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Overview

Componenbverview

Memory
— operations
— big andlittle endian

— thememoryhierarchy—cachin
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e CPU
— anaccumulatomachine
— instructionset

— statemachinemplementation

I/O devices: control,data,andstatusregisters

Buses:internalandexternal



BasicComponents
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Memory[ Memory bus | CPU I/O bus )
‘ ‘ devices
BasicMemory Characteristics
e Memory: acollectionof independenstorageunits, called“cells”
¢ Wdth: thenumberof bitsin eachcell
e Eachcell hasauniqueaddress(e.g.,[0,n))
e An nxwmemory
0
) 1
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<—w bits —=

n-1

e Byteaddressableeachstorageunit holdsonebyte (8 bits)

¢ Bit addressableeachstorageunit holdsa singlebit
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Memory Operations

e Basicoperations
— write (store):storeavalueinto acell

— read(fetch): returnthe mostrecentlystoredvalue

e Limited write operations
— ROM (read-onlymemory)
— PROM (programmableead-onlymemory)
— EPROM (erasable®?ROM)
— EEPROM (electricallyerasable®ROM)

e Accesspatternssequentialrandom(RAM), anddirectaccess

o \olatility

Memory Ports

v

CS RIW Notes

Control port

CSs

2"x w RW

Memory system A

Address Port Data Port D

AOAlAZ"'An—l DO D, D,...D

IR

Chipselect
Read/notvrite
Addresdines

Datalines
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Stepsin the Memory operations

Stepsin areadoperation

1. PuttheaddressalueonAg...An_1; raiseR/W.
2. RaiseCS.

3. Wait.

4. ReadthevalueonDg...Dy_1.

5. Drop CSandRMW.

Stepsin awrite operation

1. PutaddreswsalueonAg...An_1; datavalueonDg...Dy_1.
2. RaiseCS.

3. Wait.

4. DropCS.

Accesgime time from the startof areaduntil the datais available

Cycletime: time betweerconsecutie memoryoperations

Memory Units (Bytesand Words)

Logical word size memorywidth

8-bit charactersind16 (or more)bit numbers
— 8-bit words: numericoperationgequiremultiple reads/writes
— 16-bitwords: wastespaceor character®r packcharacters

Modernmemorysystemgprovide accesgo 8-bit, 16-bit, 32-bit,and
64-bitvalues
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Memory Banks

thn

Address
—| Size
—=ICS n-1
— - |RW o L_ 1 —
) CSR/W A . CSR/W A
*|  Memory *|  Memory
bank 0 bank 1
" x8) 2" x8)
2"-2 D 2" D
8 8
Data
\$\16
Terminology

Global addressearedefinedwith respecto the entirememorysystem

Relativeaddressearedefinedwith respecto a memorybank.

Interleavedaddresseslternatebetweerthe memorybanks

A justifieddataport alwaysplacesbytevalueson the samedatalines

(independenof theaddress)

In analignedmemorysystem,16-bit valuesmusthave evenaddresses



Byte Ordering

¢ Labelingboxes,left-to-right or right-to-left?

A. Left-to-right labels (Big Endian)
0 1 2 n-1
MSB | LSB | | |
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B. Right-to-left labels (Little Endian)
n-1 2 1 0
| | | MSB | LSB

int

e Consisteng: bit numberings thesameasbytenumbering

The Memory Hierar chy

e Example:

— characteristics
+* 50MHz processor
* 70nseanemoryaccess
— calculateprocessocycles/ memoryaccess
50MHz mean20nsed processocycle
Slide11 70/20= 3.5 processocycles/ memoryaccess

e Example:
— characteristics
* 200MHzprocessor
+* 50nseanemoryaccess
— calculateprocessocycles/ memoryaccess

200MHzmeanshnsed processocycle
50/10= 10 processocycles/ memoryaccess



A SingleLevel Cache
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|
| |
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| Main Cache : cPU
: memory memory| :
|
|
|
|
|
I e e e e e e e e e e e e - —
CacheHit Rate and Effective Memory AccessTime
e Cadhehit rate thepercentagef time thatmemoryaccessearesatisfied
by acache
o Effectivememoryaccesgsime thetimethatit takesto accessa memory
valuegiventhe cachehit rate
e Example:
Slide 13 — characteristics

* 50nseanemoryaccessime
x 10nsecacheaccesgime
x 80%cachehit rate
— calculatethe effective memoryaccesgime
80% of theaccessetake 10nseonhile 20%require50nsec

.80x 10+ .20x 50=8+ 10= 18nsec



A Two Level Cache

_____________________ ‘
Memory system

[ CPU

Slide 14 Main L2

memory cache

Examples

e With anL2 cache

— characteristics

* 50nseanemoryaccessime

x 10nsed.2 cacheaccesgime

x 5nsed.1 cacheaccessime

x 80% cachehit ratein bothcaches

Slide 15 — calculatethe effective memoryaccesdime

80% of theaccessetake 5nsec
80% of the other20% (16%)take 10nsec
theremaining4% take 50nsec

80x5+.16x10+.04x50=4+1.6+2=7.6nsec
e SamecalculationwithoutanL2 cache

.80x5+.20x50=4+10=14nsec



The Memory Hierar chy

Main memory
Slide 16 L2 cache

L1 cache

The CPU

Datamanipulation

Runningexample:anaccumulatomachine
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Instructionset(architecture)

Implementatior(organization)
— registersanddatapaths

— instructioninterpretation
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An Example Calculation

e Thecaluclation

47+ 82491

e Usinganaccumulator

1. LOAD 47into theaccumulatar

2. MULTIPLY theaccumulatoby 82.

3. ADD 91to theaccumulatar

4. EXAMINE thevaluein theaccumulatar

e Making theaccumulatoimplicit

Symbolic

1. LOAD a7
2. MULTIPLY 82
3. ADD 91
4. EXAMINE

An Instruction Set

Semantics

ADD addr
SUB addr

MPY addr

DIV addr

LOAD addr
STOREaddr

Add thevaluein memorycell addrto thevaluein theaccum.

Subtracthevaluein memorycell addr from thevaluein the
accum.

Multiply thevaluein memorycell addr by the valuein the
accum. Load the accumwith the leastsignificant8 bits of
theresult.

Divide the valuein the accumby the valuein memorycell
addr. Loadtheaccumwith theintegerportionof theresult.

Loadtheaccumwith thevaluein memorycell addr.
Storethevalueof theaccuminto memorycell addr.

10



An Example

e Thecalculation
c=axb+cxd

e Assumea, b, c, andd arestoredin locations20, 21,22, and23

e Thecode
Slide 20 LOAD 20; acc=a
MPY 21; acc=axb
STORE 30; temp=axb
LOAD 22; acc=c
MPY 23; acc=cxd
ADD 30; acc=axb+cxd
STORE 22; c=axb+cxd
Instruction Encoding
e Format
7 5 4 0
[ OPCODE | ADDRESS |
e Opcodes
. Operation Encoding
Slide 21
ADD 000
SUB 001
MPY 010
DIV 011
LOAD 100

STORE 101

11
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Assembly

10010100 LOAD 20

01010101 M

PY 21

10111110 STORE 30
10010110 LOAD 22

01010111 M

PY 23

00011110 ADD 30
10110110 STORE 22

lacc=a
lacczaxb
Itemp=axb
lacc=c
lacc=cxd
lacczaxb+cxd

lc=axb+cxd

Data Paths and Control Points

N

MUX

INC

PC

L2
-

@O|®, @

IR

Addr OoP

and
Control

©

ACC

@ (MUX

o

®

MAR

MDR

© @
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Registersand Combinational Cir cuits

o Rajisters

— ACC:accumulator

— MAR: memoryaddressegister

— MDR: memorydataregister

— PC:programcounter akainstructioncounter

— IR: instructionregister

¢ Combinationatircuits

— ALU: arithmeticandlogic unit

— decodeinstructiondecoder

— INC: incrementer

— MUX: multiplexer

— timing andcontrol

Control Points

Number Operation Number Operation
0 ACC—bus 8 ALU—ACC
1 loadACC 9 INC—PC
2 PC—bus 10 ALU operation
3 loadPC 11 ALU operation
4 loadIR 12 Addr—bus
5 loadMAR 13 CSs
6 MDR—bus 14 RW
7 load MDR

13



Controlling the Accumulator

Z%I Zﬁ El CtrI0 (ACC->Bus)

Slide26 ©
ALU

T AL CtrI1 (load ACC)

From 2->1 MUX

The ifetch Loop
r R

PC —> bus
load MAR

1

j
2

MDR —> bus|
load IR
INC—> PC
load PC

Fetch
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Addr —> bus
load MAR

4

ACC —> bus >
load MDR

8 Execute

5§ ! ves \o | MDR —> bus|
cs MDR —> bus] ‘z 2 IALU —> ACC
load ACC ' ALU op

load ACC

L )

14
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Condition
signals

1
State o

—= Next-stat

State Machine

Current
state

~<—— Clock

—

Control

Control Signal Timing

Control signals

1
Clock 0

15

l< Processorcycle___ _|
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Generating Control Signals

e Generatings
IR7

—_—
|R5é
S
3

e Generatings; ands
S

0

MD

Generating Control Signals

e GeneratingCSandRW

8 ) CS

e Generatindoad ACC

S
T e

16



I/O DEVICES

CPU I/0 bus
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| Data | |Contro|| | Status|

Printer

Controller

I/O Devices—Terminology

e |/O Port: the setof registersdefinedby anl/O controller

Slide 33 e Memory-mapped/O: thel/O portsaremappednto memoryaddresses,
i.e.,they areaccessedsingthe memoryreadandwrite operations

e |solatedl/O: speciall/O operationdor accessinghel/O ports,i.e.,a
separat@ddresspace

17
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Buses

Internal bus
External bus
CPU 1/0 bus
110 110 110
controller controller controller

I/O Devices—Terminology

Bustransaction adatatransferinvolving anexternalbus

Transactioninitiator: thecomponenthatinitiatesthebustransactionaka

master

Transactiorresponderthecomponenthatrespondgo the bus

transactionakaslave

Burstmodetransaction atransactiorthattransfersseveralvaluesin a

singlebustransaction

18




Chapter Summary

Memory
— memoryoperations
— byteordering(big andlittle endian)
— L1 andL2 cachescachehit rate,effective accesdgime
e CPU
Slide 36 — instructionset
— registers,combinationatircuits, control points,andbuses

— statemachinemplementation

I/O devices

— registers(control,data,andstatus)

— memorymappedjsolatedl/O

Buses:internal,external,bustransactions
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