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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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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



COMP122

© Jeff Drobman
2016-2022Integer Execution Unit (EU)

MLM
Memory

Load
StoreI-fetch
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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
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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



COMP122

© Jeff Drobman
2016-2022Computer Architecture



COMP122

© Jeff Drobman
2016-2022Registers

Control & Status

Control Status

Data

Data
W R R/W
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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 address16-bit
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Hennessy & Patterson32-bit
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64-bit
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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



COMP122

© Jeff Drobman
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



COMP122

© Jeff Drobman
2016-2022Memory Chips

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


