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Assembly Language, ISAs

Basic job of a CPU: execute lots of
® CPU: Centralized Processing Unit

dInstructions are the primitive operations that the CPU may execute.
@ Like a sentence: (verbs) applied to (objects)

JAnN Instruction Set Architecture (ISA) defines what operations a
particular CPU supports, and how it implements them.
® Assembly language: the low-level CPU instructions
® Machine language: how the instructions are represented, in bits
® Fundamental architectural features and design

JRISC-V ISA defines instructions for CPU down to the bit level:

add x18, x19, x10 000000001010100110001001600116011
assembly code machine code



Patterson and Hennessy win Turing Award! (2017)

ISAs: RISC vs. CISC

ADifferent CPUs implement different ISAs:

® ARM (cell phones), Intel x86 (i9, i7, i5), IBM/Motorola PowerPC (old Macs), MIPS,
RISC-V, ...

@ Early trend was to add more and more instructions to new CPUs to do elaborate
operations.

@ VAX architecture had an instruction to multiply polynomials!

CISC: Complex Instruction Set Architecture, e.g., x86

JdReduced Instruction Set Computer (RISC) philosophy:
® Cocke IBM, Patterson, Hennessy, 1980s.

@® Keep the instruction set small and simple. Let software do complicated operations
by composing simpler ones.

® Makes it easier to build fast hardware: Laptops, Servers, 10T, ...

@® This went against the conventional wisdom of the time.
(he who laughs last, laughs best)


https://engineering.berkeley.edu/news/2018/06/patterson-wins-turing-award/

RISC-V Architecture

JRISC-V Origin
@ Lineage can be traced to RISC-I/Il projects (1980s)
@ Started in Summer 2010 to support open research and teaching at UC Berkeley
@® As the project matured, it migrated to RISC-V foundation (www.risc-v.org)

ANew (2015) open-source, license-free ISA spec
@® Supported by growing shared software ecosystem

@® Appropriate for all levels of computing system, from microcontrollers to supercomputers
® 32-bit, 64-bit, and 128-bit variants (class/textbook uses 32-bit)

JdWhy RISC-V instead of Intel x86-647

@® RISC-V is simple and elegant. We don’t need to get bogged down in gritty details.
@ RISC-V has exponential adoption, from microcontrollers to CPUs to warehouse-scale computers.

® Many commercial and research projects based on RISC-V.
® Open-source and proprietary

@ Widely used in education
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RISC-V Base ISAs and Extensions

QRisc-v FHEE—IE0E, TR RIIBRT BIESE

Name | Description

ISA base versions
RV32 32-bit ISA

RV32E | 32-bit ISA (embedded version)
RV64 | 64-bit ISA

RV64E | 64-bit ISA (embedded version) AR R 5 BRV64T+MY &,
RV128 128-bit ISA EP 64 4;7_55/551 %{iﬁ%gé\% +
Extensions RN ET R

embedded version

base integer ISA

integer multiplication /division instructions
atomic instructions

single-precision floating point
double-precision floating point

vector instructions
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Registers and Memory

Processor Memory

JComputers have 2 main parts:
® CPU, responsible for computing

Input

® Main memory, responsible for
long-term data storage

CPU is designed to be fast.

@ 3.33GHz: 0.3ns instr/second.
(speed of light: 10cm/0.3ns)

Datapath
Program Counter (PC —  Bytes

Registers

® Main memory: takes ~100ns! it output
ni

_ J u J

JCPU therefore stores a small
. Y Y
amount of data through registers. CPU, computes Viemory, loads/stores

Registers (lns) are inside the processor and faster than memory (100nm).



The Program Counter Register

1The program counter pc holds the address of the current instruction

JdProgram execution:
@® Fetch the instruction from memory using the PC
@® Execute instruction

® Update PC to the next instruction
® Normal instructions update PC to PC + 4 bytes
@® Branch instructions update PC according to the labels or target address

No Instructions can use pc register directly.



RISC-V Register Names and Numbers

132 registers in RISC-V

@® Each ISA has a predetermined number of registers.

@ Why? Registers are built into hardware.

@® Each RISC-V register is 64 bits wide (in RV64)

® Groups of 64 bits are called words in RvV64

JRegister Names and Mnemonics
@ x0 is always O
® Only 31 can hold values

(JSee RiscV.ml

Register | Mnemonic | Description

20 ZEro Hard-wired to zero

xl ra Return address

x2 sp Stack pointer

x3 gp Global pointer

x4 tp Thread pointer (thread-local storage)
xd— 7 t0-2 Temporary registers

x8 s0/fp Saved register/frame pointer

x9 sl Saved register

z10 — 11 | a0-1 Function arguments/return values
xl12 — 17 | a2-7 Function arguments

xl8 — 27 | s2-11 Saved registers

x28 — 31 | t3-6 Temporary registers




RISC-V Assembly Language

JPrograms in Assembly language consist of

@ Instructions: e.g., add x5, x6, x7
® May include pseudo-instructions
@ Each instruction occupies one line.

@ Labels: essentially the names of some addresses
® E.g., “loop:”, “main:”, “exit:”

® Assembler Directives: used by the assembler, not the CPU
@ .text, .data, .global main, .word 10, .string “Hello”
@® Different assemblers may have different directives

® Comments: written using the # symbol

@ Anything written after a # on a line gets ignored

RISC-V assembly = Instructions + Labels + Directives (+ Comments)



RISC-V Instructions

JdMoving Values to Registers

Semantics Example Explanation
addi rd, rsl, imm | addi x1,x0,5 | x1 < 0+ 5
add rd, rsl, rs2 add x1, x2, x3 | x1 < x2 + x3

JPseudoinstructions
® Not a real instruction; it uses existing instructions to produce equivalent behaviour.
® The assembler translates pseudoinstructions into real instructions.

Semantics | Example Explanation
lui rd, imm | lui x1, 5 x]l + 5 << 12
i rd, imm | li x1, 0xABCD1234 | x1 + 0xABCD1234

11 x1 5 - addi x1 x0 5

10



RISC-V Instructions

JLoad and Store Instructions

Semantics Example Explanation

lw rd, imm(rsl) | lw x1, 32(sp) | x1 < mem|sp + 32]
sw rs2, imm(rsl) | sw x1, 32(sp) | mem[sp+32] + x1
la rd, label la x1, pi x1 + address(pi)

11
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RISC-V Instructions

JArithmetic instructions

12

Semantics

Example

Explanation

add rd, rsl, rs2

add x1, x2, x3 | x1 + x2 + x3

addi rd, rsl, imm

addi x1, x2,5 | x1 < x2 + 5

sub rd, rsl, rs2

sub x1, x2, x3 | x1 + x2 - x3

Semantics Example Explanation
mul rd, rsl, rs2 | mul x1, x2, x3 | x1 + x2 X x3
div rd, rsl, rs2 | div x1, x2, x3 | x1 < x2 / x3

rem rd, rsl, rs2

rem x1, x2, x3

x1 « rem (x2 / x3)

addw, addiw, subw HRitE(Kk
32 bits, SARTIST BE64{1

FGES15E1287AYZL, mu LLRER(E
6401£L, mulhfSEIE641IEN

mulw, divw, divuw, remw,
remuwtB2RITEMK32 bits, &
RS BRE64

mulhu, divu, remufiii{/EE{I
unsigned; mulhsufiFMEIEEL
— 1N Esigned, — N 2Runsigned




RISC-V Instructions

dLogical and Shift Instructions

13

Semantics Example Explanation

and rd, rsl, rs2 and x1, x2, x3 | x1 + x2 AND x3
andi rd, rsl, imm | andi x1, x2, 6 | x1 < x2 AND 6
or rd, rsl, rs2 or x1, x2, x3 x1 + x2 OR x3
ori rd, rsl, imm ori x1, x2, 9 xl «+ x2 OR 9

xor rd, rsl, rs2

xor x1, x2, x3

x1 < x2 XOR x3

xori rd, rsl, imm

xori x1, x2, 7

xl < x2 XOR 7

sll rd, rsl, rs2

sll x1, x2, x3

x] + x2 << x3

srl rd, rsl, rs2

srl x1, x2, x3

x] «+— x2 >> x3

sra rd, rsl, rs2

sra x1, x2, x3

x] «+— x2 >>> x3

slli rd, rsl, imm

slli x1, x2, 3

x] +— x2 << 3

srli rd, rsl, imm

srli x1, x2, 3

x]l «x2>>3

srai rd, rsl, imm

srai x1, x2, 3

Xl < x2>>> 3

sllw, srlw,

srliw, sraiwig<HRIHE32{i081T

sraw,slliw,

L, HIBIER

S BE6441




RISC-V Instructions

ASet-less-than (slt) Instruction

Semantics

Example

Explanation

slt rd, rsl, rs2

sltu rd, rsl, rs2

slti rd, rsl, imm

sltui rd, rsl, imm

slt x1, x2, x3
Iti x1, x2, 5

S
sltu x1, x2, x3 | if (
sltui x1, x2, 5 1f (X2 <unsigned 9) set x1 to 1

if (x2 < x3) set x1 to 1
1f (x2 < 5) set x1 to 1

dBranch Instructions
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Semantics

Example

Explanation

beq rsl, rs2, label

beq x1, x2, .foo

Branch to the . foo label if x1 = x2

bne rsl, rs2, label

bne x1, x2, .foo

Branch to the .foo label if x1 # x2

bge rsl, rs2, label

bge x1, x2, .foo

Branch to the .foo label if x1 > x2

blt rsl, rs2, label

blt x1, x2, .foo

Branch to the .foo label if x1 < x2

bgeu rsl, rs2, label

bgeu x1, x2, .foo

Similar to bge, considers unsigned values.

bltu rsl, rs2, label

bltu x1, x2, .foo

Similar to blt, considers unsigned values.




Lowering loops to Assembly

while
do-while f""“"""""m""""“""""[aaﬁf"“"""""m""""“""""“m"";
T T T T . +while(cond) { if('cond) goto AfterLoop;!
- do {1. 1 - linel; linel; |
tne-; - line2; — line2;
: LineZ; . goto Loop;
'} while(cond T _ '
: {- . ( ) . Line3; AfterLoop:
l lne3, : .
! ! line3;
, @ | ;r%;}'(% T e o S B i
I : I ] 1; 1 . :
Loop: " oop:
| linel; i illnez? @ if(!cond) goto AfterLoop
linEZ; E :startline' 1ine1; .
if(cond) goto Loop; : ! while(cond) { ég’iélﬂgop
L ek, > artetlony
11ne3, 1 ! line2;
_______________________________________ line2;

——————————————————————————————————————————————————————————————————————————————————



Example: Lowering loops to Assembly

16

L

int a = 0;
for(int 1 = 0; i < 10; i++) {
if(i ==7) {
break;

goto Loop;
End: a = a + 50;

———————————————————————————————————————

——————————————————————————————————————————————————————

11 x10 0 #int a = 0;
11 x50 #int 1 = 0;
Loop
11 x6 10 #int j = 10;
bge x5 x6 End #if(i >= j) goto End;
1 x6 7 #1 =7,
beq x5 x6 End #if(i == j) goto End;
add x10 x10 x5 #a = a + 1;
addi x5 x5 1 #i =1 + 1;
J Loop #goto Loop;
End:

addi x10 x10 50 #a = a + 50;



RISC-V Instructions

JUnconditional Branches (mainly used in function calls)
@ jal rd Label: R[rd] = PC + 4, PC = <address of Label>

@ j Label: PC = <address of Label>, is a pseudoinstruction, jal xO Label
@jalr rd rs1 imm: R[rd] = PC + 4, PC = R[rs1] + imm

@ jrrsl: pc = R[rs1], is a pseudoinstruction: jalr xO rs1 0

Semantics

Example

Explanation

jal rd, label

jalr rd, rsl, offset

jal x1, func

jalr x1, x2, 20

Jump to the func label and store the
return address in xl

Jump to the address z2 + 20 and
store the return address in xl

17




Load Upper Immediates

JLoad upper immediate
@luird imm: imm =imm << 12; R[rd] = imm
® Write an upper immediate to register rd

JAdd upper immediate to PC
@ Auipc rd imm: imm = imm << 12; R[rd] = pc + imm
® Add an upper immediate to the PC

18



Example: Function Calls

Ox @ mailn:
li a0 4 _ :
4 jal ra factorial Function call: pC &x4 Ox48
8 ?.ddl al a0 o0 jal @ 0x4 . -
20 li a0 3 _ _
24 jal ra factorial Function return: pC Ox64 Ox8
23 ?.ddl al a0 o0 jr @ 0x64 . —
48 factorial:
aggi t0 x0 1
4c addi t1 x0 1 : .
50 100p: Function call: pC 8x24 Ox48
bgt t0 a0 done jal @ 0x24 ra - 0x28
54 mul t1 t1 to
>8 ?d%gogg R Function return: o oxes 0x28
60 done: jr @ 0x64 ra 9x28
add a0 tl1 xo
64 jr ra
""""" factoglal(n){
prod = 1; e i i i i
for ( i=1; 1i<=n; i++) { | a0 1s a register name for register x10 and 1s
: prod *= 1i; | used for both
retval = prod; « the first argument to a fun;tlon, and
return retval; « the return value of a function.

_______________________________________________________________________________



Stack frame in RISC-V

JA function can choose to use a stack frame by manipulating sp:

@ After a function is called, create a stack frame/decrement sp.
® When the function wraps up, delete the stack frame/increment sp.

A stack frame can include:

@® Space for local variables (e.g., stack arrays)
@® Return “instruction” address (why?)
® Parameters (arguments) beyond the 8 argument registers

20



Example: Stack Frame in RISC-V

+3 42 +1 +0

Ox 0 main:
2 addi sp sp —12 OXFFFF FFDC L
D e o OxFEFE EFDS maln s
—— stack frame —
20 addi sp sp 12 OXFFFF FFD4
24 J exit

OxFFFF FFDO OxBOBA CAFE
28 fTO0O0A: _
30'0'1 sp sp -8 OXFFFF FFCC OxABCD EF12
24 Jopsese s OxFFFF FFC8 Ox3456 7890
- - OXFFFF FFC4 OxBOBA CAFE
70 exit:
. . OXFFFF FF OxABCD EF12
SPp

21



Example: Stack Frame in RISC-V

22

Ox 0 main:

4 addi sp
. x calls
20 addi sp
24 j exit
28 fooA:
addi sp
50 gddi sp
54 jr ra

70 exit:

sp -12 OxFFFF FFDC
fooA OxFFFF FFD8
sp 12 OxFFFF FFD4
OxFFFF FFDO

sp -8 OxFFFF FFCC
sp 8 OxFFFF FFC8
OxFFFF FFC4

OxFFFF FF

sp [@xFFFF_FFCC

<i//

“fooA’s"” stack pointer

+3

+2 +1 +0

Mmain S"
stack frame —

“fooA’'s”
stack frame

Ox3456 7890

OxBOBA CAFE

OxXABCD EF12




Example: Stack Frame in RISC-V

Ox 0 main:

4 addi sp
. x calls
20 addi sp
24 j exit
28 fooA:
addi sp
50 gddi sp
54 jr ra

70 exit:

23

sp -12 OxFFFF FFDC
fooA OxFFFF FFD8
sp 12 OxFFFF FFD4
OxFFFF FFDO

sp -8 OxFFFF FFCC
sp 8 OxFFFF FFC8
OxFFFF FFC4

OxFFFF FF

Sp

+3

+2 +1 +0

Mmain S"
stack frame —

“fooA’s”
stack frame

Ox3456 7890

OxBOBA CAFE

OxXABCD EF12

Restore the caller’s (here, main’s)
stack pointer before “returning”



Example: Stack Frame in RISC-V

+3 42 +1 +0

Ox 0 main:
2 addi sp sp —12 OXFFFF FFDC L
D e o OxFEFE EFDS maln s
—— stack frame —
20 addi sp sp 12 OXFFFF FFD4
24 J exit

OxFFFF FFDO OxBOBA CAFE
28 fTO0O0A: _
30'0'1 sp sp -8 OXFFFF FFCC OxABCD EF12
24 Jopsese s OxFFFF FFC8 Ox3456 7890
- - OXFFFF FFC4 OxBOBA CAFE
70 exit:
. . OXFFFF FF OxABCD EF12
SPp

24



Register Calling Convention

JFunctions share the same registers and calling conventions.
@ Caller: the calling function
@ Callee: the function being called

® When the callee returns from executing, the caller needs to know:
® Which registers may have changed, and which are guaranteed to be unchanged

® Register calling conventions:

@® A set of generally accepted rules as to which registers will be unchanged after a
procedure call (jal) and which may be changed.

JRISC-V divides registers into two categories to reduce register spilling:
@® Caller-saved: not preserved across calls
@ Callee-saved: restored by the callee if modified

25



RISC-V Calling Convention LT TELRCEERRTREY

[
'x3: gp (global pointer) |
[

, , x4: tp (thread pointer) |
QCaller-saved: (if data in them) ~ 'momotomoessmtemoses

® Arguments a0-a7 (x10-x17) /return values (a0-al)
@® Return address, ra (x1)

® Temporary registers, t0-t6 (x5-7, x28-31)

® May not be preserved across function calls!

@ Caller is responsible for saving these values for itself before calling a callee

® 7 caller (EVAFT callee EIRFERIXLEFTIFZEEKANE, ABA caller REETAHBIRF
@® To save register values, save to sO-s11 or to its stack frame

A Callee-saved: (if it uses them)

@ Stack pointer sp (x2): has the address of the bottom of the current stack frame
@® Saved registers, sO-s11 (x8-9, x18-27)
® Callee is responsible for saving/restoring these register values

26



Example: Recursive Factorial

Caller-saved: a0, t0, ra
Callee-saved: s0, sp

'int factorial(int n) {
if (n == 1)
return 1;
return n *x factorial(n - 1);

}

// result is 6
int result = factorial(3);

[/ e

|

|

|

|

|

|

|

'int main(void) {
|

|

|

|

: return 0;
|

g

: jal ra factorial
:factorial:
, addli sp sp -8

sw ra 0(sp)

sw s@ 4(sp)

mv s@ ao

i to 1

bne s@ t@ recurse

l1 af 1

] epilogue
recurse:

addi a@ so0 -1

jal ra factorial

mul a@ s@ a0
epilogue:

lw ra 0(sp)

lw s@ 4(sp)

addi sp sp 8

jr ra

r

} Prologue

} Epilogue



Fundamental Steps in Calling a Function

ASet up for callee:

@ Save caller-saved registers if needed, either by copying to sO-s11 or to stack Imgin:

|
@ put arguments in a0, ..., a7, etc. I 1i a0 3 | :
. jal ra factorial |
Transfer control to function: jal ra fnLabel : :
: factorial:
APrologue: : addi sp sp -8 :
@® Push stack frame/decrement sp sw ra 0(sp) Prolague
@ Save callee-saved registers if will use sO-s11 SW 58 4é5p) l
@ Save ra if calling subroutine r{“l/ %@ ?
@ Reserve space for local variables stored in memory (e.g., arrays). ?Ue gglt@ recurse
: : 1 a
JPerform the desired function task i epilogue
JEpilogue: e

addil a@ so -1
jal ra factorial
mul a@ s@ ao

@ Put return value a0 (and al if necessary)
@ Restore any modified callee-saved registers; restore ra if called subroutine

(JReturn control to point of origin: j ra ep{\bo%geé(sp)

@ Restore caller-saved registers if needed lw s@ 4(sp) Epilqgue
addi sp sp 8 .
jr ra |

R e e e e e e R e J

28
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Assembly vs Machine Code

JdWe write assembly language instructions
®eg.,“add x18, x19, x10”

JThe machine interprets machine code bits
@e.g,“00000000101010011000100100110011”7

The assembler takes care of compiling assembly language to bits for us.

@ It also provides a few conveniences
@® E.g., Directives, Pseudoinstructions, labels,...

JFormat of each RISC-V Instruction
® See RiscV.ml

30



RISC-V Instruction Formats

JR-type Instruction Format
@® A 5-bit unsigned integer [0-31] corresponds to a register number (x0-x31)

@ For register-register arithmetic instructions: add, sub, mul, div, rem, and, or,

xor, sll, srl, sra, slt, sltu

® opcode: determines what instruction format to use
@ funct3 and funct7 determine what operation to perform

funct7

rs funct3 rd

&

31

(R-Type)




RISC-V Instruction Formats

JR-Type Instructions

32

funct? funct3 opcode

0000000 rs2 rsl 000 rd 0110011 add
0100000 rs2 rsl 000 rd 0110011 sub
0000000 rs2 rsl 111 rd 0110011 and
0000000 rs2 rsl 110 rd 0110011 or
0000000 rs2 rsl 100 rd 0110011 Xor
0000000 rs2 rsl 001 rd 0110011 sll
0000000 rs2 rsl 101 rd 0110011 srl
0100000 rs2 rsl 101 rd 0110011 sra
0000000 rs2 rsl 010 rd 0110011 slt
0000000 rs2 rsl 011 rd 0110011 sltu




RISC-V Instruction Formats

I-type Instruction Format
@® For register-immediate arithmetic instructions: addi, andi, ori, xori, slli, srli,

srai, slti, sltiu, lw, jalr
@® Imm|[11:0] holds 12-bit wide immediate values: [-2048, +2047]
® CPU sign-extends to 32 bits before using
imm rs1  |funct3| rd opcode (I-Type )
- —— — — I\ N e " g —I N =
*_
DI type funct3 opcode
imm[11:0] rsl 000 rd 0010011 addi
0000000 imm[4:0] rsl 001 rd 0110011 slli
0000000 imm[4:0] rsl 101 rd 0110011 srii
0100000 imm[4:0] rsl 101 rd 0110011 srai

33




RISC-V Instruction Formats

dI-Type instructions

34

funct3 opcode
imm[11:0] rs1 000 rd 0010011 addi
imm[11:0] rs1 111 rd 0010011 andi
imm[11:0] rs1 110 rd 0010011 ori
imm[11:0] rs1 100 rd 0010011 xori|
0000000 imm[4:0] rs1 001 rd 0010011 slli
0000000 imm[4:0] rs1 101 rd 0010011 srli
0100000 imm[4:0] rs1 101 rd 0010011 srai
imm[11:0] rs1 010 rd 0010011 suﬂ
imm[11:0] rs1 011 rd 0010011 sltiu

funct3 opcode
imm[11:0] rs1 000 rd 0000011 lb
imm[11:0] rs1 100 rd 0000011 lbu
imm[11:0] rs1 001 rd 0000011 lh
imm[11:0] rs1 101 rd 0000011 lhu
imm[11:0] rs1 010 rd 0000011 lw
imm[11:0] rs1 000 rd 1100111 jalr

Arithmetic, shift

Load, Jump



RISC-V Instruction Formats

AS-Type Instruction Format

@® For Store Instructions: sw, sh, sb
@ Store address = (Base Register) + (Immediate Offset)

® Why split up the immediate field in S-Type?

@ For simple hardware design!

imm[11..5] rs2 s funct3| imm[4..0]| opcode (S-Type)
AS-Type Instructions:
funct3 opcode
imm[11:5] rs2 rs1 000 | imm[4:0] 0100011 sb
imm[11:5] rs2 rs1 001 imm[4:0] 0100011 sh
imm[11:5] rs2 rs1 010 imm[4:0] 0100011 SW

35




Exercise: How to encode “add x4 x3 x2”?

JLookup table:

funct? funct3 opcode

0000000 rs2 rsl 000 rd 0110011 add
JEncoding:

funct? funct3 opcode

0000000 00010 | 00011 000 00100 0110011 add

(JHex: Ox 00 21 82 33

36



RISC-V Instruction Formats

JU-Type Instruction Format
@® For upper immediate instructions: lui, auipc

imm rd opcode

JU-Type Instructions

opcode
imm[31:12] rd 0010111
imm[31:12] rd 0110111

37
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RISC-V Instruction Formats

AB-Type Instruction Format

@® Offset =imm|[12:0] is a 13-bit integer, imm|[0] is always O
@® PC relative offsets are [-2712, 2712) byte changes (how many instructions away?)

12| imm[10..5]

rs2

rs1 funct3| imm[..] 11

opcode

| -

P

J

I

v

) -
-~

B-Type Instructions

_J\
B o

(B-Type)

funct3 opcode
imm([12]10:5] rs2 rsl 000 | imm[4:1]11] 1100011
imm([12]10:5] rs2 rsl 001 |imm[4:1]|11] 1100011
imm([12]10:5] rs2 rsl 100 | imm[4:1|11] 1100011
imm([12]10:5] rs2 rsl 110 | imm[4:1|11] 1100011
imm([12]10:5] rs2 rsl 101 | imm[4:1|11] 1100011
imm([12]10:5] rs2 rsl 111 | imm[4:1|11] 1100011
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RISC-V Instruction Formats

dJ-Type Instruction Format

® Used only for jal
® Offset =imm[20:0] is a 21-bit integer (2’s complement), imm[0] is always O

20 imm[10..1] 11 imm[19..12] rd opcode
B-Type Instruction
opcode
imm[20]10:1|11(19:12] rd | 1101111
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Assembler and Disassembler

JAssembler: translate assembly language into machine language

add x18, x19, x10 000000001010100110001001600116011
assembly code machine code

A Disassembler: translate machine language into assembly language

00000000101010011000100100110011 add x18, x19, x10
machine code assembly code

Both are (simplified) compilers in principle.

_1See Assembler.m/
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iLmraRIE

Qi fmes AR L2 B miEes
o KL mESiERINENIEESER
o[ MESIEFREE : UETAEENBRIRHNTEFNE LM (WAsmUtil.ml)
® BITHWN—FKIeS, BHREMFIETREZEER, SRR CELUES R
@ [ Ymeate< (Directive) AILAECEN
@ FEIIU0.text, .data, .bss, .globl, .quad, .byte, .zero, .asciz
o TRk, BN, (NSFHFFRITTRE

RISC-V assembly = Instructions + Labels + Directives (+ Comments)

QL ResF 8RS NN AT TR 9 _iAHIFZ T,
@ I5 < formatiE X T 18RI RABFOAE{ LA N
@ I8P E AR LabelFEAEIE ITHIYmiZHELL
¢ B HIERNE BEUERR IR EXT el
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sCom==BH: Two-Pass Assembler

dPass 1: LI?@%%E (Symbol Table)
o M\ _EI NIt LRiERs, l‘f% F5% lﬁ/\EI’Jiﬁ’,iJJ: (Address)
@ RISC-V ISAIESEB R H4FT, (MESHEEALLsFD
@ 18Z!|Label, iﬂi_abelﬂ’ﬁ&iﬂ: (Address)

____________________________________________________________________________________________________________________________________________________________________________________________________________________

‘address « 0

SymbolTable « {}

for each line in program:

| if line contains Label: SymbolTable[Label] « address

1f line contains Instruction: address < address + InstructionSize

5 else 1f line contains Directive: address <« address + DataSize
‘return SymbolTable

____________________________________________________________________________________________________________________________________________________________________________________________________________________
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sCom==BH: Two-Pass Assembler
dPass 2: GERkHlesAE (Machine Code)

@ XM LEI TR, tRIEInstruction FormatfgieEBKIgE<S

@ [Flabel B, i’é]ﬁﬁﬁf’ e e (Ri2
o HAZEIERT, FicRrelocation[SREGEH=RS (linker[EliE)
® BB EMIT AN MMEIE (—RZ 94X Etl)

for each line 1in program:
. 1f line 1is an instruction:
encode instruction using Instruction Format
resolve symbols
create Relocation Entry if needed
emit machine code
else 1f line 1s a directive:
encode directive
| emit data if needed
.em1t Relocation Table

____________________________________________________________________________________________________________________________________________________________
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LRI : =Gl

Address

12
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Assembly

ADD x1,x2,x3

BEQ x1,x0,LO00P

ADD x4,x4,x5

LOOP: SUB x6,x6,x1

0 ADD R1, R2, R3
4: BEQ R1, RO, LOOP
- 8: ADD R4, R4, R5
512: LOOP: SUB R6, R6, Rl
Symbol Table:
LOOP —> 12
Pass 2
N

Binary

00000000001100010000000010110011
00000000000000001000010001100011
00000000010100100000001000110011
01000000000100110000001100110011

Hex

0x003100B3
0x00008463
0x00520233
0x40130333



iLmraRIE

QL fmiE A BES | R NEBE R RY

® FMEBRRIEY.

@; QHHE'EL_

M AR M Sg k4

£/

£FEE

I S{IFF
o pizss: BRYaNGg,

O3 NIXESEAEER

EHYS |

Eg '? ;E%JE_;Ki%ﬂ:

Ve =

=

Jr E

R
3By Two-Pass AssemblerB] LAI’E J90ne-Pass Assembler

%8I (HAFBEXLI K, Bbonus! ) :
o MRI{E/aHHEIE<S, 1TEIESHL, BiI5<HRabel,
@ e REICR1Xlabel, NiTEENREZ, BTFIE<SHG
@ RIS RARICR1Xlabel, IBRMRFIKRRTE: {Iabel -> [addr1, addr2, ...]}
@ FaddraixXEetntERE label,
o HiEIREF1ERlabel, IEREIFSER, RSIRIBIETRZREFTIH
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IComesIRIE: % MiC4REe v.s. B 4REE

A= FJAssembler
o (I MRIRE NN LIRIERAS | N RE
o BUFBEHEER (Lnker)
o BRIZERILImIZFEPE/\:
® HBHELEB-Type InstructionsBY12{37BNZY (imm) GZFE
® B Mlbranchis SEEMIIES
o YIFIEr—MabellZAEZIZ? IFSA/NAEEM!

BNE x1, x2, NEXT

BEQ x1, x2, FAR_AWAY > JAL x0, FAR_AWAY
I NEXT :
QR0 fRes:

O STFATEZESTIILIRIES (directives)
O HEZIRIEN, B pass
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BRMHETU

Qi Jmas Rk A LSS R LAERY L LT

QBRSNS :
A_MTEf B9 ARSI aNa]2B2R, {sLinkerF0 OS LoadergeiE

zﬁ \;ZI:I _F1|:|1LJ\ .

® Machine Code, Symbol Table, Relocation Information
@ Sections (.text, .data. .bssZF) , DebugInformation &

IRMERR EFEBIREHEN A8
LinuxXx ELF .0, executable, .so
macO0S / 10S Mach-0 .0, executable, .dylib

Windows PE (Portable Executable) .obj, .exe, .dll
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B3RS : PAELFRE I Fa 5l

QELFEE T EALinux & Fe_E rT 1 S'Z#FT&EE [ ELF header
U EFRELF a0 X IR EERISG SRR ( PO Hea0er tabie

® See ELEm|
.rodata

QSAEEREER D
O FEFL3E (Program header table) :
® R 0 N T REERER
@ o EXSLZE (Section header table) :
® A 0 e Z R S EEE BRI b e )

Section header table
AE FHAASET ANRIECE
@ https://www.cs.cmu.edu/afs/cs/academic/class/15213-f00/docs/elf.pdf
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Lab2: using OCaml to write a RISC-V assembler

Az FFERV64 1+ M IRTEFFaE R IR BRI SR 4
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