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Overview

� Componentoverview

� Memory

– operations

– big andlittle endian

– thememoryhierarchy—caching

� CPU

– anaccumulatormachine

– instructionset

– statemachineimplementation

� I/O devices:control,data,andstatusregisters

� Buses:internalandexternal
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BasicComponents

Memory I/O busCPUMemory bus I/O
devices
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BasicMemory Characteristics

� Memory:a collectionof independentstorageunits,called“cells”

� Width: thenumberof bits in eachcell

� Eachcell hasa uniqueaddress(e.g.,
�
0 � n� )

� An n � w memory

w bits

2
1
0

n − 1

� Byteaddressable: eachstorageunit holdsonebyte(8 bits)

� Bit addressable: eachstorageunit holdsa singlebit
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Memory Operations

� Basicoperations

– write (store):storeavalueinto a cell

– read(fetch): returnthemostrecentlystoredvalue

� Limited write operations

– ROM (read-onlymemory)

– PROM (programmableread-onlymemory)

– EPROM (erasablePROM)

– EEPROM (electricallyerasablePROM)

� Accesspatterns:sequential,random(RAM), anddirectaccess

� Volatility
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Memory Ports

2  x w
Memory system

n

R/WCS
Control port

A
0

A
1

A
2

A
n−1

. . . 
0

D
1

D
2

D D
w−1

. . . 
Address Port Data Port

Notes

CS Chipselect

R/W Read/notwrite

A Addresslines

D Datalines
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Stepsin the Memory operations

� Stepsin a readoperation

1. PuttheaddressvalueonA0. . .An � 1; raiseR/W.

2. RaiseCS.

3. Wait.

4. ReadthevalueonD0. . .Dw � 1.

5. DropCSandR/W.

� Stepsin awrite operation

1. PutaddressvalueonA0. . .An � 1; datavalueon D0. . .Dw � 1.

2. RaiseCS.

3. Wait.

4. DropCS.

� Accesstime: time from thestartof a readuntil thedatais available

� Cycletime: time betweenconsecutivememoryoperations
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Memory Units (Bytesand Words)

� Logical word size: memorywidth

� 8-bit charactersand16 (or more)bit numbers

– 8-bit words:numericoperationsrequiremultiple reads/writes

– 16-bitwords:wastespacefor charactersor packcharacters

� Modernmemorysystemsprovideaccessto 8-bit, 16-bit,32-bit,and

64-bit values
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Memory Banks

CS R/W A

(2       x 8)n−1

Memory
bank 0

8

n−1

Dn

4

2

0

2   − 2

CS R/W A

(2       x 8)n−1

Memory
bank 1

8

n−1

Dn
2   − 1

1

3

5

Size
CS
R/W

16

n

Data

Address
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Terminology

� Globaladdressesaredefinedwith respectto theentirememorysystem

� Relativeaddressesaredefinedwith respectto a memorybank.

� Interleavedaddressesalternatebetweenthememorybanks

� A justifieddataport alwaysplacesbytevalueson thesamedatalines

(independentof theaddress)

� In analignedmemorysystem,16-bit valuesmusthaveevenaddresses
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Byte Ordering

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

MSB LSB

0 1 2

int

n−1

A. Left−to−right labels (Big Endian)

int

MSB LSB

012n−1

B. Right−to−left labels (Little Endian)

� Consistency: bit numberingis thesameasbytenumbering
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The Memory Hierar chy

� Example:

– characteristics�
50MHzprocessor�
70nsecmemoryaccess

– calculateprocessorcycles/ memoryaccess

50MHzmeans20nsec/ processorcycle

70� 20 � 3 	 5 processorcycles/ memoryaccess

� Example:

– characteristics�
200MHzprocessor�
50nsecmemoryaccess

– calculateprocessorcycles/ memoryaccess

200MHzmeans5nsec/ processorcycle

50� 10 � 10 processorcycles/ memoryaccess
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A SingleLevel Cache

Cache
memory

CPU
Main

memory

Memory system
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CacheHit Rateand Effective Memory AccessTime

� Cachehit rate: thepercentageof time thatmemoryaccessesaresatisfied

by a cache

� Effectivememoryaccesstime: thetime thatit takesto accessa memory

valuegiventhecachehit rate

� Example:

– characteristics�
50nsecmemoryaccesstime�
10nseccacheaccesstime�
80%cachehit rate

– calculatetheeffectivememoryaccesstime

80%of theaccessestake10nsecwhile 20%require50nsec

	 80 � 10 
�	 20 � 50 � 8 
 10 � 18nsec
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A Two Level Cache

L2
cache

L1 cache
Main

memory

CPU
Memory system
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Examples

� With anL2 cache

– characteristics�
50nsecmemoryaccesstime�
10nsecL2 cacheaccesstime�
5nsecL1 cacheaccesstime�
80%cachehit ratein bothcaches

– calculatetheeffectivememoryaccesstime

80%of theaccessestake5nsec

80%of theother20%(16%)take 10nsec

theremaining4%take50nsec

	 80 � 5 
�	 16 � 10 
�	 04 � 50 � 4 
 1 	 6 
 2 � 7 	 6nsec

� SamecalculationwithoutanL2 cache

	 80 � 5 
�	 20 � 50 � 4 
 10 � 14nsec

8



Slide16

The Memory Hierar chy

L1 cache

L2 cache

Main memory
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The CPU

� Datamanipulation

� Runningexample:anaccumulatormachine

� Instructionset(architecture)

� Implementation(organization)

– registersanddatapaths

– instructioninterpretation
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An ExampleCalculation

� Thecaluclation

47

�
82 
 91

� Usinganaccumulator

1. LOAD 47 into theaccumulator.

2. MULTIPLY theaccumulatorby 82.

3. ADD 91 to theaccumulator.

4. EXAMINE thevaluein theaccumulator.

� Making theaccumulatorimplicit

1. LOAD 47

2. MULTIPLY 82

3. ADD 91

4. EXAMINE
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An Instruction Set

Symbolic Semantics

ADD addr Add thevaluein memorycell addr to thevaluein theaccum.

SUBaddr Subtractthevaluein memorycell addr from thevaluein the

accum.

MPY addr Multiply thevaluein memorycell addr by the valuein the

accum. Load the accumwith the leastsignificant8 bits of

theresult.

DIV addr Divide the valuein the accumby the valuein memorycell

addr. Loadtheaccumwith theintegerportionof theresult.

LOAD addr Loadtheaccumwith thevaluein memorycell addr.

STOREaddr Storethevalueof theaccuminto memorycell addr.
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An Example

� Thecalculation

c � a

�
b 
 c

�
d

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

� Thecode

LOAD 20; acc= a

MPY 21; acc= a

�
b

STORE 30; temp= a

�
b

LOAD 22; acc= c

MPY 23; acc= c

�
d

ADD 30; acc= a

�
b + c

�
d

STORE 22; c = a

�
b + c

�
d
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Instruction Encoding

� Format

OPCODE ADDRESS
7 5 4 0

� Opcodes

Operation Encoding

ADD 000

SUB 001

MPY 010

DIV 011

LOAD 100

STORE 101
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Assembly

10010100 LOAD 20 ! acc= a

01010101 MPY 21 ! acc= a 
 b

10111110 STORE 30 ! temp= a 
 b

10010110 LOAD 22 ! acc= c

01010111 MPY 23 ! acc= c 
 d

00011110 ADD 30 ! acc= a 
 b + c 
 d

10110110 STORE 22 ! c = a 
 b + c 
 d
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Data Pathsand Control Points

MAR MDRACC
2−>1
MUX

2−>1
MUX

INC

PC IR

Decoder Timing
and

Control

0

1

2 12

5 6 7
8

4

9

3

13 14
1110

ALU

Addr OP
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Registersand Combinational Cir cuits

� Registers

– ACC:accumulator

– MAR: memoryaddressregister

– MDR: memorydataregister

– PC:programcounter, akainstructioncounter

– IR: instructionregister

� Combinationalcircuits

– ALU: arithmeticandlogic unit

– decode:instructiondecoder

– INC: incrementer

– MUX: multiplexer

– timing andcontrol
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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 CS

6 MDR � bus 14 R/W

7 loadMDR
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Controlling the Accumulator

Q

D

Q

D

Q

D

1
Ctrl  (load ACC)

to
ALU

...

Ctrl  (ACC−>Bus)
0

...

From 2−>1 MUX
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The ifetch Loop

OP=store CS, R/W

OP=loadMDR −> bus
load ACC

MDR −> bus
ALU −> ACC

ALU op
load ACC

CS, R/W

load MAR
PC −> bus

load MDR
ACC −> bus

CS NoYes

NoYes

load MAR
Addr −> bus

load PC

load IR
MDR −> bus

INC−> PC

4

5
Execute

Fetch

7
8

6

3

2

1

0
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StateMachine

Current
state

Condition
signals Next−state Clock

Control

. . .

Control signals
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Control Signal Timing

0
Clock

State
0

1

1

Processor cycle
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GeneratingControl Signals

� Generatings4

s
3

IR
6

IR
7

IR
5

s
4

� Generatings1 ands2

0
s

1
s

1
s

2
s

MD
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GeneratingControl Signals

� GeneratingCSandR/W

1
s
s

6s
5

R/W

CS

� GeneratingloadACC

s
8

s
7

ACC
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I/O DEVICES

StatusControlData

CPU

Printer
Controller

I/O bus
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I/O Devices—Terminology

� I/O Port: thesetof registersdefinedby anI/O controller

� Memory-mappedI/O: theI/O portsaremappedinto memoryaddresses,

i.e., they areaccessedusingthememoryreadandwrite operations

� IsolatedI/O: specialI/O operationsfor accessingtheI/O ports,i.e.,a

separateaddressspace
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Buses

I/O
controller

I/O
controller

I/O
controller

CPU
I/O bus

Internal bus

External bus
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I/O Devices—Terminology

� Bustransaction: adatatransferinvolving anexternalbus

� Transactioninitiator : thecomponentthatinitiatesthebustransaction,aka

master

� Transactionresponder: thecomponentthatrespondsto thebus

transaction,akaslave

� Burstmodetransaction: a transactionthattransfersseveralvaluesin a

singlebustransaction
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Chapter Summary

� Memory

– memoryoperations

– byteordering(big andlittle endian)

– L1 andL2 caches,cachehit rate,effectiveaccesstime

� CPU

– instructionset

– registers,combinationalcircuits,controlpoints,andbuses

– statemachineimplementation

� I/O devices

– registers(control,data,andstatus)

– memorymapped,isolatedI/O

� Buses:internal,external,bustransactions
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