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0J 0<F@ DI>P20IB tJJIKIIB =<>F 0J I@K@<0 0C@ 5% 1A ICANA R<N 13 <>0J1<=(@ @Q@10

2C@ NPBB@NI@? R<T 03 ><it S$" INDINI?@ <1 DIAIN@ (JIK <N ?@N>ID=@? =@JIR

while (1) {
asm__ volatile (C'wfi'™);

}

2C0 S$' MINWMP>0JI 1 N EPNO < CII0 <17? < 6@B<C IHK@H@10<W0J 1 IN 0J DHK@HE@I0 5% <N< ,—_ 'l
1IFIQA@N IHKG@H@10<0JI 1 JA 5% (1CO S5$' DINMP>0I 1 IN INNP@? <17? 0C@ >JIN@ BI@N D10J DIO@N D <6
>(J>F B<1B Ni<(@

"B=27C60<? ""<12 %?6C62421 ;@A?BOAS<;@

S 1 +J3?70 @1<=6@? >IN@N NP>C<NIC@ 3 +1 1JI@ YJIHK@S J1@ 1@R NPK@NQINJN 6@Q@6
DINOMP>00J I ON KNJQI?@7 DI <?2000J1 0J 1O#2

"B=2?C6@<? ""2<PF "".;.42:-2;A 2;02 ;Q@A?BOA<;

2C@ NPK@NQININ H@HINT H<I<B@H@I0 A@1>@ DINWP>0J 1 1$#, 14 4+ IN PN@? 0J NTI>CHI U@
PK?<0@N 0J DI HOHINT HOHINT H<I<B@H@ 10 ?<0< NOMP>0PN@N RXNC >Pil@ 10 @S@>PW0J1

L w0 oo e | e [ easeer |
« # + G366C %* + O "
14822 1PK@IQINII +@HINT -+<1<BOHA10 $81>@ * INNP>0J 1

"INOP>0J 1 @S@>P0J 1 ><PN@N DHKD>0 H@<?N <17? RMOI@N 0J 0CAN@ ?<0< NOMP>0PN@N CJIR@Q@VW 0C@N@
IHKD>)0 N@AGN@ 1>@N <H@ JN?DE<MET 130 JN?@N@? RIOC N@NK@>0 03 (I<?N <17 NOJN@N DI 0C@ DINOHP>QJ 1
NON@<H #S@>POIB <1 1$#, 1# 4+ DINWP>0J1 BP<l<10@@N 0C<0 <IT NOJN@N D1 0C@ DINOP>(J 1
NON@<H KIDJN 03 0C@ @S@>PUJIT JA 1$#, 1# 4+  <I@ JN?@N@? =@AIN@ <G DHK®D>0 N@AGN@ I>@N NP=N@
LP@I00J 0IC@ 1$#, '# 4+ SPHCANHINE@ @S@>POIB <1 1$#, 1# 4+ BP<I<I@@N 0C<0 <IT
IHK®D>)0 RINAN ><PN@? =T DINWP>0J IN KWJIN 03 0C@ 1$# , 1# 4+ <l@ JN?@N@? =@AIN@ <t tI<?N <I1?
NOJV@N NP=N@LP@100J 0C@ 1$# , 1# 4+

&246@A27 692 )@.42 . ;1 _%%;4 <;C2;M<;0
04 %Y C<N  PI@BINOGIN IC<0 <l @<>C  =IN RI?@
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&246@A27 #.: 2@076=p<; ".C2?
P R=JG &<I? RMN@? U@iJ

P J9 O@OPMI <?2M@NN 1 <G@M
P KH 10<>F KJ010@n 1 <(@@
P ?H %06J=<6 KJD10@N

P LH 2CH@<? KJnnogn

P L 20HKIN<NT  <600@N 1 <0@ D1F N@BINO@M LR
P L 20HKJN<D@N 1 <6@N
P K >H 1<Q@? N@BINO@N Al<H@ KJIDI0@M 1<(@@
P K 1<Q@? N@BINO@W 1<(@@
P 9 $PI>0J1 <IBPH@ION MN@PHI Q<tP@N | ¥ <G@N
P 9 $PI>0J1 <IBPH@I0N 1 <6@N
P K 1<Q@7? N@BINO@VN 1<(@@
P L 20HKJN<W@N 1<

9<_A6; 4 %<6;A &2460A2°0

> >L $. 1@HKJIN<M@N 1 <G@M
> >K $ . N<Q@? M@BINO@MN 1<(@@
> >9 $. <UBPH@ION N@OPMI Q<GP@N LR
> >9 $. <IBPH@ION 1 <G@M
> >9 $ . N<Q@? M@BINO@MN 1<(@@
> >L $ . 1@HKJIN<M@N 1 <6@M

(.792 0'1 1\4 O@BINO@NN

2C@ KIIBI<HHE@N >IP10@N - ¥ CJ6? 0C@ <??M@NN JA 0C@ >PWN@ 10 DENOMP>0J 1

C

C

C

C

J9 CJE?N 0C@ M@OPME <??M@NN AJM < ><K%
KH  NO<>F KJDH0@M KJIDION 0J 0C@ >PWN@ 10 MIPID I @ NO<>F
P >H K Ai<H@ KJ0H0@H KJIDION 0J 0C@ =J00JH JA 0C@ 0JK NO<>F Ai<H@

P ?H  B6J=<6 KINH0@N KIDHON DH0J 0C@ HI??6@ JA 0C@ BiI=<t ?<0< N@>0J1

2C@ >JHHJI ?2@NNNJTIN ?<0< S O'11\4 IHH@?I<0@ Q<(P@N <N@ =00 N)BI1@? Q<G
P@N RCI>C IN 0 2@>0H<6 Ji P 01 C@S 1J 0C<0 BtJI=<( KIDT0@N N@e<0Q@
<>>@NN@N ><1 @<>C 0C@M AP @S0@10 0C@ BtI=<6 KIDHO@M KI0M0 P 0103 0C@ ?<0< N@>0J 1
2C0O OIFEN ><1 0C@I N@<S *3" *5 *3' 15 110J BK l@<iQ@ *S N 15 0@ NCIN@W DINWP>
0J1 NOLP@I>@N <I17? <>>@NN HJIN0 BJ=<t ?<(< PN)IB *5 <0 BK  JMN@0

P
P

LW t0 , 0x800(gp)
LW t1 , Ox7FF(gp)

P LH 0CN@<? KJIDH0@H KJDB0 0J 0CN@<? 6J><G NOJN<B@ 2*1 HJINKT PN@? DI *DIPS <1?
02-1

A TIP >N@<0@ < Q<M<=(@ D1 2*1 @QE@NT 0CN@<? C<N N JR1I1 >JKT JA0C@ Q<M<=6@ 0 @ >C<IB@N
0J 0C@ Q<M<=(@ <N@ (J><G 0J 0C@ 0CN@<? 2CIN IN < NO<(> <N@< JA H@HJNT 0C<0 B@IN >JKI@? AJM
@<>C 0CN@<? DI < KNJBl<H "0 N <tiNJ PN@7? 0J >N@<0@ D=M<M@N 0C<0 C<Q@ 0ICN@<? N<A@ AP I>00JIN
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=@><PN@ JA 0C@ A<>0 0C<0 @<>C ><i 0J < API>0J 1 C<N N >JKT JA0C@ N<H@ BtJ=<t ?<0< NJIO'N
N<A@

& " W @002:=/9%F
O'1 I\4 DINWP>JIN C<Q@ JK>J?@N <17? JK@N<I?N

E.g. add x1, x2, x3  #x1=x2 +x3

AR

Operation Destination  First operand Second operand Assembly comment
code (opcode) register register register character
64B72 0'11\4 NN@H=(T #S<HK@
002 = /9 2007%6=A6<;
O9<< P P P 9 : ; <P =P >P
KM: P P P < = > ?P @P AP
9<< P P P = SINEN 0 P <li@ <tR<TN IBIJN@?
9<< P P P > 2 AP BP
9<<A P P > 7 AP BP
DO P P P AFL 5 6 Oo@BP B@N 9 :
9<< P P P ? @ 56 BP CP
DO P P P AFL 5 6 O@BP B@N 9 :
O<< P P P 5 6 @ 56 CP
KO P P P Oo@BP B@NC 9 :
F= P P <GF= A> A B AP B P cCp 0 P E P
9<< P P P > ? @
<GF=
=P P =DK= A> A B AP B P CP 0 P E P
O9<< P P P > ? @
B <GF= =DK=
=DK= KM: P P P > ? @
<GF=

(.72 0'11\4 NN@H=(T <1? T #S<HK(@N

@@2 - /92? A< "".056;2 <12

2CE AJEJIRDIB AJR>C< ?@N>=@N CIR 0C@ <NN@H=6@N >J 1Q@WN 0C@ O'1 1\4 <NN@H=(T >J?@ 0J
H<>Cl@ >J?@
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foo.S

Y

‘ Assembler ’

\

foo.o

,F-)$4 +1)

Linker

bar.S

( Assembler ’

Y

\

bar.o

a.out

64872

,-5.8"06

Assembler source files
(text)

Assembler converts
human readable
assembly code to
instruction bit patterns

Machine code object
files

lib.o

Pre-built object file
libraries

Machine code
executable file

0'11\4 NN@H=(T 0J +<>C1@ 1J7@

15

(s +

) &7V .$/$.28#



1™ 1da) 1a’a
T vg'F_a.lll

One RISC-V Instruction = 32 hits

64872 —10 0’1 1\4 "INWP>0J1

J9%;4 . B;0M<; .9%;4 <;C2;M<;
- PO K<li<H@0@VN )1 Ki<>@ RC@N@ AP I>0J 1 ><1 <>>@NN 0C@H
2<INA@V >J 10NI6 03 AP T>00T 1
>LPN@ (I><6 M@NJPU>@N 10@?2@7? AJN AP I>0J1
- @VAJNH AP I>00J1 0<NF

- 6<>@ N@ANPG Q<tP@N RC@N@ ><@IB >J?@ ><I <>>@NN <17? N@NOJN@ <1 T N@BINO@IN HIBC) C<Q@
PN@?

O@OPMT >J 10NJE 0 JIDBD I <6 ><G@

I <i@n N<Q@? 2C@ API>00J1 DIQJIF@? ><I ?J RC<0@Q@N 0 MF@N RIC 0C@ N@BINO@IN ¥ <k@@ N<Q@? °A <
APT>0J T R<ION 0J PN@ N@BINO@VN 00 1@@?N 03 NOJN@ <172 N@N0JN@ 0C@H

2<F@ AN @S<HK:@ 0C@ AJEIRIIB API>00J 1

int leaf(int g, int h, int i, Int j) {
int f;
f = (g+h) - (i+j);
return f;
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"1 0CINAPI>0J1 <=JQ0@ <NBPH@ION <li@ K<NN@? 019 9 9 <I1?9 2C@ N@PHI Q<tP@ IN N@IPN1@?

1o

addi sp, sp, -8 # adjust stack for 2 items

sw s1, 4(sp) # save 1 for use afterwards

sw sO, 0(sp) # save sO for use afterwards

add s0,a0,al #s0 =g + h

add sl1,a2,a3 #sl =1+ j

sub a0,s0,s1 # return value (g + h) - (i + j)

lw sO, 0(sp) # restore register sO for caller
lw s1, 4(sp) # restore register sl for caller
addi s1, 4(sp) # adjust stack to delete 2 items
jr ra # jump back to calling routine

"1 0C@ <NN@H=6T <=JQ@ 1J0>@ 0C<00C@ No<>F KJIDH0@N R<N ?@>N@H@10@? =T (03 H<F@ ¥JJIH 0J
N<Q@ 0C@ M@BINO@IN  6NJ K <I? K <@ N<Q@? <1? RI% =@ NOJN@? <0 0C@ @17

#2@A21 B;0A<;0
"1 0C@ ><N@ JA 1@N0@? API>0J 1 ><GN Q<GP@N C@6? 01 9 <1? J9 Rt =@ >6J==@N@7?

2<F@ AN @S<HK:@ 0C@ AJEIRIIB API>00J 1

int sumSquare(int x, int y) {
return mult(x,x) + y;

}

"1 0C@ API>0JIN <=JQ@ < API>0JI ><GE@? KME-1M9J=IN ><{IB EMDL 2J @S@>P0@ (0C@ AP 1>00J1
0CAN@'N < Q<GP@ DI J9 0C<0 KME-1IM9J= R<ION 0J tPHK =<>F 0J =P0 0CIN Q<tP@ R} =@ JQ@VRIN@I =T
0C@ ><& 0J EMDL

2J <QJ1? 0CIN 0C@ KME-1IM9J= li@PN1 <??N@NN HPNO =@ N<Q@? =@AJN@ 0C@ ><G 0J EMDL 2J N<Q@ 0C@

N@OPHT <??N@NN JA KME-1M9J= (C@ API>0J 1 ><1 PORU@ NO<>F HOHJNT 2C@ PN@N ><1 PN@ NO<>F
H@HJNT 0J KNAN@NQ@ <POJH<M> (J><6 Q<M<=(@N 0C<0 2J 10 A0 RICII 0C@ H@BINO@VN
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(23 -5 L *-)$4 41
& KRS L #9)

\/

sp

\/

sp
Saved return
address (if needed)

Saved argument
registers (if any)

Saved saved
registers (if any)

Local variables (if
any)
sp

Before call During call After call

64B72 10<>F +@HINT 2PW0IB $SPI>0JT ¥ <iN

TJINI?@M 0C@ <NN@H=CT AJN KME-1IM9J= =@:JR

sumSquare:

addi sp,sp,-8 # reserve space on stack
sw ra, 4(sp) # save return address
sw al, 0(sp) # save y

mv al,a0 # mult(x,x)

jal mult # call mult

Iw a1, 0(sp) # restore y

add a0,a0,al # multQ+y

Iw ra, 4(sp) # get return address
addi sp,sp,8 # restore stack
mult:...

2D $12%;4  # ;OABON<;O

"10CO 011\ 'L @<>CCN@<? N@AGM@? 0J <N < C<M0 J=N@NQ@N DN JRT H@HJINT JK@N<MIIN <N DA
0CAT @S@>P0@? NOLP@ 100<GT 01 KIIBlI<H JN?@0 O'1¥\4 <iNJ C<N < ll@<S@? HO@HJINT HJI?@ RCI>C
N@LPIN@N @SKO>00 $# , 14 DINWP>0NJ IN 0J BP<lii<10@@ 0C@ JN?@WNIB JA HAHJINT JK@N<DJIIN

2C0 $#, Y#IINWP>OIINDISP?2@ 1) 1 <I?2 1) 1 % 2C@ 1) 1 DINWP>00J 1 NOHKET @ INPN@N 0C<0
0C@ H@HJINT <>>@NN DINOMP>0JI IN =@AJN@ 0C@ **¥) ¥ DINOMP>0J I B@0 >JHHI@? =@AJN@ 0C@ **1) !
DINOMP>0J 1 N >JHHIN@? "0 ?J@N 1J0 BP<l<10@@ 0C<0 0CING@ H@HINT <>>@NN DINWP>0J IN C<Q@
<>OP<WT >JHK@0@? $IN @S<HKI@ < (I<? DINWP>0I T =@AJN@ < **1) ¥ DINONP>0J T ><1 >JHHI RNC
JP0 R<IDIB AJN MN Q<tP@ 0J >JH@ =<>F AIJH 01C@ H@HJINT NTNO@H **1) 1 % API>0JIN 0C@ N<H@ <N
") I <N R@6 <N APNC@N 0C@ DINMP>0J 1 ><>C@

<? 2E. = =92 DG6AS<BA FENCE 6; @A?BOAi<; @

&<l @S@>P0@N

,-5.(8"06 15 (28 +7 ) .@&"0/ .$/$.2%#



(23 -8 L *-)$4 41
& KRS #Y)

Load X
Store Y
Store Z

@><PN@ JAN@<S@? HEAHINT HJI?@6 &< >JP6? N@@ NOJN@N (J<?N <Mi<IB@? 01 <IT JW?@N

Store Z
Load X
Store Y

+6A5 FENCE 6; @A?BOA6<; @

&<l @S@>P0@N

Load X
Store Y
FENCE

Store Z

&<l0 N@@N

Store Y
Load X
Store Z

S5NC 1) TIINP>DJIIN &< IN AJN>@? 0J N@@ 0C@ *J<? 6 <172 (C@ 10JN@ 7 KWDJN 0J 0C@ 10JN@ 8
=P0 >JP6? <N=DON<MET N@@ 10IN@ 7 =@AN@ *J<? 6 IN *J<? 6 =@AIN@ 10JN@ 7 SPI>NII<ET 1) 1
DENOMP>(J IN JN2@N 0C@ >JHK@NJI 1 JA J62@N HEHJINT <>>@NN@N KJW 0J 1@REN <>>@NN@N &JIR@QAM
PTI@>@NN<NT **1) ¥ DINOWP>0JIN N6JR KHI>@NN@N <172 ><1 CI?@ =PBN NJ 00 IN @NN@ 100<6 0J 0?@ B 0AT
RC@N@ <1? RC@I $# , 1# NCIP(? =@ PN@?

<<A 9<D

2CIN KIJ>@NN IN H<1<B@? <N K<li0 JA 0CO $IBB?IH +@0<i NIPI>@ >J?@ 2CQ HIBB?IH HEl<E =JJ0
>32 NPKKJION NI BI@ >IN =JJ0 I HPW) >J@ =330 <12 >JN0<DIN < (C@ 1@>@NN<IT DII<iU<nJ I
>320 03 @1<=60 GQBNT >JIi@ 01 0C NTNIGH

#,207 .—',2 $l@ >I==<GE E=L9D KJ; =FLIQ - (<=@ 8=FL=J

"I0I<0U@ BLI=<5 KJN0@I ?H I@BINGGI PNDIB 0C@ B@1@I<0B? NTH=J; 88?DG : OD8HGAFL=J

SI0@ ELN=; I@BINI@I RIIC =9IDQBLIOHBN=;LGI <N 2@A<PH @S>@KNJ1 C<12%@N

150<)l AQ<OPI@ ?IN<=3@ 110 P ;

0@<? EQOILA< DI0J U@BING@H @ <17 ><G 8KLOIL RCI>C @SININII ;L -

50 1IR W<INDJIN 0J $%6@ >J==<GE E=L9D ?DGKK ;JL - (<=@ 8KL9JL

"10<QU@ NO<>F KINI0@H KH RIC 8KH B@1@N<0@? NTH=J6 &<MN RNC E@9JLA< JA J1@ JIN t<NB@M
<@ JMN@0 =T 8KH 88KL9;C8KAR=Z E@9JLA< 2C@ 88KL9;C8KAR= A@:? IN B@1@N<0@? 01 0IC@
DIF@N AX@
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1C@>F It EQQILA<  88E=L9D8:GGL8@9JIL <172 P1 0C@ DN >J?@ M 0CAT <N@ @LP<t & JOC@N
C<NMON NFIK 0100 <12 BJ 0J 0C@ - INO "100 $6IJR N@K

JJ0 &<H0 " 100 $6IR =@BIIN C@N@
100 2<0< N@>00J 1 0J 2@NODI<0JIN DI 2@NI@? O + NK<>@
1JKT '2'+ N@>0J1 DA '2'+ >J?@ @SINON 0J 2@NOI<0J 1
8@IJ JP0 KK N@>0J1

¥ <G5 9L=PAL Q=l<NT AP1>0J 1 0C<0 N@BINO@NN 0C@ DA: ; <I? >J==<GE E=L9D ?@NP>0JIN 0J P I
<A@M H<DT N@OPHIN

1 <(; 0C@ 88DA: ; BAFAL89JJ9Q D=N<NT AP1>00J1 RCI>C NPIN < AP1>00JIN H<WF@? RNC
889LLJA:ML=88 ;GFKLJIM;LGJ
< $IM@S<HK@ -** 3 02 * DICAT @SIN0 DI 0C@ ?@NIBI 2CIN H@ICJI? KNJIQI?@N APE: @<NGT
DHO<QU<MI T KIDJW 0J @10@ 1B 0C@ H<D1 <KKD><NJ 1
SJNOTH0 $EIR - @BDIN &@N@

1< 0C@ ¥ MIPUI@ 88E=L9D8KQF ; @JGFAR=8@9JLK RC@N®@ C<l0  RI% N@@<N@ <& C<HON J1>@
0C@M DI?DQI?P<t EKAH =)ON <M@ N@0 2C@ EKAH =00 IN 0TKI><®{T PN@? 0J <NN@H0 < NJAOR<N@ 0 10@MIPKO
J112QU?P<C C<HON CIR@Q@M DIO@MPKON <N@ 130 T@0 @1<=6@? NJ EKAH D1 0CIN ><N@ IN PN@? <N
< B<I@F@@KIIB H@>C<IINH

1 C@>F EAKO N@BINO@N 0J N@@ DA AJ<MIB KJIDI0 C<N?R<N@ IN K<M0 JA 0C@ ?@NIBI <1? N@0 PK
EKLOLMK <>>JN?DI BT

101BL@ IN HPED C<M0 2@NIB I H@?M@>0J 1 NO@K

N

A ?@NIBI N < NDIBG@ C<NO JI6T JN < HPWD C<l0 ?@NIBI RINCJIPO < ¥ IHK@H@10@? API>0J1
K=;GF<9JQ8E9AF — ,*7 0C@ =JJ0 C<N0 Rt >JI10IP@ 0J EQAF

= $INHPLD C<i0 ?@NIBIN <G JOC@N ¥ - 3N R @ 10@M Ne@@K Qi< 5$* MINNP>0J 1 Q)< 01C@ R@<F
K=;GF<9JQ8E9AF (<=@( 1 ;IL - RC@ =JJ0 C<HM0 NPIN 0C@ <KKD><NJ I KIIBl<H

> 1 <HP C<lo ?@NIBI RCI>C II>P?@N < ¥ 2@N1@? K=;GF<9JQ8EQAF API>0J1 <G C<HON
RO @ 10@M K=; GF<9JQB8E9AF <N (C@ KIWH<NT ¥ API>00J1

16;827 692

2C@ D1F@M AX@ B@ 1 @N<0@N IHKIM< 10 NTH=JEN 0C<0 <NM@ PN@? DI 0C@ =JJ0 >J?@ 2C@ D 1F@M AX@
JKOJIN <N@ AJP 1?01 0C@ >J==<GE = K<C :KH K<(C

2CANE@ <N@ PNP<WT 0CNO@ 20M@N@ 10 DIF@NM A@ JKNJI IN

¢ E=L9D <=>9MDL D<K /™ 3N@ A<NC <1? O + N@>0JIN
¢ E=L9D J9EJG<9L9 D<K ™ _(<>@ N@<? JIGT ?2<0< )1 O + AJM =@00@N K@WINH<1>@
¢ E=L9D K;J9L;@H9< D<K ™ _(<>@N < >J?@ 2<0< N@>WJIIN 10T <Q<M<=(@ O —+ (I><0JII
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#<>C OITFEN JKOI T ><I =@ N@@>0@7? =T NK@>NATIIB "%)&8. ,#!. J1(CO >IHH<I? QI@
$IN @S<HKG@

make PROGRAM=hello TARGET=design-rtl CONFIGURATION=release LINK TARGET=scratchpad
software

2C@ E=L9D <=>9MDL D<K G IF@H AL@ IN N@@>0@? =T ?@A<P RC@I "%)&8. ,#!. N 1J0 NK@>W@? ‘A
0C@N@ IN < N>@1<IiDJ RC@N@ < >PNOJH G IF@HN IN N@LPW@? J1@ JA 0C@ NPKKR@? D 1FE@N A%@N ><1 =@
>JKI@? <1? N@I<H@? <1? PN@? AJN 0C@ =P)? $JIM @S<HKI@ M < I@R DIF@NAX@ 1<H@?

E=L9D F=0E9H D<K R<N B@I@I<0@? 0CIN ><I =@ PN@? <0 =PX? 0H@ =T NK@>AT)IB

"%)&8. ,#1. F=OE9H JI 0C@ >JHH<I? 1@

16;82? 692 "F = /<%0

2C0O D1FEN AX@ B@1@N<0@N NTH=JIN 0C<0 <li@ PN@? =T 0C@ NO<MPK >J?@ NJ 0C<0 NJAR<N@ ><1 PN@
0C@ON@ NTH=JEN 0J <NNIBT 0C@ NO<>F KJ010@N DHO<QU@ JN >JKT >@<il O + N@>NJIN <1? KIJQ?@
0C@ =JJ0 C<l0 DIAJNH<MDJIT 2C@N@ NTH=J(N <N@ H<?@ QINI=(@ 0J NJAR<N@ PN)IB 0C@ -O—-4"""# F@T
RJN?

$IN @S<HKG@

__stack_size = DEFINED(__stack_size) ? _ stack_size : 0x400;
PROVIDE(__stack_size = __ stack_size);

2;2?7.A21 16;82? "Fz /<%
P@ON>IDKDI 1 N0 JA 0C@ B@ 1 @N<0@? 0IF@V NTH=JiN IN NCIR I =@IR

__metal _boot hart
2CIN IN <1 010@B@M 1PH=@W 0J ?@N>W=@ RCI>C C<M) MPIN 0C@ H<DI D10 AJR 2C@ E@9JLA< 110
>JH0<DIN 0C@ DI0@B@N Q<GP@ AJM @<>C C<M) $IM @S<HKE@ C<M) C<N E@9JLA< C<lo  C<N
E@9JLA< <I?NJJI 1 <NN@H=(T @S<HK@ IN NCIRI =@JR RC@N@ 9 <M@<?T >J10<)IN
0C@ E@9JLA< Q<iP@

/* IT we"re not hart 0, skip the initialization work */
la t0O, _ metal_boot_hart
bne a0, t0, _skip_init
I @S<HK(@ J1 CIR 0J PN@ 0CIN NTH=J601 ¥ >J?@ IN NCIRI =@JR

extern int _ metal_boot_hart;
int boot_hart = (int)&_metal_boot_hart;

2?2003 1<6 D1F@N AX@ B@ 1 @N<0@? NTH=JIN <6JIB RINC ?@N>KINJIN <i@ NCIRT =@JR

__metal_chicken_bit
10<0PN =00 0J 0@6 NO<MPK >J?@ 0J U@NJ JP0 0C@ $@<OPN@ **IN<=(@ 110 "*@0<XN JA OCIN H@BINO@M
<N@ DIO@NE <6 PN@ J 6T
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__global_pointer$
10<00> Q<tP@ PN@? 0J RIN@ 0C@ ?H N@BINO@M <0 NO<MOPK

_Sp
P2M@NN JA0C@ @172 JANO<>F AJM C<I0  PN@? 03 DIDOD<6U@ 0C@ =@BD1 1D1B JA 0C@ NO<>F NDI>@ 0C@
NO<>F BHJIRN 6JR@M 01 HE@HINT —1 < HPM C<l0 NTNO@H 0C@ NO<M) <??2N@NN JA 0C@ No<>F AJM
@<>C C<M0 IN ><t>Pt<0@? PN)IB 8KH 88KL9;C8KAR= Z E@9JLA<

metal_segment_bss_target_start
metal_segment _bss_ target end
3N@? 0J U@NJ JP0 BEJ=<6 ?<0< H<KK@? 0J :KK N@>0JI

¢ — 16T 88E=L9D8:GGLB@9JIL NP IN 0CIN >J?@

metal_segment_data_source_start
metal_segment_data_ target_start
metal_segment_data_ target_end

3N@? 0J >JIKT ?<0< MIH IH<B@ 0J N 2@NOI<0JII I O +

¢ — 16T 88E=L9D8:GGL8@IJIL NPIN (CIN >J?@

metal_segment_itim_source_start
metal_segment_itim_target start
metal_segment_itim_target_end
1320 JN ?<0< ><1 =@ Ki<>@? D1 000H N@>0J IN PN)IB (0C@
889LLJA:ML=88 K=;LAGF ALAE

¢ 5SC@I 0CIN <0M=P0@ IN <KK@@? 0J >J?@ IN ?<0< (C@
E=L9D8K=7E=FL8ALAE8KGMJ ; =8KL9JL E=L9D8K=?E=FL8ALAE8L9J?=L8KL9JL <I?
E=L9D8K=7?E=FL8ALAE8L9J?=L8=F< NTH=J(N B@0 PK?<0@? <>>JI?0IB(T <1? (CON@ NTH
=JN <6JIR 0C@ NO<MOPK >J?@ 0J >JIKT >J?@ <1? ?<0< D10J 0C@ '2'+ <l@<

I — 16T 88E=L9D8:GGLB@IIL NPIN (CIN >J?@

H<A2
00C@ 0H@ JA 0CIN RMDIB 0C@ =JJ0 AJR ?J@N 130 NPKKJIW T KUJE@>ON

& " H* <Z=602? 9.40

arch abi .;1 mtune
0'11\4 0<NB@ON <N@ ?@N>M=@? PN)IB 0CH@@ <MBPH@ 10N

E9J;@ %- N@@>N 0C@ <M>Cl@>0PN@ 0J 0<MB@0
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E9:A % N@@>IN0C@ ' 0J 0<NB@0
ELMF= > 1) (1 N@@>0N 0C@ HI>NJ<I>CN@>0PN@ 0J 0<NB@0

-march

2CIN <BPH@10 >J 10MJEN RCI>C DINWP>0J IN <17 N@BINO@IN <N@ <Q<l<=(@ AIM 0C@ >IHKX@N <N
?001@? =T 01C@ O'1 1\4 PN@N (@Q@6 "1  NK@>><0J 1

2C00'11\4'1 RNC =00 D10@B@M H@BINO@UN <172 0C@ DINONP>0J IN AJN HPIKE><0JI 1 RIP6? =@
2013007 <N 04 '+ 3N@WN ><1 >J100J6 0C@ N@0 JA DINOWP>MJIIN 0C<0 %X ¥ PN@N RC@1 B@1@N<01B
<NN@H=(T >J?@ =T K<NNDIB 0C@ tJR@N ><N@ "1 NOWIB 03 0C@ H<I>C %1 ¥ <IBPH@10 AJN @S<HK:@

E9J;@ IJN AE —1 O'11\4 NTNO@HN 0C<0 ?J1'0 NPKKJNO K<ND>Pe<il JIK@I<WIIN @HP<I1 NIP
WI@N H<T =@ PN@? 0J KNJQ)?@ 0C@ HINNDIB AP I>00J 1 <0T

#S<HK@

double dmul(double a, double b) {
return a * b;

}
RI% >JHKL@ 2M@>0T 0J < $ . HPOKD><WJI 1 DINP>0J 1 RC@1 >JHKNK@? RNC 0C@ ** @S0@ INdJ 1

$ riscv64-unknown-elf-gcc test.c -march=rv64imafdc -mabi=Ip64d -o- -S -03
dmul:
fmul.d fa0,fa0,fal
ret

=P0 Rt >JHKN@ 03 <1 @HP<DI 1 NIPDI@ RNCIPO 0C@ ** @SI@INDJ 1

$ riscv64-unknown-elf-gcc test.c -march=rv64i -mabi=Ip64 -o- -S -03

dmul:
add sp,sp,-16
sd ra,8(sp)
call __muldf3
1d ra,8(sp)
add sp,sp,16
Jjr ra

LIHB<N @HP<OIT NIPOTAN @SINO AJN 0C@ ¥ DHOMENI>N 0C<0 <N@ OMQI<HT IHK@H@10@? =T IC@ + <1? $
@S0@ INDJIN

-mabi

E9:A N@@>N 0C@ ' 0J 0<NB@0 2CIN >JI0NJEN 0C@ ><it1B >J1Q@10J1 RCI>C <IBPH@IN <@
K<NN@? 01 RCI>C N@BINO@NN <17 0C@ 6<TJIP0 JA ?<0< DI HAHJNT 2C@ E9:A <IBPH@I00J %11 ¥ NK@>
W@N =J0C 0C@ DI0@BE@N <1? AJ<WIB KJINI0O N 0J RCI>C 0C@ B@1@N<0@? >J?@ >IJHKNAN +P>C OF@
CIRIC@ E9J;@ <MBPH@I0 NK@>W@N RCI>C C<I?R<I@ B@I@N<0@? >J?@ ><1 WP1 J1 (C@ E9:A
<IBPH@ 10 NK@>M@N RCI>C NJMR<N@ B@1@N<0@? >J?@ ><1 DIF <B<IIN0 5@ PN@ 0C@ No<I?<M? I<H
0IB N>C@H@ AJND10@B@N  'N ADH  JN DH RIC <1 <iBPH@ 10<6 NDIBG@ 6@0@N <KK@1?@7 0J
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N@@>0 0C@ ALJ<MIB KJIOIO N@BINO@IN PN@? =T 0C@ * ADH QN ADH >QN ADH < "I JU?@H AJN
J=t@>0N 0J =@ IF@? (IB@IC@N 0C@T HPN0AJ®IR 0C@ N<H@ *

0'11\4 ?2@01@N 0RJ DI0@B@M  'N <I17? 0CN@@ ALJ<UIB K10 °N

C ADH D10 GJIB <I17? KIDHO@IN <N@ <6 =N 6JIB (JIBGIIBIN<  =)00TK@ >C<MIN =0
<I?NCININ =00

¢ DH  (JIB<I? KIII@IN<N@  =UNGJIB RCE@DIOIN<  =)00TK@ 2C@ JOC@M (TK@N N@H<II
0C@ N<H@ <N ADH

2C@ AJ<MIB KINI0 N <@ < O'1 ¥\4 NK@>> <2200 |

c 0C@ @HKOT NowIB  , J ALJ<WIB KII0 <MBPH@ION <@ K<NN@? D1 N@BINO@NN

c > =00 <12 NH<G@N AJ<01B KINI0 <UBPH@ 10N <M@ K<NN@? 01 N@BINO@IN 2CIN " N@LPI@N 0C@
$ @S0@INDIT <N RNCJIPO $ 0CAN@ <N@ 1J AsJ<IB KINI0 H@BINO@NN

C < =00 <12 NH<G@N AJ<01B KINI0 <UBPH@ 10N <lM@ K<NN@? 01 N@BINO@IN 2CIN " N@LPI@N 0C@
" ESI@INIII

arch/abi <z /6;.M<;0

¢ E9J;@ IJN AE9><; E9:A ADH < &<I?R<N@ AJ<MIB KJINI0 DINWMP>0JIIN ><1 =@ B@1@N<0@?
<17? AJI<DIB K0 <UBPH@ION <li@ K<NN@? D1 N@BINO@WN 2CIN IN GF@ 0C@ E>DGOL 9:A @9J<
<IBPH@I0AJN0C@ NHX <i>CN@>0PN@ %! I

¢ E9J;@ IJN AE9; E9:A ADH »J AJ<DIB KIH0 DINOWP>JIIN ><1 =@ B@1@N<0@? <1? 1J
AJ<IB KIN0 <MBPH@ION <@ K<NN@? DI N@BINO@UN 2CIN IN 0F@ 0C@ E>DGIL 9:A KG>L <IBP
H@I0AJN0C@ NH <M>CI@>0PN@ %1 ¥

¢ E9J;@ IJN AE9><; E9:A ADH  &<I?R<l@ AJ<MIB KJIDI0 DINWP>MJIIN ><1 =@ B@1@N<0@?
=P0 13 AJ<WIB KI010 <iBPH@ION Rt =@ K<NN@? D1 N@BINO@N 2CIN IN BF@ 0C@
E>DGOL 9:A KG>L>H <IBPH@I0AJN0C@ NH <N>C0@>0PN@ %1 T <1?IN PNP<{T PN@? RC@I
DH0@MA<>DIB RIOC NJA) AsJ<0 =DI<M@N J 1 < C<l? AJ<0 NTNO@H

C E9J;@ IJN AE9; E9:A ADH < '6@B<t <NOC@ " M@LPMN@N A:J<0IB KJINI0 <UBPH@ION <li@
K<NN@? DI N@BINO@NN =P0 0C@ "1 ?@AI@N 1J AJ<WIB KJID10 M@BINO@UN 0J K<NN 0C@H D1

#S<HK@

double dmul(double a, double b) {
return b * a;

}

A1@NCEN 0C@ T IINL >JNO0<DIN 0C@ >J1>@K0 JA AJ<IB KJINI0 C<?R<N@ 0C@1 0C@ ¥ >JIHKN@W
><11J0 @HN <IT AJ<DIB KIN0 NK@>A> DINWP>0JIN *1 0CIN ><N@ @HP6<0JI1 MIPDI@N <@ PN@? 03
K@MAINH 0C@ >IHKPI<IJ I <17 0C@ <NBPH@ION <li@ K<NN@? 01 D10@B@M H@BINO@NN

$ riscv64-unknown-elf-gcc test.c -march=rv32imac -mabi=ilp32 -o- -S -03
dmul:
mv a4,a2
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(23 -8 L *-)$4 41
& RS L HY)

mv ab,a3

add sp,sp,-16
mv a2,a0

mv a3,al

mv a0,a4

mv al,a5

sw ra,12(sp)
call __muldf3
Iw ra,12(sp)
add sp,sp,16
jr ra

2C@ N@>J17? ><N@ N 0C@ @S<>0 JKKINX@ JAOCIN JI1@ @Q@WTOCEIB IN NPKKJHN@? DI C<?R<N@ "1 0CIN
><N@ R@ ><1 @HN < NDIBt@ >EMD < DINOP>00J I 0J K@WAJNH 0C@ >IJHKPI<NJ 1

$ riscv64-unknown-elf-gcc test.c -march=rv32imafdc -mabi=ilp32d -o- -S -03
dmul:
fmul.d fa0,fal,fal
ret

2C@ 0CW? >JH=D1<0JI 1 IN AJN PN@N RCJI H<T R<100J B@1@\<0@ >J?@ 0C<0 ><1 =@ DIF@? RNC >J?@
?@NIBI@? AJN NTNO@HN 0C<0 2310 NP=NPH@ < K<N>Pi<lii @S0@ IN)J 1 RCD@ N0t 0<FIIB <?Q<10<B@ JA
0C@ @SON< DINOVP>QJ IN KN@N@ 10 DI < K<HN>Pe<M @S0@IN0J 1 2CIN IN < >JHHJI KiJ=(@H RC@1 ?@<w1B
RIC (@B<>T G=li<MD@N 0C<0 10@7 0J =@ DI0@BN<0@? D10J 1@R@N NTNO@HN $JN 0CIN KPIKJIN@ 0C@ >JH
K@M <MBPH@ 10N <1? HP= K<ICN ?@NIBI1@? 0J >6@< 16T 010@BN<0@ RNC 0CIN RINFAIJR 2C@ B@ 1 @M
<0@? >J?@ IN @GNN@ 100<®T < HIS =@IR@@1 0CA 0IRJ <=JQ@ JPIKPIN 0C@ <NBPH@ION <N@ K<NN@? 01 0C@
H@BINO@NN NK@>IW@? =T 0C@ ADH " <N JKKJIN@? 0J 0C@ ADH < " RCI>C >JP¢? K<NN (IC@N@
<MBPH@ION DI N@BINO@IN =P0 0C@1 J1>@ DIND?@ 0C@ AP I>00J 1 0C@ >JIHKD@N IN AI@@ 0J PN@ 0C@ APG
KIR@N JAC@ O4 '+ $°"1'1 (3 <>0P<WT >JHKPI@ 0C@ N@NP0 SCi@ 0CIN DN 6@NN @A>D@ 10 0C<1
0C@ >J7@ 01C@ >IJHKXE@M >IP:? B@ 1 @N<0@ DA 00 R<N <&JR@7? 0J 0<F@ APt <?Q<10<B@ JA0C@ ** @S0@IN)JI
N@BOINO@NN DN < 6J0 HIN@ @AM>D@ 10 0C<1 >JHKPOIB 0C@ AJ<WIB KJIDI0 HPOKD><JI 1 RICIPO 0C@ **
@S0@ INXJI T DENOWP>QJ IN

$ riscv64-unknown-elf-gcc test.c -march=rv32imafdc -mabi=ilp32 -o- -S -03

dmul:
add Sp,sp,-16
sw a0,8(sp)
sw al,12(sp)
fid fa5,8(sp)
sw a2,8(sp)
sw a3,12(sp)
fid fa4,8(sp)
fmul.d fab5,fab,fa4d
fsd fa5,8(sp)
w a0,8(sp)
w al,12(sp)
add Sp,sp,16
jr ra
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< Z=69.A6<; %?<0200

%1 1 2WQ@N N>WKO IN <>0P<GT NP1 1D1IB 0C@ KN@KNI>@NNJINM 0C@1 0C@ >JHKX@H 0C@l 0C@ <NN@H=@W
<1? DI<GT 0C@ DIF@M "A0C@ PN@N MPIN %! ¥ RIC 0C@ KON= L=EHK <IBPH@I0 N@Q@W<t D10@H@?D
<@ AX@N RI% =@ B@1@N<0@?

$ riscv64-unknown-linux-gnu-gcc relocation.c -o relocation -03 --save-temps

¢ J=DG;9LAGF A 2C@ KN@KNHJI>@NN@? NJPI>@ RCI>C @SK<I?N <IT KN@KNI>@NNJIM 2DN@>0Q@N
0COIBN QF@ DI>6P2@ JN  DA?@A

¢ J=DG;9LAGF K 2C@ JPOKP( JA0C@ <>0P<t >JHKX@ RCI>C IN <1 <NN@H=GT AX@ < 0@S0 AX@ 1
0C@ O'1 ¥\4 <NN@H=(T AJNH<0

¢ J=DG;9LAGF G 2C@ JP0KP0 JA 0C@ <NN@H=6@M RCI>CIN <1 P1 QIF@? J=t@>0 i@ <1 #*$ @
=P0 1J0 <1 @S@>P0<=6@ #*$

¢ J=DG;9LAGF 2C@ JPIKP( JAIC@ QIF@AN RCI>C IN < 0IF@? @S@>Pi<=t@ <l @S@>PI<=6@ #*$ AL@

1.942 <12 ""<129 +<?8.7<B;10

0’1 1\4 NJAR<N@ >PWN@ 10T N@LPIN@N 0C<0 @IF@? NTH=J(N N@N)?@ RICII < =N N<1B@ 2CANQ@ <@
0RJ 0TK@N JA >J?@ HJI?@N 2@N1@2 AJN O'11\4 =219<D <1? -21.;F 2C@ HO?<IT >J?@ HJI?@®
B@1@N<0@N <PIK> (? K<INN 0J N@A@M 0J BEI=<6¢ NTH=JN RCI>C <¢JRN 0C@ >J?@ 0J =@ QIF@? <0 <IT
<??0@NN RCK@ H@?JR B@ 1 @M<0@N 6PD 67 K<IN 0J N@A@M 0J BtJ=<6 NTH=JN RCI>C I@NW>IN 01C@ >J?@
0J =@ AIF@? <MIP1? <??N@NN UGNJ 2C@T =J0C B@I@N<0@  =D0 NDBI@? JMN@ON AJN N@A@WDIB 0J NTH
=JiN NJ 0C@T =J0C N@NOW>0 0C@ B@1@N<0@? >J?@ 0J =@ 1B AIF@? RNCII < %) RII?IR SCEI
=P?01 B NJWNR<N@ 0CO >J?@ HI?@6 K<MI<H@I@N IN K<NN@? 0103 0C@ O'1 ¥\4 0JJIGNPN@ <172 10 2@ I1E@N <
H@ICJI? (3 B@I@N<0@ 0C@ 1@>@NN<HNT DINWP>0J 1 >IH=DI<NJIIN 0J <>>@NN BtJI=<t NTH=JN RNCII 0C@
NJAR<N@ KNJIBNM<H 2CININ 2J1@ PN)IB E;EG<=D E=<9FQ E=<DGO $JI =N <M>CN@>0PN@N R@
PN@ 0C@ H@?6IR >J?0 HJI?@ RCK@ H@?<ITIN PN@? AJM =00 <M>CN@>0PN@N 2CIN IN >J 10MJ@?
RIOCII 0C@ N@1B HF A%@ 01 0C@ >J==<GE = K<C :KH AJ6?@M

2C0 N@<6 KiJ=@H J>>PIN RC@1

2J0<6 KiJBI<H NU@ @S>@@?N %) RCI>C IN N<N@
5C@1 BiJ=<t NTH=JN RNCII < NJIB:@ >JHKX@? IH<B@ <@ N@LPN@? 0J N@N)?@ DI < N@BMJ 1 JP0
N?@ JAOC@ =00 NK<>@

#S<HKG@ AIN NTH=JiN RCDI =00 <?2U@NN NK<>@

MEMORY

{
ram (wxalri) : ORIGIN = 0x80000000, LENGTH = 0x4000

flash (rxail!w) : ORIGIN = 0x20400000, LENGTH = 0x1fcO0000
}

#S<HKL@ AN NTH=JIN JPIN0?@ =00 <??l@NN NK<>@

MEMORY
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ram (wxalri) : ORIGIN = 0x100000000, LENGTH = 0x4000 /* Updated ORIGIN from
0x80000000 */

flash (rxail!w) : ORIGIN = 0x20400000, LENGTH = 0x1fc00000

}

A < NJMNR<N@ @S<HKGE@ PN@N 0C@ <=JQ@ H@HJINT H<K <I1? PN@N @NC@N H@?JR N H@?<IT >J?@
HJI?@N 0 R 130 01F NP>>@NNAPGT %@ 1@N<0@? @WJIWN RIE B@ 1 @N<GT >J 10<D1 0C@ AJEJIRIIB KCH<N@

relocation truncated to fit:

RINF<UIP1? AJN 0C@ G IF@N @MMIN al@6J><MI 1 NP 1><0@? 03 A0 b IN 0J PN@
"0)&8. ,#'. K;JOL;@H9< NDI>@ =J0C 0C@ >J?@ <17? ?<0< N@>UWJIN B@0 Kb<>@? D10J 0C@ N<H N@>
0J1 <N ?@A1@? =T 0C@ DIF@NM N>WK0 , J0@ 0C<0 0CIN ?J@N10 <tR<TN NJQ@ 01C@ KNI=t@H N)I>@ NJH@
?ONBIN ?J 1J0 C<Q@ @1IPBC H@HJINT <tJ><0@? 0J 0C@ N<H N@>0J1 0J A0 0C@ >IHKX@? NJAR<N@
@S<HK@ 2J NJQ@ 0ICAN@ ><N@N 10$)Q@ KNIQ?@AN NPKKJN0 AJM 0C@ >IHK<>0 >J?@ HJI?@6

&" * <12"'<129"B:- - .7
""21%<D ""21.;F <Z=_0A
<12 1 H<G 1 H< 1 H<
Al 1 H< T H< 1 H<
6@A. ;02 % % .10 %-2 | ,J0HN<DII
117200 % <=NJPO@ | ,J OHN<MJI »J OH<0JI1

(.72 0’11 4 13?20 +J?@6 2<=@

N NCIRI 11 01C@ <=JQ@ 0<=6@ 0C@ >IHK<>) >J?@ HJI?@ JKNI1 C<N 13 OHIN J 1 0C@ =<N@ <??H@NN
JI0C@ ?INI<I>@ =@IRE@1 0C@ >J?@ <17? ?<0< N@>0JIN

;. /%;4052 <-=.0A <12""'<129
2J @1<=4@ 0C@ (<IB@ >J?@ HJI?@5 AJEJIR 0C@ NO@KN =@IR
#1<=6@ >IHK<>0 >J?@ HJI?@ )1 NG IBN HF A%@ 0J PN@ ,%- 08 (* 1"  ;GEHO;L JIN0@<? JA
J%- 08 (* 1" E=<9FQ

3K?<0@ <NN@H=6T A@N 0J PN@ 1@R DINWP>0JIN A 88JAK;N8;EG<=D8;GEHI;L IN ?@NI1@? =T
0C@ 0JJIENP@

3K?<0@ QIFEN <BIH@10
3N@ 0C@ 6<0@N0 % 1 ¥ **4+ 0JJNPX@ AIIH 1I$IQ@ No<NIB RNC

TT.82392 )=1.A2

2] @1<=(@ 0C@ 0JJIENPN@ 0J B@1@N<0@ 0C@ KNJIK@M >J?@ N@LP@I>@N AJN 0C@ >JHK<>0 >J?@ HJI?@: ANNO
PK?<0@ N@WIBN HF At@ RCI>C ><1 =@ AJP17? D1 0C@ =J<N? NPKKJIN K<>F<B@ 1. K<0C NIHDN<H 0J
>J==<GE = K<C :KH <=KA?F JLD
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1C<IB@ ,%- 08 (* I" E=<9FQ O ,%- 08 (* !~ ;GEHO; L

2C0 ,%- 08 (C* " ?2@NI0NJI B@IN K<NN@? D10J 0C@ 0JJINPX@ PNDIB 0C@ E;EG<=D NRI>C

H<A2

$I =0 ?@NIBIN RCI>C 2J 130 l@LPN@ 0C@ PN@ JA 0C@ >IJHK<>0>J?@ HJ?@ TJIP R A1?
,%- 08 (* !'"  E=<DGO Il N@OIBN HF

2CIN E;EG<=D ;GEH9;L JKNJI R @1<=6@ 0C@ NTH=J6 88JAK;N8;EG<=D8;GEH9;L (J =@ QINI=(@
RIOCII 0C@ >J?@ <17? ><I =@ PN@? 0J ?@0@HII@ 0C@ >IM@>0 >J?@ N@LP@1>@N 0J PN@ RNCDI <NN@H
=6T AL@N

002 = /9F 692 )=1.A20
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int misa;
__asm__ volatile("csrr %0, misa™ : "=r" (misa));
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int misa value;
METAL_CPU_GET_CSR(misa,misa_value);
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int mscratch;
METAL_CPU_GET_CSR(0x340, mscratch_value); // reading mscratch csr
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metal_privilege_drop_to_mode(METAL_PRIVILEGE_USER,
my_regfile,
user_mode_entry_point);

2C0 9I@@?IH +@0<6 - " MIPOIAN <1? HIN@ @S<HKGAN tI><0@? D1 M@@?JIH @ N?F NJAOR<N@ ?W@>
0JNT

,-5.(8"06 15 (28 +7 ) .@&"0/ .$/$.2%#



S.=A27

BOA< = ;@A?BOM<;@ .;1 “&0O

2C@N@ >PNOJH DINWMP>0JIN PN@ 0C@ -3-. Y DINWP>0J 1 @1>J?01B NK<>@ RCI>C IN 0C@ N<H@ <N (C@
>PNOJH 110 @1>J3201B NK<>@ =P0 R)NC >MF;L

CFLUSH.D.L1
¢ "HK@H@10@? <N NI<0@ H<>CII@ 01 * ?<0<><>C@ AJN>IN@N RNC ?<0< ><>C@N
¢ — 0T <Q<<=(@ 01 + HJI?@
¢ —K>J?@ P RIC JKNJ <6 IK  AD@6? D1 =DON 9
¢ 5Cal JK P ""/-% " RIM@N =<>F <I? 11Q<D?<0@N <t QI@N 01 0C@ * ?<(< ><>C@
¢ 5CalIK =~ P <l E@B<6 DINNP>0JI1 @S>@KUJ I IN N<IN@?

¢ 'AIC@ @M@>0Q@ KWQX@B@ HJI?@ ?J@N 130 C<Q@ RMI@ K@MHINNIJIN 0J 0C@ <??M@NN DI JK  0C@1
< NOJN@ <>>@NN JN NOJN@ K<B@ A<PH @S>@KWNJ T IN N<IN@?

C "AOC@ <??N@NN DI JK INDI <I PI><>C@<=i@ l@B)J1 RIC RIW0@ K@WHINNIJIN 0C@ DINONP>0J T C<N
1J @M@>0 =P0 I<IN@N 13 @S>@KNJIIN

¢ ,J0@0C<0DMA0C@ -+ - N>COH@ RIW@ KNHI0@>ON JIET K<M) JA < ><>C@ D1@ 0C@I PNJIB < Q<tP@ AJM
JK 01 0C@ RM0@ KNJ0@>0@? N@BIJ I RI% ><PN@ <1 @S>@KNJ1 RCE@NA<N PNDIB < Q<tP@ AJNM JK D1
0C@ RI@ K@WHI0@? N@BIJ1 RI% RINE@ =<>F 0C@ @10M@ ><>C@ D1@

CDISCARD.D.L1
¢ "HKI@H@10@? <N No<0@ H<>C)I@ 11 * <0< ><>C@ AJll >JN@N RIC ?<0< ><>CEN
¢ — 16T <Q<l<=(@ )1 + HJI?@

¢ —K>J?0 P RIC JKNJ <6 IK  A@6? 01 =)N 5 6

¢ 5Cal Jk P %- " DIQ<R?<0@N =P0 ?J@N 1J0 RW@ =<>F <G OI@N DI 0C@ *
?<0< ><>CO ""IMT ?<0< RNCII 0C@ ><>C@ IN 6INO

c 5CAlIK "~ P %- " DIQ<A?<0@N =P0 ?J@N 1J0 RIW0@ =<>F 0C@ * ?<0< ><>C@
D@ >JH0<DIDIB 0C@ QWOP<G <??M@NN DI DI0@B@M N@BINO@M JK  ""MOT ?<0< RICII 0C@ ><>C@ D1 @ IN
6JINO

,-5.(8"06 15 (28 +7 ) .@&"0/ .$/$.2%#



(23 -8 L F-)$4 41
10,% +/0.1"0(,+/ +# [/

¢ 'AIC@ @M@>0Q@ KWQX@B@ HJI?@ ?J@N 130 C<Q@ RMI@ K@MHINNIJIN 0J 0C@ <??M@NN DI JK  0C@1
< NOJN@ <>>@NN JN NOJN@ K<B@ A<PH @S>@KWNJ T IN N<IN@?

C "AOC@ <??N@NN DI JK INDI <I PI><>C@<=i@ l@B)J1 RIC RIW@ K@WHINNIJIN 0C@ DENONP>0J T C<N
1J @M@>0 =P0 N<IN@N 1J @S>@KNJIIN

¢ ,J0@0C<0DMA0C@ -+ . N>COH@ RW@ KNHI0@>ON JIET K<M) JA < ><>C@ D1@ 0C@1 PNJIB < Q<tP@ AJM
JK 01 0C@ RIM0@ KNJ0@>0@? N@BIJ I RI% ><PN@ <1 @S>@KNJ1 RCE@N@A<N PNDIB < Q<tP@ AJNM JK DI
0C@ RWN0@ K@WHNW0@? M@BIJ 1 RIG 01Q<?<0@ <1? 2IN><l? 0C@ @10N@ ><>C@ D1 @

CEASE
¢ -MQX@B@? DINOMP>JI T JNCT <Q<Wb<=(@ 01 + HI?@
c —K>J?0 P

c A@MN@oniB 1 -1 C<l0 RI% 130 N@IN@ <1J0C@NM DENOMP>QJ 1 P 1005 N@N@O

¢ "INOB<0@N KIR@M ?IR1 N@LP@I>@ RCI>C RI% @Q@ 10P<WT N<IN@ 0C@ ;=9K=8>JGEBLAD=8) NIB
1<60J 0C@ JPOND?@ JA 0C@ TJN@ ¥ JHK@S DI?20><MIB 0C<000 IN N<A@ 0J KIR@W ?JRI

c 1 -TC<NI1J@M@>0J1 1TN(@GH PN >>@NN
¢ ""@=PB @9DLJ=1 Rl 1J0 RINF <A@l < 1 -1 DINOWP>0J 1 C<N l@in@?
PAUSE
¢ —K>J?0 P " RCI>CIN<™1) rIINWMP>0JI RNC KN@?@>@NNIN N@0 S <17? IP% NP>>@N

NIUN@0 2C@N@AIN@ + /-1 DN < $%) - DINOMP>(J 1 0C<0 @S@>PI@N <N < 1J JK JI < O'1! 4
IHK@H@10<0JI IN

¢ 2CIN DINWP>0J 1 H<T =@ PN@? AJN HIN@ @AD>)@10 0?2018 DI NKII R<0 6JJIKN

¢ 2CIN DINWP>0J 1 ><PN@N < NO<G JAPK 03 >T>@N IN P10 < ><>C@ @Q>0J 1 J>>PIN RCI>C@Q@M
>JH@N ANNO

?7.5;05 %?2160M<; ""'<12 "&

2CIN 10$0Q0@ >PNOJH @S0@ INDJ T <??N <1 + HJ?@ Y210 03 >J 10036 0C@ >PN@10 =N<1>C KN@?>0J 1
HJ?@ :HE<( 110 P

2C03 +1 1JI@ YIHKI@SN =l<I>C Ki@?0>0J 1 NTNO@H DI>P?@N < O@OPNT  ??M@NN 10<>F

O 1 < II>C2<B@0 PMaM 2 <I?< IKI>C &INOINT 2<=(0 &2 5SCKE =N<I>C KI@?)>

0JNN <H@ @NN@10<6 0J <>C@Q@ CIBC KAWMAINH<I>@ 01 KIK@D1@? KNII>@NNJIWN 0CAT ><I <tNJ ><PN@

P I?@NN<=6@ WHDIB Q<M<=DT AJN C<N? N@<t WH@ NTNO@HN 2C@ :HE N@BINO@N KNJIQ?@N < H@<IN 0J
>PNOIJHIU@ 0C@ =l<1>C KN@?0>0IM =@C<QIIN 0J <?@ <Q@N<B@ KAWMINH<I>@ AJN < HIN@ KN@?0>0<=6@
@S@>PNJ 1 OHE

,-5.(8"06 15 (28 +7 ) .@&"0/ .$/$.2%#









































































































































































































































https://github.com/chipsalliance/rocket-chip/blob/master/scripts/debug_rom/debug_rom.S
https://github.com/chipsalliance/rocket-chip/blob/master/scripts/debug_rom/debug_rom.S
https://github.com/chipsalliance/rocket-chip/blob/master/scripts/debug_rom/debug_rom.S
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https://sifive.com/documentation/tilelink/tilelink-spec
https://github.com/riscv/riscv-plic-spec
https://github.com/riscv/riscv-debug-spec
https://github.com/riscv/riscv-bitmanip
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