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Overv iew

Unicode is overkill for many Java char acter arr ays 

• Make char arr ays polymorphic (un/compressed)

• Dynamically dispatch for caload/castore

• ÒInflateÓ to handle full Unicode char acters

Evaluated in Harmony DRL VM w/Jbb05 & DaCapo

• Speedups of 8% to -1% (2% on average)
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Outline

• Motivation: char array usage characteristics

• Accordion compression

• Allocation / Object model / Dynamic Dispatch

• Inflation / Garbage Collection

• Experimental Results

• Open Issues / Future Work
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Much of heap is Unicode char acter arr ays:

•38% of allocated memory (by space)

•35% of heap live at GC

Motivation (1)
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Figure 2. Fraction of Java heapusageattrib uted to character arrays. Datashown bothfor theaveragefractionof live heapat garbage
collections(live), andof all heapmemoryallocated(alloc).

actersrepresenta signiÞcantfraction of theprogramÕs heap
memoryusage.Figure2 shows thatchararraysrepresent38
percentof the total heapmemoryallocatedand35 percent
of the averageheapmemory live at a garbagecollectionin
the DaCapobenchmarksuite [5] and SPECjbb2005.Char
arraysare responsiblefor the most heapallocationof any
singletype in all of the benchmarksexceptthree(jython ,
pmd, andluindex ), representingmorethanhalf of theheap
allocationin four benchmarks.At a garbagecollection,char
arraysareresponsiblefor themostliveheapmemoryof any
singletypein all benchmarksexceptone(hsqldb ). Whenit
comesto heapmemoryallocation,charvectorsarea, if not
the, commoncase.

The Prevalence of ISO-8859-1 in Unicode: To support
internationalization,Java uses16-bit Unicode as the na-
tive representation for its Strings and, therefore,its char-
acterarrays.As UnicodewasdevelopedsigniÞcantlyafter
Western-centriccharactercodingschemes(e.g., ASCII and
ISO-8859-1),Unicodedesignerschoseto make Unicodea
super-setof thesecodingschemesto facilitateadoption.Uni-
codeÕs Þrst 256encodingsareidentical to thoseof the8-bit
ISO-8859-1,whichconsistof the7-bit ASCII encodingsex-
tendedto includemostcharactersnecessaryfor representing
any Latin-alphabettext. As aresult,these8-bit encodingsare
sufÞcientfor storingmuchof thetext foundin theAmericas,
WesternEurope,Oceania,andmuchof Africa.

As such, it shouldnot be surprisingthat for many Java
executions,char arraysare predominantlypopulatedwith
charactervaluesof 255 or less. In all of the benchmarks
we evaluated,char arraysthat includedcharactersoutside
the ISO-8859-1encodingsrepresented1% or lessof heap
memoryusedby char arrays,as shown in Figure 3(a). In
general,we Þndthatanarrayeitherhasno 16-bit characters
or hasmany of them.

Thus,if we canallocatetheISO-8859-1 chararraysinto
bytearraysratherthanshort(16-bit) arrays,we canapprox-
imatelyhalve theheapmemoryallocation from chararrays.
This, in turn, will resultin a 20%reduction(on average)in
overall heapmemory allocationrate (in MB per bytecode
executed),with asmuchasa 30-40%reduction in four of
the10benchmarks.

Characterizing the Arrays with Full (16-bit) Unicode
Characters: Most characterarraysare allocatedeither as
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Figure 3. Incompressiblecharacter arrays are uncommon.
Fractionof characterarrayscontainingincompressiblecharacters;
datashown for bothnumberandsizeof thearrays.String construc-
torsareresponsiblefor themajorityof incompressiblecharacters.
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Figure4. Most character arrays areallocatedby the standard
newarray allocation path While Stringconstructorsareresponsi-
ble for themajority of incompressiblearrays,they areresponsible
for only a fractionof thecharacterarraysallocatedoverall, mean-
ing thatit is importanttocompressnon-Stringconstructor-allocated
characterarrays.Datashown for both numberandsize of the ar-
rays.

part of Java String objects,which containa referenceto an
immutablecharacterarray, or in the processof their con-
struction.There are,however, four waysin which character
arraysareallocatedandthey have signiÞcantlydifferentbe-
haviorswith respectto allocatingincompressiblecharacters,
asshown in Figure3.

One important path is in the String object constructor
(whena characterarraycannot be sharedwith anotherex-
isting object),which accountfor a disproportionatefraction
of the incompressiblearrays.While String constructorsac-
count for about10% of the characterarraysallocated(less
than5%of thespace),they arethesourcefor morethanhalf
of theincompressiblecharacterarrays.ThatStringconstruc-
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Most characters fit in a single byte:

•<.1% of arrays allocated have a >8b char

•99.7% of char array memory “compressible”

Motivation (2)
ASCII is sufficient for most text in much of world:

• Americas, W. Europe, much of Oceania/Africa
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Accordion Compression

Simple compression , can still directly index

• Only works for arrays with all  8-bit chars

Benefits :
• Lower allocation rate: less frequent GCs

• Reduce working set: less GC work, caching
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Two Constr aints
1. Most objects are short lived, to get benefit:

Must Allocate Compressed

2. Predominantly mutable:
No guarantee that 16b char wonÕt be written
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count distribution size distribution
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A Speculative Technique

1. Predict that an array will be compressible.

• (Unless we can know it won’t be ...)

2. Detect when writing a 16b char into 8b array.

3. “Inflate” the character array in this case.

8
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Object implementation

• Encode type  as part of length  field

• Steal top two bits of length

•Three accordion array types
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Object allocation

• Four allocation paths:
! String from UTF-8
! Clone()
! newarray is most of the allocations
! JNI          not seen in these programs

Can know type at alloc. time0
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Figure 2. Fraction of Java heapusageattrib uted to character arrays. Datashown bothfor theaveragefractionof live heapat garbage
collections(live), andof all heapmemoryallocated(alloc).

actersrepresenta signiÞcantfraction of theprogramÕs heap
memoryusage.Figure2 shows thatchararraysrepresent38
percentof the total heapmemoryallocatedand35 percent
of the averageheapmemory live at a garbagecollectionin
the DaCapobenchmarksuite [5] and SPECjbb2005.Char
arraysare responsiblefor the most heapallocationof any
singletype in all of the benchmarksexceptthree(jython ,
pmd, andluindex ), representingmorethanhalf of theheap
allocationin four benchmarks.At a garbagecollection,char
arraysareresponsiblefor themostlive heapmemoryof any
singletypein all benchmarksexceptone(hsqldb ). Whenit
comesto heapmemoryallocation,charvectorsarea, if not
the, commoncase.

The Prevalence of ISO-8859-1 in Unicode: To support
internationalization,Java uses16-bit Unicode as the na-
tive representation for its Strings and, therefore,its char-
acterarrays.As UnicodewasdevelopedsigniÞcantlyafter
Western-centriccharactercodingschemes(e.g., ASCII and
ISO-8859-1),Unicodedesignerschoseto make Unicodea
super-setof thesecodingschemesto facilitateadoption.Uni-
codeÕs Þrst 256encodingsareidentical to thoseof the8-bit
ISO-8859-1,whichconsistof the7-bit ASCII encodingsex-
tendedto includemostcharactersnecessaryfor representing
any Latin-alphabettext. As aresult,these8-bit encodingsare
sufÞcientfor storingmuchof thetext foundin theAmericas,
WesternEurope,Oceania,andmuchof Africa.

As such, it shouldnot be surprisingthat for many Java
executions,char arraysare predominantlypopulatedwith
charactervaluesof 255 or less. In all of the benchmarks
we evaluated,char arraysthat includedcharactersoutside
the ISO-8859-1encodingsrepresented1% or lessof heap
memoryusedby char arrays,as shown in Figure 3(a). In
general,we Þndthatanarrayeitherhasno 16-bit characters
or hasmany of them.

Thus,if we canallocatetheISO-8859-1 chararraysinto
bytearraysratherthanshort(16-bit) arrays,we canapprox-
imatelyhalve theheapmemoryallocation from chararrays.
This, in turn, will resultin a 20%reduction(on average)in
overall heapmemory allocationrate (in MB per bytecode
executed),with asmuchasa 30-40%reduction in four of
the10benchmarks.

Characterizing the Arrays with Full (16-bit) Unicode
Characters: Most characterarraysare allocatedeither as
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Figure 3. Incompressiblecharacter arrays are uncommon.
Fractionof characterarrayscontainingincompressiblecharacters;
datashown for bothnumberandsizeof thearrays.String construc-
torsareresponsiblefor themajorityof incompressiblecharacters.
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Figure4. Most character arrays areallocatedby the standard
newarray allocation path While Stringconstructorsareresponsi-
ble for themajority of incompressiblearrays,they areresponsible
for only a fractionof thecharacterarraysallocatedoverall, mean-
ing thatit is importanttocompressnon-Stringconstructor-allocated
characterarrays.Datashown for both numberandsize of the ar-
rays.

part of Java String objects,which containa referenceto an
immutablecharacterarray, or in the processof their con-
struction.There are,however, four waysin which character
arraysareallocatedandthey have signiÞcantlydifferentbe-
haviorswith respectto allocatingincompressiblecharacters,
asshown in Figure3.

One important path is in the String object constructor
(whena characterarraycannot be sharedwith anotherex-
isting object),which accountfor a disproportionatefraction
of the incompressiblearrays.While String constructorsac-
count for about10% of the characterarraysallocated(less
than5%of thespace),they arethesourcefor morethanhalf
of theincompressiblecharacterarrays.ThatStringconstruc-
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Polymorphic caload/castore

• Somewhat surprisingly, performance doesn’t stink
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castore:  lw     rlength, 8(rbase)                #  1 load length field (w/type)                                                                                           
          blt    rlength, 0, uncomp1              #  2 branch if not compressed
compres:  bge    rindex, rlength, out-of-bounds   #  3 perform bounds check
          bgt    rchar, 255, inflate              #  4 char too large? need to inflate                                                                                                                                          
          add    rtmp, rbase, rindex              #  5 add base and index
          sb     rchar, 12(rtmp)                  #  6 perform 8b store                                                                                                             
          j      done                                                                                                                                    
inflate:  call   inflate_char_array               #  7 call VM to inflate & copy   
          move   rbase, r_new_array               #  8 put return value in rbase
          j      uncomp3                          #  9 complete 16b store 
uncomp1:  bgt    rlength, 0xbfffffff, uncomp2     # 10 branch if not inflated                                                                                                                                   
indirec:  lw     rbase, 12(rbase)                 # 11 get address of inflated version                                                                                                        
uncomp2:  and    rlength, rlength, 0x3fffffff     # 12 mask off type field from length
          bge    rindex, rlength, out-of-bounds   # 13 perform bounds check
uncomp3:  sll    rindex2, rindex, 1               # 14 scale index
          add    rtmp, rbase, rindex2             # 15 add base and index
          sh     rchar, 12(rtmp)                  # 16 perform 16b store                                                                                               
done:                                 

Optimize compressed case

Make test for compressed cheap:

• uncompressed, inflated types have top bit set 

Two added branches for isolated castore 

12

• one for caload

In loops, opportunity for unswitching (not impl.)
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Dynamically executed code

• Added operations are off the critical path

• Dispatch branch is highly biased -> predictable

• OOO processors speculate, superscalar eats ILP

null ! store

bound !

load

array indexvalue

length

null ! store

bound !

load

array indexvalue

raw_length

cmp

cmpnull ! load

bound !

load

array index

valuelength

null ! load

bound !

load

array index

valueraw_length

cmp

Original caload Accordian caload Original castore Accordian castore

branch

branch

branch

Figure 16. Accordion operation dataßow (as executedon an out-of-order processor)only adds predictable branches and ALU
operationsin the commoncase.Theaddedoperations(lightly shaded)for theaccordionarrayoperationsdo not delaytheexecution of the
critical path(black).

Given that many Java objectsare small, an important
focus of researchhasbeento minimize the size of object
headers[3]. A key techniqueto simplifying objectheadersis
to useaÒthinlockÓthatonly providesthesimplestsubsetof
Java objectlocking support;lesscommoncasesarehandled
by dynamicallyallocatingmemoryto holdthefull lock state,
a processcalled inßation [4]. Ananian and Rinard reduce
the size of the vtable pointer, by insteadstoring in the
objectan index to a tableof vtable pointers,a space-time
trade-off [2]. Dybvig et. al. proposetaking this processone
stepfurther by entirely removing the vtable pointer and
allocatingobjectsin memorybasedon type suchthat the
upperbitsof theobjectsvirtual addresscanbeusedto locate
theobjectÕsvtable [16].

Chenet.al. observe thatthereis signiÞcantvaluelocality
in the contentsof certainobjectÞelds acrossobjectsof the
sametype[7]. To exploit this locality, they proposeanelab-
orateschemethat partitionsobjects into portionswith low
andhigh informationcontentandcompressesthelow infor-
mationcontentfraction.This approachreducesheapusage,
but comesataperformancepenalty. AnanianandRinard at-
tack the samelocality but from a program analysisstand-
point with a numberof optimizations that reducethe size
or eliminateobjectÞelds[2]. Their techniquesincludeÞeld
sizereduction(guidedby bit-width analysis),eliminationof
unreador constantÞelds,andÞeldexternalization(storingin
ahashtablethoseobjectsthatcontainvaluesthatdiffer from
thedominantvalue).Again,while thesetechniquescansig-
niÞcantlyreduceminimumheapsize,they canimposeexe-
cution overhead.Neither techniquetargetsarraysof primi-
tives.

With the advent of 64-bit architectures,therehasbeen
a signiÞcantamountof work in pointercompression.Adl-
Tabatabaiet. al. describea straight-forward techniquefor
compressingheappointerson a 64-bit architecture,by stor-
ing a32-bit offsetfrom thebeginning of theheap[1]. When
pointersareloadedtheheapbaseis addedto thepointerbe-
fore it is dereferenced.This approachprovides substantial
speeduprelative to 64-bit pointersbut is limited to a 4-GB
heap.Lattner et. al. describeprogramanalysis-basedopti-
mization that automaticallycompresses64-bit pointersto

32-bit offsetsin linkeddatastructures[12]. Their approach
differs from the onepreviously mentionedin that it is ap-
plied to a single datastructureat a time, and because the
offsetsarerelative to a per-datastructurebasepointer, each
datastructurecanuseup to 4 GB of memory.

In addition,thereis extensive work in compressingJava
code.Researchershaveexploredhow to compressJavaclass
Þles for storageand efÞcient network transmission(e.g.,
[15]). In addition,Clausenet. al. proposeda macroinstruc-
tion approachÑusingunusedbytecodesto encodecommon
application-speciÞcsequencesof bytecodesÑto reducethe
amountof bytecodestoragenecessaryin anembeddedJava
interpreter[9].

6. Conclusion
In thispaper, wehavedemonstratedtheideaof accordionar-
rays,astraight-forwardapproachto reducingtheheapmem-
ory consumedby Unicodecharacterarraysin localeswhere
the8-bit ISO-8859-1subsetof UCS-2is sufÞcientfor repre-
sentingthebulk of thetext. We have presenteda characteri-
zationof characterarrayusagein non-numericJavaapplica-
tions,describedan abstractdesignof the accordionarrays,
anddemonstrated,in thecontext of theHarmony DRLVM,
thatthetechniquepermitsefÞcientimplementationsthatcan
improvememoryefÞciency, whichin turncanimproveover-
all programexecutiontime.

A numberof avenuesof researchrelating to Java char-
actercompressionremain.First, and foremost,is identify-
ing a race-freeapproachto inßationthat completelyavoids
Òstopthe worldÓpauses.One approachthat merits further
researchis the useof hardwaresupport,either in the form
of a hardwaretransactionalmemory[11, 13] or a Þne-grain
memoryprotectiontechnique[14, 18]. Second,applications
from non-westernlocalesneedto becharacterizedandtech-
niquesneedto bedevelopedfor gracefullydiscontinuinguse
accordionarrayswhenthey negatively impactperformance.
Finally, ourperformanceresultsarecollectedwith relatively
looseconstraintson the amountof heapmemoryavailable.
As accordionarrayscould prove to provide a substantial
performancebeneÞtin memoryconstrainedenvironments,
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tives.

With the advent of 64-bit architectures,therehasbeen
a signiÞcantamountof work in pointercompression.Adl-
Tabatabaiet. al. describea straight-forward techniquefor
compressingheappointerson a 64-bit architecture,by stor-
ing a32-bit offsetfrom thebeginning of theheap[1]. When
pointersareloadedtheheapbaseis addedto thepointerbe-
fore it is dereferenced.This approachprovides substantial
speeduprelative to 64-bit pointersbut is limited to a 4-GB
heap.Lattner et. al. describeprogramanalysis-basedopti-
mization that automaticallycompresses64-bit pointersto

32-bit offsetsin linkeddatastructures[12]. Their approach
differs from the onepreviously mentionedin that it is ap-
plied to a single datastructureat a time, and because the
offsetsarerelative to a per-datastructurebasepointer, each
datastructurecanuseup to 4 GB of memory.
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Þles for storageand efÞcient network transmission(e.g.,
[15]). In addition,Clausenet. al. proposeda macroinstruc-
tion approachÑusingunusedbytecodesto encodecommon
application-speciÞcsequencesof bytecodesÑto reducethe
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interpreter[9].
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rays,astraight-forwardapproachto reducingtheheapmem-
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thatthetechniquepermitsefÞcientimplementationsthatcan
improvememoryefÞciency, whichin turncanimproveover-
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A numberof avenuesof researchrelating to Java char-
actercompressionremain.First, and foremost,is identify-
ing a race-freeapproachto inßationthat completelyavoids
Òstopthe worldÓpauses.One approachthat merits further
researchis the useof hardwaresupport,either in the form
of a hardwaretransactionalmemory[11, 13] or a Þne-grain
memoryprotectiontechnique[14, 18]. Second,applications
from non-westernlocalesneedto becharacterizedandtech-
niquesneedto bedevelopedfor gracefullydiscontinuinguse
accordionarrayswhenthey negatively impactperformance.
Finally, ourperformanceresultsarecollectedwith relatively
looseconstraintson the amountof heapmemoryavailable.
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COM : 5

lengthobject header

UNC : 5

COM : 5

lengthobject header

UNC : 5

COM : 5

lengthobject header

UNC : 5

COM : 5

lengthobject header

forw.INF : 5

Allocate new object, copy, set up forwarding
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Inflations

• Must be done in thread-safe manner

• Big hammer: stop-the-world (at GC-safe pts.)

• Expensive, even if rare...
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Inflations often happen early in object lifetime

15

Inflations, cont.
char[] characters = new char[wordLength];
word.getChars(0, wordLength, characters, 0);

output = new char[count];
i = o - offset;
System.arraycopy(value, offset, output, 0, i);

char[] dst = new char[length];
if (ASSERT) Assert.assrt("...");
for(int i=0; i<length; i++){
     dst[i]=getChar(rawData, stringOffset+getCharOffset(i));
}

Figure 10. Thr eeexamplesdemonstrating the scopebetween
the allocation of an array and the operations that potentially
inßateit. Theseexamplesall causeinßationsin theDaCapobench-
marks.

inßation codeÑboth versionswith and without the Òstop
the worldÓÑchecksdynamicallywhetherthis was the last
objectallocated(by comparingthecurrent endof thearray
to beinßatedto thenext freeaddress)andwhetheradditional
memory can be allocatedto extend this allocation. Even
whenit canbe staticallyproven that this objectmusthave
beenthemostrecentlyallocated,a run-timecheckmustbe
performthat the endof a pageor a pinnedobjectwill not
preventanobjectfrom beingexpanded in place.WeÞndthat
themajority of objects(> 95%)canbeexpandedin place.

Theoverheadof theÒstoptheworldÓpausesthat remain
arenot completelydevastatingin our experiments,but we
believethisto bein partbecauseourworkloadsarenotheav-
ily multithreaded.Techniquesthatmitigatethisoverheadfor
very parallel Java executionsremainsan openareaof re-
search,aswediscussin theSection6.

3.6 ModiÞcationsto the GarbageCollector

As notedin Section3.1,Harmony (by default) usesa com-
pactinggarbagecollector, which presents two requirements
andoneopportunityfor optimization. TheÞrstrequirement
is that to beneÞt from thearrayÕs compressionaftergarbage
collection,the GC needsto know the sizeof accordionar-
rays.This is accomplishedby testingthearraylength(which
needsto be loadedanyway) for negative values(indicating
thattypebitsareset),andusinganalternatepathto compute
thearraysize.

The secondrequirementis that the forwarding pointer
held by inßatedarraysneedsto be exposedto the garbage
collector. Therearetwo reasonsfor this: i) the compressed
versionof the inßatedarray may hold the only pointer to
theuncompressedversionandweneed to makesurethatthe
uncompressedversionis identiÞedas live during the mark
phaseof thegarbagecollection,andii ) if theuncompressed
versionof thearrayis moved,the forwardingpointerin the
compressedversionneedsto be updated.Both of theseare

relatively straight-forward to accomplish by exposing the
forwardingpointeroffsetof an inßatedarrayasa slot like
any otherobjectvariablethat holdsapointer.

The opportunity introducedby garbagecollection is to
remove thelevel of indirectionintroducedby inßation.Dur-
ing the compactionprocess,it is necessaryto identify all
of the pointersto a given objectso they canbe updatedto
point to the objectÕs new location.The key ideaof our op-
timization is that, ratherthanupdate referencesto point to
aninßatedarrayÕsnew locationaftercompaction,weupdate
themto point to thenew locationof thetargetof its forward-
ing pointer(i.e., theuncompressedversionof thearray).In
thisway, wecaneliminateall referencesto theoriginalcom-
pressedversionof an inßatedarrayand, therefore,consider
the objectdead.Figure11 describesthe stepsof this opti-
mizationasimplementedin thegc cc in Harmony. All ad-
ditional stepsrequirework that scaleswith the numberof
inßatedarraysthat arecompacted.Becausevery few inßa-
tions requireforwardingpointersin practice,this optimiza-
tionsprovidesnegligible beneÞt.

Most inßatedarrays,like most characterarraysin gen-
eral,do not live beyonda singlegarbagecollection.Only in
eclipse do a signiÞcantnumberlive pasta garbagecollec-
tion. Only for long livedarrayswould it make senseto con-
siderdeßating(i.e., reallocatinganuncompressedarrayasa
compressedarrayif it no longercontainedany incompress-
ible characters),andwe seeno potentialbeneÞtfor suchan
optimization.

3.7 Other ModiÞcationsto the Virtual Machine

While the above outlinesthe main changesrequiredto im-
plementaccordionarrays,therearea few otherpartsof the
JVM that directly accesscharacterarrays and theseneed
to be modiÞedto dynamicallydispatchbasedon whether
the array is compressedand handle inßatedarrays.A few
of thesechangesaresmall and isolated:we mask the type
Þeldfor the standardvector get length() accessorand
provide our own vector get raw length() accessorfor
whenwe want the typeÞeld intact,andtheJVM tool inter-
face(JVMTI) needsto know the real sizeof objects.Two
otherchangesaremoresubstantial.

The Java Native Interface API provides functions that
permit readingand writing the contentsof Java character
arrays,readingthe contentsof Strings as either Unicode
UCS-2or UTF-8 arrays,andqueryingthe lengthsof both
characterarrays and strings. These functions need to be
modiÞedto correctlyhandleall typesof accordionarrays.
Thesechangesarestraightforwardusingthesameprinciples
usedto modify thecodegenerator(Section3.4).

The other major changeis for the System.arraycopy
method.Whileacorrectversionof thismethodcouldbegen-
eratedfrom Java bytecode,Harmony includesa higherper-
formanceC implementationof this function.This C imple-
mentationmust be extendedto handlethe cross-product of
copying betweencompressedanduncompressedarrays,and

char[] characters = new char[wordLength];
word.getChars(0, wordLength, characters, 0);

output = new char[count];
i = o - offset;
System.arraycopy(value, offset, output, 0, i);

char[] dst = new char[length];
if (ASSERT) Assert.assrt("...");
for(int i=0; i<length; i++){
     dst[i]=getChar(rawData, stringOffset+getCharOffset(i));
}

Figure 10. Thr eeexamplesdemonstrating the scopebetween
the allocation of an array and the operations that potentially
inßateit. Theseexamplesall causeinßationsin theDaCapobench-
marks.
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relatively straight-forward to accomplish by exposing the
forwardingpointeroffsetof an inßatedarrayasa slot like
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remove thelevel of indirectionintroducedby inßation.Dur-
ing the compactionprocess,it is necessaryto identify all
of the pointersto a given objectso they canbe updatedto
point to the objectÕs new location.The key ideaof our op-
timization is that, ratherthanupdate referencesto point to
aninßatedarrayÕsnew locationaftercompaction,weupdate
themto point to thenew locationof thetargetof its forward-
ing pointer(i.e., theuncompressedversionof thearray).In
thisway, wecaneliminateall referencesto theoriginalcom-
pressedversionof an inßatedarrayand, therefore,consider
the objectdead.Figure11 describesthe stepsof this opti-
mizationasimplementedin thegc cc in Harmony. All ad-
ditional stepsrequirework that scaleswith the numberof
inßatedarraysthat arecompacted.Becausevery few inßa-
tions requireforwardingpointersin practice,this optimiza-
tionsprovidesnegligible beneÞt.

Most inßatedarrays,like most characterarraysin gen-
eral,do not live beyonda singlegarbagecollection.Only in
eclipse do a signiÞcantnumberlive pasta garbagecollec-
tion. Only for long livedarrayswould it make senseto con-
siderdeßating(i.e., reallocatinganuncompressedarrayasa
compressedarrayif it no longercontainedany incompress-
ible characters),andwe seeno potentialbeneÞtfor suchan
optimization.

3.7 Other ModiÞcationsto the Virtual Machine

While the above outlinesthe main changesrequiredto im-
plementaccordionarrays,therearea few otherpartsof the
JVM that directly accesscharacterarrays and theseneed
to be modiÞedto dynamicallydispatchbasedon whether
the array is compressedand handle inßatedarrays.A few
of thesechangesaresmall and isolated:we mask the type
Þeldfor the standardvector get length() accessorand
provide our own vector get raw length() accessorfor
whenwe want the typeÞeld intact,andtheJVM tool inter-
face(JVMTI) needsto know the real sizeof objects.Two
otherchangesaremoresubstantial.

The Java Native Interface API provides functions that
permit readingand writing the contentsof Java character
arrays,readingthe contentsof Strings as either Unicode
UCS-2or UTF-8 arrays,andqueryingthe lengthsof both
characterarrays and strings. These functions need to be
modiÞedto correctlyhandleall typesof accordionarrays.
Thesechangesarestraightforwardusingthesameprinciples
usedto modify thecodegenerator(Section3.4).

The other major changeis for the System.arraycopy
method.Whileacorrectversionof thismethodcouldbegen-
eratedfrom Java bytecode,Harmony includesa higherper-
formanceC implementationof this function.This C imple-
mentationmust be extendedto handlethe cross-product of
copying betweencompressedanduncompressedarrays,and

Stop-the-world unneeded if not escaped

• Simplistic analysis works (local scope post inlining)

On a per-castore basis statically select:
1. Inflate with stop-the-world, or
2. Inflate without stop-the-world



University of IllinoisCraig Zilles

Inflation w/o relocation

Often inflated object is the most recently allocated

• For bump ptr. allocator, can be inflated in place

• At inflation time, check if alloc. can be extended

16
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GC modifications

• Needs to know size of object for copying

• Must treat forwarding pointer as “slot”

• Liveness and relocation

• Optimization: remove level-of-indirection

• Point pointers to “inflated” to “uncompressed”

• Little opportunity for “deflation”

A mark-sweep collector:
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Other modifications

• arraylen

• Strip type from length field

• System.arraycopy()

• Modified to do dyn. dispatch on both array types

• JNI
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Evaluation Setup

• Apache Harmony DRL JVM (x86)

• Benchmarks:

• SPECJBB2005, 8 warehouses, 512MB heap

• 9 DaCapo (2006-10), 64MB heap (hsqldb: 256MB)

• 2.66Ghz Core 2 Duo, 2GB memory

• Red Hat Enterprise Linux (2.6.9-42.08.ELsmp)

19
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Performance

• 8% to -1% speedup (2% on average)

• limit on speedup, little time spent in GC

1. Marking of live objects is performed; inßation objects that will be compacted are recorded on an inß ation stack. 
2. Objects on the inß ation stack can be unmarked.
3. New memory is allocated for objects to be compacted; relocation pointers stored in each object's obj_info  Þeld.
4. For all objects, obj , on the inß ation stack:  # copy the uncompressed version's new location to obj_info

if obj.forward.will_be_relocated() :  # will the uncompressed version be compacted?
obj.obj_info = obj.forward.obj_info

else:
obj.obj_info = obj.forward

5. The inß ation stack can be discarded.
6. Live objects are traversed, updating their references to any moved objects (as indicated by obj_info ).
7. Compacted objects are copied to their new locations.

Figure 11. Optimization to eliminate inßation objects during garbage collection. The stepsin bold are the ones addedby the
optimization.Alternatelyinßationobjectscanbe insertedon theinßationstackduringinßation.

potentiallyde-referencingforwardingpointersof inßatedar-
rays.Again, thesechangesareratherstraightforward.

4. Results
In this section,we explore the performanceimpact of ac-
cordion arrays as implementedin Harmony. We use the
SPECjbb2005benchmarks and9 of the 11 DaCapobench-
marksfrom the2006-10versionof thesuite.Timing exper-
imentsare performedon idle dual-coremachinesrunning
Red Hat EnterpriseLinux (2.6.9-42.08.ELsmp)on a 2.66
GHzCore2 Duoprocessorwith 2GBof memory.

In this work, we areconcernedwith asymptotic perfor-
mance,so we useHarmonyÕs server executionmanager
conÞguration,which is a proÞle-directedadaptive optimizer
that tries to maximize asymptotic performanceat the ex-
penseof compilationtime. To avoid including compilation
time in ourmeasurements,weusetheDaCapobenchmarksÕ
-converge repeatedlyrun thebenchmarks until theexecu-
tion time stabilizes.For SPECjbb2005,we usea conÞgura-
tion Þlethatperformstwo runsback-to-backandrecordthe
resultsfrom thesecondrun.Becausewe observe somevari-
ation in run times,we repeateachconÞgurationthreetimes
andselecttherunswith theshortestexecutiontime.

We run the default size versionsof the DaCapobench-
marks.We only presentresultsfor 9 of theDaCapobench-
marks, becauseantlr and jython did not run to com-
pletion with HarmonyÕs optimizing compiler. With the ex-
ception of hsqldb whose live heap memory grows as
large as 72MB, all of the DaCapobenchmarkshave max-
imum live memorysizesof 0.1MB - 30MB [5]. We useda
64MB heapsizeÑ -Xms64m-Xmx64mÑfor all of thebench-
marksexcepthsqldb wherea 256MB heapwasused.For
SPECjbb2005,we used8 warehousesanda 512MB heap.
Resultsare presentedas relative execution times for the
DaCapobenchmarksandrelative throughputfor SPECjbb,
which runsapredeÞnedamount of time.

Figure 12 shows the performanceimprovementsresult-
ing from our implementationof accordionarrays.With in-
dividual benchmarksrangingfrom an almost8% reduction
to a 1% increasein execution time, the average speedup
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Figure 12. Accordion arrays achieve speedupsof 1.08 to
.99, averaging 1.02 across a benchmark suite containing
SPECjbb2005and 9 DaCapobenchmarks.
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Figure 13. Accordion arrays reducea Java programÕs heap
allocation rate, which, in tur n, reduces the rate at which
garbagemust be collected.TheÞgureshows thereductionin the
numberof garbagecollectionsperformedduringtherun (in black)
andin thetotal timespentongarbagecollection(in grey).

acrossthe benchmarksuiteis 2%. Due the signiÞcantnon-
uniformity of thespeedups,we usedinstrumentationwithin
theJVM to helpidentify theprincipalcausesof thespeedup.

From our analysis,we identiÞedthe beneÞtof the tech-
niquesto be correlatedmoststrongly to two factors: 1) the
working set of the application,and 2) the fraction of that
working setthatwasmadeup of chararrays (seeFigure2).
This reductionin working settranslatesinto improved mu-
tator (i.e., non-garbagecollector) execution, becausethis
smallerworkingsetof liveobjectsresultsin bettercacheand
TLB locality anda reductionof memorysystembandwidth.
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Reduction in GC freq, time

• GC time reduction more than just fewer GC’s

• Note lusearch and xalan in particular

1. Marking of live objects is performed; inßation objects that will be compacted are recorded on an inß ation stack. 
2. Objects on the inß ation stack can be unmarked.
3. New memory is allocated for objects to be compacted; relocation pointers stored in each object's obj_info  Þeld.
4. For all objects, obj , on the inß ation stack:  # copy the uncompressed version's new location to obj_info

if obj.forward.will_be_relocated() :  # will the uncompressed version be compacted?
obj.obj_info = obj.forward.obj_info

else:
obj.obj_info = obj.forward

5. The inß ation stack can be discarded.
6. Live objects are traversed, updating their references to any moved objects (as indicated by obj_info ).
7. Compacted objects are copied to their new locations.

Figure 11. Optimization to eliminate inßation objects during garbage collection. The stepsin bold are the ones addedby the
optimization.Alternatelyinßationobjectscanbe insertedon theinßationstackduringinßation.

potentiallyde-referencingforwardingpointersof inßatedar-
rays.Again, thesechangesareratherstraightforward.

4. Results
In this section,we explore the performanceimpact of ac-
cordion arrays as implementedin Harmony. We use the
SPECjbb2005benchmarks and9 of the 11 DaCapobench-
marksfrom the2006-10versionof thesuite.Timing exper-
imentsare performedon idle dual-coremachinesrunning
Red Hat EnterpriseLinux (2.6.9-42.08.ELsmp)on a 2.66
GHzCore2 Duoprocessorwith 2GBof memory.

In this work, we areconcernedwith asymptotic perfor-
mance,so we useHarmonyÕs server executionmanager
conÞguration,which is a proÞle-directedadaptive optimizer
that tries to maximize asymptotic performanceat the ex-
penseof compilationtime. To avoid including compilation
time in ourmeasurements,weusetheDaCapobenchmarksÕ
-converge repeatedlyrun thebenchmarks until theexecu-
tion time stabilizes.For SPECjbb2005,we usea conÞgura-
tion Þlethatperformstwo runsback-to-backandrecordthe
resultsfrom thesecondrun.Becausewe observe somevari-
ation in run times,we repeateachconÞgurationthreetimes
andselecttherunswith theshortestexecutiontime.

We run the default size versionsof the DaCapobench-
marks.We only presentresultsfor 9 of theDaCapobench-
marks, becauseantlr and jython did not run to com-
pletion with HarmonyÕs optimizing compiler. With the ex-
ception of hsqldb whose live heap memory grows as
large as 72MB, all of the DaCapobenchmarkshave max-
imum live memorysizesof 0.1MB - 30MB [5]. We useda
64MB heapsizeÑ -Xms64m -Xmx64mÑfor all of thebench-
marksexcepthsqldb wherea 256MB heapwasused.For
SPECjbb2005,we used8 warehousesanda 512MB heap.
Resultsare presentedas relative execution times for the
DaCapobenchmarksandrelative throughputfor SPECjbb,
which runsapredeÞnedamount of time.

Figure 12 shows the performanceimprovementsresult-
ing from our implementationof accordionarrays.With in-
dividual benchmarksrangingfrom an almost8% reduction
to a 1% increasein execution time, the average speedup
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Figure 12. Accordion arrays achieve speedupsof 1.08 to
.99, averaging 1.02 across a benchmark suite containing
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Figure 13. Accordion arrays reducea Java programÕs heap
allocation rate, which, in tur n, reduces the rate at which
garbagemust be collected.TheÞgureshows thereductionin the
numberof garbagecollectionsperformedduringtherun (in black)
andin thetotal timespentongarbagecollection(in grey).

acrossthe benchmarksuiteis 2%. Due the signiÞcantnon-
uniformity of thespeedups,we usedinstrumentationwithin
theJVM to helpidentify theprincipalcausesof thespeedup.

From our analysis,we identiÞedthe beneÞtof the tech-
niquesto be correlatedmoststrongly to two factors: 1) the
working set of the application,and 2) the fraction of that
working setthatwasmadeup of chararrays (seeFigure2).
This reductionin working settranslatesinto improved mu-
tator (i.e., non-garbagecollector) execution, becausethis
smallerworkingsetof liveobjectsresultsin bettercacheand
TLB locality anda reductionof memorysystembandwidth.
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Reduction in live set at GC  

• Smaller live sets reduce GC copying overhead
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Figure 14. Accordion arrays reducethe sizeof live memory.
Compressedarraysrequirelessmemory, resultingin a reduction
in the sizeof memorylive after a collection.This smallerlive set
reducesthe work to performa copying or compactingcollection
andalsoimprovesdatalocality.
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Figure 15. Readingand writing character arrays is relatively
uncommon.caload andcastore bytecodesaccountfor lessthan
3%of thebytecodesexecutedacrossall of thebenchmarks.

Giventhatgarbagecollection(GC) time is quitemodest for
mostof thesebenchmarks,it is this improvementin mutator
performancethat is responsiblefor the bulk of the perfor-
manceimprovement for thebenchmarksthatseesigniÞcant
speedups.

Nevertheless,we foundcorrelationsbetweenoverall per-
formanceandthetwo aspectsof theimpacton theGC.The
Þrst is a reduction in allocation rateandthe corresponding
reductionin garbagecollection(GC). Figure13, shows the
reductionin both GC frequency (i.e., the numberof GCÕs
performed)and time spentperforming garbagecollection.
Garbagecollectionfrequency is reducedbecausetheheapis
notusedupasquickly whencompressedcharacterarraysare
allocated.In a numberof cases,thereductionof time spent
is greaterthanthe reduction of numberof collections,sug-
gestingthateachcollectionis getting faster. This occursfor
copying andcompactingcollectorswhen thereis a net re-
ductionin theamountof live heapmemorythatneedsto be
copied/compacted.

Furthermore,while accordionarrays do not affect the
numberof liveobjectsatagarbagecollection,they doresult
in asmalleramountof memorybeinglive if someof thelive
objectsare compressedcharacterarrays.The reductionof
live heapmemoryis signiÞcantin a numberof benchmarks,
asshown in Figure14.

Onebenchmark,eclipse , observesa small slowdown;
this is the result of it having the highestnumberof inßa-
tions and the largest numberof inßationsrequiring Òstop
the worldÓpauses.Threebenchmarksachieve little beneÞt
from accordionarrays:bloat , chart , andluindex . These
benchmarkshaveratherlow memoryallocationrates,spend-
ing 1% or less of their executiontime performing garbage
collection in our experiments.With li ttle upsidepotential,
thefactthat theseprogramsdonotseesigniÞcantslowdowns
atteststo thelow overheadsthataccordionarrayspermit.In
particular, we have drawn threeconclusions to explain the
absenceof signiÞcantoverhead.

First, we Þndthat theoverheadis low becausecharacter
arraysareratherinfrequentlyaccessed.SpeciÞcally, weÞnd
thatcaload sandcastore stogethertypically only makeup
1-3%of thetotalbytecodesexecuted,asshown in Figure15.
This resultis corroboratedby previouswork characterizing
the most frequently executedbytecodesin the SpecJVM
benchmarksuite[6, 17].

Second,thedynamicdispatchbranchesaddedto the im-
plementationsof caload andcastore areextremelybiased
sincemorethan99%of thecharacterarrays areof a single
type. Furthermore,even whenthe minority type arraysare
beingprocessed,thereis generally a locality in the branch
outcomesthat modernhistory-baseddynamicbranchpre-
dictorscanexploit, becausetypically multiplecharactersare
processedwhenan arrayis accessed.Becausethe majority
of non-compressiblearrayscanbeknown assuchat alloca-
tion time,inßationsarediminishinglyrareevents;asaresult
their branchesare highly biasedand,hence,predictable,as
well.

Third, becausethe dispatchand inßation branchesare
predictable,much of the work addedby the accordionar-
ray implementationis Òoff the critical path.ÓIn a modern
dynamically-scheduledÑsometimesreferred to as out-of-
orderÑprocessor, instructionsareonly preventedfrom ex-
ecutingby true datadependences.As shown in Figure16,
the codethat is addedto implementaccessesto accordion
arraysis in the form of compareandbranchsequencesthat
donotproducevaluesfor otherinstructions.Insteadthesein-
structionsonly serve to validatethepredictionsmadeby the
branchpredictorand,aswepreviouslynoted,thesebranches
arepredictable.They do not delaytheschedulingof theac-
tual characterload or storeinstruction,the only instruction
in the caload andcastore sequencethat could be on the
critical path.

5. RelatedWork
Thereis asigniÞcantbodyof work relatingto improving the
memoryefÞciency of Java, but, to our knowledge,thereis
no publishedwork on compressionof characterarrays.In
addition,muchof thework hasbeen donein thecontext of
embeddedJavaimplementationswhereit is allowableto sac-
riÞceexecutionspeedto reducepeakmemoryrequirements.
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Conclusion/F uture W ork

Accordion Arrays: Unicode array compression

• Can signficantly reduce heap allocation rate

• Non-trivial performance benefit for heap-intensive 
workloads

Open questions/future work:

• Support 16-bit character intensive code

• Better mechanisms for handling inflation

• Reducing instruction overhead for narrow machines

23
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Future W ork
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