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Main

The Program Memory Layout Memory
e A stored-program Stack
® Stores both data and code on memory
® The code space is a memory space 4 Free
7 Space
® stores program codes (the lowest address) £
® The static data space is a memory space < Heap
® Store the program static data (global Static
variables) Data
® The heap space is a memory space oxoo00| L_C0de

® Managed by the memory allocation library (malloc())
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The Program Memory Layout
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Main
e A stored-program Memory
® Stack 1
- : Stack
® A data structure for spilling registers . Topof
organized as a LIFO queue 0 e stack
® The stack space is a memory space § Space
® Stores the program stack S
: < Heap
® Usually placed at the end (high S
addresses) of the memory Data
0x0000 Code
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Program Stack

e Active routine is a routine (function)
® \Was invoked but didn’t return yet
® For example:
® The routine fun is invoked by the
bar routine, which also becomes
active
® The routine bar is invoked by
the routine main
® Initially, the main routine is active

inta = 10;
int main ()
{
return bar() + 2;
}
int bar()
{
return fun() + 4;
}
int fun()
{

return a;

}
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Program Stack

e The set of active routines increases
® \Whenever a routine is invoked

e The set of active routines decreases
O Whenever a routine returns

® The most natural data structure to keep track of active routines is a
stack

X %ﬁ\ National Yang Ming Chiao Tung University
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Program Stack

e The program stack

® A stack data structure that stores information belonging to
active routines
® |ocal variables, parameters, and return addresses

® The program stack is stored in the main memory

® \Whenever a routine is invoked
® Push the information belonging to the routine on the top of

the stack, which causes it to grow

® \When a routine returns

® Drop the contents at the top of the stack

X %ﬁ\ National Yang Ming Chiao Tung University
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Program Stack

e The stack pointer (sp)

® A value denoting the most recently allocated address in a
stack that shows where registers should be spilled or where
old register values can be found

® In RISC-V, the stack pointer is stored by register sp or x2
e Return address
® A link to the calling site that allows a procedure to return to the
proper address
® In RISC-V, the return address is stored in register x1

10
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Program Stack

e The stack pointer
® How to push the contents of register a0 into stack
® First, the stack pointer is decreased to allocate space (4
bytes)
® The contents of register a0 (4 bytes) are stored on the top
of the program stack using the sw instruction

X %ﬁ\ National Yang Ming Chiao Tung University

addi sp, sp, -4 # allocate stack space

SW a0, 0(sp) # store data into stack

11



éi’ﬁ‘ National Yang Ming Chiao Tung University

_‘, 874 Computer Architecture & System Lab

Program Stack

e Grows down (from higher to lower memory addresses)

e Stack pointer: sp points to top of the stack

Address Data
BEFFFAES | AB000001
BEFFFAE4
BEFFFAEQ

BEFFFADC

< sp

Address

BEFFFAES
BEFFFAE4
BEFFFAEQ
BEFFFADC

Data

AB000001

12345678

FFEEDDCC

< sp

12
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Program Stack

e The stack pointer
® How to pop a value from the top of the stack into register a0?
® First, the value on the top of the program stack is loaded
Into register a0 (4 bytes) using the 1w instruction
® Second, the stack pointer is increased to deallocate the
space (4 bytes)

X %ﬁ\ National Yang Ming Chiao Tung University

1w a0, 0(sp) # retrieve data from stack

addi sp, sp, 4 # deallocate space

13
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Function Calls

e Caller: calling function (in this case, main)
® The program that instigates a procedure
® Provide the necessary parameter values

e Callee: called function (in this case, sum)
® A procedure that executes a series of stored

Instructions based on parameters provided by
the caller

® Then returns control to the caller

C Code
vold main ()

int vy;

y = sum (42, 7);

return (a + b);

}

14
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RISC-V Function Conventions

e Call Function: jump and link (jal)
e Return from function: jump register (jr ra)

e Arguments: a0 — a7
zero x0 Constant value 0
o Return Value: ao ra %1 Return address
Ep %2 Stack pointer
ap %3 Global pointer
tp x4 Thread pointer
t0-2 %5-7 Temporaries
=s0/fp x8 Saved register / Frame pointer
=1 %9 Saved register
a0-1 x10-11 Function arguments / return values
a2-7 %12-17 Function arguments
s2-11 x18-27 Saved registers
t3-6 %28-31 Temporaries
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Function Calls
C Code RISC-V assembly code
int main() {
simple () ; 0x00000300 main: jal ra, simple # call
a =>b + c; 0x00000304 add s0, sl1, sl
ra # return

void simple () {
return; 0x0000051c simple: jr

void means that simple doesn’t return a value
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Function Calls
C Code RISC-V assembly code
int main() {
simple () ; 0x00000300 main: jal ra, simple # call
a =>b + c; 0x00000304 add s0, sl1, sl
ra # return

}
void simple ()
return;

}
jJal ra, simple:
ra=PC+ 4 (0x00000304)
jumps to simple label (PC = 0x0000051c)

{
0x0000051c simple: jr

Jr ra:
PC = ra (0x00000304)
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Function Calls

C Code

int main() {
simple () ;
a =>b + c;

}

volid simple () {
return;

}

RISC-V assembly code

0x00000300 main: jal simple ¥ call
0x00000304 add s0, sl1, sl
0x0000051c simple: Jjr ra # return

® Preferred instruction:

jal simple — a pseudo-instruction for jal ra, simple

® Pseudo-instructions are not actual RISC-V instructions but they are
often simpler for the programmer

® They are converted to real RISC-V instructions by the assembler

18
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Returning Values from Routines

[ Passing parameters Ci:nct:oiiwz (int v)

® Parameter v is passed into {
register a0

® How to invoke the pow?2
routine to compute the

return v*v;

}
RISC-V Assembly Code

Pow?2:
square of 32 mul a0,a0,a0 #a0:= a0 * a0
RISC-V Assembly Code ret i return

main:
1i a0,32 #set the parameter with value 32
jal pow2 # invoke pow?2
ret # return

19
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Returning Values from Routines
C Code

int inc (int* v)

e Reference parameters

® A reference is a memory address {
® The information passed into or v o= *v o+ 1;
out of the routine must be located J
in the memory RISC-V Assembly Code
RISC-V Assembly Code inc:
.data 1w al, (a0) #al := *v
y: .skip 4 addi al, al, 1 #al:= al+l
.text Sw al, (a0) #*v:= al
Main: ret

la a0,y #set the parameter with address of y
jal inc #fal:= al+l
ret

20
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Input Arguments & Return Value
C Code

y = diffofsums (2, 3, 4, 5); // 4 arguments

result = (£ + g) - (h + 1);

return result; // return wvalue

21
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Input Arguments & Return Value

RISC-V assembly code jal diffofsums

# ?7 - Y is pseudocode for
et jal ra, diffofsums
addi a0, zero, 2 # argument 0 = 2

addi al, zero, 3 # argument 1 = 3

addi a2, zero, 4 # argument 2 = 4

addi a3, zero, 5 # argument 3 =5

jal diffofsums # call function

add s7, a0, zero # y = returned value

# s3 = result

diffofsums:

add tO0, a0, al # t0o=°1f + g

add tl1, a2z, a3 # tl = h + 1

sub s3, t0, tl # result = (f + g) - (h + 1)

add a0, s3, zero # put return value in a0

ir ra # return to caller
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RISC-V assembly code
# s3 = result
diffofsums:

add t0, a0, al 4 t0 =f + g
add t1, a2, a3 # t1 = h + 1
sub s3, t0, tl $# result = (£ + g) - (h + 1)

add a0, s3, zero # put return value in a0
ir ra # return to caller

LLLLLLLL

e diffofsums overwrote 3 registers: t0, t1, s3
e diffofsums can use the stack to temporarily store registers

23
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Storing Register Values on the Stack

# s3 = result
diffofsums:

addi sp, sp, -12 make space on stack to
store three registers
sSw s3, 8(sp) save s3 on stack
SW t0, 4(sp)

sSwW tl, O0(sp)

save t0 on stack

save tl on stack

add tO0, a0, al to = f + g
add tl1l, a2, a3 tl = h + 1
sub s3, t0, tl result = (f + g) - (h + i)

add a0, s3, zero
lw tl1, 0(sp)
1w to, 4(sp)
lw s3, 8(sp)
addi sp, sp, 12

put return value in a0

restore 5tl from stack
restore $t0 from stack
restore $s3 from stack

deallocate stack space

FH= H= FH H He | FH H= FH H = H H H= H

return to caller
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The Stack During diffofsums Call

Address Data

BEFOFOFC
BEFOFOF8
BEFOFOF4
BEFOFOFO

(@)

<« sp

stack frame

Address Data

BEFOFOFC
BEFOFOF8
BEFOFOF4

BEFOFOFO

(b)

s3

to

t1

<« Sp

Address Data

BEFOFOFC
BEFOFOF8
BEFOFOF4
BEFOFOFO

(C)

<« sp

25
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Storing Saved Registers on the Stack

# s3 = result

diffofsums:

Q\-g\-g-mj,\-w SP, SP, -4

SW s3, 0 (SP)

# make space on stack to
# store one register

# save s3 on stack

add t0O, a0, al
add tl1l, a2, a3
sub s3, t0, tl

add a0, s3, zero

# t0 = £ + g
# t1 = h + 1

# result = (£ + g) - (h + 1)

# put return value in a0

lw s3, 0(sp)
addi sp, sp, 4

# restore $s3 from stack
# deallocate stack space

# return to caller

26
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Optimized diffofsums

i Save the usage of the sO

i
# a0 = result E register, and reuse a0 E
diffofsums: register |
add t0, a0, al # t0 = £ + g
add t1, a2, a3 # t1 = h + 1
sub a0, t0, tl # result = (£ + g) - (h + 1)
Jjr  ra # return to caller

27
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Non-Leaf Function Calls

Non-leaf function: :
a function that calls another function Save the return

address (ra or x1
- reglster) to the

- ! stack before
addi sp, sp, -4 # make space on stack maklng a nested

funcl:

sw ra, O0(sp) # save ra on stack Ecall -> the original

jal func2 | return location is
-notovenNnuen

1w ra, 0(sp) # restore ra from stack

addi sp, sp, 4 # deallocate stack space

Jr ra # return to caller -
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Non-Leaf Function Calls

e Key steps for a non-leaf function calls
® [unction Prologue
® At the beginning of the non-leaf function, a stack must be
set up to preserve necessary registers
® Saving the current return address (ra)
® Saving any callee-saved registers (s0-s11)

® Saving its own arguments registers (a0-a7)
® Function Body

i%ﬁ\ National Yang Ming Chiao Tung University
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Non-Leaf Function Calls

e Key steps for a non-leaf function calls
® Function Epilogue (Exit)
® Restoring saved registers
® Incrementing the stack pointer (sp)
® Returning to the original caller using the “jr ra” or “ret”
Instruction

30



int factorial (int n) {

1f (n <=
return

else
return

1)
1;

(n * factorial(n — 1)) ;

31
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Recursive Functions

0x8500 factorial: addi sp, sp, -8 # make room for a0, ra
O0x8504 sSW a0, 4(sp)

0xB8508 SW ra, 0(sp)

0x850C addi t0, =zero, 1 # temporary = 1

0x8510 bgt a0, t0, else # if n>1, go to else
0x8514 addi a0, zero, 1 # otherwise, return 1
0x8518 addi sp, sp, 8 # restore sp

0x851C ir ra # return

0x8520 else: addil a0, a0, -1 # n=n— 1

0x8524 jal factorial # recursive call
0x8528 1w ra, 0O(sp) # restore ra

0x852C 1w tl, 4(sp) # restore n into tl
0x8530 addi sp, sp, 8 # restore sp

0x8534 mul a0, tl1l, a0 # a0 = n*factorial (n—-1)
0x8538 ir ra # return
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Recursive Functions

What does the stack look like when executing factorial (3)?

Address Data

0x8500 factorial: addi sp, sp, —8

0x8504 SW a0, 4(sp)

0x8508 SW ra, 0(sp)

0x850C addi t0, zero, 1 BEFFOFFO

0x8510 bgt a0, t0, else

0x8514 addi a0, zero, 1 BEFFOFEC

0x8518 addi sp, sp, 8

0x851C jr ra BEFFOFES

0xB8520 else: addi a0, a0, -1

0x8524 jal factorial BEFFOFE4

0x8528 1w ra, 0(sp)

OxB852C 1w tl, 4(sp)

0x8530 addi sp, sp, 8 EFFOFEO

0xB8534 mul aC, tl, a0

0x8538 jr ra EFFOFm
BEFFOFD8
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Recursive Functions

Stack (a) before, (b) during, and (c) after recursive call.

Address Data

Address Data Address Data
BEFFOFFO <« sp BEFFOFFO BEFFOFFO «sp a0=6
BEFFOFEC BEFFOFEC| ra BEFFOFEC|ra
BEFFOFES BEFFOFES | a0 (3) BEFFOFES [a0 (3) <« sp 20::3 1y

BEFFOFE4 BEFFOFE4 | ra (0x8528) BEFFOFE4 |ra (0x8528)

BEFFOFEO BEFFOFEO|a0(2) |« sp BEFFOFEO|a02) P

BEFFOFDC BEFFOFDC| ra (0x8528) BEFFOFDC|ra (0x8528)

BEFFOFD8 BEFFOFDS8 | a0 (1) < sp BEFFOFD8 |a0(1) al=1
| | | | | |
| | | | I
(b) | | (c) | I

(a)
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Representing Instructions in the Computer

35
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Machine Language

e Binary representation of instructions
e Computers only understand 1's and O’s

e 4 Types of Instruction Formats
® R-Type
® |-Type
® S/B-Type
e U/J-Type
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R-Type

: R-Type
® RegISter-type 31:25 24:20 19:15 y14512 11:7 6:0
o 3 register OperandS: funct? | rs2 | rs1 |funct3 rd op
o rsl, rsz: source registers 7 bits 5bits 5 bits 3 bits 5 bits 7 bits
® rd: destination register

® Other fields:
® op: the operation code or opcode
® Funct7/, func3:

® The function (7 bits and 3-bits, respectively)
® \With opcode, tells computer what operation to perform

37
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Assembly Field Values
funct7 rs2 rs1 funct3 rd op
add s2, s3, s4 0 20 19 0 18 51 add x18, x19, x20
sub t0, t1, t2 32 7 6 0 5 51 sub x5, x6, x7
7 bits Shits 5bits 3 bits 5 bits 7 bits
Machine Code
funct7 rs2 rs1 funct3 rd op
‘ 0000 000 |10100({10011| 000 10010 |011 0011| (0x01498933)
‘ 0100 000 [00111{00110| 000 | 00101 (011 0011| (0x407302B3)
7bits  5bits 5bits  3bits  5bits 7 bits

Note the order of registers in the assembly code:

rsl, rs?2

add rd,

38
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Assembly
s11 s7, tO,
xor sB, s9,

sl
s10

Field Values
funct7 rs2 rs1 funct3 rd op
0 9 5 1 23 51 s11 x23, x5,
0 26 | 25 ) 24 51 xor x24, x25,
Thits  S5bits  Sbits 3 bits 5 bits 7 bits
Machine Code
funct7  rs2 rs1 funct3 rd op
0000 000 |01001 (00101 001 10111 |0110011| (0x00929BB3)
0000 000 |11010(11001| 100 11000 (011 0011| (0x01lACCC33)
0100 000 {11101 (00111 101 00110 |001 0011| (0x41D3D313)
5bits G5bits 3bits 5 bits 7 bits

7 bits

x9
x26

39
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I-Type I-Typ
31:20 19:15 14:12 11:7 6:0
Y |mmedia’[e-type Immy .o rs1 |funct3 rd op
PY 3 reglster Operands 12 bits 5bits 3 bits 5 bits 7 bits
® rsl: register source operand
® rd: register destination operand

® imm: 12-bittwo’s complement immediate

® Other fields:
® op: the operation code or opcode
® Funct3:

® The function (3-bit function code)

® \With opcode, tells computer what operation to perform

40
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I-Type

Assembly

addi =0, =1, 12
addi s2, tl1, -14
1w t2, -6(=3)
1lh sl, 27 (zero)
1b =4, 0x1F(=4)

Note the differing order of
operands in assembly and
machine codes:

1w rd, imm(rsl)

Field Values

immyq-g rs1  functd rd op
12 9 0 8 19
14 6 0 18 19
-6 19 2 7 3
27 0 1 9 3
0x1F 20 0 20 3
12 bits 5bits 3bits 5 bits 7 bits
Machine Code
immiq-g rs1 funct3 rd op
0000 0000 1100 |01001| 000 | 01000 | 001 0011
1111 1111 0010 {00110| 00O |10010 | 001 0011
1111 1111 1010 {10011| 010 | 00111 | 000 0011
0000 0001 1011 |00000Q| 001 |01001 | 000 0011
0000 0001 1111 |10100| 000 | 10100 | 000 0011
12 bits Spits  3bits 5 Dbits 7 bits

addi x8, x9, 12
addi x18, x6, -14
1w x7, -6(x19)

1h x9, 27 (x0)

1b x20, 0x1F (x20)

(0x00C48413)
(OxFF230313)
(OxXFFA9SA383)
(0x01B01483)

(0x01FAQAO3) 41
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S-Type S-Type
31:25 24:20 19:15 14:12 11:7 6:0
e Store-type immyq5 | rs2 | rs1 |funct3 | immso | op
e 3register operands 7bits  Sbits 5bits  3bits  5bits 7 bits
® rsl: base register
® [S2: value to be stored to memory

® imm: 12-bittwo’s complement immediate

® Other fields:

® op: the operation code or opcode

® [unct3:

® The function (3-bit function code)
® \With opcode, tells computer what operation to perform

42
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S-Type
Assembly Field Values
immys  rs2  rs1 funct3 immyg op
sw t2, -6(s3) M11111 | 7 | 19 2 | 11010 | 35 |sw x7, -6(x19)
sh s4, 23(t0) 0000000 | 20 | 5 1 10111 35 | sh %20, 23(x5)
sb t5, 0x2D(zexro)| 0000001 | 30 0 0 01101 35 sb x30, 0x2D(x0)
7bits  Gbits 5bits 3bits  5bits 7 Dbits
Machine Code
immyss  rs2  rs1 funct3  immyg op
Note the differing order of  [4477111 [00111[10111] 010 | 11010 |0100011] (0xFE7BAD23)
operands in assembly and 50500 [10100(00101] 001 | 10111 [0100011] (0x014298a3)
0000 001 [11110{00000| 000 | 01101 |0100011| (0x03E006A3)
7hits  5bits 5bits  3bits  5bits 7 Dbits 43

machine codes:
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B-Type B-Type
31:25 24:20 19:15 14:12 11:7 6:0
iImmy2 05| rs2 | rs1 [funct3 |immy. 0
o Branch—type 1;,10.5 . | . %1.1,11 p
) 7 bits S bits 5Sbits 3 bits 5 bits 7 bits
e 3 register operands:
® rsl: register source 1
® rs2: register source 2

® imm:. 12-bittwo’s complementimmediate - address offset

® Other fields:

® op: the operation code or opcode

® [unct3:

® The function (3-bit function code)

® \With opcode, tells computer what operation to perform

44
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B-Type

e The 12-bit immediate encodes where to branch (relative
to the branch instruction)

e Example: # RISC-V Assembly
beq s0, t5, L1
add sl1, =2, =3
sub s5, s6, s7
lw t0, 0(=s1)

Ll:
addi s1, =1, 15

| g W W
B WN =

L1 is 4 instructions (i.e., 16 bytes) past beq

Imm = 16 0 0O 0 0O 0001 ooox

bit number 12 11 10 9 8 7 6 5 4 321 45
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Assembly Field Values
IMmMyz10s rs2  rs1 funct3 immgqq0 op
beq s0, t5, L1l 0000000 | 30 | 8 0 | 10000 | 99 |beq x8, x30, L1l
T bits 5 bits & bits 3 bits & bits T bits
Machine Code
IMMyz405 52 rs1 funct3 immaq 44 op
0000 000 (1111001000 000 10000 (110 0011| (0x01E4A0863)
T bits § bits 5 bits 3 bits & bits 7 bits
Note the differing order of .
operands in assembly and |¢m1-16 0 o 0 00 000l 000
. bit number 12 11 10 9 8 765 4 321
machine codes:
1My 5.1

rs2,

46
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U-Type

e Upper-immediate Type

e Used for load upper immediate (lui)

e 2 operands

® rd: destination register
® |mmy,.,,: upper 20 bits of 1 32-bit immediate

® Other fields:

® o0p: the operation code or opcode — tells computer what operation

to perform

U-Type
31:12 11:7 6:0
IMM31:12 rd op
20 bits 5bits 7 bits

47
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Assembly

Field Values

lui s5, Ox8CDEF

(lui x21, OxBCDEF)

imm31;12 rd op
Ox8CDEF 21 55
20 bits 5 bits 7 bits
Machine Code
IMM31-12 rd op
1000 1100 1101 1110 1111 10101 | 011 0111
12 hits 5 bits 7 bits

(0x8CDEFAR7)

48
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J-Type

e Jump Type
e Used for jump-and-link (jal)
e 2 operands
® rd: destination register
® MM,y 101 11 10:12- 20 bits (20:1) of 21-bit immediate
® Other fields:
® o0p: the operation code or opcode — tells computer what operation

to perform J-Type

31:12 11:7 6:0

IMM20.10:1,11,19:12 rd op
20 bits 2 bits 7 bits 49
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N5/
e Example:
# Address RISC-V Assembly
0x0000540C jal ra, funcl
0x00005410 add sl1, s2, s3
Ox001ABCO4 funcl: add s4, s5, =8
funcl is 0x1A67F8 bytes past jal
imm = Ox1AB67F8 1 1 0 1 0 0 1 1 o 0 111
20 19 18 17 16 15 14 13 12 11 10 9 8

bit number
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J-Type
e Example:
Assembly

jal ra, funcl

(Jal %1, funcl)

imm = 0x1A67F8 1
bit number

i1 0
20 19 18 17 16 15 14 13 12 11 10 9 8

Field Values
IMMz0.10:1.11.19:12 rd op
1111 1111 1000 1010 0110 1 111
20 bits 5 bits T bits
Machine Code
IMMz0.10:1.11.19:12 rd op
1111 1111 1000 1010 0110 | 00001 | 110 1111 | (OXFEF8A60EF)
12 bits 5 bits T bits
1 0 0 111 1111 10 ox
7654 321

1 0 0 1

51
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Unraveling the web of lies: jr

Jr ra is not a real RISC-V instruction.
It is a pseudoinstruction for jalr X0, ra, 0

jalr i1s not a J-type instruction.
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jalr is an I-type instruction.
- It writes PC+4 to rd and jumps to rs1+imm.
- Example:

lui s7, Ox801FA # s7 = 0x801FAO00O0
jalr s2, s7, OxXx7BC # s2 = PC + 4
# PC = s7 + 0x’/BC
i = 0x801FATBC

In this case, rd = s2,rsl1=s7,Imm = 0x7BC
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Review: Instruction Formats

7 bits 5bits 5 bits 3 bits 5 bits 7 bits
funct/7 | rs2 | rs1 |[funct3 rd op
MMy 1o rs1 |funct3 rd op
Immqq5 | rs2 | rs1 |funct3 | immy op
ImMm42 10:5| rs2 | rs1 [funct3 [immy.q 11 op
iImmaq.12 rd op
IMM20 10:1,11,19:12 rd op
20 bits 5bits 7 bits

R-Type
I-Type

S-Type
B-Type
U-Type
J-Type
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Constants/Immediates

- 1w and sw use constants or immediates
- Immediately available from instruction

- 12-bit two’s complement number

- addi: add immediate

- Subtract immediate (subi) necessary?

C Code RISC-V assembly code
# s0 = a, sl = b

a =a + 4; addi s0, s0, 4

b=a—- 12; addi sl1l, s0, -12
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Immediate Encodings

R-Type
I-Type
S-Type
B-Type
U-Type
J-Type

Immediate bits mostly occupy consistent instruction bits.

Instruction Bits

funct7 4 3 2 1 0 rs1 funct3 rd1
1110 9 8 7 6 5 4 3 2 1 0 rs1i funct3 rd1
1110 9 8 7 6 5 rs2 rs1i funct3 |4 3 2 1 o0
1210 9 8 7 6 5 rs2 rs1 funct3 | 4 3 2 1 11
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 rd1
2010 9 8 7 6 5 4 3 2 111 19 18 17 16 15 14 13 12 rd1
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7

Sign bit of signed immediate is in msb of instruction.

Recall that rs2 of R-type can encode immediate shift amount

56



X ,ﬁ National Yang Ming Chiao Tung University
AT d 1N
a4 Computer Architecture & System Lab

Instruction Fields & Formats
nstruction op | funct3 | Func7 _|Type

add 0110011 (51) 000 (0) 0000000 (0)  R-Type
sub 0110011 (51) 000 (0) 0100000 (32) R-Type
and 0110011 (51) 111 (7) 0000000 (0)  R-Type
or 0110011 (51) 110 (6) 0000000 (0)  R-Type
addi 0010011 (19) 000 (0) - I-Type
beq 1100011 (99) 000 (0) - B-Type
bne 1100011 (99) 001(1) - B-Type
1w 0000011 (3) 010(2) - I-Type
swW 0100011 (35) 010(2) - S-Type
jal 1101111 (111) - - J-Type
jalr 1100111 (103) 000 (0) - I-Type
lui 0110111 (55) - - U-Type

See Appendix B, Table B.2 for other encodings
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Interpreting Machine Code

Write in binary

Start with op (& funct3): tells how to parse rest
Extract fields

op, funct3, and funct7 fields to tell operation
Ex: Ox41FE83B3 and OxFDA58393

Ox41FE83B3: 0100 0001 1111 1110 1000 0011 1011 0011
op = 51: R-type

OxFDA48393: 1111 1101 1010 0100 1000 0011 1001 0011
op = 19, funct3 = 0: addi (I-type)
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Interpreting Machine Code

Write in binary

Start with op (& funct3): tells how to parse rest
Extract fields

op, funct3, and funct7 fields to tell operation
Ex: Ox41FE83B3 and OxFDA58393

Machine Code Field Values Assembly
funct/ rs2 rs1 funct3 rd op funct/  rs2 rs1 funct3 rd op
(0x41FES3B3) | 0100 000 [11111[11101] 000 | 00111 [o11 0014 32 31 29| 0 7 51 sub x7, x29, x31

T bits Shbits  5Sbits 3 bits & hits 7 bits T bits Ebits 5Sbits 3 bits 5 hits 7 bits (sub t2, t4, t6)
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Interpreting Machine Code

Write in binary

Start with op (& funct3): tells how to parse rest
- Extract fields

op, funct3, and funct7 fields to tell operation

- EX: Ox41FE83B3 and OxFDA58393

Machine Code Field Values Assembly
funct? rs2  rs1  funct3 rd op funct7  rs2 rs1 funct3 rd op
o p p £ sub x7, x29, x31
(0x41FE83B3) | 0100000 [11111]11101] 000 | 00111 9110011‘ | 32 | 31 | 29 | 0 | 7 | 51 | '

(sub t2, t4, t6)

7 bits S5bits  5bits 3 bils 5 bits 7 bits T bits Sbits 5 hits 3 hits 5 bits 7 hits
IMMy -0 rs1  funct3 rd op MMy rs1 functd rd op
(0xFDAAB393) | 11111101 1010 |01001 | 000 (00111 | 001 0011 ] 38 9 0 [ 19 addi x7, x3, -38

12 bits Spits  3bits  5bits T bits 12 bits Shits  3bits  5bits 7 bits (addi t2, si, -38)
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RISC-V: Addressing Modes

- How do we address the operands?

Register only
Immediate

Base addressing
PC-relative

Register Only

* QOperands found in registers
— Example: add s0, t2, t3
— Example: sub t6, s1, 0

Immediate

* 12-bit signed immediate used as an operand
— Example: addi s4, t5, -73
— Example: ori t3, t7, OxFF
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Addressing Modes

Register Only

o Operands found in registers
o Example: add s0, t2, t3
o Example: sub t6, sl1, s0
Immediate

o 12-bit signed immediate used as an operand
o Example: addi s4, t5, -73
o Example: ori t3, t7, OxFF
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Addressing Modes

Base Addressing
o Loads and Stores
o Address of operand is:

base address + immediate
o Example: 1w s4, 72 (zero)
= address= 0 + 72

o Example: sw t2, -25(tl)
= address= t1 - 25
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Addressing Modes

o PC-Relative Addressing: branches and jal

Address Instruction
0x354 Ll: addi s1, s1, 1
0x358 sub tO0, tl, s7
0xEBO bne s8, 59, L1
The label is (OxEBO-0x354) = OxB5C (2868) instructions before bne
immy; o =-2908 1 0O 1 00 1010 010089
bit number 12 11 10 9 8 7 6 5 4 3210
Assembly Field Values Machine Code
MMz rs2  rs1 functd immgq 4 Op IMMyz40s 152 rs1 functd immy, 4,  op
beq s8, s9, Ll ‘1100101 24 | 25 [ 1 IDD‘IOO ‘ 99 ‘ ‘11(10101 [11000[11001‘ 001 ]anu |11[Jt}-011‘ (0XCBBCI263)
5bits 5 bits 3 bits 5 bits T hits 7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

(beq x25, x26, L1) 7 bits



X

,ﬁ\ National Yang Ming Chiao Tung University

=X}z
‘,%-r Computer Architecture & System Lab

Generating Constants

12-bit signed constants using addi:

C Code RISC-V assembly code
// int is a 32-bit signed word # s0 = a
int a = -372: addi s0, 0, -372

Any immediate that needs more than 12 bits cannot use this
method
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Generating 32-bit Constants

- Use load upper immediate (lui) and addi:

lui: puts an immediate in the upper 20 bits of destination
register, 0’s in lower 12 bits

C Code RISC-V assembly code
# 30 = a
int a = 0xXFEDCRB76h; lui s0, O0xFEDCS

addi s0, s0, 0x7Teb

aaaaaaaaaaaa

Remember that addi sign-extends its 12-bit immediate
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- If bit 11 of 32-bit constant is 1, increment upper 20 bits
by 1 in lul

If the MSB of the 12-bit constant (i.e. bit 11) is a 1, the constant
IS then sign extended.

C Code
int a = O0xFEDCBELR; Note: -341 = OxEAB
-341 = OXEAB =
- 110 1010 1011
I:Ii{: ‘E‘zssembly code OXEEEEE = -1 Ig\
lui s0, 0xFEDCY # s0 = OxFEDC9000 Signed extension
addi s0, s0, -341 # s0 = 0xFEDC9000 + OxFFFFFEAR bit 11 of 32-bit

4 = UxFEDCEEAB 67
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RISC-V: Pseudo-instruction

- Load immediate 32-bit word is tedious
- Pseudo-instruction

Assembler program translate “Load immediate” instruction “li” to
two real RISC-V instructions: “lui” and “addr’

C Code

int a = OxFEDCBEAE; Note: -341 = OxEAB
RISC-V pseudoinstructions RISC-V real instructions
¥ s0 = a ¥ s0 = a

1i s0, OxFEDCBEAB lui s0, 0xFEDC9

addi =0, =0, (0xzEABR
68
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RISC-V: Pseudo-instruction

- There is no instruction to load a register with a constant
value
To load sO with the small constant 6, we use the instruction
addi sO, zero, 6
To load sO with a large constant OXFEDC8SEAB
i s0, OxFEDC9
addi s0, sO, OXEAB
To load a register with a constant of any size constant (up to 32
bits)
i  sO,6
i sO, OXFEDC9

X %ﬁ\ National Yang Ming Chiao Tung University
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Arrays vs. Pointers

- Array indexing involves
Multiplying index by element size
Adding to array base address

- Pointers correspond directly to memory addresses
Can avoid indexing complexity

70



The first step is to load array[i] into a
temporary register. Before we can load
array[i] into a temporary register, we need
to have its address.
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Example: Clearing an Array

clearl(int array[], int size) { clear2(int *array,-int size) {
int 1; int *p;
for (i =0; 1 < size; i += 1) for (p =&array[0]; p < &array[size];
array[i] = 0; =p+ 1) o= =
} “p = 0: rmvrd, rs |
/
1i  x5,0 // i=0 mv x5,x10 // p = address
Toopl: // of array[0]
s11i x6,x5, 2 // x6 =1 * 4 _J s111 x6,x11, 2 / x6 = size * 4
add x7,x10,x6 // X7 = address add x7,x10,x6 // x7 = address
// of array[i] // of array[size]
SW x0,0(x7) // array[i] = 0 Toop2:
addi x5,x5,1 J/1=1+1 SwW x0,0(x5) // Memory[p] =
b1t x5,x11,loopl // if (i<size) addi x5,x5, 4 // p=p+ 4
// go to loopl bltu x5,x7,loop?2
// if (p<&array[size])
e EE e LR // go to loop2
. X10 is the base address of array i
------------------------------------- 71
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The Compilation Pipeline

 How source code becomes a running program ?

O

O

O

O

Preprocessing
= The preprocessor handles #include and #define statement

Compilation
= The compiler turns C/C++ code into assembly language

Assembly
= The assembler converts assembly into object files (.0 or .obj)
Linking
= The linker combines object files and libraries into an
executable
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e Input
o Object code files, information tables
(e.g. foo.o, lib.o for RISC-V)

e Output
o Executable code (e.g. a.out for RISC-V)
o Combines several object (.0) files into a single executable
(“linking”)
e Enables separate compilation of files
o The linker’s job is to figure out where every reference and definitions

should live in the final executable
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What are symbols?

« A symbol

O

O

O

O

O

Any name entity in your program that the linker needs to keep

track of. The symbol includes

Functions (main, printf, malloc)

Global variables (extern int counter)

Static variables (those marked with static)

Class methods

= EX. When you write int global counter = 42; at the top of your

C file, you create a symbol called global counter that points
to a specific spot in memory where the value 42 lives
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Symbol Types

« The linker categorizes symbols into two types that affect
how conflicts are resolved

o Strong symbols includes
o Functions that are defined (have a body)
o Initialized global variables

« Weak symbols

o Uninitialized global variables
o Function declarations without definitions
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Symbol Table

o The symbol table: A linker's phonebook
o Every object file contains a symbol table

Symbol Name

Address

Symbol Table Structure

Binding

Section

Description

main

printf

global_counter

static_var

uninitialized_array

helper_function

Type
FUNC - Function
OBJECT - Variable
SECTION - Section

0x08048400

undefined

0x08049540

0x08049544

0x08049580

0x08048450

24

4

4

1024

16

Binding
GLOBAL - Visible globally
LOCAL - File scope only
- Can be overridden

FUNC

FUNC

OBJECT

OBJECT

OBJECT

FUNC

Symbol Table Legend

GLOBAL

GLOBAL

GLOBAL

LOCAL

GLOBAL

Section
- Executable code
- Initialized data
- Uninitialized data

Aext

UND

.data

.data

dext

Main function entry point
External library function
Initialized global variable
Static variable (file scope)
Uninitialized global array

User-defined function

Address

0x08048xxx - Code segment
0x08049xxx - Data segment

neeine Semaret https://reurl.cc/j6M1zq
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Symbol Table

« We can peek at the symbol table using tools
o “nm” on Unix or “dumpbin” on Windows

# Compile a simple C file
0pR0EeARE0R08888 T main
gcc -c example.c -o example.o
U printf

# Look at the symbol table 000000000224 D global var

nm example.o

https://reurl.cc/j6M1zq
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Symbol Table Example

bar
dec
main
“Here”
num
printf
“%\n”

U: undefined indicates the external file

reference
T: .Text section
D: .Data section

U
U
T
D
D
U

D

1 #include <stdio.h>
2 extern int bar();
3 extern int dec;:

4 int main() {

5 char *output = “Here”;

6 static int num =7,

7 inti=>5;

8 while (i > 0) {

9 | -

10 int temp = bar(num);
11 printf(“%d\n”, temp);
12}

13}
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Where symbols live: The ELF Format

e On Unix-like systems, object
files and executables use
ELF (Executable and Linkable
Format) format

https://reurl.cc/j6M1zq

C code

void fi() { )

N

void main()
—
}
ant xxx() () /
const int BFZE = 1024 l' -
g
const char *str="..."; }'

int varl = OXxAASS;

sl

char msg[18] = "H11"; }/'

struct stat st = {8); } ’

2\
int vecf1e] = { @ }; } >

struct {int x,y,z;) = d
{8 9 8} il

M~

char buffer[10824];

int value;

Sections

ext

rodata

.data

.bss

COMMON

g

Code

The value is stored in ROM and
execute from it. Some
platforms enable the execution
in RAM of some pieces of code
These parts is treated like
data section

Constant data

The value is know in compile
time and not change in
runtime. The data can be
stored and accessed in ROM

Init data

The value is know in compile
time but change in runtime and
need to store in RAM for work
with it

The value is store in ROM but
is accessed in RAM after the
copy

Non init data

This data is not

initialized .bss is filled
with zero initialized and
CoMMON is filled with non
allocated or non initialized
data. But both sections
require be filled to @

System memory

ROM
start
address

Jext
ROM
rodata
data
(storage)
| -
— start
data address
(usage)
bss
RAM

‘ COMMON

Initial
— stack 80

r addr
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A ELF File

o A ELF file is divided into sections
o .text: The actual machine code
o .data: Initialized global variables
o .bss: Uninitialized global variables
o .symtab: The symbol table
o .rel.text and .rel.data: Relocation entries

https://reurl.cc/j6M1zq
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Relocation

o Symbol resolution
o Tell the linker which symbols go with which definitions
o Relocation
o This is where the linker patches up all the addresses in your code

# Before linking

call printf # This is actually "call <placeholder>"

mov eax, [global var] # This is "mov eax, [<placeholder>]"

# After linking

call @x83e48378 # Actual address of printf

mov eax, [@x83849548] # Actual address of global wvar )
https://reurl.cc/j6M1zq
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Shared Libraries and Dynamic Loading

X %ﬁ\ National Yang Ming Chiao Tung University

« Static linking
o Create static executables where everything is bundled together

o With shared libraries
o .so file on Unix, .dll files on Windows
o Some symbols aren’t resolved until the program actually runs

« The dynamic linker
o Id.so on Linux handles this runtime symbol resolution

https://reurl.cc/j6M1zq
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Shared Libraries and Dynamic Loading

« The dynamic linker
o ld.so on Linux handles this runtime symbol resolution
o Lazy binding:
= Function addresses are resolved only when first called
o Global symbol interposition
= Symbols in the main program can override library symbols

https://reurl.cc/j6M1zq
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