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Instruction
memory

 inst

64

PC

2
00

new pc
calculation

register file
ALU

32

Reg 1
Reg 0

Reg 31
Reg 30

….DW

QA

QB
W RW

RA RB

add x10, x10, x111.

control

ALU

1 10 10 11

ALU_OP

ADD

R[10]

R[11]
R[10] + R[11]

R[10] = 
R[10] + R[11]

Fetch Decode Execute
Write
Back
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add x10, x10, x11

Instruction
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add x10, x10, x11

Operands
Instruction
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add x10, x10, x11

Operands
Instruction Destination
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add x10, x10, x11

Operands
Instruction Destination

Can reuse registers as source and 
destination



Registers
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• RISC-V has 32 registers
• Each stores 64-bit integers
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• RISC-V has 32 registers
• Each stores 64-bit integers

• Different registers are used for 
different purposes

• mostly just by convention
• will cover details when 

discussing “calling 
convention”
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• RISC-V has 32 registers
• Each stores 64-bit integers

• Different registers are used for 
different purposes

• mostly just by convention
• will cover details when 

discussing “calling 
convention”
• x0 is always zero!



Registers
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• RISC-V has 32 registers
• Each stores 64-bit integers

• Different registers are used for 
different purposes

• mostly just by convention
• will cover details when 

discussing “calling 
convention”
• x0 is always zero!



Instructions beyond “add”
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Instruction Types
Arithmetic

• add, subtract, shift left, shift right, multiply, divide
Memory

• load value from memory to a register
• store value to memory from a register

Control flow
• conditional jumps (branches)
• jump and link (subroutine call)

Many other instructions are possible
• vector add/sub/mul/div, string operations 
• manipulate coprocessor
• I/O

80



RISC-V Instruction Types
Arithmetic/Logical

• R-type: result and two source registers, shift amount
• I-type: result and source register, shift amount in 12-bit immediate with sign/zero 

extension
• U-type: result register, 20-bit immediate with sign/zero extension

Memory Access
• I-type for loads and S-type for stores
• load/store between registers and memory
• word, half-word and byte operations

Control flow
• S-type: conditional branches: pc-relative addresses
• U-type: jump-and-link
• I-type: jump-and-link register

81



R-Type (1): Arithmetic and Logic

82

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

-------------------------0110011



R-Type (1): Arithmetic and Logic

83

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

00000000011001000100001000110011



R-Type (1): Arithmetic and Logic

84

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

00000000011001000100001000110011



R-Type (1): Arithmetic and Logic

85

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

00000000011001000100001000110011

#XOR



R-Type (1): Arithmetic and Logic

86

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

00000000011001000100001000110011

#XOR x4 
     rd



R-Type (1): Arithmetic and Logic

87

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

00000000011001000100001000110011

#XOR x4,  x8 
     rd, rs1



R-Type (1): Arithmetic and Logic

88

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

00000000011001000100001000110011

#XOR x4,  x8,  x6
     rd, rs1, rs2



R-Type (1): Arithmetic and Logic

89

31 25 24 20 19  15 14  12 11   7 6        0

funct7 rs2 rs1 funct3 rd op

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct7 funct3 mnemonic description

0000000 000 ADD rd, rs1, rs2 R[rd] = R[rs1] + R[rs2]
0100000 000 SUB rd, rs1, rs2 R[rd] = R[rs1] – R[rs2]
0000000 110 OR rd, rs1, rs2 R[rd] = R[rs1] | R[rs2]
0000000 100 XOR rd, rs1, rs2 R[rd] = R[rs1] ⊕ R[rs2]

00000000011001000100001000110011

example:   x4 = x8 ⊕ x6   #XOR x4,  x8,  x6
     rd, rs1, rs2



Aside: Truncation
• Suppose we want to convert an 8-bit value into a 4-bit value

90

0000 0111 = 7



Aside: Truncation
• Suppose we want to convert an 8-bit value into a 4-bit value
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0000 0111 = 7 = 0111



Aside: Truncation
• Suppose we want to convert an 8-bit value into a 4-bit value
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0000 0111 = 7 = 0111

0000 1111 = 15



Aside: Truncation
• Suppose we want to convert an 8-bit value into a 4-bit value

93

0000 0111 = 7 = 0111

0000 1111 = 15  



Aside: Zero-Extension
• Suppose we want to convert a 4-bit number into an 8-bit number

94

1 = 0001



Aside: Zero-Extension
• Suppose we want to convert a 4-bit number into an 8-bit number

95

1 = 0001 = 0000 0001



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 

number

96

-1 = 1111

Remember negative numbers are 
encoded using Two’s Complement!



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 

number
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-1 = 1111

-1 = 1111 1111



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 

number

98

-1 = 1111

-1 = 1111 1111

-(-1) = !(1111 1111) + 1



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 
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-1 = 1111

-1 = 1111 1111

-(-1) = !(1111 1111) + 1 
    = 0 + 1 
    = 1 



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 

number

100

-1 = 1111

-1 = 1111 1111

-(-1) = !(1111 1111) + 1 
    = 0 + 1 
    = 1 



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 

number

101

-1 = 1111

-1 = 1111 1111

-(-1) = !(1111 1111) + 1 
    = 0 + 1 
    = 1 



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 

number

102

-1 = 1111

-1 = 1111 1111

-(-1) = !(1111 1111) + 1 
    = 0 + 1 
    = 1 



Aside: Sign-Extension
• Suppose we want to convert a 4-bit negative number into an 8-bit 

number

103

-1 = 1111 = 1111 1111

The MSB bit (i.e., the sign-bit!) is copied!



Aside: Truncation & Extension
•Truncation decreases the size of a value
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Aside: Truncation & Extension
•Truncation decreases the size of a value
•Extension increases the size of a value
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Aside: Truncation & Extension
•Truncation decreases the size of a value
•Extension increases the size of a value

• Zero-extension fills upper bits with 0
• Used to extend unsigned numbers
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Aside: Truncation & Extension
•Truncation decreases the size of a value
•Extension increases the size of a value

• Zero-extension fills upper bits with 0
• Used to extend unsigned numbers

• Sign-extension fills upper bits with copies of the most-significant bit
• Used to extend signed numbers

107



I-Type (1): Arithmetic w/ immediates

108

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + sign_extend(imm)
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

-------------------------0010011
  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits



I-Type (1): Arithmetic w/ immediates

109

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + sign_extend(imm)
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

-------------------------0010011
  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

No rs2



I-Type (1): Arithmetic w/ immediates

110

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + sign_extend(imm)
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

-------------------------0010011
  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

No rs2No funct7



I-Type (1): Arithmetic w/ immediates

111

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + sign_extend(imm)
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

-------------------------0010011
  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits



I-Type (1): Arithmetic w/ immediates

112

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + imm
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

00000000010100110000001100010011



I-Type (1): Arithmetic w/ immediates

113

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + imm
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

00000000010100110000001100010011

# ADDI  



I-Type (1): Arithmetic w/ immediates

114

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + imm
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

00000000010100110000001100010011

# ADDI x6,  
        rd, 



I-Type (1): Arithmetic w/ immediates

115

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + imm
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

00000000010100110000001100010011

# ADDI x6,  x6
        rd, rs1



I-Type (1): Arithmetic w/ immediates

116

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + imm
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

00000000010100110000001100010011

# ADDI x6,  x6,   5
        rd, rs1, imm



I-Type (1): Arithmetic w/ immediates

117

funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + imm
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

x6 = x6 + 5    

00000000010100110000001100010011

# ADDI x6,  x6,   5
        rd, rs1, imm



I-Type (1): Arithmetic w/ immediates
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funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + imm
111 ANDI rd, rs1, imm R[rd] = R[rs1] & sign_extend(imm)
110 ORI rd, rs1, imm R[rd] = R[rs1] | sign_extend(imm)

  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

x6 = x6 + 5    
x6 += 5

00000000010100110000001100010011

# ADDI x6,  x6,   5
        rd, rs1, imm



I-Type (1): Arithmetic w/ immediates
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funct3 mnemonic description

000 ADDI rd, rs1, imm R[rd] = R[rs1] + sign_extend(imm)

-------------------------0010011
  31   20 19 15 14  12 11    7  6        0

imm rs1 funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

PollEv.com/cs3410 What is the largest 
immediate value you 
can add with ADDI?

https://pollev.com/cs3410


Loading larger immediate values

120



U-Type (1): Load Upper Immediate

121

mnemonic description

LUI rd, imm R[rd] = imm << 12

-------------------------0110111
31 12 11      7 6           0

imm rd op

20 bits 5 bits 7 bits



U-Type (1): Load Upper Immediate

122

mnemonic description

LUI rd, imm R[rd] = imm << 12

-------------------------0110111
31 12 11      7 6           0

imm rd op

20 bits 5 bits 7 bits

example:   x5 = 0x5000     # LUI x5,  5
                rd, imm



U-Type (1): Load Upper Immediate

123

mnemonic description

LUI rd, imm R[rd] = imm << 12

-------------------------0110111
31 12 11      7 6           0

imm rd op

20 bits 5 bits 7 bits

example:   x5 = 0x5000     # LUI x5,  5
                rd, imm

Typical Usage Pattern: LUI x5, 0x12345
                 ADDI x5, x5 0x678



U-Type (1): Load Upper Immediate

124

mnemonic description

LUI rd, imm R[rd] = imm << 12

-------------------------0110111
31 12 11      7 6           0

imm rd op

20 bits 5 bits 7 bits

example:   x5 = 0x5000     # LUI x5,  5
                rd, imm

Typical Usage Pattern: LUI x5, 0x12345
                 ADDI x5, x5 0x678

→ x5 = 0x12345678 



Assembly Programming

Pseudocode
a0 = 34
a1 = a0 – 13
a2 = a1 * 2

Assembly
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Assembly Programming

Pseudocode
a0 = 34
a1 = a0 – 13
a2 = a1 * 2

Assembly
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How do we put 
34 into register 

a0?



Assembly Programming

Pseudocode
a0 = 34
a1 = a0 – 13
a2 = a1 * 2

Assembly
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How do we put 
34 into register 

a0?

addi a0, x0, 34



Assembly Programming

Pseudocode
a0 = 34
a1 = a0 – 13
a2 = a1 * 2

Assembly

128

How do we put 
34 into register 

a0?

addi a0, x0, 34

Always zero!



Assembly Programming

Pseudocode
a0 = 0 + 34
a1 = a0 – 13
a2 = a1 * 2

Assembly
addi a0, x0, 34
addi a1, a0, -13
 

129

There is no 
subtract-immediate 

instruction…



Assembly Programming

Pseudocode
a0 = 0 + 34
a1 = a0 – 13
a2 = a1 * 2

Assembly
addi a0, x0, 34
addi a1, a0, -13
 

130



Assembly Programming

Pseudocode
a0 = 0 + 34
a1 = a0 – 13
a2 = a1 * 2

Assembly
addi a0, x0, 34
addi a1, a0, -13
 

131

Multiplying by 2 
is the same as 

shifting left by 1!



Assembly Programming

Pseudocode
a0 = 0 + 34
a1 = a0 – 13
a2 = a1 << 1

Assembly
addi a0, x0, 34
addi a1, a0, -13
slli a2, a1, 1
 

132

Multiplying by 2 
is the same as 

shifting left by 1!



Next Monday
• RISC-V Control Flow

• RISC-V Memory
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