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Computation Memory Program Control I/O

v ALU
§ ADD
§ SUB
§ AND
§ OR
§ XOR
§ NOT

v MULT/DIV [opt]
v BIT

§ SET/CLR
§ TEST

v COMPARE
§ CMP

v SHIFT
§ SHIFT (A, L)
§ ROTATE

v Reg-Reg
§ MOV

v Reg-Mem
§ LOAD
§ STORE
§ MOV

v Mem-Mem
§ MOV

v Stack
§ PUSH
§ POP

v JUMP
§ JUMP/GOTO

v BRANCH
§ BRA
§ BRCC
§ LOOP

v CALL
§ CALL/CALR/JAL
§ RET/RETFIE

v NOP

v I/O
§ IN
§ OUT

v Mem Mapped
§ MOV   PORT
§ LOAD/STORE

System Control

v Reset
§ RESET

v Power
§ SLEEP/HALT

Rev Aug 2021

RISC

CISC

OLD

NEW
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vMIPS I (32-bit) [R2000/3000]

vMIPS32 (32-bit, MARS)

vMIPS III (64-bit) [R4000]

vMIPS64 (64-bit)
Ø Superset of 32-bit ISA
Ø Adds 64-bit ops (“Double”)

Ø See separate slide set “MIPS”
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Wiki
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R4000:  1st 64-bit CPU à super-pipelined (8 stages)

R3000:  32-bit CPU à pipelined (5 stages)
Wiki
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Wiki

R4700
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CPU FPU

MIPSHennessy & Patterson
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Hennessy & Patterson

v $a(0:3) args
v $at, $k(0:1) reserved
v $v(0:1) values
v $t(0-9) temp
v $s(0:7)  saved
v $gp  global ptr
v $sp  stack ptr
v $fp  frame ptr
v $ra  return addr
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Wikipedia MIPS

q “shamt” ::= shift amount (5 bits)
q “funct” ::= function (opcode extension – 6 bits)

Rd RS1 RS2
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R

I

Rd RS1 RS2

Rd RS1 ImIm

RS2

MARS

Rd

$s0 = $t1 + $t2
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Rd

Rd=$t0/$s1$s2 $s3

$s1$s2

$t1 $t0

Hennessy & Patterson
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+4 ($at) 

Label +4 ($at) 

($at) 
+4 

Label +4 

Hennessy & Patterson

“EA” (effective address)
v 1 component

§ Register (R)
§ Immediate (I)
§ Label (L)

v 2 components
§ R + I
§ L + I

v 3 components
§ R + L + I

Size of Immediate matters! 
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#Immediate data

“Go To”

Hennessy & Patterson
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Memory Locations

#Immediate data

Hennessy & Patterson
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Machine code Assembly code

Hennessy & Patterson
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Hennessy & Patterson
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Hennessy & Patterson

offset
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Hennessy & Patterson

Mult?
la
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MULTIPLY

v Unsigned only
v First convert negative numbers (2sC) – NEG op
v Compute result sign:  0 if both signs same, 1 else (not=)
v Complement result if sign is negative – NEG op 
v Other MPUs use signed multiply (2sC) via “Booth’s Algorithm”

DIVIDE
v No hardware, no instruction
v Create subroutine (may find ones in asm library)
v Compute

§ Long division
§ Non-restoring division
§ Iterative subtraction (very slow)

v Use tricks
§ Divide by 2 or any 2n:  right SHIFT by n
§ Divide by 10:  convert to BCD, then right SHIFT by 4 (reconvert to binary) 
§ Divide by 5:  divide by 10, then multiply by 2 (by shifting after conv. Bin)
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vSHIFT
q SHIFT

§ Arithmetic
§ Logical

q ROTATE
§ Carry Bit (with, w/o)

vBIT
q SET
q CLR
q TEST
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Hennessy & Patterson
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Hennessy & Patterson
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la = load address (32-bit)



COMP122

© Jeff Drobman
2016-2023Lab 1B:  Load Addr



COMP122

© Jeff Drobman
2016-2023Immediates (16/32-bit)

lui

High HW

Low HW
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li vs. la
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MARS
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MARS
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MARS
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MARS
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v Control Structures
q IF-THEN-ELSE
q LOOPS
q Subroutines/Functions à Methods

Assembly level uses
ØConditional Branches (B)

v Modern CPU’s use
Ø “branch prediction” for 
Ø “speculative execution”

Assembly level uses
Ø Jump and Link (JAL)
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IF-THEN-ELSE Use conditions:  logical expressions (T/F)
High level

vAssembly uses conditionals too
q All use conditional Branches (B<cond>)
q Flags must be set first (T/F):  N, Z for {< = >}

§ Use any ALU op, or “Compare” (cmp)
§ ARM must use “Compare” (cmp)

q ARM (only) supports conditionals for ALL ops
§ Add<cond> à Add gtz
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<conditional> ::= <logic exp>

<logic exp> ::= [<Bool>] <logic op> <Bool> | <logic exp>

<logic op> ::= {AND, OR, NOT, XOR, NAND, NOR, XNOR}
<Bool> ::= {true, false} | <relational exp>
<relational exp> ::= <arith val> <rel op> <arith val> | <rel exp>
<rel op> ::= {<, =, !=, >, <=, >=} 

<rel op> ::= {lt, eq, ne, gt, gte, lte} | <pseudo rel_Z> 
<pseudo rel_Z> ::= {ltz,ez, nz, gtz, gtez, ltez}

BNF

Z à Uses $0 as 2nd operand
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Program Control

v JUMP
§ JUMP/GOTO

v BRANCH
§ BRA
§ BRCC
§ LOOP

v CALL
§ CALL/CALR
§ RET/RETFIE

v NOP

Ø PC relative (offset)

Ø Long address (absolute pointer)

q Used for Loops

q Used for Swap/task switching

Ø Absolute/relative address

q Used for Subroutines
q PC ßà SP

q Used for Delays

v Absolute vs. Relative (PC)
v Conditional vs. Un-conditional
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Hennessy & Patterson

User/systemInterrupts(8)

IE

Exception handler

C    V    N    Z

Flags

PSW
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Hennessy & Patterson
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vv5 (32-bit, ARMsim)

vv7 (32-bit)

vv8 (64-bit)
Ø Superset of 32-bit ISA
Ø Adds 64-bit ops (“Double”)
Ø Simplifies ISA (more like MIPS)

Ø See separate slide set “ARM”
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vMIPS32
vARMv7
vMIPS64
vARMv8

32-bit

64-bit
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MIPS ARM

v CONDITIONALS

v LOAD/STORE

Ø Extras
Ø Memory Refs (EA)

v MISC Extras

Branches only ANY op

LDM/STMLUI, LWL/R

“Q” (ALU ops)
PUSH/POP

v SYSTEM BKPT
DBG
HLT
Syscall?

Break
Syscall
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MIPS

ARM

§ lw
§ li
§ la

§ Ldr
§ Ldr #
§ Ldr =



COMP122

© Jeff Drobman
2016-2023ARM Assembly

ARM Ref

Branch/jump:
B{cond}
BL{cond}
<no J>

returns:
ERET

conditionals:
IT (if-then)

debug:
BKPT
DBG (debug)
HLT (halt)

BNE, BEQ (also B uncond.)
Branch & Link
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ARMv7

MIPS

$t0-9, $s0-7

$a0-3

$v0-1

$gp

$sp

$ra

N/A
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ARMv5

Thumb mode
CPU mode

PSW



COMP122

© Jeff Drobman
2016-2023ARM Registers

Hennessy & Patterson ARMv8

$zero

$sp

$ra

$fp

$s0-7
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CPSR

Flags

ARMv7PSW



COMP122

© Jeff Drobman
2016-2023ARM Assembly

ARM RefARM v7 ISA
Load/store:
LDR (b, h, w)
STR (b, h, w)
LDM{IA} [load multiple]
STM [store multiple]
SWP ((b, w) [swap]
PUSH/POP

S
B
H
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ARM BookLoad/Store
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ARM BookLoad/Store

ldr
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ARM RefLDR
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ARM RefLDR
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ARM BookLoad Immediate (li)
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ARM RefMOV
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ARM RefSyscall

SWI à SVC
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ARM Ref
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ARM Ref

ADDSCS

SUBGT
SUBLE

CMP
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ARM RefOperand2+shift



COMP122

© Jeff Drobman
2016-2023ARM Assembly

ARM RefQ

v Saturating ::= limit on overflow
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ARM RefShift
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ARM RefRotate
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ARM Ref
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ARM Ref
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ARM Ref
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Ø See separate slide set “MCS8”
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MCS-8
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Set low byte A = all 1’s or all 0’s

MOV
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MCS-8
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MCS-8

ICU
ALU

Data bus

Reg File
2 Regs (a, b)

PC/SP Regs
Flags

DRAM Ctl
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MCS-8

16K:  14-bit address



COMP122

© Jeff Drobman
2016-2023CPU Peripherals

CPU FPA

DRAM DRAM
controller

I/O DMA
controller

EDC

Floating-Pt
Math

§ Am9511/12
§ i287/387
§ R3010

§ Am9516

§ Am9517
Control

ControlD+C

D+CINT
controller

§ i8259 PIC
§ Am9519

§ Am9518

Parity bits

INT

Counters
Timers
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ØNMI à Non Maskable  ßPower-on

ØNVI à Non Vectored  ßBIOS

ØVI à Vectored
§ Vectors ßDevices:  

1) Keyboard
2) Mouse
3) Display
4) Printer
5) USB

Device ID
Placed on Data Bus

Read with Load Byte
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v MASKABLE
q NMI (non-maskable)

§ Power-ON Reset
q INT (maskable)

v VECTORED
q NVI (non-V)
q VI

v PRIORITY (PIC)
q High
q Low (High INTs “preempt” Low)

v INTERNAL
q Hardware events

§ Timers
§ ADC
§ I/O (S, P)

q Software exceptions

CLASSES INT’s (8)

u INT 0  (Pin 33)
u INT 1 (Pin 34)
u INT 2 (Pin 35)

u INT 7

v GIE (2) – global (2 groups)
vMask:  INT 0-7

ENABLES

à SAVED ON STACK

v PC
v STATUS
v CAUSE

v HIGH
v LOW

PRIORITIES

PROCESSOR STATE

MIPSGeneral
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INT’s Used:  4

vMASKABLE (3)
q 1 NMI (non-maskable)

§ Power-ON Reset
q 2 INT (maskable)

vVECTORED (2)
q 1 NVI (non)
q 1 VI

v TIMER (1)

INT

MI

NV

V

NMI Timer

Hierarchy:  Priority
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v Decode Pending Interrupts
v Allocate memory for Handlers
v Use Jump Table

q Order by Priority
q Test & Jump
q Handlers as subroutines:  jal à jr $ra

Lab 4
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WikiI
N
T

MIPS
FLUSH
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P&H Ch 7
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P&H Ch 7

0

Mask(n) & Pending(n) à INT(n)

8 interrupts
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P&H Ch 7
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1970 Wiki

Mag tape

1st LSI-chip Computer

DEC
PDP/VAX
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1970 Wiki
v MMIO

DEC
PDP/VAX
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v IR0-7
v D0-7
v CAS0-3
v INTReq
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v IR0-7
v D0-7
v CAS0-3
v INTReq

Ø Trigger:  Edge vs. Level
Ø Priority:  Fixed vs. Rotating
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#include <p18f4321.h>
void    ISR (void);  //declares ISR as sub after main
#pragma code Int=0x08
void  Intasm( )
{
_asm //use assembly code
GOTO ISR 
_endasm
}
#pragma code  //org main
Void main(  )

{
// do stuff here
While(1) {    }
}
#pragma interrupt ISR
Void ISR (void)     //interrupt svc routine
{   //do int stuff

}
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Void   ISR( );  //declare the “ISR” subroutine
#pragma code int_vectH = 0x08  //assign int “vector” for High Pri Int
Void   IntH( )  {
_asm //use assembly code here (no “GOTO” in C)
GOTO ISR
_endasm
#pragma code int_vectL = 0x18  //assign int “vector” for Low Pri Int
#pragma code  //main starts here (after the Ints)
Void   main ( )
{
ADCON1=0x0F;   //config Port B as input for interrupts
INTCONbits.INT0IE = 1  //enable INT0
INTCON3bits.INT1IE = 1  //enable INT1
INTCONbits.INT0F = 0  //clear flag
INTCON3bits.INT1F = 0 //clear flag
INTCON3bits.INT1IP = 0  //set INT1 to Low priority
RCONbits.IPEN = 1  //enable all priority interrupts
INTCONbits.GIEH = 1  //enable Global High priority interrupts
INTCONbits.GIEL = 1   //enable Global Low priority interrupts
While(1);   //wait for INT0 or INT1
}

PINS

u INT 0 à RB0
u INT 1 à RB1
u INT 2 à RB2

EXTERNAL INTS

SETUP

SET ORGS

Or use a “Call”:
ISR( )

PIC18F
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P&H Ch 7
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P&H Ch 7



COMP122

© Jeff Drobman
2016-2023Section

vADC Converters
vSerial I/O
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ANALOG IN ANALOG OUT

DIGITAL
PROCESSOR

ADC DAC

Embedded Control lives in an ANALOG world

v ADC
² Typ 8-14 bits (resolution)
² Flash or SAR

v DAC
² Byte (8-bit)
² Resistor ladder

101101001011010010
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An ADC has several sources of 
errors. Quantization error and (assuming 
the ADC is intended to be linear) non-
linearity are intrinsic to any analog-to-digital 
conversion. These errors are measured in a 
unit called the least significant bit (LSB). In 
the above example of an eight-bit ADC, an 
error of one LSB is 1/256 of the full signal 
range, or about 0.4%.

https://en.wikipedia.org/wiki/Quantization_(signal_processing)
https://en.wikipedia.org/wiki/Linearity
https://en.wikipedia.org/wiki/Least_significant_bit
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A successive-approximation ADC uses a comparator and a 
binary search to successively narrow a range that contains the 
input voltage. At each successive step, the converter 
compares the input voltage to the output of an internal digital 
to analog converter which initially represents the midpoint of 
the allowed input voltage range. At each step in this
process, the approximation is stored in a successive 
approximation register (SAR) and the output of the digital to 
analog converter is updated for a comparison over a narrower
range.
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A direct-conversion or flash ADC has a bank of comparators sampling the input 
signal in parallel, each firing for a specific voltage range. The comparator bank 
feeds a digital encoder logic circuit that generates a binary number on the output 
lines for each voltage range.
ADCs of this type have a large die size and high power dissipation. They are often 
used for video, wideband communications, or other fast signals 
in optical and magnetic storage.
The circuit consists of a resistive divider network, a set of op-amp comparators and 
a priority encoder. A small amount of hysteresis is built into the comparator to 
resolve any problems at voltage boundaries. At each node of the resistive divider, a 
comparison voltage is available. The purpose of the circuit is to compare the analog 
input voltage with each of the node voltages.
The circuit has the advantage of high speed as the conversion takes place 
simultaneously rather than sequentially. Typical conversion time is 100 ns or less. 
Conversion time is limited only by the speed of the comparator and of the priority 
encoder. This type of ADC has the disadvantage that the number of comparators 
required almost doubles for each added bit. Also, the larger the value of n, the more 
complex is the priority encoder.

https://en.wikipedia.org/wiki/Comparator
https://en.wikipedia.org/wiki/Encoder
https://en.wikipedia.org/wiki/Logic_circuit
https://en.wikipedia.org/wiki/Die_(integrated_circuit)
https://en.wikipedia.org/wiki/Video
https://en.wikipedia.org/wiki/Wideband_communications
https://en.wikipedia.org/wiki/Optical_storage
https://en.wikipedia.org/wiki/Magnetic_storage
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vSerial I/O
q USB
q I2C
q SIO
q UART (RS-232C)

vCounters/Timers
q GP
q Watchdog Timer
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DB-9DB-25

“Null Modem” cable
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Tx Rx
Pin 3 Pin 6

Dataset
(Modem)

Terminal

DB-9
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vEthernet (IEEE 802.3)
q MAC (PMI + Layer 2)
q PHY (PMD:  Layer 1)

vWiFi (IEEE 802.11)
q MAC (PMI + Layer 2)
q PHY (PMD:  Layer 1)
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v FSM vs Microprogramming
v Pipelining

software is executed by any computer according to 
the rules of its instruction set (ISA), and 
implemented by lots of logic in a state machine 
called the Instruction Control Unit, which 
produces a set of bits to control the entire 
computer each clock cycle.
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ICU

Micro-instruction
100

+

Control bits

Clock
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qInstruction Control Unit (ICU)
v Decode

Ø OpCode
Ø Operands

§ ALU muxes
§ GR dest mux

v Calculate (adder)
Ø Effective Address (EA)

§ Load/Store:  GR + Immed/offset (indexed)
§ Branches:  PC + offset

+Adder
(dedicated 
or in ALU)

v FSM vs Microprogramming
v Pipelining
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ICU
Combinational

Logic

uInstruction

Opcode Operands/Im
Instruction register v Plus:  fast

v Minus:  complex logic

uInstruction register
Clock

Clock

Mealy-MooreLogic based State MachineICU

100
+

Control bits
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Hennessy & Patterson Ch 10

10
0 +

Control bits

State bits
IR

FSM
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Hennessy & Patterson Ch 10
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Microprogram
(in ROM)

Microprogram

Sequencer
(small FSM)

uPC

uInstruction

Opcode
Instruction Register v Plus:  simply organized

v Minus:  too slow
v Replacement:  FSM

uInstruction register
Clock

Clock

Clock

Clock

ICU ROM based State Machine

100
+

Control bits
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Hennessy & Patterson Ch 10

IR

uPC Clock



COMP122

© Jeff Drobman
2016-2023Microprogram

64x12
Instr

Pointer 
Table

Opcode 6

Address Select Logic as Table

4Kx100
Microprogram

(in ROM)

Instruction

ALU 
OP

A 
MUX

B 
MUX

B 
SHIFT

GR 
dec A

GR 
dec B

GR 
dec D

GR 
mux

ADD GR A Shift 5 $8 $6 $3 ALU

BR PC Offset 0 0 0 0 0

SUBI GR A Imm 0 $4 0 $5 ALU

100 Control bitsALU_OP=ADD, AMUX=GRA, BMUX=Shift à
Microprogram assembly language
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Bit-slice

Am2900

Ø See separate slide set
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Am2900
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1975-85Bit-slice
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1975-85Bit-slice
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Am2900 1975-85Bit-slice
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Am2900

System Block Diagram
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1975-85Bit-slice
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CISC vs RISC:
Complex/Reduced Instruction Set Architecture

vMicroprocessor History
Ø 1971-85:  CISC (8/16-bit)

² Intel i4004 (4-bit)
² Intel i8008 (8-bit) à i8080 à i8085, Z80 à i8086 (16-bit) à “x86”
² Motorola 6800 (8-bit) à 6502 à 68000 (16-bit)
² IBM PC  used i8088 (8/16-bit) in 1981 à i80n86 (“x86”) à Pentiums

Ø 1985-2000:  RISC – (32/64-bit)
² SPARC* (UC Berkeleyà Sun/Oracle)
² MIPS* (Stanford)
² PowerPC (Motorola/IBM)
² AMD 29K
² Intel i960
² ARM*
*still exist
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RISC:
Reduced Instruction Set Architecture

vKey Architecture of RISC
Ø Reduced ISA:  small set of instructions
Ø Fast execution:  single cycle only
Ø Reduced impact of memory

² No microprogram (key change)
§ Instructions scale to vertical microinstructions (single-cycle)
§ eliminates ~30% chip area

² LOAD-STORE (only) memory references
² Full general register sets
² Cache memory

§ On-chip
§ Multi-level 
§ Harvard architecture – separate I and D

Ø Pipelining
² 4 or 5 stages
² Interlocks

§ Hardware (SPARC, 29K)
§ Software (MIPS):  compiler manages pipeline scheduling
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MCS-8
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MCS-8

RUN STALL

RISC

CISCICU state machine
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Clock Sync
Clocks ó Cycles
clock speed is normally the frequency that a CPU operates at, and 
inversely, defines the clock period or cycle time.

CPI (clocks per instruction) is the average number of cycles it takes to 
execute an instruction – per a given instruction stream.
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Am2900
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XO

PLL Clocks (multi-phase)

CPU chip

PLL will multiply
300 MHz xtal freq
Up to 4 GHz

2-phase clock
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Xtal
osc PLL

PLL

PLL

PLL= Phase Locked Loop

VCOVref
(xtal)

comp
f

Clock Tree Clk[1-4]

Clk[1-4]

Freq divider (by 4)
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I-dec/Op-fetch

I fetch

ALU execution

Write-back

Hardware Interlock
or
Delay Slot (NOP)
(for LOAD, BR)

Instructions

Data

I+D fetch Execute

I+D fetch Execute

I+D fetch Execute

CISC Pipeline

RISC Pipeline

One cycle

One cycle

4/5-stage

2-stage

ExecuteI+D fetch I+D fetch Execute

Non pipelined

One cycle

I8008/M6800

i8088/M68000

R3000/SPARC/i960/29K/PPC
4-8 cycles per I

2-4 cycles per I

1 cycle per I
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5 Stages

rinse soap Wash/Wax rinse dry

IF ID/OF EXEC Mem WB

Each stage takes only 1/5 of instruction cycle:  clock F => 5x

ß Setup  à ß Finish  àßWorkà

ALU FPU Ld/St Br

AGU

queue finished

Execution Units
(EU’s)

Address Gen
§ Base + offset

R3ßR1+R2
R format

I format

Upper Lower
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I-dec/Op-fetch

I fetch

ALU execution

Write-back

Hardware Interlock
or
Delay Slot (NOP)
(for LOAD, BR)

Instructions

Data

RUN STALL

RISC

Instruction State Diagram

S2

S1

S4

S3Stall

LD/BR:  1 cycle

Context switch
Pipeline flush:  stages 1-3

v Exceptions/Traps
v Interrupts
v System Calls

StatesRISC Stages
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WikiMIPS
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IEEE Joint Test Action Group

Boundary Scan
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Wikipedia
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Wikipedia

IN
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