
0x00003023 | sd x0,0(x0)

Z¢ 8.13: Standard instructions corresponding to the special pseudoinstructions of Table 8.12.

write 454 (0x00002020 B 0x00003020) i THleridlE Bah#H VS REFHIAL A fl/5 D
HE B A AT VS BBt hkEE A BRI A7 U5 PR R e . A SR AL a8 A B 355 VS
IR A (2BL D fn G REZe5) . KSR S HI write 16 JXFERY DUR R S2b5_ b
MO, AU — MR E N, X —F eSS 1

o RFHBHIGAALG FAET A IA MAEX T, AR L mtinst 7T 4 T4 R ik A K HS-mode F=
htinst 424w dbo R, BXFFAL T, IGAI ST A BLREZ—ANRA NI RS, TR
BRI M F A 0 F= 0x00002000 3, 0x00003000, 7T £ i% % # 0x00002020 5% 0x00003020,

B RALHGRTRERAZXLEAMHLAFRL, BALZEFELT, BALE B R4 LHEM
KA TE XN BT 9o A8 R, fEiBad XA IRAE SR A AT AT, BB T BT KB X
THRTE 61 8, DMRAEBAE A AT E (Bl @R TR M A B — ANRET) .
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8.6.4 [PANIRIH

MRET #54H TN M XU AIRE . MRET H6HR1E mstatus 5 mstatush Hiff] MPP
MPV H{E (Hgmidfedk 8.851) HEHri i 2t 4. 45, MRET f£ mstatus/mstatush
i E MPV=0, MPP=0, MIE=MPIE, MPIE=1. /5, MRET JRFRUsA 15 B it ar oo 14y
B, JFi%E pc=mepc.

SRET f54 M F#EAN HS #i3al VS BEHI ARl ©RYAT ABERT 21T A9 DU,

e M e HS B (B V=0) $f7H), SRET EH40HEYE hstatus.SPV f sstatus.SPP H1f
B (HImtorEsk 8.99) e iR =2t 4. 285 SRET i%# hstatus.SPV=0, 7 sstatus
Hi E SPP=0, SIE=SPIE, SPIE=1. /5., SRET JAUii% Bk Se i e A=, Jfi%
B pc=sepc,

24 SRET DA VS fix (H) V=1) $47Hf, RIEE 8. 10 BER AU, 17E vsstatus HHiEE SPP=0,
SIE=SPIE, SPIE=1, ix/5i%# pc=vsepc.



FIE RISC-V KBRS &EIIR

AFNET RISC-V EFBA 2 U Fr A s TR LRI .
AFME—GRME T IR SRR S 8513, Wil ECALL Al EBREAK 5%

171
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31 27 26 25 24 20 19 15 14 12 11 7 6 0

funct7 ‘ rs2 rsl funct3 rd opcode R~
imm[11:0] rsl funct3 rd opcode 257
FaN-1R [l 454
0001000 00010 00000 000 00000 1110011 | SRET
0011000 00010 00000 000 00000 1110011 | MRET
- PR 4
| 0001000 | oot01 | 00000 [ ooo | 00000 | 1110011 | WEI
RESNE-EHES
| 0001001 | w2 | w1 [ 000 | 00000 | 1110011 | SFENCE.VMA
BRI E SN EHEE S
0010001 1s2 rsl 000 00000 1110011 | HFENCE.VVMA
0110001 1s2 rsl 000 00000 1110011 | HFENCE.GVMA
BRI E A E - PLE MBI R E e 4
0110000 00000 rsl 100 rd 1110011 | HLV.B
0110000 00001 rsl 100 rd 1110011 | HLV.BU
0110010 00000 rsl 100 rd 1110011 | HLV.H
0110010 00001 rsl 100 rd 1110011 | HLV.HU
0110100 00000 rsl 100 rd 1110011 | HLV.W
0110010 00011 rsl 100 rd 1110011 | HLVX.HU
0110100 00011 rsl 100 rd 1110011 | HLVX.WU
0110001 182 rsl 100 00000 1110011 | HSV.B
0110011 1s2 rsl 100 00000 1110011 | HSV.H
0110101 1s2 rsl 100 00000 1110011 | HSV.W
AR IE S ER-PLE M FIfEiEHE 4, X RV64
0110100 00001 rsl 100 rd 1110011 | HLV.WU
0110110 00000 rsl 100 rd 1110011 | HLV.D
0110111 182 rsl 100 00000 1110011 | HSV.D
Svinval N{E-EHILfE

0001011 rs2 rsl 000 00000 1110011 | SINVAL.VMA
0001100 00000 00000 000 00000 1110011 | SFENCE.W.INVAL
0001100 00001 00000 000 00000 1110011 | SFENCE.INVAL.IR
0010011 rs2 rsl 000 00000 1110011 | HINVAL.VVMA
0110011 1s2 rsl 000 00000 1110011 | HINVAL.GVMA

£ 9.1: RISC-V [l 4



FHE R

10.1 N REAA TR B B S 22 B

RISC-V ZEMIFISEBLHI T A 7870 1 LA T B B s 55 Bl o

o Par IS WIS AR (Award #024263) Fl14: /R (Award #024894) 5B, 3
U.C.Discovery (Award #DIGO7—10227) PRALICHE ¥ B . ANAY Sk B T Par 238 = [t
JERERNE . JEAA . SO =

o JiiH Isis: DoE Award DE-SC0003624,

« ASPIRE 5845 DARPA PERFECT T.#%, Award HR0011-12-2-0016, DARPA POEM T.
# Award HR0011-11-C-0100. ARZEAGWFFEHUL (C-FAR), — PSRBT 2wl 5 B
STARnet Hulyo ZAMULHERH T ASPIRE TV EIE, JikE/R, #1 ASPIRE [fit)g, &
AL, Ay, R, IS, HESC =

ARSI N ATFFEASRE LRI S et 58 B BUR I SZ 3 RHBR . I ELAS BEAHET HH 7 A IAHT
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