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Pep/10 virtual machine

® Advantages

® Disadvantages
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Pep/10 virtual machine

® Disk
® Central processing unit (CPU)
® Main memory

® System bus
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Central processing unit (CPU)

Figure 4.2
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Main memory

0000 0001 0002
0003
0004 0005 0006

FFFE FFFF
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Main memory

0000
0003
0004
0007
000A
000B
000D
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000C

(a) The content 1n binary.
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000B
11110]11]0(0(0]|1 02 D1
000C 000B 000C

(a) The content 1n binary. (b) The content 1n hexadecimal.
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000B

11110[1{0(0[0]1 02 D1

000C 000B 000C

(a) The content in binary. (b) The content 1n hexadecimal.

000B 02D1

(c) The content 1n a machine
language listing.
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000B

11110[1{0(0[0]1 02 D1

000C 000B 000C

(a) The content in binary. (b) The content 1n hexadecimal.

Address of DI
000B OZD_I Is 000C

(c) The content 1n a machine
language listing.
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Mem
0000
Application
program Pep/10 memory map
® Bare metal mode
® No operating system
Application
data

FFFD Input port

FFFE Output port
FFFF | Power off port
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Instruction set

Instruction Specifier Instruction Type
0000 0000 Illegal instruction

0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12: 15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 0111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 000r Rotate left r Monadic
0010 001r Rotate right r Monadic
0010 010a Branch unconditional Dyadic
0010 011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 011a Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic
0101 raaa Addtor Dyadic
0110 raaa Subtract from r Dyadic
0111 raaa Bitwise And to r Dyadic
1000 raaa Bitwise Or to r Dyadic
1001 raaa Bitwise Exclusive Or to r Dyadic
1010 raaa Compare word to r Dyadic
1011 raaa Compare byte to r[8 : 15] Dyadic
1100 raaa Load word r from memory Dyadic
1101 raaa Load byte r[8 : 15] from memory  Dyadic
1110 raaa Store word r to memory Dyadic

1111 raaa Store byte r[8 : 15] to memory Dyadic
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Instruction set

Instruction Specifier Instruction Type
0000 0000 Illegal instruction

0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12: 15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 0111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 000r Rotate left r Monadic
0010 001r Rotate right r Monadic
0010 010a Branch unconditional Dyadic
0010 011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 011a Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic
0101 raaa Addtor Dyadic
0110 raaa Subtract from r Dyadic
0111 raaa Bitwise And to r Dyadic
1000 raaa Bitwise Or to r Dyadic
1001 raaa Bitwise Exclusive Or to r Dyadic
1010 raaa Compare word to r Dyadic
1011 raaa Compare byte to r[8 : 15] Dyadic
1100 raaa Load word r from memory Dyadic
1101 raaa Load byte r[8 : 15] from memory  Dyadic
1110 raaa Store word r to memory Dyadic
1111 raaa Store byte r[8 : 15] to memory Dyadic

Sixth edition

Instruction specifier

(a) A monadic instruction.
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Instruction set

Instruction Specifier Instruction Type
0000 0000 Illegal instruction

0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12: 15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 0111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 000r Rotate left r Monadic
0010 001r Rotate right r Monadic
0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 011a Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic
0101 raaa Addtor Dyadic
0110 raaa Subtract from r Dyadic
0111 raaa Bitwise And to r Dyadic
1000 raaa Bitwise Or to r Dyadic
1001 raaa Bitwise Exclusive Or to r Dyadic
1010 raaa Compare word to r Dyadic
1011 raaa Compare byte to r[8 : 15] Dyadic
1100 raaa Load word r from memory Dyadic
1101 raaa Load byte r[8 : 15] from memory  Dyadic
1110 raaa Store word r to memory Dyadic
1111 raaa Store byte r[8 : 15] to memory Dyadic

Instruction specifier

(a) A monadic instruction.

Instruction specifier

Operand specifier

(b) The two parts of a dyadic instruction.
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Instruction Specifier Instruction Type
0000 0000 Illegal instruction
0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12:15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 O111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 00Or Rotate left r Monadic
0010 001r Rotate right r Monadic



opcode
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Instruction Specifier Instruction Type
0000 0000 Illegal instruction
0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12:15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 O111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 00Or Rotate left r Monadic
0010 001r Rotate right r Monadic



opcode

register-r field
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Instruction Specifier Instruction Type
0000 0000 Illegal instruction
0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12:15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 O111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 00Or Rotate left r Monadic
0010 001r Rotate right r Monadic
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Instruction Specifier Instruction Type
0000 0000 Illegal instruction
0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12:15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 O111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 00Or Rotate left r Monadic
0010 001r Rotate right r Monadic

opcode  register-r field

r Register

0 Accumulator (A)
1 Index register (X)

(¢) The register-r field.
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Instruction Specifier Instruction Type
0000 0000 Illegal instruction
0000 0001 Return from call Monadic
0000 0010 Return from system call Monadic
0000 0011 Move SP to A Monadic
0000 0100 Move A to SP Monadic
0000 0101 Move NZVC flags to A[12:15]  Monadic
0000 0110 Move A[12:15] to NZVC flags ~ Monadic
0000 O111 No operation Monadic
0001 100r Negate r Monadic
0001 101r Arithmetic shift left r Monadic
0001 110r Arithmetic shift right r Monadic
0001 111r Bitwise Not r Monadic
0010 00Or Rotate left r Monadic
0010 001r Rotate right r Monadic

opcode  register-r field

r Register

0010 0010 Rotate right accumulator
0010 0011 Rotate right index register

0 Accumulator (A)
1 Index register (X)

(¢) The register-r field.
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 Ol1a Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic

0100 laaa Subtract from SP Dyadic
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
opcode 0011 Ol1a Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic

0100 laaa Subtract from SP Dyadic
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
opcode 0011 011a Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic

addressing-a field
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
opcode 0011 011a Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic

addressing-a field

a Addressing Mode

0 Immediate
1 Indexed

(b) The addressing-a field.
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
opcode 0011 Olla Call subroutine Dyadic
0011 laaa System call Dyadic
0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic

addressing-a field

a Addressing Mode

0 Immediate 0011 1110 Call subroutine with immediate addressing
1 Indexed 0010 0011 Call subroutine with indexed addressing

(b) The addressing-a field.
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 Ol1a Call subroutine Dyadic
0011 laaa System call Dyadic
opcode 0100 Oaaa Add to SP Dyadic

0100 laaa Subtract from SP Dyadic
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 Ol1a Call subroutine Dyadic
0011 laaa System call Dyadic
opcode 0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic

addressing-aaa field
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 Ol1a Call subroutine Dyadic
0011 laaa System call Dyadic
opcode 0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic

Addressing Mod :
aaa Addressing Mode addressing-aaa field

000 Immediate

001  Direct

010 Indirect

011  Stack-relative

100  Stack-relative deferred
101 Indexed

110  Stack-indexed

111  Stack-deferred indexed

(a) The addressing-aaa field.
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0010 010a Branch unconditional Dyadic
0010011a Branch if less than or equal to Dyadic
0010 100a Branch if less than Dyadic
0010 101a Branch if equal to Dyadic
0010 110a Branch if not equal to Dyadic
0010 111a Branch if greater than or equal to  Dyadic
0011 000a Branch if greater than Dyadic
0011 001a Branch if V Dyadic
0011 010a Branch if C Dyadic
0011 Ol1a Call subroutine Dyadic
0011 laaa System call Dyadic
opcode 0100 Oaaa Add to SP Dyadic
0100 laaa Subtract from SP Dyadic

Addressing Mod :
aaa Addressing Mode addressing-aaa field

000 Immediate

001  Direct

010  Indirect 0100 0000 Add to SP with immediate addressing
011  Stack-relative . . .

100 Stack-relative deferred 0100 0001 Add to SP with direct addressing

101 Indexed 0100 0010 Add to SP with indirect addressing

o g:zzﬁﬁz;ﬁ - ered 0100 0011 Add to SP with stack-relative addressing

(a) The addressing-aaa field.
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0101 raaa
0110 raaa
0111 raaa
1000 raaa
1001 raaa
1010 raaa
1011 raaa
1100 raaa
1101 raaa
1110 raaa
1111 raaa

Addtor

Subtract from r

Bitwise And tor

Bitwise Or tor

Bitwise Exclusive Or to r
Compare word to r

Compare byte to r[8 : 15]
Load word r from memory
Load byte r[8 : 15] from memory
Store word r to memory

Store byte r|8 : 15] to memory

Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
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0101 raaa
0110 raaa
0111 raaa
1000 raaa
1001 raaa
1010 raaa
1011 raaa
1100 raaa
1101 raaa
1110 raaa
1111 raaa

Addtor

Subtract from r

Bitwise And tor

Bitwise Or tor

Bitwise Exclusive Or to r
Compare word to r

Compare byte to r[8 : 15]
Load word r from memory
Load byte r[8 : 15] from memory
Store word r to memory

Store byte r|8 : 15] to memory

Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic
Dyadic

opcode
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0101 raaa Addtor Dyadic
0110 raaa Subtract from r Dyadic
0111 raaa Bitwise And tor Dyadic
1000 raaa Bitwise Or tor Dyadic
1001 raaa Bitwise Exclusive Or to r Dyadic
1010 raaa Compare word to r Dyadic
1011 raaa Compare byte to r[8 : 15] Dyadic
1100 raaa Load word r from memory Dyadic
1101 raaa Load byte r[8 : 15] from memory  Dyadic
1110 raaa Store word r to memory Dyadic
1111 raaa Store byte r[8 : 15] to memory Dyadic
opcode

register-r field
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0101 raaa Addtor Dyadic
0110 raaa Subtract from r Dyadic
0111 raaa Bitwise And tor Dyadic
1000 raaa Bitwise Or tor Dyadic
1001 raaa Bitwise Exclusive Or to r Dyadic
1010 raaa Compare word to r Dyadic
1011 raaa Compare byte to r[8 : 15] Dyadic
1100 raaa Load word r from memory Dyadic
1101 raaa Load byte r[8 : 15] from memory  Dyadic
1110 raaa Store word r to memory Dyadic
1111 raaa Store byte r[8 : 15] to memory Dyadic
opcode

register-r field

addressing-aaa field
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0101 raaa Addtor Dyadic
0110 raaa Subtract from r Dyadic
0111 raaa Bitwise And tor Dyadic
1000 raaa Bitwise Or to r Dyadic
1001 raaa Bitwise Exclusive Or to r Dyadic
1010 raaa Compare word to r Dyadic
1011 raaa Compare byte to r|8 : 15] Dyadic
1100 raaa Load word r from memory Dyadic
1101 raaa Load byte r[8 : 15] from memory  Dyadic
1110 raaa Store word r to memory Dyadic
1111 raaa Store byte r|8 : 15| to memory Dyadic
opcode

register-r field

addressing-aaa field

1111 0100 Store byte accumulator to memory with stack-relative deferred addressing
1111 1100 Store byte index register to memory with stack-relative deferred addressing
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6




Computer Systems  sixth edition

A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode:

Register-r field:
Addressing-aaa field:
Operand specifier:
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110
Register-r field:
Addressing-aaa field:
Operand specifier:
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110
Register-r field: 1
Addressing-aaa field:
Operand specifier:
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110
Register-r field: 1
Addressing-aaa field: 101

Operand specifier:
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110

Register-r field: 1

Addressing-aaa field: 101

Operand specifier: 0000 0011 0100 1110
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110

Register-r field: 1

Addressing-aaa field: 101

Operand specifier: 0000 0011 0100 1110
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110

Register-r field: 1 Opcode:
Addressing-aaa field: 101 Register-r field:
Operand specifier: 0000 0011 0100 1110
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A machine language listing
of two instructions in main memory

01A3 6DO034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110

Register-r field: 1 Opcode: 0001 111
Addressing-aaa field: 101 Register-r field:
Operand specifier: 0000 0011 0100 1110
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A machine language listing
of two instructions in main memory

01A3 6D034E
01A6 1E

Main memory

01101101 00000011 010011120
O1A3 01A4 O1AS

00011110
01A6

Opcode: 0110

Register-r field: 1 Opcode: 0001 111
Addressing-aaa field: 101 Register-r field: 0
Operand specifier: 0000 0011 0100 1110
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Direct addressing
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Direct addressing

® Oprnd = Mem[OprndSpec]
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Direct addressing

® Oprnd = Mem[OprndSpec]

® The operand specifier is the memory address
of the operand.
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The load/store instructions

® | oad word instruction
® Store word instruction
® | oad byte instruction

® Store byte instruction
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The load word
INstruction

® |nstruction specifier: 1100 raaa

® | oads one word (two bytes) from memory to
register r

r<—Opmd; N«—r<0,Z<«+r1r=0
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Instruction specifier Operand specifier

Opcode r aaa

1 10 000 0 1 O 00O0|0O0O0O0O|O01O0O0(1O0T1020
C 1 0 0 4 A

(a) Instruction format.
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Sixth edition

Instruction specifier Operand specifier
Opcode r aaa
1 1T 00|00 01 O 00O0[OOOO|]O0OTOO0O]1T O0T1PO0
C 1 0 0 4 A
(a) Instruction format.
CPU Mem
NZ, 9EF C1004A
Load word
004A
A [ 036D accumulator
Before

(b) Execution
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Sixth edition

Instruction specifier Operand specifier
Opcode r aaa
I 10 0({0|0 0 1 O 00O0{0O0OO0O0O]O0OT1TO0O0OD]1 0T1PO0
C 1 0 0 4 A
(a) Instruction format.

CPU Mem CPU Mem
NZ 92EF C1304Ad NZ | 10 92EF
Load wor

004A 004A
A | 036D accumulator A [ 92EF
i T L A
Y :
-
Before After

(b) Execution
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The store word
INstruction

® |nstruction specifier: | 110 raaa

® Stores one word (two bytes) from register r
to memory

Oprnd <—r
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Sixth edition

Instruction specifier Operand specifier

Opcode r aaa

1 11 0(1]0 0 1 O000|]0O0O0O0JO0TOO0O|1 O0T®O
E 9 0 0 4 A

(a) Instruction format.
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Instruction specifier Operand specifier

Opcode r aaa

1 11 0(1]0 0 1 O000|]0O0O0O0JO0TOO0O|1 O0T®O
E 9 0 0 4 A

(a) Instruction format.

CPU Mem
E9004A
X | 16BC FO82 Store word
004A index register
Before

(b) Execution
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Instruction specifier Operand specifier

Opcode r aaa

1 11 0(1]0 0 1 O000|]0O0O0O0JO0TOO0O|1 O0T®O
E 9 0 0 4 A

(a) Instruction format.

CPU Mem CPU Mem
E9004A
X | 16BC FO82 Store word X [ 16BC 16BC
004A index register 004A
P
Y :
>

Before After

(b) Execution
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The load byte
Instruction

® |nstruction specifier: | 101 raaa

® | oads one byte from memory to register r

r|0:7] <0, r[8:15] « byte Oprnd ;
N<O0,Z+r8:15/=0
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Sixth edition

Instruction specifier Operand specifier

Opcode r aaa

1 1011001 O0000|]0O0OO0O0|]O0OT1TO0O0]1 010
D 9 0 0 4 A

(a) Instruction format.
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Instruction specifier Operand specifier

Opcode r aaa

1 1011001 O000|]0O0OO0O0|]O0O1O0O0|10T2O0
D 9 0 0 4 A

(a) Instruction format.

CPU Mem
N7 TBEF D9004A
Load byte
004A
X 1 036D index register
Before

(b) Execution
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Instruction specifier Operand specifier

Opcode r aaa

1 1011001 O000|]0O0OO0O0|]O0O1O0O0|10T2O0
D 9 0 0 4 A

(a) Instruction format.

CPU Mem CPU Mem
NZ 7BEF D9(C)10];‘A NZ | 00 7BEF
Load byte

004 A 004 A
X [ 036D index register X 0078
I
Y !
-
Before After

(b) Execution
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The store byte
INstruction

® |nstruction specifier: | 111 raaa

® Stores one byte from register r to memory

byte Oprnd < r|8 : 15]
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Sixth edition

Instruction specifier Operand specifier

Opcode r aaa

I 11 1101001 O 000j]O0OO0O0O0OIO0T1O0O0|1 0T1@O0
F 1 0 0 4 A

(a) Instruction format.
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Instruction specifier Operand specifier

Opcode r aaa

I 11 1101001 O 000j]O0OO0O0O0OIO0T1O0O0|1 0T1@O0
F 1 0 0 4 A

(a) Instruction format.

CPU Mem
F1004A
A | 1IB5C 6DE7 Store byte
004A accumulator
Before

(b) Execution
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Instruction specifier Operand specifier
Opcode r aaa
I 1T 1 10|00 1 O00O0(0OO0OO0OO|]O0O1O0O0O0]T1TO0T10®O0
F 1 0 0 4 A
(a) Instruction format.
CpPU Mem CPU Mem
F1004A
A | 1B5C 6DE7 Store byte A | 1B5C SCE7
004A accumulator 004A
s i T A
Y :
>
Before After

(b) Execution
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Load/Store summary

® | oad is memory to CPU

® Store is CPU to memory
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The arithmetic instructions

® Dyadic arithmetic instructions
® The add instruction

® [he subtract instruction
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The arithmetic instructions

® Dyadic arithmetic instructions
® The add instruction
® The subtract instruction
® Monadic arithmetic instructions
® The negate instruction
® The arithmetic shift left instruction

® The arithmetic shift right instruction
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Register transfer language

Add instruction RTL

r<—r+0Oprmnd; N<1r<0,Z<+r=0, V< {overflow}, C <+ {carry}
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Register transfer language

Add instruction RTL

r<—r+0Oprmnd; N<1r<0,Z<+r=0, V< {overflow}, C <+ {carry}

Subtract instruction RTL

r<—r1r—Opmd; N<r1r<0,Z<+r1r=0,V<{overflow} , C <+ {carry}
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CPU Mem
NZVC FFF9 590DB6
X | 0005 0DB6 Add index register
Before

(a) The Add index register instruction.
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CPU Mem CPU Mem
NZVC FFFO 590DB6 NZVC | 1000 FFFO
X | 0005 0DB6 Add index register X | FFFE 0DB6
§ T L A
Y :
-
Before After

(a) The Add index register instruction.
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CPU Mem
NZVC 0009 610DB6
A | 0003 O0DB6 Subtract accumulator
Before

(b) The Subtract accumulator instruction.
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CPU Mem CPU Mem
NZVC 0009 610DB6 NZVC | 1000 0009
A | 0003 O0DB6 Subtract accumulator A | FFFA 0DB6
b
Y
-
Before After

(b) The Subtract accumulator instruction.
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Register transfer language

Negate instruction RTL
r< —r1;N<r<0,Z<+<r=0,V<+ {overflow}, C <+ {carry}
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Register transfer language

Negate instruction RTL
r< —r1;N<r<0,Z<+<r=0,V<+ {overflow}, C <+ {carry}

Arithmetic shift left instruction RTL
C+rl0],r0:14] < r[1:15],1[15]+0; N<+1r<0,Z<+r1r=0,
V < {overflow}
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Register transfer language

Negate instruction RTL
r< —r1;N<r<0,Z<+<r=0,V<+ {overflow}, C <+ {carry}

Arithmetic shift left instruction RTL
C+rl0],r0:14] < r[1:15],1[15]+0; N<+1r<0,Z<+r1r=0,
V < {overflow}

Arithmetic shift right instruction RTL
C+1[15],r[1:15]«+r0:14]; N<r1r<0,Z<+r1r=0,V<+0
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CPU

NZVC
A

0003

Before

18
Negate accumulator

(a) The Negate accumulator instruction.
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CPU

NZVC
A

0003

Before

18
Negate accumulator

(a) The Negate accumulator instruction.

Sixth edition

CPU

NZVC

1000

FFFD

After
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CPU CPU

NZVC 18 NZVC | 1000
A | 0003 Negate accumulator A | FFFD
Before After

(a) The Negate accumulator instruction.

CPU
NZVC 1B
Arithmetic shift left
X | 7FFO index register
Before

(b) The Arithmetic shift left index register instruction.
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CPU CPU

NZVC 18 NZVC | 1000
A | 0003 Negate accumulator A | FFFD
Before After

(a) The Negate accumulator instruction.

CPU CPU
NZVC 1B NZVC | 1010
Arithmetic shift left
X | 7FFO index register X | FFEO
Before After

(b) The Arithmetic shift left index register instruction.
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CPU CPU

NZVC 18 NZVC | 1000
A | 0003 Negate accumulator A | FFFD
Before After

(a) The Negate accumulator instruction.

CPU CPU
NZVC 1B NZVC | 1010
Arithmetic shift left
X | 7FFO index register X | FFEO
Before After

(b) The Arithmetic shift left index register instruction.

CPU
NZVC 1C
Arithmetic shift right
A | FFFO accumulator
Before

(¢) The Arithmetic shift right index register instruction.
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CPU CPU

NZVC 18 NZVC | 1000
A | 0003 Negate accumulator A | FFFD
Before After

(a) The Negate accumulator instruction.

CPU CPU
NZVC 1B NZVC | 1010
Arithmetic shift left
X | 7FFO index register X | FFEO
Before After

(b) The Arithmetic shift left index register instruction.

CPU CPU
NZVC 1C NZVC | 1000
Arithmetic shift right
A | FFFO accumulator A | FFF8
Before After

(¢) The Arithmetic shift right index register instruction.
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The logic instructions

® Dyadic logic instructions
® [he And instruction
® The Or instruction

® [he Exclusive Or instruction
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The logic instructions

® Dyadic logic instructions
® The And instruction
® The Or instruction
® The Exclusive Or instruction
® Monadic logic instructions
® The Bitwise Not instruction
® The rotate left instruction

® The rotate right instruction
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Register transfer language

Bitwise And instruction RTL
r<—rAOpmd; N<r<0,Z<+1r=0
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Register transfer language

Bitwise And instruction RTL
r<—rAOpmd; N<r<0,Z<+1r=0

Bitwise Or instruction RTL
r<—rVvVOpmd; N<r1r<0,Z<+r=0



Computer Systems  sixth edition

Register transfer language

Bitwise And instruction RTL
r<—rAOpmd; N<r<0,Z<+1r=0

Bitwise Or instruction RTL
r<—rVOpmd; N<r<0,Z<+r=0

Bitwise Exclusive Or instruction RTL
r<—1r®0pmd; N+<r<0,Z<+1r=0
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Before Instruction After

A: 9DC3 710DB2
Mem|[0ODB2]: FFOO Bitwise And accumulator
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Before Instruction After

A: 9DC3 710DB2 A:9D00 NZ: 10
Mem|[0ODB2]: FFOO Bitwise And accumulator Mem|[0ODB?2]: FFOO
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Before Instruction After
A: 9DC3 710DB2 A:9D00 NZ: 10
Mem[0ODB2]: FFOO Bitwise And accumulator Mem|[0ODB2]: FFOO
X: A56B 890DB2

Mem|[0ODB2]: O0FF Bitwise Or index register




Computer Systems  sixth edition Figure 4.17

Before

Instruction

After

A: 9DC3
Mem[0ODB2]: FFOO

710DB2
Bitwise And accumulator

A:9D00 NZ: 10
Mem[ODB2]: FFOO

X: A56B
Mem[0DB2]: OOFF

890DB?2
Bitwise Or index register

X: ASFF NZ: 10
Mem[0DB2]: O0FF
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Before

Instruction

After

A: 9DC3
Mem[0ODB2]: FFOO

710DB2
Bitwise And accumulator

A:9D00 NZ: 10
Mem[ODB2]: FFOO

X: A56B
Mem[0DB2]: OOFF

890DB?2
Bitwise Or index register

X: ASFF NZ: 10
Mem[0ODB2]: OOFF

A: 83C9
Mem|[0ODB2]: FOOF

910DB2
Bitwise Exclusive Or accumulator
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Before

Instruction

After

A: 9DC3
Mem[0ODB2]: FFOO

710DB2
Bitwise And accumulator

A:9D00 NZ: 10
Mem[ODB2]: FFOO

X: A56B
Mem[0DB2]: OOFF

890DB?2
Bitwise Or index register

X: ASFF NZ: 10
Mem[0ODB2]: OOFF

A: 83C9
Mem|[0ODB2]: FOOF

910DB2
Bitwise Exclusive Or accumulator

A:73C6 NZ:00
Mem|[0ODB2]: FOOF
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Register transfer language

Bitwise Not instruction RTL
r<—T1; N+<1r<0,Z+1r=0
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Register transfer language

Bitwise Not instruction RTL
r<—T1; N+<1r<0,Z+1r=0

Rotate left instruction RTL
C+rl0],r[0:14]«+r[1:15],r[15]+C;N+r<0,Z+r=0
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Register transfer language

Bitwise Not instruction RTL
r<—T1; N+<1r<0,Z+1r=0

Rotate left instruction RTL
C+rl0],r[0:14]«+r[1:15],r[15]+C;N+r<0,Z+r=0

Rotate right instruction RTL
C+r1[15],r[1:15/+r[0:14],r[0]«~C;N+1<0,Z<+1r=0
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Before Instruction After

1F
X: 103F Bitwise Not index register
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Before Instruction After

1F
X: 103F Bitwise Not index register | X: EFCO NZ: 10
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Before Instruction After
1F
X: 103F Bitwise Not index register | X: EFCO NZ: 10
20

A:7TF69 C:1 Rotate left accumulator
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Before Instruction After
1F
X: 103F Bitwise Not index register | X: EFCO NZ: 10
20

A:7TF69 C:1 Rotate left accumulator A: FED3 NZC: 100
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Before Instruction After
1F
X: 103F Bitwise Not index register | X: EFCO NZ: 10
20
A:7TF69 C:1 Rotate left accumulator A: FED3 NZC: 100
22
A:7F69 C:1 | Rotate right accumulator
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Before Instruction After
1F
X: 103F Bitwise Not index register | X: EFCO NZ: 10
20
A:7TF69 C:1 Rotate left accumulator A: FED3 NZC: 100
22
A:7F69 C:1 | Rotate right accumulator | A: BFB4 NZC: 001
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Accessing the memory-mapped ports

Mem

0000

Application
program

Application
data

FFFD Input port

FFFE Output port
FFFF | Power off port
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Accessing the memory-mapped ports

Before Instruction After

A: FFFF D1FFFD
Input: Hello World! | Load byte accumulator
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Accessing the memory-mapped ports

Before Instruction After

A: FFFF DI1FFFD A: 0048 NZ: 00
Input: Hello World! | Load byte accumulator | Input: ello World!
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Accessing the memory-mapped ports

Before Instruction After

A: FFFF DI1FFFD A: 0048 NZ: 00
Input: Hello World! | Load byte accumulator | Input: ello World!

A: 0021 F1FFFE
Output: Hello World | Store byte accumulator
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Accessing the memory-mapped ports

Before Instruction After

A: FFFF DI1FFFD A: 0048 NZ: 00
Input: Hello World! | Load byte accumulator | Input: ello World!

A: 0021 F1FFFE A: 0021
Output: Hello World | Store byte accumulator | Output: Hello World!
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Sixth edition Figure 4.19

Accessing the memory-mapped ports

Before

Instruction

After

A: FFFF
Input: Hello World!

DI1FFFD
Load byte accumulator

A: 0048 NZ: 00
Input: ello World!

A: 0021
Output: Hello World

F1FFFE
Store byte accumulator

A: 0021
Output: Hello World!

A: 0000

F1FFFF
Store byte accumulator
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Accessing the memory-mapped ports

Before Instruction After

A: FFFF DI1FFFD A: 0048 NZ: 00
Input: Hello World! | Load byte accumulator | Input: ello World!

A: 0021 F1FFFE A: 0021
Output: Hello World | Store byte accumulator | Output: Hello World!

F1FFFF
A: 0000 Store byte accumulator | Shut down
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Address Machine Language (bin)

0000 1101 0001 0000 0OOOO 0000 1111
0003 1111 0001 11171 1111 1111 1110
0006 1101 0001 0OOOO OOOO 0001 OOOO
0009 1111 0001 11171 1111 1111 1110
000C 1111 0001 11171 11171 1111 1111
OOOF 0100 1000 0110 1001

Address Machine Language (hex)

0000 D1000F ;Load byte accumulator 'H'

0003 F1FFFE ;Store byte accumulator output port
0006 D10010 ;Load byte accumulator 'i'

0009 F1FFFE ;Store byte accumulator output port
ooo0cC F1FFFF ;Store byte accumulator power off port
OOOF 4869 ;ASCII "Hi" characters

Output

Hi
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Address = Machine Language (hex)

0000 D1000F ;Load byte accumulator 'H’
0003 F1FFFE ;Store byte accumulator output port
0006 D10010 ;Load byte accumulator ’'i’
0009 F1FFFE ;Store byte accumulator output port
ooocC F1FFFF ;Store byte accumulator power off port
OOOF 4869 ;ASCII "Hi” characters

Cycle Instruction State  Output

0 Initial state A:

1 Mem[0000]: D1000F

2 Mem[0003]: FIFFFE

3 Mem[0006]: D10010

4 Mem[0009]: F1FFFE

5 Mem[000C]: F1FFFF
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Address = Machine Language (hex)

0000 D1000F ;Load byte accumulator 'H’
0003 F1FFFE ;Store byte accumulator output port
0006 D10010 ;Load byte accumulator ’'i’
0009 F1FFFE ;Store byte accumulator output port
ooocC F1FFFF ;Store byte accumulator power off port
OOOF 4869 ;ASCII "Hi” characters

Cycle Instruction State  Output

0 Initial state A:

1 Mem[0000]: DIOOOF | A: 0048

2 Mem[0003]: FIFFFE

3 Mem[0006]: D10010

4 Mem[0009]: F1FFFE

5 Mem[000C]: F1FFFF
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Address = Machine Language (hex)

0000 D1000F ;Load byte accumulator 'H’
0003 F1FFFE ;Store byte accumulator output port
0006 D10010 ;Load byte accumulator ’'i’
0009 F1FFFE ;Store byte accumulator output port
ooocC F1FFFF ;Store byte accumulator power off port
OOOF 4869 ;ASCII "Hi” characters

Cycle Instruction State  Output

0 Initial state A:

1 Mem[0000]: DIOOOF | A: 0048

2 Mem[0003]: FIFFFE | A: 0048 H

3 Mem[0006]: D10010

4 Mem[0009]: F1FFFE

5 Mem[000C]: F1FFFF
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Address = Machine Language (hex)

0000 D1000F ;Load byte accumulator 'H’
0003 F1FFFE ;Store byte accumulator output port
0006 D10010 ;Load byte accumulator ’'i’
0009 F1FFFE ;Store byte accumulator output port
ooocC F1FFFF ;Store byte accumulator power off port
OOOF 4869 ;ASCII "Hi” characters

Cycle Instruction State  Output

0 Initial state A:

1 Mem[0000]: DIOOOF | A: 0048

2 Mem[0003]: FIFFFE | A: 0048 H

3 Mem[0006]: D10010 | A: 0069 H

4 Mem[0009]: F1FFFE

5 Mem[000C]: F1FFFF
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Computer Systems

Address = Machine Language (hex)
0000 D1000F ;Load byte accumulator 'H’
0003 F1FFFE ;Store byte accumulator output port
0006 D10010 ;Load byte accumulator ’'i’
0009 F1FFFE ;Store byte accumulator output port
ooocC F1FFFF ;Store byte accumulator power off port
OOOF 4869 ;ASCII "Hi” characters
Cycle Instruction State  Output

0 Initial state A:

1 Mem[0000]: DIOOOF | A: 0048

2 Mem[0003]: FIFFFE | A: 0048 H

3 Mem[0006]: D1I0010 | A: 0069 H

4 Mem[0009]: FIFFFE | A: 0069 Hi

5 Mem[000C]: F1FFFF
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Computer Systems

Address = Machine Language (hex)
0000 D1000F ;Load byte accumulator 'H’
0003 F1FFFE ;Store byte accumulator output port
0006 D10010 ;Load byte accumulator ’'i’
0009 F1FFFE ;Store byte accumulator output port
ooocC F1FFFF ;Store byte accumulator power off port
OOOF 4869 ;ASCII "Hi” characters
Cycle Instruction State  Output

0 Initial state A:

1 Mem[0000]: DIOOOF | A: 0048

2 Mem[0003]: FIFFFE | A: 0048 H

3 Mem[0006]: D1I0010 | A: 0069 H

4 Mem[0009]: FIFFFE | A: 0069 Hi

5 Mem[000C]: F1FFFF Shut down
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Demo Pepp IDE
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The program execution process

Load program into memory at Mem[0000]
PC < 0000
do
Fetch: IR[0:7] + Mem|[PC]
Decode: Decode instruction specifier IR[0:7]
Increment: PC < PC + 1
if IR[O0:7] 1s a dyadic instruction
IR[8:23] + Mem|[PC]
PC < PC+2
Execute: Execute the instruction in the IR
while not shut down && instruction in IR is legal
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The program execution process

R ) Load program into memory at Mem[0000]
|n|t|a||2at|0n PC « 0000
do
Fetch: IR[0:7] + Mem|[PC]
Decode: Decode instruction specifier IR[0:7]
Increment: PC < PC + 1
if IR[O0:7] 1s a dyadic instruction
IR[8:23] + Mem|[PC]
PC < PC+2
Execute: Execute the instruction in the IR
while not shut down && instruction in IR is legal
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The program execution process

R ) Load program into memory at Mem[0000]
|n|t|a||2at|0n PC « 0000
do

Fetch: IR[0:7] + Mem|[PC]

Decode: Decode instruction specifier IR[0:7]

von Neumann Increment: PC < PC + 1

t. I if IR[O0:7] 1s a dyadic instruction
execution cycie IR[8:23] - Mem[PC]

PC «+ PC+2
Execute: Execute the instruction in the IR
while not shut down && instruction in IR is legal
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Simplified summary of the
von Neumann execution cycle

e Fetch the instruction at Mem[PC] into the IR.

e Decode the instruction in the IR.

e Increment the PC.

e Execute the instruction i1n the IR.

* Repeat the cycle.
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Cycle State Output
0 A: PC: 0000 IR:

1-fetch

1-increment

1-execute

2-fetch

2-increment

2-execute

3-fetch

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OOF

1-increment

1-execute

2-fetch

2-increment

2-execute

3-fetch

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
I-execute
2-fetch

2-increment

2-execute

3-fetch

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OOF
l1-increment | A: PC: 0003 IR: D1000OF

1-execute A: 0048 PC:0003 IR: DIOOOF

2-fetch

2-increment

2-execute

3-fetch

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OOF
l1-increment | A: PC: 0003 IR: D1000OF

1-execute A: 0048 PC:0003 IR: DIOOOF

2-fetch A: 0048 PC:0003 IR: FIFFFE

2-increment

2-execute

3-fetch

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OOF
l1-increment | A: PC: 0003 IR: D1000OF

1-execute A: 0048 PC:0003 IR: DIOOOF

2-fetch A: 0048 PC:0003 IR: FIFFFE

2-increment | A: 0048 PC: 0006 IR: FIFFFE

2-execute

3-fetch

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
I-execute A: 0048 PC:0003 IR: D100OF
2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output

0 A: PC: 0000 IR:

1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF

I-execute A: 0048 PC:0003 IR: D100OF

2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE

2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H

3-increment

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output

0 A: PC: 0000 IR:

1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF

I-execute A: 0048 PC:0003 IR: D100OF

2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE

2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H

3-execute

4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
I-execute A: 0048 PC:0003 IR: D100OF
2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H
3-execute A: 0069 PC:0009 IR:DI10010 H
4-fetch

4-increment

4-execute

5-fetch

5-increment

5-execute
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Cycle State Output

0 A: PC: 0000 IR:

1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
l-execute A: 0048 PC:0003 IR: DIOOOF
2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H
3-execute A: 0069 PC:0009 IR:DI10010 H
4-fetch A: 0069 PC:0009 IR: FIFFFE H

4-increment

4-execute

5-fetch

5-increment

5-execute

Figure 4.23
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Cycle State Output

0 A: PC: 0000 IR:

1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
l-execute A: 0048 PC:0003 IR: DIOOOF
2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H
3-execute A: 0069 PC:0009 IR:DI10010 H
4-fetch A: 0069 PC:0009 IR: FIFFFE H
4-increment | A: 0069 PC: 000C IR: FIFFFE H

4-execute

5-fetch

5-increment

5-execute

Figure 4.23



Computer Systems

Sixth edition

Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
l-execute A: 0048 PC:0003 IR: DIOOOF
2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H
3-execute A: 0069 PC:0009 IR:DI10010 H
4-fetch A: 0069 PC:0009 IR: FIFFFE H
4-increment | A: 0069 PC: 000C IR: FIFFFE H
4-execute A: 0069 PC:000C IR: FIFFFE Hi
5-fetch

5-increment

5-execute

Figure 4.23
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Cycle State Output

0 A: PC: 0000 IR:

1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
l-execute A: 0048 PC:0003 IR: DIOOOF

2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H
3-execute A: 0069 PC:0009 IR:DI10010 H
4-fetch A: 0069 PC:0009 IR: FIFFFE H
4-increment | A: 0069 PC: 000C IR: FIFFFE H
4-execute A: 0069 PC:000C IR: FIFFFE Hi
5-fetch A: 0069 PC:000C IR: FIFFFF Hi

5-increment

5-execute

Figure 4.23
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
l-execute A: 0048 PC:0003 IR: DIOOOF
2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC:0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H
3-execute A: 0069 PC:0009 IR:DI10010 H
4-fetch A: 0069 PC:0009 IR: FIFFFE H
4-increment | A: 0069 PC: 000C IR: FIFFFE H
4-execute A: 0069 PC:000C IR: FIFFFE Hi
5-fetch A: 0069 PC:000C IR: FIFFFF Hi
S5-increment | A: 0069 PC:000F IR: FIFFFF Hi
5-execute
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Cycle State Output
0 A: PC: 0000 IR:
1-fetch A: PC: 0000 IR: D100OF
l-increment | A: PC: 0003 IR: DIOOOF
l-execute A: 0048 PC:0003 IR: D100OF
2-fetch A: 0048 PC:0003 IR: FIFFFE
2-increment | A: 0048 PC: 0006 IR: FIFFFE
2-execute A: 0048 PC: 0006 IR: FIFFFE H
3-fetch A: 0048 PC:0006 IR:DI0010 H
3-increment | A: 0048 PC:0009 IR: DI0010 H
3-execute A: 0069 PC:0009 IR:DI10010 H
4-fetch A: 0069 PC:0009 IR: FIFFFE H
4-increment | A: 0069 PC:000C IR: FIFFFE H
4-execute A: 0069 PC:000C IR: FIFFFE Hi
5-fetch A: 0069 PC:000C IR: FIFFFF Hi
S5-increment | A: 0069 PC:000F IR: FIFFFF Hi
5-execute Shut down
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Address
0000

0003
0006
0009
000C
OOOF
0012
0015

Address
0000

0003
0006
0009
000C
OOOF
0012
0015

Input

Machine Language (bin)

1101
1111
1101
1111
1101
1111
1111
0000

0001
0001
0001
0001
0001
0001
0001
0000

1111
0000
1111
1111
0000
1111
1111

1111
0000
1111
1111
0000
1111
1111

Machine Language (hex)

1111
0001
1111
1111
0001
1111
1111

1101
0101
1101
1110
0101
1110
1111

Sixth edition

D1FFFD ;Load byte first char from input port

F10015
D1FFFD
F1FFFE
D10015
F1FFFE
F1FFFF

00

;Store byte first char to 0015

;Load byte from input port

;Store byte to output port

;Load byte first char from 0015
;Store byte first char to output port
;Store byte to power off port

;One byte storage for first char

Figure 4.24
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Address  Machine Language (hex)
0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
0oo0cC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output
0 Initial state A: Mem[0015]: up

1

Mem[0000]: DIFFFD

Mem[0003]: F10015

Mem[0006]: DIFFFD

Mem[0009]: FIFFFE

Mem[000C]: D10015

Mem[000F]: F1FFFE

Mem[0012]: F1FFFF

Figure 4.25
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Address = Machine Language (hex)
0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
ooocC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output
0 Initial state A: Mem[0015]: up
1 Mem[0000]: DIFFFD | A: 0075 Mem[0015]: P
2 Mem[0003]: F10015

Mem[0006]: DIFFFD

Mem[0009]: FIFFFE

Mem[000C]: D10015

Mem[000F]: F1IFFFE

Mem[0012]: F1FFFF

Figure 4.25
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Address = Machine Language (hex)
0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
ooocC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output
0 Initial state A: Mem[0015]: up
1 Mem[0000]: DIFFFD | A: 0075 Mem[0015]: P
2 Mem[0003]: F10015 A: 0075 Mem[0015]: 75 p

Mem[0006]: DIFFFD

Mem[0009]: FIFFFE

Mem[000C]: D10015

Mem[000F]: F1IFFFE

Mem[0012]: F1FFFF

Figure 4.25
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Address = Machine Language (hex)
0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
ooocC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output
0 Initial state A: Mem[0015]: up
1 Mem[0000]: DIFFFD | A: 0075 Mem[0015]: P
2 Mem[0003]: F10015 A: 0075 Mem[0015]: 75 p

Mem[0006]: DIFFFD | A: 0070 Mem[0015]: 75

Mem[0009]: FIFFFE

Mem[000C]: D10015

Mem[000F]: F1IFFFE

Mem[0012]: F1FFFF

Figure 4.25



Computer Systems

Sixth edition

Address = Machine Language (hex)
0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
ooocC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output
0 Initial state A: Mem[0015]: up
1 Mem[0000]: DIFFFD | A: 0075 Mem[0015]: P
2 Mem[0003]: F10015 A: 0075 Mem[0015]: 75 p
3 Mem[0006]: DIFFFD | A: 0070 Mem[0015]: 75
4 Mem[0009]: FIFFFE | A:0070 Mem[0015]: 75 p
5 Mem[000C]: D10015
6 Mem[000F]: F1FFFE
7 Mem[0012]: F1FFFF

Figure 4.25
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Sixth edition

Address = Machine Language (hex)
0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
ooocC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output
0 Initial state A: Mem[0015]: up
1 Mem[0000]: DIFFFD | A: 0075 Mem[0015]: P
2 Mem[0003]: F10015 A: 0075 Mem[0015]: 75 p
3 Mem[0006]: DIFFFD | A: 0070 Mem[0015]: 75
4 Mem[0009]: FIFFFE | A:0070 Mem[0015]: 75 p
5 Mem[000C]: D10015 | A: 0075 Mem[0015]: 75 p
6 Mem[000F]: F1FFFE
7 Mem[0012]: F1FFFF

Figure 4.25
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Address = Machine Language (hex)

0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
ooocC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output
0 Initial state A: Mem[0015]: up
1 Mem[0000]: DIFFFD | A: 0075 Mem[0015]: P
2 Mem[0003]: F10015 A: 0075 Mem[0015]: 75 p
3 Mem[0006]: DIFFFD | A: 0070 Mem[0015]: 75
4 Mem[0009]: FIFFFE | A:0070 Mem[0015]: 75 p
5 Mem[000C]: D10015 | A: 0075 Mem[0015]: 75 p
6 Mem[000F]: FIFFFE | A:0075 Mem[0015]: 75 pu
7 Mem[0012]: F1FFFF
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Address = Machine Language (hex)
0000 D1FFFD ;Load byte first char from input port
0003 F10015 ;Store byte first char to 0015
0006 D1FFFD ;Load byte from input port
0009 F1FFFE ;Store byte to output port
ooocC D10015 ;Load byte first char from 0015
OOOF F1FFFE ;Store byte first char to output port
0012 F1FFFF ;Store byte to power off port
0015 00 ;One byte storage for first char
Cycle Instruction State Input  Output

0 Initial state A: Mem[0015]: up

1 Mem[0000]: DIFFFD | A: 0075 Mem[0015]: P

2 Mem[0003]: F10015 A: 0075 Mem[0015]: 75 p

3 Mem[0006]: DIFFFD | A: 0070 Mem[0015]: 75

4 Mem[0009]: FIFFFE | A:0070 Mem[0015]: 75 p

5 Mem[000C]: D10015 | A: 0075 Mem[0015]: 75 p

6 Mem[000F]: FIFFFE | A:0075 Mem[0015]: 75 pu

7 Mem[0012]: F1FFFF Shut down

Figure 4.25
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Address
0000

0003
0006
0009
000C
OOOF
0011
0013

Qutput
8

Machine Language (hex)

C1000F
510011
810013
F1FFFE
F1FFFF
0005
0003
0030

;Load word accumulator 0005 from Mem[OOOF ]
;Add accumulator 0003 from Mem[0011]

;Or accumulator 0030 from Mem[0013]

;Store byte to output port

;Store byte to power off port

;Decimal 5

;Decimal 3

sMask for ASCII char
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Address Machine Language (hex)

0000 Cl000F ;Load word accumulator 0005 from Mem[OOOF]
0003 510011 ;Add accumulator 0003 from Mem[0011]

0006 810013 ;0r accumulator 0030 from Mem[0013]

0009 F1FFFE ;Store byte to output port

ooo0cC F1FFFF ;Store byte to power off port

OOOF 0005 ;Decimal 5

0011 0003 ;Decimal 3

0013 0030 ;Mask for ASCII char

Output

8

A: 0000 0000 0000 0101
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Address Machine Language (hex)

0000 Cl000F ;Load word accumulator 0005 from Mem[OOOF]
0003 510011 ;Add accumulator 0003 from Mem[0011]

0006 810013 ;0r accumulator 0030 from Mem[0013]

0009 F1FFFE ;Store byte to output port

ooo0cC F1FFFF ;Store byte to power off port

OOOF 0005 ;Decimal 5

0011 0003 ;Decimal 3

0013 0030 sMask for ASCII char

Output

8

A: 0000 0000 0000 O101

0000 0000 0000 O101
ADD 0000 0000 0000 0011
A: 0000 0000 00OOO 1000
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Address Machine Language (hex)

0000 Cl000F ;Load word accumulator 0005 from Mem[OOOF]
0003 510011 ;Add accumulator 0003 from Mem[0011]

0006 810013 ;0r accumulator 0030 from Mem[0013l

0009 F1FFFE ;Store byte to output port

ooo0cC F1FFFF ;Store byte to power off port

OOOF 0005 ;Decimal 5

0011 0003 ;Decimal 3

0013 0030 ;Mask for ASCII char

Output

8

A: 0000 0000 0OOOO O101

0000 0000 0000 0101
ADD 0000 0000 0000 0011
A: 0000 0000 00OOO 1000

0000 0000 0000 1000
OR 0000 0000 0011 0000
A: 0000 0000 0011 1000
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Address Machine Language (hex)

0000 Cl000F ;Load word accumulator 0005 from Mem[OOOF]
0003 510011 ;Add accumulator 0003 from Mem[0011]

0006 810013 ;0r accumulator 0030 from Mem[0013]

0009 F1FFFE ;Store byte to output port

ooo0cC F1FFFF ;Store byte to power off port

OOOF 0005 ;Decimal 5

0011 0003 ;Decimal 3

0013 0030 ;Mask for ASCII char

Output

8

A: 0000 0000 0OOOO O101

0000 0000 0000 0101
ADD 0000 0000 0000 0011
A: 0000 0000 00OOO 1000

0000 0000 0000 1000
OR 0000 0000 0011 0000
A: 0000 0000 0011 1000
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Address Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port
0003 E10018 ;Store word accumulator to Mem[0018]
0006 D1FFFD ;Load byte accumulator from input port
0009 510018 ;Add accumulator from Mem[0018]

0oooC 71001A ;And accumulator from Mem[O001lA]

O00F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number
001lA OOOF ; AND mask

001cC 0030 ; OR mask

Input

25

Output

7
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Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port
0003 E10018 ;Store word accumulator to Mem[0018]
0006 D1FFFD ;Load byte accumulator from input port
0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number
001A OOO0OF s AND mask

001C 0030 s OR mask

Input

25 A

Output Mem[0018]: 0000 0000 0000 0000
7
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Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port
0003 E10018 ;Store word accumulator to Mem[0018]
0006 D1FFFD ;Load byte accumulator from input port
0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number
001A OOO0OF s AND mask

001C 0030 s OR mask

Input

25

A: 0000 0000 0011 0010
Mem[0018]: 0000 0000 0000 0000

Qutput
7



Computer Systems  sixth edition Figure 4.27

Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port
0003 E10018 ;Store word accumulator to Mem[0018]
0006 D1FFFD ;Load byte accumulator from input port
0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number
001A OOO0OF s AND mask

001C 0030 s OR mask

Input

25

A: 0000 0000 0011 0O1O0
Mem[0018]: 0000 0000 0011 0010

Qutput
7
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Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port
0003 E10018 ;Store word accumulator to Mem[0018]
0006 D1FFFD ;Load byte accumulator from input port
0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number
001A OOO0OF s AND mask

001C 0030 s OR mask

Input

25

A: 0000 0000 0011 0101
Mem[0018]: 0000 0000 0011 0010

Qutput
7
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Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port

0003 E10018 ;Store word accumulator to Mem[0018]

0006 D1FFFD ;Load byte accumulator from input port

0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number

001A OOO0OF s AND mask

001C 0030 s OR mask

Input

23 A: 0000 0000 0110 0111
Mem[0018]: 0000 0000 0011 0010

Output

7

0000 0000 0011 O101
ADD 0000 0000 0011 0010
0000 0000 0110 O111
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Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port

0003 E10018 ;Store word accumulator to Mem[0018]

0006 D1FFFD ;Load byte accumulator from input port

0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number

001A OOO0OF s AND mask

001C 0030 s OR mask

Input

23 A: 0000 0000 0000 0111
Mem[0018]: 0000 0000 0011 0010

Output

7

0000 0000 0110 O111
AND 0000 0000 00OOO 1111
0000 0000 0000 O111
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Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port

0003 E10018 ;Store word accumulator to Mem[0018]

0006 D1FFFD ;Load byte accumulator from input port

0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number

001A OOO0OF s AND mask

001C 0030 s OR mask

Input

23 A: 0000 0000 0011 0111
Mem[0018]: 0000 0000 0011 0010

Output

7

0000 0000 0000 O111
OR 0000 0000 0011 0000
0000 0000 0011 O111
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Address  Machine Language (hex)

0000 D1FFFD ;Load byte accumulator from input port
0003 E10018 ;Store word accumulator to Mem[0018]
0006 D1FFFD ;Load byte accumulator from input port
0009 510018 ;Add accumulator from Mem[0018]

ooocC 71001A ;And accumulator from Mem[O001lA]

O0O0F 81001C ;0r accumulator from Mem[O001C]

0012 F1FFFE ;Store byte to output port

0015 F1FFFF ;Store byte to power off port

0018 0000 ;One-word storage for first number
001A OOO0OF s AND mask

001C 0030 s OR mask

Input

25

A: 0000 0000 0011 O111

Output Mem[0018]: 0000 0000 0011 0010
7
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A little-endian CPU

CPU Mem CPU Mem
NZ 92EF Little endian CPU NZ | 10 92EF
LLoad word
004A 004A
A [ 036D accumulator A | EF92
Y
-

Before After



Computer Systems  sixth edition Figure 4.29

A 32-bit register load

Before Instruction After

A: 00000000 Big-endian CPU | A: 89 AB CD EF
Mem[004A]: 89 AB CD EF | Load accumulator | Mem[004A]: 89 AB CD EF

A: 00 00 00 00 Little-endian CPU | A: EF CD AB §9
Mem[004A]: 89 AB CD EF | Load accumulator | Mem[004A]: 89 AB CD EF




