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& THE PERFORMANCE OF a modern computer sys-

tem is increasingly getting dictated by the perfor-

mance of the memory system. As we pack more

cores, more threads per core, and domain-

specific accelerators on the chip, the memory

system must scale in both capacity and band-

width to supply the data to all these computing

units. For the past four decades,

we have had mainly two technol-

ogies for building the compo-

nents of the memory system:

SRAM for caches and DRAM for

main memories, and systems

have been limited by the con-

straints of these two technolo-

gies. We are at a juncture where

several new memory technolo-

gies are emerging that can over-

come the limitations of conventional technologies

and offer new features such as nonvolatility. How-

ever, with new technologies come new challenges

and system designers will need innovative solu-

tions to address these challenges in order to fully

realize the benefits offered by the emerging

technologies.

The Quest for Large On-Chip Caches: Spin-torque

transfer magnetic random access memory (STT-

RAM) is a technology that can offer 3� -4� higher

density than SRAM, which can help with building

much larger on-chip caches. However, the chal-

lenges with STT-RAM are that it has higher write

latency than SRAM and has new failure modes

(such as retention failure due to thermal strikes).

While the problem of write latency can be over-

come using a hybrid organization where frequently

written data stay in the SRAM and less frequently

written data are resident in STT-RAM, the problem

of reliability is still an open challenge and this prob-

lem is likely to become severe as the technology

is scaled to smaller feature sizes.1 Innovative solu-

tions that can mitigate the high rate of

failures without requiring significant

overheads in terms of performance

and storage will be helpful in exploit-

ing the density advantages offered by

STT-RAM.

The Quest for Higher Bandwidth

Memory: Three-dimensional die-

stacking and silicon interposer tech-

nologies can allow for tighter integra-

tion of memory modules with the

processor chip, thereby dramatically increasing

the overall bandwidth between the processor and

the memory substrate. Technologies such as the

High Bandwidth Memory (HBM) already provide

4� -8� more bandwidth than commodity DRAM

and are getting adopted by the industry in pre-

mium products. One of the limitations of the die-

stackedmemory is that the capacity of thesemod-

ules is still limited to only a few gigabytes, and the

technology is notmature yet to reach the capacity

of commodity DRAM modules. Therefore,

stacked-DRAM modules are usually used along

with commodity DRAM and the hardware/soft-

ware2 is responsible for deciding the placement of

the data that must be placed in the higher band-

width memory versus the commodity DRAM

memory.

The Quest for Lower Latency Memory: DRAM

memory modules are primarily optimized for
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density and latency is usually considered of sec-

ondary importance. Reducing memory latency

can significantly improve system performance.

There are variants of DRAM technology that are

optimized for latency, called reduced latency

DRAM (RL-DRAM), that tries to reduce the bit-line

capacitance by amortizing the sensing circuit

overall a smaller data array.3 Alternative technolo-

gies that can reduce memory latency include

rethinking the organization of DRAM array using

the 3-D die stacking technology.4 The key chal-

lenge with these technologies is the added cost,

as both RL-DRAM and DRAM redesigned for 3-D

will likely continue to be more expensive than

commodity DRAM. Therefore, these technologies

will either remain limited to systems where

latency is ultra critical (e.g., network switches or

stock trading), or likely to be adopted along

with commodity DRAM, with hardware/software

responsible for doing intelligent data placement.

The Quest for Higher Capacity Memory:With the

slowdown of DRAM scaling and the continued

demand for larger memory capacity from data-

intensive applications, there is a need for a mem-

ory technology that has performance close to

DRAM and yet provides much higher density than

DRAM. Emerging technologies, such as phase

change memory (PCM) and 3-D cross point (3-D

XPoint), promise to offer 4� higher density than

DRAM thereby enabling large memory systems.

However, these technologies suffer from the chal-

lenges of higher read latency, asymmetric read–

write times, reduced write bandwidth, and limited

endurance.5 To effectively utilize the density

advantages of these technologies, systems need

to provision large DRAM buffers such that the

application performance is dictated by DRAM

instead of the latency/bandwidth of these new

technologies. Furthermore, novel error-correction

techniques and wear-leveling solutions are

needed to mitigate the reliability challenges that

are inherent in these new technologies.

The Quest for Persistent Memory: DRAM is a vol-

atile memory, in that it loses states when power

is turned off, therefore data that need to be pre-

served must be explicitly written to storage

(SSD or hard-drive). The emerging technologies

(PCM and 3-D XPoint) for main memory offer

nonvolatility and can avoid such extra writes of

persistent data from memory to storage. Storage

is typically accessed at the granularity of few

kilobytes and using OS calls, whereas memory

can be modified at the granularity of a few bytes

and directly using load/store instructions, there-

fore such persistent memory systems promise

significantly lower latency and improved effi-

ciency for doing updates to persistent data. The

main challenges for the persistent memory sys-

tem are to develop hardware solutions6 that can

provide ACID semantics efficiently and transpar-

ently, and develop software interfaces7 so that

applications can easily use persistent memory.

While emerging memory technologies promise

a dramatic improvement in the capabilities for

future systems, we will be able to realize these ben-

efits only if we can efficiently address the problems

and challenges of these technologies. It is an excit-

ing time to be working on these problems both in

the hardware and the software community.

& REFERENCES

1. H. Naemi, C. Augustine, A. Raychowdhury, L. Shih-Lien,

and J. Tschanz, “STTRAMscaling and retention failures,”

Intel Technol. J., vol. 39, no. 10, pp. 54–75, 2013

2. C. Chou, A. Jaleel, and M. Qureshi, “BATMAN:

Techniques for maximizing system bandwidth of

memory systems with stacked-DRAM,” in Proc. Int.

Symp. Memory Syst., 2017, pp. 268–280.

3. D. Lee, Y. Kim, V. Seshadri, J. Liu, L. Subramanian,

and O. Multu, “Tiered-latency DRAM: A low latency

and low cost DRAM architecture,” in Proc. Int. Symp.

High Perform. Comput. Archit., 2013, pp. 615–626.

4. G. Loh, “3D-stacked memory architectures for multi-

core processors,” in Proc. Int. Symp. Comput. Archit.,

2008, pp. 453–464.

5. M. Qureshi, S. Gurumurthi, and B. Rajendran, “Phase

change memory: From devices to systems,” in

Synthesis Lectures on Computer Architecture, San

Rafael, CA, USA: Morgan & Claypool, 2011.

6. A. Kolli, “Architecting persistent memory systems,” Ph.D.

dissertation, Univ.Michigan, AnnArbor,MI, USA, 2017.

7. H. Volos, A. J. Tack, and M. M. Swift, “Mnemosyne:

Lightweight persistentmemory,” inProc. Int. Conf. Archit.

Support Program. Lang.Oper. Syst., 2011, pp. 91–104.

Moinuddin Qureshi is a Professor of Electrical

and Computer Engineering at Georgia Institute of

Technology, Atlanta, GA, USA. Contact him at

moin@gatech.edu.

January/February 2019 53

mailto:


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


