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Chapter 2: Instructions: Language of the Computer
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Three Classes of Instructions We Will Focus On:

1. Arithmetic-logic instructions
— add, sub, addi, and, or, shift left|right, etc

2. Memory load and store instructions
— |lw and sw: Load/store word
— |d and sd: Load/store doubleword

* Control transfer instructions (changing sequence of
instruction execution)
— Conditional branch: bne, beq
— Unconditional jump: j
— Procedure call and return: jal and jr



Logical Operations

* Instructions for bitwise manipulation

Operation C Java RISC-V

Shift left << << S11, sll1
Shift right >> >>> Srl, srli
Bit-by-bit AND & & and, andi
Bit-by-bit OR | | or, ori
Bit-by-bit XOR A A Xor, xori
Bit-by-bit NOT ~ ~

= Useful for extracting and inserting
groups of bits in a word



Shift Logic Operation Examples

* Shift Left Logic: s 111 by i bits: multiplies by 2

C/java: inti=23;intj=i<<1; //46
RISC-V: Ifiis in x5, and j is stored in x6:
* slliw x6, x5, 1

* slliw: shift left logic immediate word

* |nstruction name

Carries the operand type it operates

* B: byte, H: half-word, W: word, D: double word

* Shift Right Logic

Java:inti=23;intj=i>>>1; //j=11
C:inti=23;intj=i>>1;//j=11
RISC-V: if i is in x5, j will be in x6:

e srliw x6, x5, 1

Fill in 0, not much used for signed
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Shift Right Arithmetic

* Shift right arithmetic (srai): Format: srai(w) rd, rs, #immediate
— Shift right and fill with sign bit
— srai by bits: divides by 2’
— Java: i=-105; int j=i>>1; //-53
— RISC-V:ifiisin x5, j will be in x6:
* sralw x6, x5, -1;

7 ©
110

1{1f{oflof1flof1]1 -53




Summary of Shift Operations

funct6 | immed rsi funct3 rd opcode
6 bits 6 bits 5 bits 3 bits 5 bits 7 bits
immed: how many positions to shift

Shift left logical (sll): Format: ssli(w) rd, rs, #immediate
— Shift left and fill with O bits

— s 111 by ibits: multiplies by 2

— E.g.inta=b<<2;//a=b * 4 (22

Shift right logical (srl): Format: srli(w) rd, rs, #immediate
— Shift right and fill with 0 bits

— sr 11 by i bits: divides by 2/ (unsigned only)

— E.g.inta=b>>2;//a=b /4(2?

Shift right arithmetic (sra): Format: srai(w) rd, rs, #immediate
— Shift right and fill with sign bit
— Sra1i by bits: divides by 2



Shift Operation Encoding

* Use immediate operands, |-Format
— Immediate: slli, sri, srai, etc

funct6 | immed rsi funct3 rd opcode
6bits 6 bits 5 bits 3 bits 5 bits 7 bits
0000000 shamt rsi 001 rd 0010011 | SLLI
0000000 shamt rsi 101 rd 0010011 | SRLI
0100000 shamt rsl 101 rd 0010011 SRAI

* Can use registers for all operands, R-Format

~olhsriora [Tfinei] o2 [Tt [funcs[ rd | opoode

7 it~ C it~ C lni$~ D it~ C it~ 7 litA
0000000 rs2 rsl 000 rd 0110011 ADD
0100000 rs2 rsl 000 rd 0110011 SUB
0000000 rs2 rsl 001 rd 0110011 SLL
0000000 rs2 rsl 010 rd 0110011 SLT
0000000 rs2 rsl 011 rd 0110011 SLTU
0000000 rs2 rsl 100 rd 0110011 XOR
0000000 rs2 rsl 101 rd 0110011 SRL
0100000 rs2 rsl 101 rd 0110011 SRA
0000000 rs2 rsl 110 rd 0110011 OR 8§
0000000 rs2 rsl 111 rd 0110011 AND




AND Operations

* Useful to mask bits in a word
— Select only some bits, clear others to O

and x9,x10,x11

R~ o ol
ok ol
R O o ol

— To only select 4 bits of x10 in the specific positions: Set the bits
of x11 in the same positions 1, and the bits in other positions O,
and then perform AND and store the result in a new register x9

x10 | 00000000 00000000 00000000 00000000 00000000 00000000 O 01 11000000

x11 | 00000000 00000000 00000000 00000000 00000000 00000000 O 0 00000000

x9 | 00000000 00000000 00000000 00000000 00000000 00000000 0 00 00000000




OR Operations

* Useful to include bits in a word
— Set some bits to 1, leave others unchanged

or x9,x10,x11

R R o ol
R o~ ol
e =) k<

— To only set 4 bits of x10 in the specific positions 1: Set the bits of x11
in the same positions 1, and the bits in other positions 0, and then
perform OR and store the result in a new register x9

01 11000000

x10 | 00000000 00000000 00000000 00000000 00000000 00000000 O

x11 | 00000000 00000000 00000000 00000000 00000000 00000000 O 0 00000000

111000000

x9 | 00000000 00000000 00000000 00000000 00000000 00000000 0




XOR Operations

* Differencing operation
— E.g. NOT operation

R o ol
o oKL

A
0
0
1l
1

xor x9,x10,x12 // NOT operation, invert bits

— To invert bit (logical NOT) of x10: set all bits of x12 as 1, do xor of x10
and x11, and store the result in x9

x10 | 00000000 00000000 00000000 00000000 00000000 00000000 00001101 11000000

x12 | 1111111 11111111 11111111 111111 M1t 1111111t 11111111 11111111

x9 11111 1111111 1111111 11111111 1111111 11111111 11110010 00111111




Conditional Branch

Branch to the labeled instruction if a condition is true, otherwise continu

* beq rsl, rs2, L1
— if (rs1 ==rs2, i.e. true) branch to instruction labeled L1 (branch target);
— else continue the following instruction

beq x1, x2, labell

beq x1, x2, labell

. False | ‘
add x5, x6, x7 True add x5, x6, x7 True
addi ... [ addi ...

— ~labell: sub x5, x6, x7
labell: sub x5, x6, x7

* bne rsl, rs2, L1
— if (rs1 !=rs2) branch to instruction labeled L1 (branch target);
— else continue the following instruction

* J: unconditional jump (not an instruction)

— beq x0, x0, L1
12



Translating If Statements 1/2

* Ccode: =] 2]
'i'F ('i::j) 'F = g+h; | Else: |
e1se f = g-h; f-g+h el

_m___
Register x19 x20 x2 x23 1 =

* Compiled RISC-V code:

bne x22, x23, Else //vranchifnotequal
add x19, x20, x21 //Then path

beg x0, x0, Exit //unconditional
Else: sub x19, x20, x21 //Else path
EX1t:

1. Using bne (reverse of if (==)) to branch to the Else path b.c. we want the code
following the bne to be the code of the Then path

2. We need “beq x0 x0 Exit”, an unconditional jump, to let Then path terminate since 13
CPU executes instruction in the sequence if not branching.



Translating If Statements 2/2

-ﬂ_- j

Register x19 x20 x21 x23 \
. Exit
* Compiled RISC-V code:

beq x22, x23, Then //branchifequal

beg x0, x0, Exit //unconditional

Ex1t:

1. Using beq (for if (==)) to branch to the Then path
2. The instruction that follows the beq is the Else path
3. We need “beq x0 x0 Exit”, a unconditional jump, to let Else path terminate since CRY

executes instruction in the sequence if not branching.



et

Translating Loop Statement

i=0;

for (i=0; i<100; i¥%) { |} }
while (i<100) { I, ¥,

* Do the loop structure first

— Init condition Loop: beq/bge x22, x23, -
— Loop condition (using reverse

relationship for branch instr)

— True path (the loop body) _

— Loop back beq x0, x0, loop
— False path (break the loop) -

* Then translate the loop body

Using bge for (<) to branch to the false/exit path, which breaks the loop

The instruction(s) following bge are for the true path, which are for the loop body.
beq to jumping back to the beginning of the loop

15



Translating Loop Statement: for loop

i=0;

* Ccode:

for (i=0; i<100; i++) ¥
— 1inx22
* RISC-V code:
addi x22, x0, O
11 x23, 100

Loop: bge x22, x23, Exit //beq works

Eeq xg, xg, Loop
Exit: ..

1. Using bge for (<) to branch to the false/exit path, which breaks the loop
2. The instruction(s) following bge are for the true path, which are for the loop body.
3. beq to jumping back to the beginning of the loop 16



Translating Loop Statement: while loop (textbook 2.7)

* Ccode:

while (save[i] == k) i += 1

— iinx22, k in x24
— address of save in x25

* RISC-V code: (savel[i] is to be read/loaded)

Loop: slli1 x10, x22, 3 //x10 has 1%*8
add x10, x10, x25 //base+offset
1d x9, 0((x10)//save[1] 1n x9
bne x9, x24, Exit //false
addi x22, x22, 1 //true,the Toop body,i=i+l
beq x0, x0, Loop

Exit: ..

1. Using bne for (==) to branch to the false path, which breaks the loop by going to the Exit
2. The instruction(s) following bne are for the true path, which are for the loop body.
3. beq to jumping back to the beginning of the loop 17




More Conditional Operations

* blt rsl, rs2, L1
— if (rs1 < rs2) branch to instruction labeled L1

* bge rsl, rs2, L1

— if (rs1 >=rs2) branch to instruction labeled L1

* Example:
if(a>b)a+=1; //ainx22,binx23

bge x23,x22, Exit // branchifb >=a
addi x22, x22, 1
Exit:



for (i=1; i<M-1; i++) B2[i] = B[i-1] + B[i] + B[i+1];

* 1-D stencil: B2[i] = B[i-1] + B[i] + B[i+1]; int type
— Representing a typical program pattern: Need to access a
memory location and its surrounding area

B [.O]

B[.l]

B[2]

B[3]

1
i
¥

1
N H %
S S
N I ’

B[i-2]

B[i-1]

B[i+1]

B[i+2]

B2[0]

B2[1

B2[2]

B2[3]

N H R
S S
N I ’

B[N-4]

B[N-3]

B[N-2]

B[N-1]

B2[i-2]

B2[i-1]

NP
B2[i] [B2[i+1]B2[i+2]]

* Converting to assembly
— Similar to while loop
— Do the loop structure first (init, condition, loop back, etc)
— Then do the loop body

\\*/, *
[B2[N-4]]B2[N-3][B2[N-2]|B2[N-1]]

19



for (i=1; i<M-1; i++) B2[i] = B[i-1] + B[i] + B[i+1];

* Base address B and B2 are in register x22 and x23. i is stored in
register x5, M is stored in x4.

Using bge (>=) for <, i.e.

addix5,x0,1  //i=1 reverse relationship, to
addi x21,x4,-1 //loop bound x21 has M-1 exit

20



Why Use Reverse Relationship between High-level

Language Code and instructions
L2: add1 x5, x5, 1

To keep the original code sequence add x10, x5, x11

and structure as much as possible. beq x5, x6, L1
add x10, x10, x9
* High level language B occ

— If (==|>|%, ...) true do the following things
— while (==]>]%, ...) do the following things L1: subx10,x10, X9
— for (; i<M; ...) do the following things add .

* b* Instructions
— If (true), go to branch target,
* i.e. do NOT the following things of b*

21



Signed vs. Unsigned

* Signed comparison: blt, bge

* Unsigned comparison: bltu, bgeu

* Example

x22=11111111111111111111 171111111 1111
x23 = 0000 0000 0000 0000 0000 0000 0000 0001
x22 < x23 // signed

e —1<+1
« “b1t x22 x23" true and branch to target

x22 > x23 // unsigned
* +4,294,967,295 > +1
e “bl1tu x22 x23” false and not branch



Code Structure of A Program

.globl main #declare main function
.data # The .data section of the program is used to
# reserve memory to use for the variables/arrays
text #The .text section is the actual code
main: #definition of main function

23



Declare An Array

.globl main #declare main function
.data #The .data section, for the variables/arrays
buffer: .space 8 #declare a symbol named "buffer" for
# 8 bytes of memory.
# For a word element, this correspond to "int buffer[2]"
#If you need to declare an array of 100 elements of int,
# use "myArray: .space 400

text #The .text section of the program is the actual code
main: #definition of main function
la t0, buffer # set register tO to have the address of the buffe[0]
litl, 8 # Set register t1 to have immediate number 8

24



Random Number Generator

i a0, © # for random number seed
li al, 100 # range of random number
i a7, 42 # rand code

ecall # call random number generator to
generate a random number stored in a@

* Check:
https://github.com/TheThirdOne/rars/wiki/Environment-

Calls

25


https://github.com/TheThirdOne/rars/wiki/Environment-Calls

Memory.s file

.globl main #declare main function
.data #The .data section of the program is used to claim memory to use for the variables/arrays of the program
buffer: .space 8 #declare a symbol named "buffer" for 8 bytes of memory. For a word element, this coorespond to "int buffer[2]"
#This declaration claims 8 bytes of memory.
#If you need to declare an array of 100 elements of word, use "myArray: .space 400
text #The .text section of the program is the actual code
main: #definition of main function
la tO, buffer # set register t0 to have the address of the buffer variable
litl, 8 # Set register t1 to have immediate number 8
sw t1, 0(t0) # store a word (4 bytes) of what register t1 contains (8) to memory address 0(t0), which is buffer[0]
Iw t2, O(t0) # load a word from memory address 0(t0) to register t2, i.e. buffer[0] -> t2

bne t1, t2, failure # check whether register t1 and t2 contain the same value or not. If not, branch to failure, else continue the next
instruction

lit3, 56 # set register t3 to have immediate 56

sw t3, 4(t0) # store a word of what register t3 contains (56) to memory address 4(t0), which is buffer[1]

addi t0, t0, 4 # increment register t0 (&buffer) by 4, t0 now contains buffer+4, which is &buffer[1]

Iw t4, 0(t0) # load a word from memory 0(t0) (&buffer[1]) to register t4

bne t3, t4, failure # check whether register t3 and t4 contain the same value or not. If not, branch to failure, else continue.
Iw t5, -4(t0) # load a word from memory -4(t0) to register t5. -4(t0) address is actually &buffer[0] since register tO now contains the
address of buffer[1]

bne t5,t1, failure # check whether register t5 and t1 contain the same value or not. They should both contain 8

lit1, OxFFOOFO07 # set register t1 to have value OxFFOOFO07

sw t1, 0(t0) # store a word of what register t1 contains to memory address 0(t0) (&buffer[1])

Ib t2, O(t0)

26



Example

® Find the minimum of an array int A[N];
. L . int min = A[0];
Aisint0, minisintl,iisint2, Nisint3 for (i=0; i<N; i++) {
if (A[i] < min) min = A[i]; //loop body
Init condition: i=0 }
addt2,x0x0; //1it2,0
Iw t1, 0(t0)

Loop: bge t2, t3, Exit; // (if i >= N) break the loop, the false path

sllit6, t2, 2; //mul t6, t2, 4
add t7, t0, t6

Ilw t4, 0(t7)

bit t4 t1, TRUE

J FALSE

TRUE: add t1, x0, t4; // copy A[i] to min
FALSE:

addit2,t2,1

J loop; //beq x0 x0 loop

Exit: 27



int i;
switch (i) {
case O:
a=0;
break;
case 1:
a=1;
break;
case 2:
a=2;
break;
default:
a=i;

Switch-case

28



Branch is "if ( ... ) goto ” of high-level code

// function to check even or not
void checkEvenOrNot (int num)
{
if (num % 2 == 0)
// jump to even
goto even;
else
// jump to odd
goto odd;

even:
printf ("%d is even", num);
// return if even
return;

odd:
printf ("%d is odd", num);

}

L2:

L1:

add1 x5, x5, 1
add x10, x5, x11

add x10, x10, x9
sub ....

29



Branch is ”if ( ... ) goto ” of high-level code

// function to check even or not . :
¢ NOt dirECtly void checkEvenOrNot (int num) L2 addl XS, XS, 1

f { if (num % 2 == 0) EKkinO,XS,Xll
A L o o beq x5, x6, L1
else// jump to odd add XIO, XIO, X9

}else { Fore o sub ....

even:
printf ("%d is even", num);
// return if even
} return;
odd:

} printf ("$d is odd", num); Ll: Sub XIO’ Xl(), X9
add ...

* With branch (if goto), we can implement:

s // function to print numbers from 1 to 1
if ... else void printNumbers ()
— for loop, while loop, doloop |
. int n = 1;

— switch case label:

printf ("%d ",n);

n++,;

if (n <= 10)

goto label;
}




Label in C

* Label (a program symbol) is the symbolic representation of
the address of the memory that the instruction is stored in.

// function to check even or not

void checkEvenOrNot (int num)

{

o)

if (num % e
// Jjump to
goto even;

else
// Jjump to
goto odd;

even:

printf ("%d is even",

0)
even

odd

// return if even

return;
odd:

printf ("%d is odd",

num) ;

num) ;

void printNumbers ()
{
int n = 1;
label:
printf ("%d ",n);
n++;
if (n <= 10)
goto label;
}
0000000000400640 <main>:
400640: 55
400641: 48 89 e5
400644: 48 83 ec 10
400648: 31 co
40064a: 48 b9 a0 06 40 00 00
400651: 00 00 00
400654: c7 45 fc 00 00 00 00
40065b: 89 7d 8
40065e: 48 89 75 0
400662: 48 bf do 07 40 00 00
400669: 00 00 00
40066¢C: 89 c6
40066e: 48 89 ca
400671: bo 00

// function to print numbers from 1 to 10

push
mov
sub
xor
movabs

mov 1
mov
mov
movabs

mov
mov
mov

%rbp

%rsp,%rbp
$0x10,%rsp
%eax,%eax
$0x4006a0,%rcx

$0x0,-0x4(%rbp)
%edi,—-0x8(%rbp)
%rsi,—0x10(%rbp)
$0x4007d0,%rdi

%eax,%esi 31
%rcx,%srdx
$0x0,%al



Compiling Loop Statements 2/3

* Ccode:

while (save[i] == k) i += 1;

— iinx22, k in x24
— address of save in x25

* RISC-V code: (savel[i] is to be read/loaded)

Using beq for (==) to branch to the true path, which is the loop body

The instruction following beq is the false path, which breaks the loop by jumping to Exit
We need another beq to jumping back to the beginning of the loop, i.e. loop back

Not as elegant as the previous version, one more instruction in the code. But not necessary 32
executing more instructions.

RWNR



