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• CPU and memory unit interface

• CPU issues address (and data for write)
• Memory returns data (or acknowledgment for write)

The Main Memory Unit

Address
Data
Control

CPU Memory
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• Provide adequate storage capacity
• Four ways to approach this goal

– Use of number of different memory devices with 
different cost/performance ratios

– Automatic space-allocation methods in hierarchy
– Development of virtual-memory concept
– Design of communication links

Memories:  Design Objectives
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• Location: Inside CPU, Outside CPU, External
• Performance: Access time, Cycle time, Transfer rate
• Capacity: Word size, Number of words
• Unit of Transfer: Word, Block
• Access: Sequential, Direct, Random, associative
• Physical Type: Semiconductor, Magnetic, Optical

Memories:  Characteristics
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• Cost: c=C/S ($/bit)
• Performance: 

– Read access time (Ta), access rate (1/Ta)
• Access Mode: random access, serial, semi-random
• Alterability: 

– R/W, Read Only, PROM, EPROM, EEPROM
• Storage: 

– Destructive read out, Dynamic, Volatility
• Hierarchy: 

– Tape, Disk, DRUM, CCD, CORE, MOS, BiPOLAR

Memories:  Basic Parameters
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• Users want large and fast memories! 

SRAM access times are 1 - 25ns at cost of $100 to $250 per Mbyte.
DRAM access times are 60-120ns at cost of $5 to $10 per Mbyte.
Disk access times are 10 to 20 million ns at cost of $.10 to $.20 per Mbyte.

• Try and give it to them anyway
– build a memory hierarchy

Exploiting Memory Hierarchy

CPU

Level n

Level 2

Level 1

Levels in the�
memory hierarchy

Increasing distance �
from the CPU in �

access time 

Size of the memory at each level
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Advantage of Memory Hierarchy

• Decrease cost/bit
• Increase capacity
• Improve average access time
• Decrease frequency of accesses to slow memory
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• SRAM:
– value is stored  on a pair of inverting gates
– very fast but takes up more space than DRAM 

• DRAM:
– value is stored as a charge on capacitor 
– very small but slower than SRAM (factor of 5/10)

Memories:  Review

B
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Word line
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• Storage cells are organized in a rectangular array 
• The address is divided into row and column parts
• There are M (=2r) rows of N bits each
• The row address (r bits) selects a full row of N bits
• The column address (c bits) selects k bits out of N
• M and N are generally powers of 2
• Total size of a memory chip = M*N bits

– It is organized as A=2r+c addresses of k-bit words
• To design an R addresses W-bit words memory, we 

need |R/A| * |W/k| chips

Memories:  Array Organization
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4Mx64-bit Memory using 1Mx4 memory chip : 
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Locality

• A principle that makes memory hierarchy a good idea
• If an item is referenced

– temporal locality:  it will tend to be referenced again soon
– spatial locality:   nearby items will tend to be referenced 

soon.
• Why does code have locality?
• Our initial focus:  two levels (upper, lower)

– block:   minimum unit of data 
– hit:  data requested is in the upper level
– miss:  data requested is not in the upper level
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Memory Hierarchy and Access Time

• ti is time for access at level i
– on-chip cache, off-chip cache, main memory, disk, tape

• N accesses
– ni satisfied at level i
– a higher level can always satisfy any access that is 

satisfied by a lower level
– N = n1 + n2 + n3 + n4 + n5

• Hit Ratio
– number of accesses satisfied/number of accesses made
– Could be confusing
– For example for level 3 is it n3/N or (n1+n2+n3)/N or n3/(N-

n1-n2)
– We will take the second definition
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Average Access Time

• ti is time for access at level i
• ni satisfied at level i
• hi is hit ratio at level i

– hi = (n1 + n2 + …+ ni) /N 
• We will also assume that data are transferred from 

level i+1 to level i before satisfying the request
• Total time = n1*t1 + n2*(t1+t2) + n3*(t1+t2+t3) + n4* 

(t1+t2+t3+t4) + n5*(t1+t2+t3+t4+t5)
• Average time = Total time/N
• t(avr) = t1+t2*(I-h1)+t3*(1-h2)+t4*(1-h3)+t5*(1-h4)
• Total Cost = C1*S1+C2*S2+C3*S3+C4*S4+C5*S5
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• Two issues:
– How do we know if a data item is in the cache?
– If it is, how do we find it?

• Our first example:
– block size is one word of data
– "direct mapped"

For each item of data at the lower level, 
there is exactly one location in the cache where it might be.

e.g., lots of items at the lower level share locations in the upper level

Cache
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• Mapping:  
– address is modulo the number of blocks in the cache

Direct Mapped Cache
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• For MIPS:

What kind of locality are we taking advantage of?

Direct Mapped Cache

dd ess (s o g b t pos t o s)
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• Taking advantage of spatial locality:

Direct Mapped Cache

Address (showing bit positions)
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• Read hits
– this is what we want!

• Read misses
– stall the CPU, fetch block from memory, deliver to cache, 

restart 

• Write hits:
– can replace data in cache and memory (write-through)
– write the data only into the cache (write-back the cache later)

• Write misses:
– read the entire block into the cache, then write the word

Hits vs. Misses
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• Make reading multiple words easier by using banks

• It can get a lot more complicated...

Hardware Issues
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• Increase in block size tend to decrease miss rate:

• Use split caches (more spatial locality in code)

Performance
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Performance

• Simplified model:

execution time=(execution cycles + stall cycles)∗cct
• stall cycles= #of instructions∗miss ratio*miss penalty

• Two ways of improving performance:
– decreasing the miss ratio
– decreasing the miss penalty

What happens if we increase block size?
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Compared to direct mapped, give a series of references that:
– results in a lower miss ratio using a 2-way set associative cache
– results in a higher miss ratio using a 2-way set associative cache

assuming we use the “least recently used” replacement strategy

Decreasing miss ratio with associativity
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An implementation

22 8
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Performance
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Decreasing miss penalty with multilevel caches

• Add a second level cache:
– often primary cache is on the same chip as the processor
– use SRAMs to add another cache above primary memory (DRAM)
– miss penalty goes down if data is in 2nd level cache

• Example:
– CPI of 1.0 on a 500Mhz machine with a 5% miss rate, 200ns DRAM access
– Adding 2nd level cache with 20ns access time decreases miss rate to 2%

• Using multilevel caches:
– try and optimize the hit time on the 1st level cache
– try and optimize the miss rate on the 2nd level cache
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Virtual Memory

• Main memory can act as a cache for the secondary storage (disk)

• Advantages:
– illusion of having more physical memory
– program relocation 
– protection

Physical addresses

Disk addresses

Virtual addresses
Address translation
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Pages:  virtual memory blocks

• Page faults:  the data is not in memory, retrieve it from disk
– huge miss penalty, thus pages should be fairly large (e.g., 4KB)
– reducing page faults is important (LRU is worth the price)
– can handle the faults in software instead of hardware
– using write-through is too expensive so we use writeback

3 2 1 011 10 9 815 14 13 1231 30 29 28 27

Page offsetVirtual page number

Virtual address

3 2 1 011 10 9 815 14 13 1229 28 27

Page offsetPhysical page number

Physical address

Translation

27
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Page Tables
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Making Address Translation Fast

• A cache for address translations:  translation lookaside buffer
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TLBs and Caches
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• Replacement Policies in Multi-way Set Associative caches
– Random: Replace any line arbitrarily
– Least Recently Used (LRU): Find the least recently used line to 

replace
– Keep Most Recently Used (MRU): Keep the last used line in the set 

and replace any other randomly
• LRU performs the best
• MRU does equally well

Replacement Policies
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• We explain LRU with an example of a 4-way set associative cache
• Associate a 2-bit counter with each line (log k bit for k-way cache)
• Initially all lines are invalid
• For a miss bring a new line in an invalid line, make it valid, set its 

counter to zero, increment all other counters
– If no invalid line, replace the line with counter value = 3, set its 

counter to zero, increment all other counters
• For a hit, set the accessed line’s counter to zero and increment 

counters of those lines whose values is smaller than the accessed line
• Try this algorithm for an examples where lines read are 0, 64, 128, 64, 

192, 256, 128, 0, 256, 192, 64…
– There are 64 lines in each cache and it is 4-way set associative

LRU Scheme
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• Check the address in TLB
• If not there, get the physical translation and also store the entry in TLB

– Penalty 40-50 cycles
• If page itself is not present, page fault occurs

– Read the page, update page table and TLB
– Penalty 100’s of thousands cycles

• Once physical address is there If there, perform read or write in cache
• If cache miss

– Read the line in cache  for read 
– May need to replace a dirty or clean line

• Penalty 20-40 cycles
– For Write read the line if write allocate, else write around

• If cache hit read or write in cache
– Also write in main memory if write through

Reading or Writing a Memory word
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• Instruction Frequency: LW(20%), SW(10%), R(50%), BR(15%), J(5%)
• Branch Penalty: 3 cycles on 20% mis-predictions = 15*0.20*3 = 9 cycles
• Data Cache 1: Miss rate 10% (of load/store), write back, write around, 

50% dirty replacement, penalty for reading or writing a line 20 cycles
– Load penalty = 20*0.10*0.50*20 + 20*0.10*0.50*(20+20) = 60 cycles
– Store Penalty = 0 (because of write around, otherwise will be 30)

• Data Cache 2: Miss rate 5% (of load/store), write back, write allocation, 
50% dirty replacement, penalty for reading or writing a line 100 cycles
– Load penalty = 20*0.05*0.5*100 + 20*0.05*0.5*(100+100) = 150 cycles
– Store Penalty = 10*0.05*0.5*100 + 10*0.05*0.5*(100+100) = 75 cycles

• TLB: Miss Rate 2% (of load/store), Miss Penalty 100 cycles
– Total Penalty = (20+10)*0.02*100 = 60 cycles

• Page faults: 0.01% (of load/store), Penalty 300,000 cycles
– Total Penalty = (20+10)*0.0001*300,000 = 900 cycles

• Total Time = 100+9+60+150+75+60+900 = 1354 cycles, or CPI=13.54
• Notice that miss rates can be spacified per instruction or per load/store

A Big Example
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• 3 C Misses
– Compulsory: Miss will have to occur on first read (or write)
– Capacity: A line is replaced and then brought back
– Conflict: a miss occurs as some other line is occupying that line

• Example Suppose we read line a first time (no line is  in cache), then 
read line b that replaces line a, and then read line a again

• The first and second misses are compulsory, second miss is also 
capacity and conflict, and the third miss is capacity (and also conflict)

• The terminology can be confusing here
– The first read is always classified as compulsory
– The replacement and read back is conflict if there was place in 

cache elsewhere but you had to bring it at that place due to mapping
– If there was no place at all then it is capacity miss (like cache is full 

in a fully associative cache)

Misses and Replacement Policies
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• In a single-level translation
– 32 bit virtual address
– 4KB Page size (12 bit address in each page)
– Leaves 20-bit page address => 1 Million Pages =>4MB for Table

• One alternate is to only have a limited size page table with Hi and Lo 
Checks
– But program use many addresses segments

• Alternate is to have a two level page table
• Divide page addresses in two parts of 10 bits each

– There are 1K tables of 1K entries each (total is still 1M entries)
– Most significant 10 bits points to a table (with 1K entries, each 4 

bytes long, a total of 4KB that fits in a page) that contains the 
address of that part of table

– Least significant 10 bits are used to access a particular entry in the 
selected table

• We only need to keep the first table (pointing to real tables) and some 
of the second level tables in memory

Virtual Memory: Other Translation Schemes
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Modern Systems
• Very complicated memory systems:

Characteristic Intel Pentium Pro PowerPC 604
Virtual address 32 bits 52 bits
Physical address 32 bits 32 bits
Page size 4 KB, 4 MB 4 KB, selectable, and 256 MB
TLB organization A TLB for instructions and a TLB for data A TLB for instructions and a TLB for data

Both four-way set associative Both two-way set associative
Pseudo-LRU replacement LRU replacement
Instruction TLB: 32 entries Instruction TLB: 128 entries
Data TLB: 64 entries Data TLB: 128 entries
TLB misses handled in hardware TLB misses handled in hardware

Characteristic Intel Pentium Pro PowerPC 604
Cache organization Split instruction and data caches Split intruction and data caches
Cache size 8 KB each for instructions/data 16 KB each for instructions/data
Cache associativity Four-way set associative Four-way set associative
Replacement Approximated LRU replacement LRU replacement
Block size 32 bytes 32 bytes
Write policy Write-back Write-back or write-through
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• Processor speeds continue to increase very fast
— much faster than either DRAM or disk access times

• Design challenge:  dealing with this growing disparity

• Trends:
– synchronous SRAMs (provide a burst of data)
– redesign DRAM chips to provide higher bandwidth or processing 
– restructure code to increase locality
– use prefetching (make cache visible to ISA)

Some Issues



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


