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v Computer Architecture/Organization (COMP122/ 222)
q CPU, FPU, GPU org (ALU, registers, addressing)
q ISA’s:  MIPS, ARM, x86
q Memory models

§ MLM- caches
§ Virtual memory

q CPU status (PSW) & clock sync
q Interrupts, Exceptions, Syscall
q Cores & Threads
q Pipelines (ICU)
q Microprogramming (Am2900)
q Logic & State Machines (FSM)
q CPU performance/benchmarks

v Computer Arithmetic (COMP222)
q ALU:  Full adder
q Mult/Div (Booth’s algorithm)
q Error codes (ECC, CRC, parity)

v Parallel & Micro Architecture (COMP222)
q Multi-core, Multi-threading, superscalar
q SIMD/MIMD/SPMD

vSoftware Tools
q IDE’s/Assemblers
q OS, RTOS, Monitors
q Simulators

vDebug Tools
q ICE/Logic Analyzers
q Disassemblers

Instructions (Primitives)
Software Interface

Execution Units
v ALU, ICU, Reg

Low-level execution
v Pipelines, threads 
v scheduling
v branch prediction

Macro-arch System arch – Cores

(COMP122)
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vApplications
q Desktop
q Mobile (Apps)
q Web

vWeb
q Markup
q Applications
q SQL databases

vEmbedded Control
q Small (8-bit)
q Medium (16-bit)
q Large (32/64-bit)

ØCommon required properties
§ Performance
§ Reliability (bug free)
§ Security

v APIs (Frameworks) v Client-Server model
v Language “stacks” (e.g., LAMP)

~70% of all software

v From TV remotes to
v Autonomous cars and
v Robots
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Machine
(Binary)

Assembly

High-Level

1011010010101101

LD R1,X
ADD R1,R2,R3

Imports System.Drawing.Printing
Public Class Form1

Inherits System.Windows.Forms.Form
'**system constants
Public Version As String = "Version x.x”
Dim DataVer As String 'ver # in file

MyBase.Load
copyrt.Text = "Copyright(c) 2007-12”
DemoLab.Visible = DEMO

boxcolorY = CatBox.BackColor

Human readable
(.htm, .js, .php, .vb files)

Machine readable
(.exe files)

hybrid
(.asm files)
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7-Level
OSI MODEL

of Protocol Layers
IN COMMUNICATIONS SYSTEMS

Copyright 2015 Jeffrey H. Drobman – all rights reserved

1

LEVEL

DIGITAL

2

3

EXAMPLES

PHYSICAL

Data Link

ANALOG

Network

4

5

6

7

PHY–
CDR
Transceiver
Optical–
Laser diode/LED, Photodetector, TIA, PA

Transport

Session

Application

IP addressing & 
routing

Office applications suite, Adobe Acrobat
Internet applications:  HTTP, FTP, POP, SMTP

Presentation

PMI

PMD

MAC (Media Access Control)

TCP, UDP, TLS

SSL, encryption, compression

connections

Protocol
STACK
Model
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7-Level
STACK HIERARCHICAL MODEL OF

LEVELS OF DESIGN
OF DIGITAL SYSTEMS

Copyright 2008 Jeffrey H. Drobman – all rights reserved

1

LEVEL

DIGITAL 2

3

EXAMPLES

PHYSICAL

LOGIC

ANALOG

SOFTWARE

Processor
ISA

4

5

6

7

Communications

FSM= Finite State Machine
Logic Design

Intel/AMD x86
ARM, MIPS, Sparc

OS

API

Applications

Data

PROCESSOR
ARCHITECTURE

HARDWARE

Microprogram

Win/Mac OS/Unix
iOS, Android

Microsoft .NET, Java Lib
Apple Cocoa, Android API

Microsoft  WORD, Excel & “apps”

.doc, .xls, .sql, .csv, .txt files

(NOTE:  FIRMWARE is any embedded software, such as microprograms, monitors, real-time executives, etc.)

MIddleware

Firmware

FSM

ICU

STACK
Model
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CPU Architecture

Systems programming

Java

STACK
Model
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OS

API

User
Applications

ISA
CPU

Hardware

Simple View

Win/Mac OS/Unix
iOS, Android

Microsoft .NET, Java Lib
Apple Cocoa, Android API

Assembly level

Java, Python, C/C++
& assembly

Runs on

Calls

STACK
Model
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OS

API

User
Applications

Monitor

Win/Mac OS/Unix
iOS, Android

Microsoft .NET, Java Lib
Apple Cocoa, Android API

Assembly level

Hardware
CPU

Boot Loader
+ BIOS

Low level
firmware

System User interface

Java, Python, C/C++
& assembly

Can be replaced by a simulator

Micro-architecture

Computer Org

ISA

COMP122HW Units
v ALU, ICU, Reg/Mem

Low-level HW
v Pipelines, threads, scheduling, branch prediction

STACK
Model
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vArchitectural
vFunctional
vMechanical
vElectrical (DC)
vTiming (AC)
vThermal (theta JA, JC, CA)
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P&H Ch 1

vCPU
q Processor
q Memory
q I/O

v Datapath
v Control
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Computer Architecture
4-Layer Stack Model

Macro-arch

122

222

Instructions (Primitives)
Software Interface

Execution Units
v ALU, ICU, Reg

Low-level execution
v Pipelines, threads 
v scheduling
v branch prediction

System arch – Cores, caches

Architecture
Level

Below “see” level
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Instruction Set

Registers

Memory

Instructions (Primitives, pseudos)

GR/Dedicated

Segmentation
Virtual ßàPhysical
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Macro-arch
Architecture

Level

Logic 
Function

Level

Device/Xtor
Physical

Level

SUB-levels

LSI: ICU/FSM

MSI: ALU/Reg

SSI: Random Logic

Inverter/Gates

Digital:  MOSFET 

Analog:  R/C, PLL

Below “see” level
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Device/Xtor
Physical

Level

Inverter/Gates

Digital:  MOSFET 

(see separate slide set Transistors)
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P

N

Vcc (Vdd)

Gnd (Vss)

CMOS
OUT = NOT INININVERTER

Totem-pole
Complementary

O
0=ON
1=OFF

0=OFF
1=ON

Digital:  MOSFET 

Inverter/Gates
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Device/Xtor
Physical

Level

Inverter/Gates
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System 
Calls

Pseudo  
Ops

§ MIPS SPIM
§ ARMsim

Assembly level

Primitive 
Ops

Macros

ISA
Assembler

Simulator

§ MIPS
§ ARM
§ x86

§ MIPS MARS
§ ARMsim

§ MIPS MARS
§ ARMsim

STACK
Model
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Assembly Level Software

vSubroutines
Ø Block of code that can be “called”

vMacros
Ø Block of code that will be substituted in situ

vPseudo instructions
Ø Group of 1 or more primitives abstracted to higher level

vPrimitives
Ø Native machine instructions (in the ISA set)

vMicro instructions
Ø Complete set of all control bits per clock cycle
Ø Now = primitive (both execute in 1 clock cycle, per RISC)
Ø Old CISC:  Each primitive assigned a micro-coded subroutine
Ø Can be “horizontal” = Long Instruction Word (VLIW) 

for parallel ISA’s

Building Blocks

Instruction Set
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vMIPS
vARM

q Apple
q Qualcomm
q Samsung*
q Google

vx86
q Intel*
q AMD

Mobile

Desktop

Focus

vFoundry (mfr)
q TSMC
q Samsung
q GlobalFoundries (AMD)

*has own fab

Server

viOT
q Amazon
q Google

vARM
q Apple
q Nvidia

CPU & GPU Cores
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v Macro

v Microv Org + ISA

System=
Multi-core
SoC

CPU Core internals Pipeline level

Pipeline level

COMP122

COMP122/222

COMP222

v Floorplan
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CPU cores

GPU cores
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L1

L2

L3
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Hardware Building Blocks
0- Transistors 1- Gates & FF’s

2-Single Functions Memory Cells

3-CPU 3-Multi-core CPU
Decoder

Mux
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Ø See separate slide set on History of Tech Vol 1
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1948
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1940 1950 1960 1970 1980 1990 2000 2010

SUN Micro

DG
Nova

PCS

MINIS

LEGEND

TIMELINE

ENIAC

MAINFRAMES

DEC
PDP/VAX

GE IBM/Wintel:
HP
Dell

IBM

CDC

Apple II

IBM
PC
Apple 
MacSERVERS

IBM
Watson

Quantum

Google TPU

Gen 1:  vacuum tubes

Gen 2: transistors
Gen 3: IC’s Gen 4: MPU’s

Gen 5: AI
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1940 1950 1960 1970 1980 1990 2000 2010

SUN Micro

DG
Nova

PCS

MINIS

LEGEND

TIMELINE

ENIAC

MAINFRAMES

DEC
PDP/VAX

GE IBM/Wintel:
HP
Dell

IBM

UNIVAC

Honeywell

Burroughs

CDC

Apple II

IBM
PC

Apple 
Mac

SERVERS

IBM
Watson

Quantum

Google TPU

Minicomputers of the 1970’s
Used Am2900 bit-slices

Computers of the 1990’s
Used RISC CPU’s

SPARC

x86

M68000

x86

6502

SGI
MIPS

PPC x86 ARM
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1970 Wiki

DEC
PDP/VAX
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1970 Wiki

DEC
PDP/VAX
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1970 Wiki

Mag tape

1st LSI-chip Computer

DEC
PDP/VAX
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1970 Wiki

DEC
PDP/VAX
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1940 1950 1960 1970 1980 1990 2000 2010

SUN Micro

DG
Nova

PC

MINIS

LEGEND

TIMELINE

ENIAC

MAINFRAMES

DEC
PDP/VAX

GE IBM/Wintel:
HP
Dell

IBM

UNIVAC

Honeywell

Burroughs

CDC

Apple II

IBM
PC

Apple 
Mac

SERVERS

IBM
Watson

Q

Google TPU

Google QC

D-wave
One

D-wave
2000Q

QC

IonQ

Rigetti 8Q
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v Google
v IBM
v Intel
v Microsoft
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Ø See separate slide set on Transistors
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v1947- Bipolar point/junction
v1959- Planar bipolar [10]*
v1964- MOS (P-channel) [100]
v1972- MOS (N-channel) [1,000]
v1978- CMOS [4,000]
v1990- sub-micron [10,000]
v2000- 100 nm [100,000]
v2011- FinFET [1,000,000]
v2019- 7nm [10,000,000,000]

1947 ushered in the era of 
Microelectronics

Transistors have been shrunk
every 2 years according to 
Moore’s Law

size = ~1 inch

v size = 10 nm = 4x10-7 inches
v yields à ~1M devices per cm2*no. of transistors
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WikiSemi
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MOSFET

Last 4 steps
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Parasitic capacitances

fT à lengths
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Mountain View, CA 1956

Beginning of Silicon Valley

+
Stanford U
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Fairchild

Intel AMD National

IDT Cypress SpansionVantis

Sun Power

2003

HP TI
CMOS

1974
Zilog

Federico Faggin
Bernard Peuto

Z80

David LawsTJ RodgersJohn Carey*

Bob Noyce*
Gordon Moore

Jerry  Sanders III

Wm Shockley*

Charlie Sporck*

19691968 1959/67

1980

1982

2006

Shockley
Brattain
Bardeen

Transistor

IC

Fujitsu

1981
Wilf CorriganMPU

DRAM

Flash EEPROM
Maxim

Jack  Gifford*

1983

1968
C Lester Hogan*
Wilf Corrigan

TJ Rodgers

Henry Samueli
Henry Nicholas II

George Scalise

ASIC

PAL

MOS

Linear/
Analog2900/29K MPUs

1957

LSI Logic

1961

Bob Noyce*
Gordon Moore

Linear Tech 1981

PMC-Sierra 1984

Exar

Cirrus
Logic

SIA

Analog

TI

Mostek Cypress

LJ Sevin

1984

1974

54/74 Logic
Calculators
Watches
DSPDRAM

Micron
SRAM1972

Genesis  of Silicon Valley
The Begats & Bygones

Motorola

ON Semi Freescale

2000 2005

MPUs
DRAM
Logic

Back in Arizona … Back in Texas …
Much later in SoCal …

Pairgain

Broadcom

1990

1995

Meanwhile…

Signetics

Bell Labs
1947

1996-99
SRAM

Fairchild

Shockley Semi

1971

1984

Intersil

1956

Bipolar MPUs

NXP Avago
2015 2015

Lattice

Schlumberger

2014Avago

Microsemi

Analog Devices

RIP 2009

Dallas SC
Vin Prothro

Maxim

Legend—
Parents
Acquirers
*deceased

TI

Sperry Rand Philips
NXP

Renesas
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1940 1950 1960 1970 1980 1990 2000 2010 2020

IC

Transistor

LEGEND

TIMELINE

Transistor

ROM

MROM

IC

DRAM

RAM

MPU

Discrete SSI MSI LSI VLSI ULSI Mega

PROM

EPROM

EEPROMSRAM

Flash
EEPROM

Bipolar TTL MOS CMOS 3.3V CMOS
Fairchild Intel

AMD ASIC

FPGA Xilinx

LSI Logic

Fairchild
TI Intel
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MPU

MPU MCU

MCUMPU

MPU MCU

i8008, 6800

8-bit

16-bit

32/64-bit

i8048, i8051, PICi8085, Z80, 6502

i80n86, 68000, Z8000 Z8, PIC

29K, i960, ARM, PIC

1972

1975

1978

1985
Pentiums, MIPS
PowerPC, SPARC

Microprocessors
For
COMPUTING

Microcontrollers
For
CONTROL

RISC

CISC

Bit-slice Am2900
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M68020

NS16032

MPU Generations

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

TIMELINE

i8008

MT6502

M6800

Z80

Google TPU

Gen 1:  8-bit Gen 2: 16-bit Gen 5: GPU

i8086

M68000

PIC16

i8085i8080

RISC

Gen 3: 32-bit Gen 4: 64-bit

Sig2650

RCA1802

Z8000

RISC I/II

i286

MIPS 
R2000

i386

Z80000

SPARC

ARM

MIPS 
R3000

i960

i486

MIPS 
R4000

PPC

i586
Pentium

64-bit

K5
AMD

SPARC 64-bit

P-II

K6

DEC 
Alpha

P-III

Athlon

P-4

P-M

Opteron

Athlon
64/X2 64-bit

Multi-core

Core 
2

Core 
i7

Xeon

Ryzen

CISC

NV20
Nvidia

R300
ATI (AMD)

6000M
AMD

Tegra
Nvidia

ARM 
Mali

Adreno
Qualcomm

ARMv8
ARM6
Apple

29K

64-bit

0.5 2-3 5-8MHz 16 10025 200 400 1G 2G 3G 4G 5G GHz
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Microprocessors
For
COMPUTING

Microcontrollers
For
CONTROL

v All 32/64-bit CPUs
v Large data processing 

applications
u Employee records
u Accounting
u Payroll

v Operating systems (OS)
v “Apps” (applications)

u PC/Mac
u Mobile (phones, tablets)
u Web apps
u Cloud apps (SaaS)

v Small embedded control applications (8-bit MCU)
u Appliances
u Disk controllers
u Remote controllers
u Garage/gate openers

v Medium embedded control (16-bit MCU)
u User devices (iPods, phones, etc.)
u Car/Airplane engine control
u Car/Airplane braking & safety
u Car transmission control
u Home Automation (HAN)

v Large embedded control (32/64-bit MCU)
u Car/Airplane entertainment
u Car/Airplane navigation, systems management
u Printers (MF)
u Communications gear (WiFi, cable TV boxes)Focus is Memory

for large Data Files

Focus is I/O – InterruptsLarge DRAM, Disk, Flash

² Tiny
² Low power
² Low cost

² Real-time
² All-in-one
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EU Data
GR / SFR

Code
ROM I/O

8/16/32-bit

INT

All on one cheap chip

Ø No Cache
Ø No External RAM

BASIC MODEL

SRAM
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MCU = 12x MPU
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Ø MicroTech PIC family
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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

CISC vs RISC:
Complex/Reduced Instruction Set Architecture

(now RISC)
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Hennessy & Patterson

CISC

RISC
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vCISC à CPI = ~5-9 (typ)

vRISC à CPI = ~1.4 (typ) 5X faster

Single-cycle execution +Delays for Load, Branch

v Pipeline architecture
v Memory access limited (Load-Store)

Single core, single pipeline
(no instruction level parallelism)
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WikiSemi
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WikiSemi
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WikiSemi
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WikiSemi
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WikiSemi
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1st 16-bit MPU 1978
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1980
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vx86
q i8088
q Pentium

§ Intel P, M
§ AMD K5-8

vMIPS
q R3000/4000
q MIPS32/64

vARM
q Cortex (A, M)
q ARMv7/8

vRISC-V

Z8000 vs. M6800 16-bit MPU’s
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Market Segment AMD Intel

Desktop Ryzen 4K/Athlon 3K Core i7/i9
(10th gen)

Laptop Ryzen 4000 Ice Lake

Gaming Ryzen Threadripper
+Radeon Core Extreme

Server/Workstn Epyc Xeon
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5 GHz

100 W

CPI/IPC
Micro-arch



COMP122

© Jeff Drobman
2016-2022CPU Trends



COMP122

© Jeff Drobman
2016-2022CPU Trends

GPU

AI

QC
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See separate slide set:  SoC
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16 cores
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M1 die

DRAM



COMP122

© Jeff Drobman
2016-2022Apple M1 Module

M1 package
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11 Tera FLOPS

vCPU cores
q 4 Hi Perf (20W)
q 4 Hi Efficiency

(1.3W low power)

vCores
q 8 CPU
q 8 GPU
q 16 NPU
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See separate slide set:  SoC
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Apr 9, 2021

ARM CPU

Super-
Computers



COMP122

© Jeff Drobman
2016-2022Other CPU Chips

See separate slide set:  SoC
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See separate slide set:  SoC
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Tesla designs
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INSTRUCTION SET ARCHITECTURE

vREGISTER model
Ø General (GR)
Ø Dedicated

vMEMORY model
Ø Direct vs. Virtual (TLB)
Ø Segmented/paged
Ø Open vs. dedicated (reserved)
Ø Cache (I/D, L2/L3)

vI/O model
Ø Memory

§ Dedicated (IN/OUT)
§ Memory mapped

Ø Handling
§ Polling
§ Interrupt

vInstruction Set
Ø ALU
Ø Branch/Jump (Loop)
Ø Call/Return (+RFI)
Ø Control bits/flags
Ø I/O ports
Ø Special (NOP)

vMemory Addressing Modes
Ø Direct (Immediate)
Ø Register Indirect (pointer)
Ø Base (reg) + offset (immed)

Memory – I/O
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Registers?

I-P-O

I-P-O
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MLM
Memory

Load
StoreI-fetch



COMP122

© Jeff Drobman
2016-2022Integer Unit + FPU

R0
R1
:
RN

Register FileInteger Unit

ICU

ALU move

To/FromMULT

DIV

HI
LO

PC
PSW

Process Status Word

FR0
FR1
:
FRN

Register FileFP Unit

ICU

ALU

MULT

DIV

PSW
32/64-bit

32/64-bit

32-bit 32-bit

I
Instructions

L1 cachePCClock à

CPU = Integer Unit + FPU

Main Processor Co-Processor



COMP122

© Jeff Drobman
2016-2022Complete CPU Org

I

Instructions

ICU

Load/Store

L1 cache

ALU

R0
R1
:
R15/31

D
L1 cachePC

o +4
o ALU (Br: PC+offset)
o Im (J)

Operand

OpCode

decode

decode

A mux B muxClock à

GHz

ß Clock

Clock à

CPU:  Integer Execution Unit

shifter

vFPU
q ALU
q Mult/Div/Sqrt
q FR’s (32)

Move

[Pipeline]

Clock à synchronized
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GR S1
GR’s

Immed

INSTRUCTION  REGISTER

ALU

Addresses

(16/32)

4/5

GR dest

S2

(BR)
PC

• ADD/SUB
• MUL/DIV
• AND/OR
• XOR/NOT
• SHIFT
• TEST/CMP

MULT

DIV

HI
LO

PC
RA
SP Stack

Linkshifter

Full Adder

Si = Ai + Bi + Cin
Cout = [any 2]
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16 EiB=18.4 EB
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Control & Status

Control Status

Data

Data
W R R/W



COMP122

© Jeff Drobman
2016-2022D Flip-Flops



COMP122

© Jeff Drobman
2016-2022D Flip-Flops:  Inverter



COMP122

© Jeff Drobman
2016-2022Register Arch/Org

Hennessy & Patterson

CISC

RISC
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vx86
q i8088
q Pentium

§ Intel P, M
§ AMD K5-8

vMIPS
q R3000/4000
q MIPS32/64

vARM
q Cortex (A, M)
q ARMv7/8

vRISC-V

Z8000 vs. M6800 16-bit MPU’s
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vMIPS
vARM

vx86
q Intel
q AMD

16-32 GR’s Dedicated Registers

v 4 Accumulators
q A, B, C, D

v 4 Pointers
q SI, DI
q BP, SP

v 5 Memory Segments
q CS, DS, ES, FS, GS, SS

v 64-bit
q Telescoping

v Includes specials
q Stack:  SP, FP
q Globals:  GP
q Zero

v 64-bit
q Paired 32-bit

Ø PC dedicated
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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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Registers
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ARMv5 à 16 GR’s

ARMv7 à 32 GR’s
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20-bit
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Hennessy & Patterson
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LO
AD

 -
ST

OR
E IN - OUT

DMA

DATA BUS

ADDRESS BUS

CONTROL BUSES

NON-MULTIPLEXED BUSES

P

M I/O

(status & control)

NON-Multiplexed A+D Buses
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LO
AD

 -
ST

OR
E IN - OUT

DMA

DATA BUS
ADDRESS /

CONTROL BUSES

MULTIPLEXED BUS
(shared)

P

M I/O

(status & control)

Multiplexed A/D Bus

A/D*enable
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P

M I/O

READ
WRITE

READ
WRITE

ACK
Cache Miss
TLB Miss
Unimpl Memory

INT
ACK
Status

MEMORY I/O

RESET

o NMI
o NVI
o VI

Interrupts² Polling
² Interrupts² Intel mode à R*, W* 

² Motorola mode à R/W*, DS*
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Hennessy & Patterson
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Intel AMD

Hennessy & Patterson

Ø See separate slide set “GPU”
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v i1101 256-bit SRAM
v i1103 1K-bit DRAM (copied by AMD)

Am1101A die
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Wiki
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ROMà PROMà EPROMà EEPROMà Flash
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2016-2022Computer Memory Org

Disk

DRAM

L1/L2 Cache

Code + Data + OS

SRAM
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P&H Ch 5
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Hennessy & Patterson

64ms
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P&H Ch 5DRAM
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64Kb

1Mb
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Double Data Rate
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MCS-8
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April 1, 1980
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MCS-8Pinout

Chip Select*
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Am1103A 1971
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DRAM

1K x1

Chip Select*

4-bit
Data
Bus
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v 1 transistor
v 1 cap (parasitic)
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ARM610 sgl-core dieAMD quad-core die

AMD 2901 die
(1975)

L1

L2
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Am1702

Am1101A

MT4C
1Mb
DRAM
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DRAM SRAM1T 4T



COMP122

© Jeff Drobman
2016-2022Memory Chips

ROM
vROM (masked)
vPROM
vEPROM
vEEPROM
vFlash E2
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32GiB DRAM
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64GiB DRAM
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Samsung
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Synchronous DRAM Double Data Rate

Synchronous = Clocked
Register (pipelined)
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Synchronous DRAM Double Data RateGraphics

Micron
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Synchronous DRAM Double Data RateGraphics

Nvidia + AMD

Micron
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v Attacks
v Exploits

Ø Rowhammer
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PAM-4: 4-level data encoding on analog signals
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64GB Flash

Ø Used on Raspberry Pi 4
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1TB Flash
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P&H Ch 5

Error Handling (Bit)

vEDC (detection)
q Parity (byte)
q EDC 

vECC (correction)
q Hamming Codes
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B1  B0  B3  B2  

LE

BE

H

Hell

lle
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32-bit WORD

Byte 0Byte 1Byte 2Byte 3

Byte 3

Byte 2
Byte 1

Byte 0

In a Register
(always this way)

Byte 0

Byte 1

Byte 2

Byte 3

LITTLE Endian (LE) BIG Endian (BE)

CPU has a control bit for Endian

addr

addr+1

addr+2

addr+3

In Memory
(either way)

BIG Endian (BE)

LITTLE Endian (LE)

LSBMSB

MSB

LSB

Endian
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Endian
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Endian

Big

Little

MSB

LSB
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Ordin
al

Power
of 2

Power 
of 10 Actual

1K 210 103 1024

1M 220 106 1,048,576

1G 230 109 1.074x109

1T 240 1012 1.0995x1012

Name 2n M/G Actual

byte 28 -- 256
short 216 64K 65,536

integer 232 4B 4.3x109

long 264 16 Q 1.84x1019

IPv6 2128 340 uD 3.4x1038

10^(+6)  million
10^(+9)  billion
10^(+12)  trillion
10^(+15)  quadrillion
10^(+18)  quintillion
10^(+21)  sexillion
10^(+24)  septillion
10^(+27)  octillion
10^(+30)  nonillion
10^(+33)  decillion
10^(+36)  undecillion
10^(+39)  duodecillion
10^(+42)  tredecillion
10^(+45)  quattuordecillion
10^(+48)  quindecillion
10^(+51)  sexdecillion
10^(+54)  septendecillion
10^(+57)  octodecillion
10^(+60)  novemdecillion
10^(+63)  vigintillion
10^(+100)  googol
10^(+303)  centillion
10^(10^(+100))  
googolplex

Gazillions

Powers of 2 <> 10:  10:3
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Memory Map
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Display
Buffer

Printer
Buffer

Code

Static Data

Dynamic Data Local

Global

Code Static Data
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MICROPROCESSOR MICROCONTROLLER

GP REGISTERS REGISTERS

D
CACHE

CODE
ROM*

DATA
RAM

DATA
ROM*

*ROM contents
must be
“programmed”
“burned”, or masked

STACK

I
CACHE

DRAM

L2-L3
CACHE

TLB

LARGE 
EXTERNAL
MEMORY

SMALL
INTERNAL
MEMORY

FILE REG

VIRTUAL
MEMORY

L1
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PIC 18F MICROCONTROLLER

SP, STATUS, W REGISTERS

CODE
ROM*

DATA
RAM

DATA
ROM*

STACK

FILE
REG

*READ ONLY
**use DB, DW

DATA
AREA**

DATA AREA
COPY

SFR
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LO
AD

 -
ST

OR
E IN - OUT

DMA

P

M I/O

L1
L2
L3

Main 4GB

64-256MB

1-16MB
128KB

GR
Reg

(16/32)

src

dest

(L0)
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Multi-level Memory

I D

Instructions

ICU

Register File

Data

ALU R0
R1
:
RN

TIMING
(cycles)

+0

+1

CPU chip

Execution Unit

DRAM

SIZE
(bytes)

4(N+1)

16-128K

larger

smaller

x10-100

faster

slower

1-4G

256G
DISK

(SSD = “flash”)

“Harvard”

Unified
RAM
(I/D)

+100

+1000

L1 cache
SRAM

L2 cache
SRAM

1-16MB

L3 cache?

“Unified”

SRAM

64-256MB

“Shared”
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v Floorplan

v Die

v Core

v Shared L3

v Dual-Core

v Quad-Core
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v 32MB Shared L3
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64-256 MB 16-64 MB
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P&H Ch 5
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Tag address

1616

Direct-mapped

Associative Tag=Full 32-bit address

SRAM

CAM
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P&H Ch 5

Valid Bit

Cache flush V=0
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P&H Ch 5

“Ways”
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16 Byte

128 Byte

4W

32W

I & D
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Power Mgt

Power Down LLC
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P&H Ch 5

“Ways”
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Hacking vulnerability LRU vs Random replacement
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Page# Offset

32-bit Addresses

Seg#

6 14 12

Page Frame#

Virtual address

Physical addressOffset

MIPS

Translation Lookaside Buffer TLB

1220

4KiB

1MiB
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Page# Offset

32-bit Addresses

Seg#

6 14 12

TLB
CAM=associative memory

(address translation cache)

Page Frame#

Virtual address

Physical addressOffset

Page Table
in

RAM

MIPS

Virt Page# Phys Page#

Translation Lookaside Buffer

20 12
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Page Table

Page Table lookup

TLB
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P&H Ch 5
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P&H Ch 5
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P&H Ch 5TLB
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P&H Ch 5

TLB
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P&H Ch 5

TLB
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P&H Ch 5

TLB
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P&H Ch 5
TLB


