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7ILLIAM�3TALLINGS
#OMPUTER�/RGANIZATION
AND�!RCHITECTURE

#HAPTER���

0ARALLEL�0ROCESSING

-ULTIPLE�0ROCESSOR�/RGANIZATION

❚ 3INGLE�INSTRUCTION��SINGLE�DATA�STREAM�
�3)3$

❚ 3INGLE�INSTRUCTION��MULTIPLE�DATA�STREAM�
�3)-$

❚ -ULTIPLE�INSTRUCTION��SINGLE�DATA�STREAM�
�-)3$

❚ -ULTIPLE�INSTRUCTION��MULTIPLE�DATA�STREAM
�-)-$

3INGLE�)NSTRUCTION��3INGLE�$ATA
3TREAM�
�3)3$

❚ 3INGLE�PROCESSOR

❚ 3INGLE�INSTRUCTION�STREAM

❚ $ATA�STORED�IN�SINGLE�MEMORY

❚ 5NI
PROCESSOR
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3INGLE�)NSTRUCTION��-ULTIPLE
$ATA�3TREAM�
�3)-$

❚ 3INGLE�MACHINE�INSTRUCTION

❚ #ONTROLS�SIMULTANEOUS�EXECUTION

❚ .UMBER�OF�PROCESSING�ELEMENTS

❚ ,OCKSTEP�BASIS

❚ %ACH�PROCESSING�ELEMENT�HAS�ASSOCIATED�DATA

MEMORY

❚ %ACH�INSTRUCTION�EXECUTED�ON�DIFFERENT�SET�OF
DATA�BY�DIFFERENT�PROCESSORS

❚ 6ECTOR�AND�ARRAY�PROCESSORS

-ULTIPLE�)NSTRUCTION��3INGLE
$ATA�3TREAM�
�-)3$

❚ 3EQUENCE�OF�DATA

❚ 4RANSMITTED�TO�SET�OF�PROCESSORS

❚ %ACH�PROCESSOR�EXECUTES�DIFFERENT�INSTRUCTION
SEQUENCE

❚ .EVER�BEEN�IMPLEMENTED

-ULTIPLE�)NSTRUCTION��-ULTIPLE
$ATA�3TREAM
�-)-$

❚ 3ET�OF�PROCESSORS

❚ 3IMULTANEOUSLY�EXECUTE�DIFFERENT�INSTRUCTION
SEQUENCES

❚ $IFFERENT�SETS�OF�DATA

❚ 3-0S��CLUSTERS�AND�.5-!�SYSTEMS
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4AXONOMY�OF�0ARALLEL�0ROCESSOR
!RCHITECTURES

-)-$�
�/VERVIEW

❚ 'ENERAL�PURPOSE�PROCESSORS

❚ %ACH�CAN�PROCESS�ALL�INSTRUCTIONS�NECESSARY

❚ &URTHER�CLASSIFIED�BY�METHOD�OF�PROCESSOR
COMMUNICATION

4IGHTLY�#OUPLED�
�3-0

❚ 0ROCESSORS�SHARE�MEMORY

❚ #OMMUNICATE�VIA�THAT�SHARED�MEMORY

❚ 3YMMETRIC�-ULTIPROCESSOR��3-0	

❙ 3HARE�SINGLE�MEMORY�OR�POOL

❙ 3HARED�BUS�TO�ACCESS�MEMORY

❙ -EMORY�ACCESS�TIME�TO�GIVEN�AREA�OF�MEMORY�IS
APPROXIMATELY�THE�SAME�FOR�EACH�PROCESSOR
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4IGHTLY�#OUPLED�
�.5-!

❚ .ONUNIFORM�MEMORY�ACCESS

❚ !CCESS�TIMES�TO�DIFFERENT�REGIONS�OF�MEMROY
MAY�DIFFER

,OOSELY�#OUPLED�
�#LUSTERS

❚ #OLLECTION�OF�INDEPENDENT�UNIPROCESSORS�OR�3-0S

❚ )NTERCONNECTED�TO�FORM�A�CLUSTER

❚ #OMMUNICATION�VIA�FIXED�PATH�OR�NETWORK
CONNECTIONS

0ARALLEL�/RGANIZATIONS�
�3)3$
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0ARALLEL�/RGANIZATIONS�
�3)-$

0ARALLEL�/RGANIZATIONS�
�-)-$
3HARED�-EMORY

0ARALLEL�/RGANIZATIONS�
�-)-$
$ISTRIBUTED�-EMORY
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3YMMETRIC�-ULTIPROCESSORS

❚ !�STAND�ALONE�COMPUTER�WITH�THE�FOLLOWING
CHARACTERISTICS

❙ 4WO�OR�MORE�SIMILAR�PROCESSORS�OF�COMPARABLE�CAPACITY

❙ 0ROCESSORS�SHARE�SAME�MEMORY�AND�)�/

❙ 0ROCESSORS�ARE�CONNECTED�BY�A�BUS�OR�OTHER�INTERNAL�CONNECTION

❙ -EMORY�ACCESS�TIME�IS�APPROXIMATELY�THE�SAME�FOR�EACH
PROCESSOR

❙ !LL�PROCESSORS�SHARE�ACCESS�TO�)�/

❘ %ITHER�THROUGH�SAME�CHANNELS�OR�DIFFERENT�CHANNELS�GIVING�PATHS�TO

SAME�DEVICES

❙ !LL�PROCESSORS�CAN�PERFORM�THE�SAME�FUNCTIONS��HENCE
SYMMETRIC	

❙ 3YSTEM�CONTROLLED�BY�INTEGRATED�OPERATING�SYSTEM

❘ PROVIDING�INTERACTION�BETWEEN�PROCESSORS

❘ )NTERACTION�AT�JOB��TASK��FILE�AND�DATA�ELEMENT�LEVELS

3-0�!DVANTAGES

❚ 0ERFORMANCE

❙ )F�SOME�WORK�CAN�BE�DONE�IN�PARALLEL

❚ !VAILABILITY

❙ 3INCE�ALL�PROCESSORS�CAN�PERFORM�THE�SAME�FUNCTIONS�
FAILURE�OF�A�SINGLE�PROCESSOR�DOES�NOT�HALT�THE�SYSTEM

❚ )NCREMENTAL�GROWTH

❙ 5SER�CAN�ENHANCE�PERFORMANCE�BY�ADDING�ADDITIONAL
PROCESSORS

❚ 3CALING

❙ 6ENDORS�CAN�OFFER�RANGE�OF�PRODUCTS�BASED�ON
NUMBER�OF�PROCESSORS

"LOCK�$IAGRAM�OF�4IGHTLY
#OUPLED�-ULTIPROCESSOR
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/RGANIZATION�#LASSIFICATION

❚ 4IME�SHARED�OR�COMMON�BUS

❚ -ULTIPORT�MEMORY

❚ #ENTRAL�CONTROL�UNIT

4IME�3HARED�"US

❚ 3IMPLEST�FORM

❚ 3TRUCTURE�AND�INTERFACE�SIMILAR�TO�SINGLE
PROCESSOR�SYSTEM

❚ &OLLOWING�FEATURES�PROVIDED

❙ !DDRESSING�
�DISTINGUISH�MODULES�ON�BUS

❙ !RBITRATION�
�ANY�MODULE�CAN�BE�TEMPORARY�MASTER

❙ 4IME�SHARING�
�IF�ONE�MODULE�HAS�THE�BUS��OTHERS
MUST�WAIT�AND�MAY�HAVE�TO�SUSPEND

❚ .OW�HAVE�MULTIPLE�PROCESSORS�AS�WELL�AS
MULTIPLE�)�/�MODULES

4IME�3HARE�"US�
�!DVANTAGES

❚ 3IMPLICITY

❚ &LEXIBILITY

❚ 2ELIABILITY
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4IME�3HARE�"US�
�$ISADVANTAGE

❚ 0ERFORMANCE�LIMITED�BY�BUS�CYCLE�TIME

❚ %ACH�PROCESSOR�SHOULD�HAVE�LOCAL�CACHE

❙ 2EDUCE�NUMBER�OF�BUS�ACCESSES

❚ ,EADS�TO�PROBLEMS�WITH�CACHE�COHERENCE

❙ 3OLVED�IN�HARDWARE�
�SEE�LATER

-ULTIPORT�-EMORY

❚ $IRECT�INDEPENDENT�ACCESS�OF�MEMORY�MODULES
BY�EACH�PROCESSOR

❚ ,OGIC�REQUIRED�TO�RESOLVE�CONFLICTS

❚ ,ITTLE�OR�NO�MODIFICATION�TO�PROCESSORS�OR
MODULES�REQUIRED

-ULTIPORT�-EMORY�
�!DVANTAGES
AND�$ISADVANTAGES

❚ -ORE�COMPLEX

❙ %XTRA�LOGIN�IN�MEMORY�SYSTEM

❚ "ETTER�PERFORMANCE

❙ %ACH�PROCESSOR�HAS�DEDICATED�PATH�TO�EACH�MODULE

❚ #AN�CONFIGURE�PORTIONS�OF�MEMORY�AS�PRIVATE�TO
ONE�OR�MORE�PROCESSORS

❙ )NCREASED�SECURITY

❚ 7RITE�THROUGH�CACHE�POLICY
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#ENTRAL�#ONTROL�5NIT

❚ &UNNELS�SEPARATE�DATA�STREAMS�BETWEEN
INDEPENDENT�MODULES

❚ #AN�BUFFER�REQUESTS

❚ 0ERFORMS�ARBITRATION�AND�TIMING

❚ 0ASS�STATUS�AND�CONTROL

❚ 0ERFORM�CACHE�UPDATE�ALERTING

❚ )NTERFACES�TO�MODULES�REMAIN�THE�SAME

❚ E�G��)"-�3����

/PERATING�3YSTEM�)SSUES

❚ 3IMULTANEOUS�CONCURRENT�PROCESSES

❚ 3CHEDULING

❚ 3YNCHRONIZATION

❚ -EMORY�MANAGEMENT

❚ 2ELIABILITY�AND�FAULT�TOLERANCE

)"-�3�����-AINFRAME�3-0
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3�����
�+EY�COMPONENTS

❚ 0ROCESSOR�UNIT��05	

❙ #)3#�MICROPROCESSOR

❙ &REQUENTLY�USED�INSTRUCTIONS�HARD�WIRED

❙ ��K�,��UNIFIED�CACHE�WITH���CYCLE�ACCESS�TIME

❚ ,��CACHE

❙ ���K

❚ "US�SWITCHING�NETWORK�ADAPTER��"3.	

❙ )NCLUDES��-�OF�,��CACHE

❚ -EMORY�CARD

❙ �'�PER�CARD

#ACHE�#OHERENCE�AND
-%3)�0ROTOCOL

❚ 0ROBLEM�
�MULTIPLE�COPIES�OF�SAME�DATA�IN
DIFFERENT�CACHES

❚ #AN�RESULT�IN�AN�INCONSISTENT�VIEW�OF�MEMORY

❚ 7RITE�BACK�POLICY�CAN�LEAD�TO�INCONSISTENCY

❚ 7RITE�THROUGH�CAN�ALSO�GIVE�PROBLEMS�UNLESS
CACHES�MONITOR�MEMORY�TRAFFIC

3OFTWARE�3OLUTIONS

❚ #OMPILER�AND�OPERATING�SYSTEM�DEAL�WITH
PROBLEM

❚ /VERHEAD�TRANSFERRED�TO�COMPILE�TIME

❚ $ESIGN�COMPLEXITY�TRANSFERRED�FROM�HARDWARE�TO
SOFTWARE

❚ (OWEVER��SOFTWARE�TENDS�TO�MAKE�CONSERVATIVE
DECISIONS

❙ )NEFFICIENT�CACHE�UTILIZATION

❚ !NALYZE�CODE�TO�DETERMINE�SAFE�PERIODS�FOR
CACHING�SHARED�VARIABLES
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(ARDWARE�3OLUTION

❚ #ACHE�COHERENCE�PROTOCOLS

❚ $YNAMIC�RECOGNITION�OF�POTENTIAL�PROBLEMS

❚ 2UN�TIME

❚ -ORE�EFFICIENT�USE�OF�CACHE

❚ 4RANSPARENT�TO�PROGRAMMER

❚ $IRECTORY�PROTOCOLS

❚ 3NOOPY�PROTOCOLS

$IRECTORY�0ROTOCOLS

❚ #OLLECT�AND�MAINTAIN�INFORMATION�ABOUT�COPIES�OF
DATA�IN�CACHE

❚ $IRECTORY�STORED�IN�MAIN�MEMORY

❚ 2EQUESTS�ARE�CHECKED�AGAINST�DIRECTORY

❚ !PPROPRIATE�TRANSFERS�ARE�PERFORMED

❚ #REATES�CENTRAL�BOTTLENECK

❚ %FFECTIVE�IN�LARGE�SCALE�SYSTEMS�WITH�COMPLEX
INTERCONNECTION�SCHEMES

3NOOPY�0ROTOCOLS

❚ $ISTRIBUTE�CACHE�COHERENCE�RESPONSIBILITY�AMONG
CACHE�CONTROLLERS

❚ #ACHE�RECOGNIZES�THAT�A�LINE�IS�SHARED

❚ 5PDATES�ANNOUNCED�TO�OTHER�CACHES

❚ 3UITED�TO�BUS�BASED�MULTIPROCESSOR

❚ )NCREASES�BUS�TRAFFIC
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7RITE�)NVALIDATE

❚ -ULTIPLE�READERS��ONE�WRITER

❚ 7HEN�A�WRITE�IS�REQUIRED��ALL�OTHER�CACHES�OF�THE
LINE�ARE�INVALIDATED

❚ 7RITING�PROCESSOR�THEN�HAS�EXCLUSIVE��CHEAP	
ACCESS�UNTIL�LINE�REQUIRED�BY�ANOTHER�PROCESSOR

❚ 5SED�IN�0ENTIUM�))�AND�0OWER0#�SYSTEMS

❚ 3TATE�OF�EVERY�LINE�IS�MARKED�AS�MODIFIED�
EXCLUSIVE��SHARED�OR�INVALID

❚ -%3)

7RITE�5PDATE

❚ -ULTIPLE�READERS�AND�WRITERS

❚ 5PDATED�WORD�IS�DISTRIBUTED�TO�ALL�OTHER
PROCESSORS

❚ 3OME�SYSTEMS�USE�AN�ADAPTIVE�MIXTURE�OF�BOTH
SOLUTIONS

-%3)�3TATE�4RANSITION�$IAGRAM
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#LUSTERS

❚ !LTERNATIVE�TO�3-0

❚ (IGH�PERFORMANCE

❚ (IGH�AVAILABILITY

❚ 3ERVER�APPLICATIONS

❚ !�GROUP�OF�INTERCONNECTED�WHOLE�COMPUTERS

❚ 7ORKING�TOGETHER�AS�UNIFIED�RESOURCE

❚ )LLUSION�OF�BEING�ONE�MACHINE

❚ %ACH�COMPUTER�CALLED�A�NODE

#LUSTER�"ENEFITS

❚ !BSOLUTE�SCALABILITY

❚ )NCREMENTAL�SCALABILITY

❚ (IGH�AVAILABILITY

❚ 3UPERIOR�PRICE�PERFORMANCE

#LUSTER�#ONFIGURATIONS�

3TANDBY�3ERVER��.O�3HARED�$ISK



14

#LUSTER�#ONFIGURATIONS�

3HARED�$ISK


