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Machine Language - Add Instruction

\
« Instructions, like registers and words of data, are 32 bits long 2%
* Arithmetic Instruction Format (R-type):

add x7, x8, x9

funct? rs2 rsil | funct3 rd opcode R-Type

opcode 7-bits
rsil 5-bits
rs2 5-bits
rd 5-bits

opcode that specifies
register file address
register file address

register file address

the operation
of the first source operand
of the second source operand

of the result’s destination

funct3 and funct7 10-bits select the type of operation (function)

ﬁ:\dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 2
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RISC-V Immediate Instructions

\
« Small constants are used often in typical code 2%

* Possible approaches?
* put “typical constants” in memory and load them
 create hard-wired registers (like x0) for constants like 1
* have special instructions that contain constants |

addi x7, x8, -2 # x7 = x8 + (-2)

* Machine for@%:\

imm[11:0] rs1 | funct3| rd opcode I-type

* The constant is kept inside the instruction itself
« Immediate format limits values to the range +2!!-1 to -2!

@dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005 3
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Two major ISA types: RISC vs CISC

\
« RISC (Reduced Instruction Set Computer) philosophy 2%
fixed instruction lengths
load-store instruction sets
limited addressing modes
limited operations
RISC: MIPS, Alpha, ARM, RISC-V, ...
e CISC (Complex Instruction Set Computer) philosophy
« | fixed instruction lengths
| load-store instruction sets
| limited addressing modes
| limited operations
CISC : DEC VAX11, Intel 80x86, ..
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N
RISC-V M 32Ewhk matyk RV32I
VAR A T yJ
RV 321 Base Instruction Set
imm[31:12 rd 0110111 LUI
imm[31:12 rd 0010111 AUIPC
imm|20[10:1]11[19:12] rd 1101111 JAL
imm[11:0] sl 000 rd 1100111 JALR
imm|12|10:5 82 rsl 000 imm|4:1|11 1100011 BEQ
imm|12|10:5 52 rsl 001 imm|4:1|11 1100011 BNE
imm|12|10:5 52 rsl 100 mmm|4:1|11 1100011 BLT
imm|12|10:5 52 rsl 101 imm|4:1|11 1100011 BGE
imm|[12|10:5 152 rsl 110 imml4:1|11 1100011 BLTU
imm|[12|10:5 52 rsl 111 imml4:1|11 1100011 BGEU
imm|[11:0 rsl 000 rd 0000011 LB
imm[11:0 rsl 001 rd 0000011 LH
imm|[11:0 rsl 010 rd 0000011 LW
imm[11:0 rsl 100 rd 0000011 LBU
imm|[11:0 rsl 101 rd 0000011 LHU
imm|11:5 152 rsl 000 imm|4:0 0100011 SB
imm|11:5 152 rsl 001 imm|4:() 0100011 SH
imm|11:5 182 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
imm/[11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imml11:0 rsl 111 rd 0010011 ANDI
- rd 0010011 SLLI
mst[42] 000 001 010 011 100 101 110 111 rd 0010011 SRLI
inst|6:5] (> 32b) rd 0010011 | SRAL
00 ] LOAD | LOAD-FP | custom-0| MISC-MEM | OP-IMM | AUIPC | OP-IMM-32 48b < Ly QPBD
01 | STORE | STORE-FP | custom-1| _ AMO oP LUI OP-32 640 - STioor—| Sir
10 MADD MSUB NMSUB NMADD OP-FP | reserved | custom-2/rvi28 48b rd 0110011 SLT
11 | BRANCH JALR reserved JAL SYSTEM | reserved | custom-3/rvi28 | = 80b rd 0110011 | SLTU
rd 0110011 XOR
rd 0110011 SRL
Table 24.1: RISC-V base opcode map, inst[1:0]= rd OLI00TT | SRA
rd 0110011 OR
0000000 | 82 rsl 111 rd 0110011 AND
fm pred | suce rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK
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RISC-V Memory Access Instructions X
\

« RISC-V has two basic data transfer instructions for
accessing memory

lw x5, 24(x7) # load word from memory
sw x3, 28(x9) # store word to memory

« The data is loaded into (Iw) or stored from (sw) a register
in the register file

* The memory address — a 32 bit address — is formed by
adding the contents of the base address register to the
offset value

&Ldap’red from Computer Organization and Design, Patterson & Hennessy, © 2005 6
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Machine Language - Load Instruction

* Load Instruction Format (I-type):
lw x5, 24(x7)

imm[11:0] rsi | funct3| rd opcode | I-type
Memory
Oxffffffff
24, + X1 =
%5 «—— 0x120040ac
... 0001 1000
+...1001 0100 %7 —» 0x12004094
... 1010 1100 =
0x120040ac 0x0000000c
0x00000008
0x00000004
0x00000000

data word address (hex)
Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005
c
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Example (51z&) X
\

« g=h+A[8]

100EEM LR AEIIANSHDHET H. Tz, AV NASEEHg, h [
LI RZ x5, x6 ZE|YHIT5H. SHICEIDEIBTZRLRIE X7 [
OHLNTLNEET 5.

FDRAT—RARZEAV NS LB L.
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Answer i\%

« g=h+A[8]

100EEM LR AEIIANSHDHET H. Tz, AV NASEEHg, h [
LI RZ x5, x6 ZE|Y TS, SHICEIDEFEIBZRLRIE x7 12
OHLNTLNEET 5.

FDRAT—RARZEAV NS LB L.

lw  x9, 32(x7) # x9 = A[8]
add x5, x6, x9 # g =h+ x9
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Machine Language - Store Instruction \
\
« Load Instruction Format (S-type): 2%

sw x5, 24(x7)

imm[11:5] rs2 rs1 | funct3|imm[4:0]| opcode | S-type
Memory

Oxffffffff

24, + X1 =
K5 —t— 0x120040ac

... 0001 1000

+...1001 0100 %7 —» 0x12004094

... 1010 1100 =
0x120040ac 0x0000000c
0x00000008
0x00000004
0x00000000

data word address (hex)
Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005
c
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Example (f5lz&) \
\
« A[12]=h+ A[8] %%

100EEM LR AECHIAMSHHET S, Tz, AVNAFEEH h ITL
DRF x6 ZENYMITSH. SHITEEHDEREIBTFLRIE X7 1ZH#H&H 5
NTWaHET S

EDRTF—FAVZEAVNAILE L.
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Answer
\
« A[12]=h+ A[8] x

100EEM LR AECHIAMSHHET S, Tz, AVNAFEEH h ITL
DRF x6 ZENYMITSH. SHITEEHDEREIBTFLRIE X7 1ZH#H&H 5
NTWaHET S

EDRTF—FAVZEAVNAILE L.

lw  x9, 32(x7) # x9 = A[8]
add x9, x6, x9 # x9 = h + x9
sw X9, 48(x7) # A[12] = x9
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RISC-V M32E vk metyk RV32I DnilEan 5
- JraEAmn T Ty AN T
RV 321 Base Instruction Set
imm[31:12 rd 0110111 LUI
imm[31:12 rd 0010111 AUIPC
imm|20[10:1{11]19:12] rd 1101111 JAL
imm[11:0] rs] 000 rd 1100111 JALR
imm|12|10:5 82 rsl 000 imm|4:1|11 1100011 BEQ
imm|12|10:5 52 rsl 001 imm|4:1|11 1100011 BNE
imm|12|10:5 52 rsl 100 mmm|4:1|11 1100011 BLT
imm|12|10:5 52 rsl 101 imm|4:1|11 1100011 BGE
imm|[12|10:5 152 rsl 110 imml4:1|11 1100011 BLTU
imm|[12(10:5 52 rsl 111 imml4:1|11 1100011 BGEU
imm[11:0 rsl 000 rd 0000011 LB
imm[11:0 rsl 001 rd 0000011 LH
imm|[11:0 rsl 010 rd 0000011 LW
imm[11:0 rsl 100 rd 0000011 LBU
imm|[11:0 rsl 101 rd 0000011 LHU
imm|[11:5 152 rsl 000 imm|[4:0 0100011 SB
imm|11:5 152 rsl 001 imm|4:() 0100011 SH
imm|11:5 182 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
imm/[11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imml11:0 rsl 111 rd 0010011 ANDI
- rd 0010011 SLLI
mst[42] 000 001 010 011 100 101 110 111 rd 0010011 SRLI
inst|6:5] (> 32b) rd 0010011 | SRAL
00| LOAD | LOAD-FP | custom-0| MISC-MEM | OP-IMM | AUIPC | OP-IMM-32 48b < Ly QPBD
01| STORE | STORE-FP | custom-1| _ AMO oP LUI OP-32 640 - STioor—| Sir
10 MADD MSUB NMSUB NMADD OP-FP | reserved | custom-2/rvi28 48b rd 0110011 SLT
11 | BRANCH JALR reserved JAL SYSTEM | reserved | custom-3/rvi28 | = 80b rd 0110011 | SLTU
rd 0110011 XOR
rd 0110011 SRL
Table 24.1: RISC-V base opcode map, inst[1:0]= rd OLI00TT | SRA
rd 0110011 OR
0000000 | 82 rsl 111 rd 0110011 AND
fm pred | suce rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK
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m_procOl 70ty HDEKETEREICAITI-—F

codelf2.v

4 —>

w_npc

W_pc

32

r_pc

Signals Waves
Time

188 ns 208 ns 306

w clk=
r pc[31:0] = [elEEEE
w npc[3l:0] =




RISC-V Control Flow Instructions

\
« RISC-V conditional branch instructions: X

beq x4, x5, Lbl # go to Lbl if x4==x5
bne x4, x5, Lbl # go to Lbl if x4!=x5

Ex: if (i==j) h = 1 + j;

bne x4, x5, Lbll
add x6, x4, x5

f (i!=j) goto Lbll

# i
# h=1+ 7;

Lbll:

* Instruction Format (B-type):

imm[12] | imm|[10:5] rs2 rsl funct3 |imm[4:1] | imm[11] | opcode | B-type

* How is the branch destination address specified?

@%dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005 15
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RISC-V Control Flow Instructions

\

o BEXDIMMZELZHNEZ TEFFETHIILTHLNDI2EYFDImm[12:1] %%
D THELIZIEVRDOZEERELT, 13EVFDEMEEFS.

s NEFBHERTHETIREVFDEMEIZE#RT 5.

« ZOXIITELNI=32EVFDEMEIZPCOEZNE T HZET, DEEDTRL
AERFS.

imm|[12]10:5] rs2 rsl 000 | imm[4:1|11] 1100011 BEQ
imm|12]10:5] rs2 rsl 001 imm[4:1]11] 1100011 BNE
imm|12[10:5 rs2 rsl 100 imm|4:1]11] 1100011 BLT
imm|12[10:5] rs2 rsl 101 imm|4:1|11] 1100011 BGE
imm|12[10:5] rs2 rsl 110 | imm|4:1]11] 1100011 BLTU
imm|[12|10:5] rs2 rsl 111 imm|[4:1[11] 1100011 BGEU

beq (branch if equal)

bne (branch if not equal)

blt (branch if less than)

bge (branch if greater than or equal)

bltu (branch if less than, unsigned)

bgeu (branch if greater than or equal, unsigned)
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RISC-V D&HSE

\__7_"—\?1 —

The RISC-V Instruction Set Manual
Volume I: Unprivileged ISA
Document Version 20191214-draft

Editors: Andrew Waterman!, Krste Asanovié!?
ISiFive Inc.,
2CS Division, EECS Department, University of California, Berkeley
andrew@sifive.com, krste@berkeley.edu
November 12, 2021

| xxxxxxxxxxxxxxaa | 16-bit (aa # 11)

| XXXXXXXXXXXXXXXX | XXXXXXXXXxxbbbll | 32-bit (bbb # 111)

- XXXX | XXXXXXXXXXXXKXXXX | xxxxxxxxxx011111 | 48-bit

- XXXX | XXXXXXXXXXXXXXXX | xxxxxxxxx0111111 | 64-bit

- XXXX | XXXXXXXXXXXXXXXX | Xxnnnxxxxx1111111 | (80+16%nnn)-bit, nnn#111

- XXXX | XXXXXXXXXXXXXXXX | x11lxxxxx1111111 | Reserved for >192-bits

Byte Address: base+4 base+2 base

Figure 1.1: RISC-V instruction length encoding. Only the 16-bit and 32-bit encodings are consid-
ered frozen at this time.
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RISC-V an e EBNE

<

31 30 25 24 21 20 19 15 14 12 11 3 7 6 0
| funct7 | 2 |  rsl | funct3 | rd | opcode | R-type
| imm([11:0] | sl | funct3 | rd [ opcode | I-type
\ imm[11:5] | 152 | rsl | funct3 | imm([4:0] | opcode | S-type
[imm[12] | imm[10:5] | rs2 | sl | funct3 [imm[4:1] [imm[11] [ opcode | B-type
\ imm(31:12] \ rd | opcode | U-type
[ imm[20] | imm([10:1] [imm[11] | imm[19:12] ] rd [ opcode | J-type

Figure 2.3: RISC-V base instruction formats showing immediate variants.

31 30 2019 21 12 11 10 5 4 11 0
H — inst[31] — [ inst[30:25] | inst[24:21] | inst[20] | I-immediate
21 5
H — inst[31] — [ inst[30:25] | inst[11:8] | inst[7] | S-immediate
20
|\ inst[31] | inst[7] |inst[30:25] | inst[11:8] | 0 | B-immediate
19 12
|inst[31] [ inst[30:20] | inst[19:12] | — 0 — | U-immediate
12 10
| — inst[31] — | inst[19:12] |inst[20] |inst[30:25] [inst[24:21]] 0 | J-immediate

Figure 2.4: Types of immediate produced by RISC-V instructions. The fields are labeled with the
instruction bits used to construct their value. Sign extension always uses inst[31].
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m_proc03 add & addi ZE9 570ty

IO

e MEITTVF(IF), TaA—KREARZURTYF(ID),

<

EIT(EX), 514\ D
(WB) OUEZHIGE5ME MRS (add, addi)ITxt Lz 0twyHn 7oy

[ opcode | R-type

IF ID EX
»
w_imm 7_5;_' w_imm32 !
- > % i
3 !
32 w_rsl . E
S w_rrsl | |
12 m_memory w_ir! W rs2 : 7 : W rslt
r pc w2 m_imem éz %/ mrﬁrergglie 32 W i ]T
r pc[13:2 i i || =z | W :
Pell3:2]| " (32bit x 4096) L, wrd ' (32bitx32) | w_rrs2 ‘——> |
5 32 i 1
31 30 25 24 21 20 19 15 14 12 11 8
| funct7 | rs2 \ rsl ] funct3 \ rd
imm[11:0] | sl | funct3 | rd

| opcode | I-type

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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m_proc04 add, addi, Iw z4L;

. HBETTYF(IF), TaA—KREFRSURTTYF(ID),

inn

B3 570ty

A

E1T(EX), *EUT VEA(MEM), 5

A3y 9(WB) DIEBHFH 4 Sadd, addi, IwssFIZxf L7 0wyY

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

IF ID EX MEM WB
©
w_imm UI_D: w_imm32
L ) ‘>_<'-
4 32 75 z
3
32 w_rsl .
A > w_rrsl |
12 m_memory wW_ir | W_rs2 . Z ! >\| L wrslt
—r_pc 7 m_imem §2 /5’ mrﬁriggsle 32 W ain | * A w._rslt2
r_pc[13:2]|  (32bit x 4096 | L =| W ) 32 \
EEIPEtE, | wrd | @2bitx32) | w2 [g[T 12
5 [3 7> - m_amemory !
| m_dmem vy_ldd
(32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type
| imm[11:0] | sl | funct3 | rd | opcode | I-type
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IO

m_proc05 add, addi, lw, sw Z 4

B9 5701y

A
« WMEITTIVFAF), TA—KREARSURTZYF(ID), EIT(EX), *EBITIEA(MEM), 5
ANy (WB) DIEBH 74 Sadd, addi, lw, swaEnsICRELizFOty4

IF | ID . EX MEM . WB

w_imm g | w_imm32
4 32 ?l @ I
>
32 i w_rsl .
: g > w_rrsl | !
12 m_memory wW_ir | W_rs2 . Z ! >\| L wrslt
—r_pc 7 m_imem §2 /5’ mrﬁriggsle 32 W ain | * A w._rslt2
r_pc[13:2]| " (32bit x 4096 | L gl ) s \
( ) : word I (32bit x 32) w_rrs2 |2 12
P 20 : > m_amemory ;
w_rrs2 1/3/2 m_dmem w_ldd
(32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type

@3 | imm[11:0] | sl | funct3 | rd | opcode | I-type
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IO

m_proc06 add, addi, lw, sw, beq ZIEF 5701y

A
o MEITIVF(IF), TA—KEARTURTZYF(ID), EFT(EX), *EBIVTIEA(MEM), 5
Ak 9(WB) DAUEZEFH 4 Sadd, addi, lw, sw, beqii It iELI-FOwyY

IF ID . EX MEM . WB
w_npc : !
32 ; 2| |
= I sl W tpe !
X | 32 |
32 ! w_imm g w_imm32
gy} 4 N e
w_pc , : ; 1
E w_rsl : ! !
K o > : ! :
32 1 m_memory W_iri > W_rs2 fil é/2 e i - D i w_rslt E
—1r_pc 7 m_imem §2 /5' mrﬁrigglse ! + e z w_rslt2
r_pc[13:2]| * (32bit x 4096 ! _ 2o 321 ; \
(32bit x ) : w_rd 5| (32bit x 32) /w_rrsZCCijy_aln L~ E 12 , JEZ
r 5 20 1 =7 m_amemory !
wrms2 :/3/2 m_dmem w_ldd
; ! ! (32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type

@3 | imm[11:0] | sl | funct3 | rd | opcode | I-type
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RISC-V M32EvrEARGES Yt RV32T

RV 321 Base Instruction Set

imm[31:12 rd 0110111 LUI
¢ LB ( load byte ) imm[31:12 rd 0010111 AUIPC
imm/[20[10:1[11]19:12 rd 1101111 JAL
¢ LH ( load hal-FWOPd ) imm[ll:(]]l | i ] rsl 000 rd 1100111 JALR
imm|12|10:5 82 rsl 000 imm|4:1|11 1100011 BEQ
e LW ( load word ) mm[12]105 ) ) 001 | imm[ZI/11] | 11000i1 | BNE
o imm|12(10:5 52 rsl 100 imm|4:1|11 1100011 BLT
 LBU (load byte, UhSlgnEd) fmm[12[10:5 152 rsl 101 | fmm[4:1[11] | 1100011 | BGE
. imm/(12(10:5 152 rsl 110 imm|4:1|11 1100011 BLTU
* LHU (load halfwor‘d, un51gned) mm[12]10:5 [ rsl 111 | tmm[4:1]11] | 1100011 | BGEU
. i 11:0 11 000 d 0000011 LB
 SB (stor‘e byte(8-b1t) ) :$$ 110 :::1 001 :d 0000011 | LH
. imm[11:0 rsl 010 rd 0000011 LW
* SH (store halfword(16-bit)) (110 w1100 a 0000011 | LBU
R imm|[11:0 rsl 101 rd 0000011 LHU
L Sw ( Stor‘e WO r‘d ( 32 - blt ) ) imm|[11:5 rs2 rsl 000 imm|[4:0 0100011 SB
imm|11:5 152 rsl 001 imamn|4:0 0100011 SH
imm|11:5 182 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
. | | : imm|11:0 . rsl ; 011 rd 0010011 SLTIU
imm|11:0 rsl 000 rd 0000011 LB
imm|11:0 rsl 001 rd 0000011 LH
imm/|11:0] rsl 010 rd 0000011 LW
im m[l 1:0 rsl 100 rd 0000011 LBU
imm|11:0 rsl 101 rd 0000011 LHU
imm|11:5] rs2 rsl 000 imm|4:0] 0100011 SB
imm|11:5] 152 rsl 001 imm 4:0] 0100011 SH
imm|11:5 rs2 rsl 010 imm|4:0 0100011 SW
' e 0000000 | rs2 rs] 1T | rd ] 0110011 ] AND
fm pred | suce rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK

<
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little-endian, big-endian

In a little-endian configuration, multibyte stores write the least-significant register byte al
the lowest memory byte address, followed by the other register bytes in ascending order of their
significance. Loads similarly transfer the contents of the lesser memory byte addresses to the

less-significant register bytes.
In a big-endian configuration, multibyte stores write the most-significant register byte at the

lowest memory byte address, followed by the other register bytes in descending order of their

stgnificance. Loads similarly transfer the contents of the greater memory byte addresses to the
less-stgnificant register bytes.
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