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Abstr act. We present a set of techniquesfor reducing the memory con-
sumption of object-oriented programs. These techniques include opti-
mizations that eliminate �elds with constant values, reduce the sizesof
�elds based on the range of values that can appear in each � eld, and
eliminate � elds with common default valuesor usage patterns. We apply
these optimiza tions both to �elds declared by the programmer and to
implicit � elds in the runti me object header. We describe analysis algo-
ri thms to extract the information required to apply these optimiza tions.
We have implemented these techniques in the MIT FLEX compiler sys-
tem and applied them to the programs in the SPECjvm98 benchmark
suite. Our experimental results show that our combined techniques can
reduce the maximum li ve heap size required for the programs in our
benchmark suite by as much as 40%. Some of the optimi zations re-
duce the overall execution time; others may imposemodest performance
penalt ies.

1 In tr oduction

This paper presents a set of techniques for reducing the amount of data space
required to represent objects in object-oriented programs. Our techniques opti-
mize the representation of both theprogrammer-de� ned � eldswith in each object
and the header informat ion usedby the run-t ime system:

{ Fiel d Reduction: Our 
o w-sensitive, interprocedural bitwidth analysisanal-
ysis computes the range of values that the program may assign to each �eld.
The compiler then t ransforms the program to reducethe sizeof the � eld to
the smallest type capable of storing that range of values.

{ U nread and Constan t Fiel d Eli minatio n: If the bitwidth analysis �nds
that a �eld always holds the same constant value, the compiler eliminates
the � eld. It removeseach writ e to the �eld, and replaces each read wit h the
constant value. Fields wit hout executablereads are also removed.

{ Sta ti c Special iza ti on: Our analysis �nds classes wit h �elds whose values
do not change after init ialization, even though di�eren t instances of the
object may have di� erent valuesfor these�elds. It then generatesspecialized
versions of each classwhich omit these �elds, substitut ing accessor methods
which return constant values.



{ Fiel d Externali zation: Our analysisusespro�li ng to �nd �elds that almost
always have the samedefault value. It then removes these � elds from their
enclosing class,using a hash table to store only values of the �eld that di� er
from the default value. It replaceswrites to the �eld wit h an insertion into
the hash table (if the written value is not the default value) or a removal
from the hash table (i f the writt en value is the default value). It replaces
reads with hash table lookups; if the object is not present in the hash table,
the lookup simply returns the default value.

{ Class Poin ter Com pr ession: Our rapid type analysis computes an upper
bound on the number of classesthat theprogram may instantiate.Objects in
standard Java implementatio ns have a header �eld, commonly called cla z,
which contains a pointer to the class data for that object, such asinheritance
informat ion and method dispatch tables.Our compiler usesthe results of the
analysis to replacethe referencewith a smaller o�set into a table of pointers
to the classdata.

{ Byt e Packing: All of the abovetr ansformations may reduceor eliminate the
amount of space required to store each �eld in the object or object header.
Our byte packing algorithm arrangesthe �elds in the object to minimize the
object size.

All of thesetr ansformations reducethe spacerequired to store objects, but some
potentially increase the running time of the program. Our experimental results
show that, for our set of benchmark programs,all of our techniquescombined can
reduce the peak amount of memory required to run the program by as much as
40% and never increasethe running ti me by more than 60%. In many scenarios,
a 10% speedupoccurs.

1.1 Contributi ons

This paper makesthe following contributions:

{ Space Reduction Tr ansformatio ns: It presents a set of novel tr ansfor-
mations for reducing the memory required to represent objects in object-
oriented programs.

{ Ana lysis Algo r i thms: It presents a set of analysis algorit hms that au-
tomaticall y extract the informat ion required to apply the space reduction
transformat ions.

{ Imple men ta ti on: We have fully implemented all of the analysesand tech-
niques presented in the paper. Our experience with this implementation
enablesus to discussthe pragmat ic details necessary for an e�ectiv e imple-
mentation of our techniques.

{ Exp erim enta l Results : This paper presents a set of experimental results
that characterize the impact of our tr ansformations, revealing the extent of
the savings available and the performance cost of at taining them.

2 Exam ple

We next present a pair of examples that illustr ate the kinds of analyses and
transformat ions that our compiler performs.



public cla ss JValue f
int i nteg erType = 0;
int f loat Type = 1;
int t ype, posi tive ;
Object value;
void setI nteger(In tege r i) f
type = i ntegerType; value = i;
posi tive =
(i. intV alue( ) > 0) ? 1 : 0;

g
void setF loat( Floa t f) f
type = f loatT ype; val ue = f;
posi tive =
(f. floa tValu e() > 0) ? 1 : 0;

g
g

public fin al cl ass Stri ng f
priva te f inal char val ue[];
priva te f inal int offs et;
priva te f inal int count;
...
publi c char charAt (int i) f
retu rn value[ offs et+i ];

g
publi c String substrin g(int sta rt)
f
int noff = of fset + start;
int ncnt = count - st art;
retu rn new String

(n off, ncnt , value);
g

g
(a) (b)

Fi g. 1. (a) The JValue class. (b) Portions of the java .lang .Str ing class.

2.1 Fi eld Reduction and Consta nt Fie ld Eli minatio n

Figure1apresents the JValue class,which is a wrapper around either an I nte ger
object or a Floa t object. The ty pe � eld indicates which kind of object is stored
in the value �eld of the class, essentially implementing a tagged union.1 The
class also maintains the positi ve �eld , which is 1 if the wrapped number is
positive and 0 otherwise.

Our bitwidt h analysis usesan interprocedural value-
o w algorithm to com-
puteupper and lower bounds for thevaluesthat canappear in each variable. This
analysis t racks the 
o w of values across procedure boundaries via parameters,
into and out of the heap via instance variables of classes, and through interme-
diate temporaries and local variables in the program. It also reasons about the
semanti cs of arithmeti c operators such as + and * to obtain boundsfor the values
computed by arith metic expressions. This analysis discovers the following facts
about how the program usesthis class:a) the in teg er Type �eld always has the
value 0, b) the f lo atType �eld always has the value 1, c) the ty pe �eld always
has a value between0 and 1 (inclusive), and d) the posi tiv e �eld always has a
value between0 and 1 (also inclusive).

Our compiler usesthis information to removeall occurrencesof thein teg er Type
and fl oat Type �elds from the program. It replaceseach read of the int egerType
�eld with the constant 0, and each read of the flo at Type �eld with the constant
1. It also usesthe bounds on the valuesof the ty pe and posit ive variables to
reduce the sizeof the corresponding � elds. Our currently implemented compiler
rounds �eld sizes to the nearest byte required to hold the range of values that
can occur. Our byte packing algorithm then generates a densepacking of the
values,attempt ing to preserve the alignment of the variables if possible. In this
case,the algorit hm can reduce the � eld sizesby six bytes and the overall sizeof
the object by one four-byte word. If the runtime can support unaligned objects

1 This classis a simpl�ed version of similar classesthat appear in someof our bench-
marks. Seefor example the j ess. Value classin SPECjvm98 benchmark jes s.



public fin al cl ass SmallStri ng f
priva te f inal char val ue[];
priva te f inal int count;
int getOf fset( ) f retu rn 0; g
...
publi c char charAt (int i) f
retu rn value[ getOffse t()+i ];

g
g
public fin al cl ass BigString

exte nds SmallStri ng f
priva te f inal int offs et;
int getOf fset( ) f retu rn offse t; g

g

public Small Strin g substr ing(i nt start)
f
in t nof f = offse t + star t;
in t ncnt = count - start ;
if (nof f==0)
r eturn new SmallStr ing

( valu e, noff, ncnt );
el se
r eturn new BigStrin g

( valu e, noff, ncnt );
g

(a) (b)

Fi g. 2. (a) Stati c specializat ion of java .lan g.Str ing . (b) Dynamic selection among
specialized classesin a method from j ava. lang. Stri ng.

without ext ernal fragmentat ion, we can reduce the object size by the full six
bytes.

2.2 Static Special iza ti on

Figure 1b presents portions of the implementation of the j ava. lan g. Str in g
class from the Java standard classlibrary. The value �eld in this classrefers to
a character array that holds the characters in the string; the count �eld holds
the length of the st ring. In somecases,instancesof the Str ing classare derived
substrings of other instances(seethe subst ri ng method in Figure 1b), in which
casethe off set �eld provides the o�set of the starting point of the string wit hin
a shared val ue character array. Note that the value , offs et , and count �elds
are all init ialized when the string is constructed and do not change during the
lif et ime of the string.

In practice,most st ringsarenot created asexplicit substringsof other strings,
so the off set �eld in most strings is zero. In fact, all of the public Str in g
const ructorscreate stringswith off set zero; only thesubst rin g method creates
stringswith a non-zeroo�set. And evenat calls to the privateStr in g(i nt , i nt ,
char []) constructor inside the substr in g method, it is possibleto dynamically
test the valuesof the parameters at the allocation site to determine if the newly
const ructed string will have a zero or non-zero o� set.

Our analysis exploit s this fact by splitting the Stri ng classinto two classes:a
superclassSmal lSt ri ng that omit s the off set �eld , and a subclassBig Str in g
that extendsSmall Str in g and includes the off set �eld. Each of thesetwo new
classesimplements a get Offse t( ) method to replacethe �eld: the get Offse t( )
method in the SmallS tr ing class simply returns zero; but the get Offse t( )
method in the Bi gStri ng classreturns thevalueof theof fse t �eld in BigStrin g.
Figure 2a illustra tes this tr ansformation.

At every allocation site except the one inside the substri ng method, the
transformed program allocates a Smal lSt ri ng object. Inside the substr in g
method, the program generates code that dynamically tests if the o� set in the



substring will be zero. If so, it allocates a SmallS tri ng object; if not, it allocates
a Bi gStri ng object. (SeeFigure 2b.) This t ransformation therefore eliminates
the of fs et �eld in the majorit y of st rings.

The analysis required to support this tr ansformation takes place in two
phases. The �rs t phasescans the program to identify �elds that are amenable to
transformat ion.2 In our example, the analysis determines that the of fs et �eld
is never writ ten aft er it is init ialized. The next phase determines if the value
of this �eld is determined either by the const ructor that initialized it or if it
is a simple function of the parameters of the constructor. In our example, the
analysis determines that the of fse t �eld is zero for all constructors except the
private constructor invoked wit hin the subst ri ng method. It also determines
that, for objectscreated wit hin subst ring, the value of the of fs et � eld is simply
the value of the noff parameter to this constructor.

This analysis identi�es a set of candidate �elds. The analysis chooses one
of the candidate �elds, then splits the classalong the possible values that can
appear in the �eld. Our current implementation usespro�lin g to select the �eld
that will provide the largest space savings; our policy takesboth the sizeof the
�eld and the percentageof objects that have the samevalue for that �eld. In our
example, the analysis identi�es the off set �eld as the best candidate and splits
the class on that �eld. We can apply this idea recursively to the new program
to obtain the bene�t s of spli tting on multiple �elds.

2.3 Fi eld Exter nali zatio n

In the string examplediscussedabove, it was possible to determine which version
of the speciali zed class to useat object allocati on tim e. In some cases, however,
a given �eld may almost always have a given value, even though it is not possible
to statically determine when the value might be changed or which objects will
contain � elds of that value. In such caseswe apply another opti mizati on, �eld
externalization. This opt imizat ion removes the �eld from the class, replacing
�elds whose values di� er from the default value with hash table ent ries that
map objects to values. If an object/v alue mapping is present in the hash table,
that ent ry provides the value of the removed �eld. If there is no mapping for
a given object, the �eld is assumedto have the default value. In our current
implementation, we usepro�ling to identify the default value.

In this scheme,writes to the �eld are converted into a check to seeif the new
value of the �eld is the default value. If so, the generated code simply removes
any old mappings for that object from the hash table. If not, the generated code
replacesany old mapping with a new mapping recording the new value.

2.4 H ash/L ock Externa l iza ti on

Our currently implemented system applies �eld externali zation in a general way
to any �eld in the object. We would, however, like to highlight an especially
useful extension of the basic technique. Java implementations typically store an

2 SeeSect ion 3.5 for a more precise de�n ition.



object hash code and lock information in the object header. For many objects,
however, the program never actually uses the hash code or lock information.
Our implemented system therefore usesa variant of �eld externalization called
hash/ lock externali zation. This variant allocates all objects without the hash
code and lock informat ion �elds in the header, then lazily creates the �elds
when necessary. Speci�cally, if the program ever uses the hash code or lock
informat ion, the generated code creates the hash code or lock information for
the object , then stores th is informat ion in a table mapping objects to their hash
code or lock informat ion.3

Note that, in general, this transformat ion (as well as �eld externalization)
may actually increasespace usage. But in practice, we have found that our set
of benchmark programs rarely usesthese�elds. The overall result is a substan-
tial space savings. The combination of classpointer compression and hash/lo ck
elimination can produce a common-case object header size of one byte | one
byte for a class index and no space at all for hash code or lock.

3 Ana lysis A lgor i t hm s

In this section we will present details of the analyses that enable our tr ansfor-
mations.

3.1 Rapi d T yp e A nalysi s

We start with a rapid type analysis [6] to collect the set of instantiated classes
and callable methods. Thi s analysis allows us to generate a conservative call
graph for the program, using the known receiver type at the call-site and its set
of instantiated subclasses in the hierarchy. Basedon the classhierarchy, we can
also tag all leaf classesasf ina l , regardlessof whether the sourcecode contained
thi s modi�er. Methods which are not overridden, based on the hierarchy, are also
marked fi nal , and calls with a single receiver method are devirtualized. We also
remove uncallable methods and assign non-con
icting slots to interfacemethods
usinga graph-coloring algorithm. The resultsof someclasscasts and in st anceof
operations can also be determined stat ically using theseresults.

Our analysis keeps separate the set of mentioned and instantiated classes.
Alt hough type-checks can be made and methods invoked on abstract, interface,
or otherwise uninstantiated classes, every object in the heap must belong to
one of the instantiated class types. The sizeof the set of instant iated classesis
quite small for a typical Java program, and all but two of the benchmarks in
SPECjvm98 have lessthan 256 instant iated classtypes.4 Weuseth is information
to replace the class pointer in the object header, which identi�es the type of the
object , with a one-byte index into a small lookup table. The j ess and ja vac
benchmarks require more than one byte of index, but a two byte index amply
su�ces in these two cases.
3 The object' s address is used as its key when �eld externalization is done. The

garbage-collector is responsible for updating the �eld entri es if it moves objects,
by rehashing on the new address.

4 All have more than 256 total class types.



� hm; pi = hp; mi

hm l ; pl i + hmr ; pr i = h1 + max(m l ; m r ); 1 + max(pl ; pr )i

hm l ; pl i � hmr ; pr i =

�
max(m l + pr ; pl + mr );
max(m l + m r ; pl + pr )

�

h0; pl i ^ h0; pr i = h0; min( pl ; pr )i

hm l ; pl i ^ hmr ; pr i = hmax(m l ; m r ); max(pl ; pr )i

Fi g. 3. Some combination rules for bit width analysis. Note that the penultimate entry
is a special-case rule that only appli es if the neither of the arguments can be negativ e.

3.2 B it width Ana lysis

We usea 
o w-sensitive interprocedural bitwidth analysis to �nd constant values,
unused and constant �elds, and to reduce �eld sizeswhere possible. Our data-

o w framework usesWegman and Zadeck's Sparse Conditio nal Constant (SCC)
propagation algorithm [19] as a basis. We then extend their analysis interproce-
durally, add coverage of Java language features,and extend the value lattice to
handle bitwidt hs. Sincealmost all types in Java are signed (wit h the exception
of the 16-bit char ), we must be able to describe bitwidt hs of both negative and
positive numbers, which we do by splitt ing the set of values into negative, zero,
and positive parts, and describing the bitwidth of each individually.

We abst ract sets of non-singleton integer values into a tuple hm; pi where
m � 1+ blog2 N c for all negative N in the set, and p � 1+ blog2 N c for positi ve
N . We use m = p = 0 to represent the constant zero. Some combinat ion rules
for arit hmetic operations are shown in Figure 3. The rules for simple arith metic
operators should be self-evident upon examination (adding two N bit integers
yields at most an N + 1-bit integer, for example) alt hough care must be taken
to ensure that combinat ions of negative and positive integers are handled cor-
rectly. Our implementation contains additional rules giving it greater precision
for common special cases,such as mult iplicat ion by a one-bit quantit y, division
by a constant , or (as the �gur e shows) bit�eld operations on posit ive numbers.

Tr eatme nt of Fie lds Data
o w on this bitwidth lat tice is performed on the
entire Java program interprocedurally. The analysis is what Heintze and Tardieu
[11] would call � eld-based; that is, given a �eld f de�ned in class X , and an
instance of X named x, we consider an assignment to x:f to be an assignment
to the �eld X :f and ignore the base object x.5 The result of the analysis is a
bitwidt h speci�cation for each variable and � eld in the program. As the analysis
is basedon SCC, we also identify constant variables and �elds ; we replacereads
of constant � elds with their constant value and the � eld is eliminated.

5 An obvious extension is to use pointer analysis to discriminate between � elds allo-
cated at di�eren t sites in the program.



Other Detail s Our analysis handlesmethod calls by merging the lattice values
of the method parameters at the call site with the formal parameters of the
method. Similarly, the return value of the method is propagated back to all call-
sites. Our compiler's intermediate representation handles thrown exceptionsby
treat ing the method return value as a tuple, and the call sit e as a condit ional
branch. The \ normal return value" is assigned and the �rst branch taken on a
normal method return, and the \ exceptional return value" is assigned and the
second branch taken when an exception is thr own from the method.

Our implementatio n of this analysis is actually context-sensitive, with a user-
de�ned context length. All results presented here wereobtained wit h the context
set to zero; we saw no clear bene� t from 1- or 2-deep calling contexts, and the
increasein analysis execution time was considerable.

Spacedoesnot permit us to describe the remainingdetails of the full analysis,
including the extension of the value lattice to handle the full range of Java types,
the classhierarchy, null and Strin g constants, and � xed-length arrays. We refer
the interested reader to [4] for an exhaustive description.

3.3 De� ni te Initi al iza ti on Analysis

Java � eld semantics dictate that uninitialized �elds must have the value zero (or
null , for pointer �elds). It may seem,then, that the start ing lattice value for
every integer �eld should be 0. This, however, prevents us from �n ding non-zero
�eld constants in the program: a simple initializa tion statement like x=5 will
assign x the value 0 u 5, which is not equal to 5!6

We perform a de�nite ini tialization analysis to remedy thi s problem and
restore precision to our analysis. For example, wit h only constructor A1 in the
following code, �eld f will get the latt ice value 5:

publi c cl ass A f
i nt f ;
A1( ...) f f = 5; g
A2( ...) f / * no assi gnment to f * / g

g

Without constructor A2 in the class,we say that �eld f is de�n itely initia li zed
becauseevery constructor of A assigns a value to f before returning or calling
an unsafe method. Addi ng const ructor A2 allows the default 0 value of f to be
seen;f is then no longer de�nit ely-initi alized.

We actually allow the constructor great 
exibilit y in regard to de�ni te ini-
tializat ion; it is free to call any method which does not read A.f before �nally
executing a de� nite init ializer. We construct a mapping from methods to all
�elds which they may read, in a 
o w-insensit ive manner, and compute a transi-
tiv e closure of this map over the call graph to determine a \safe set " of methods
which the constructor may call before a de�nit e initia lization of f . As long as
cont rol 
o w may not pass to a method not in the safe set before f is writ ten,
then f is de�nit ely initi alized.

6 On the SCC lattice of [19], 0 u 5 = > (but see footnote 7).



When performing bitwidth analysis, de�nit ely-init ialized �eld s are allowed to
start at ? in the data
o w latt ice.7 All other �elds must start at value 0, which
will make it impossible for the �eld to represent a non-zero constant value. The
results of the de�nit e init ialization analysis are also usedwhen pro�ling mostly-
constant �elds, as described in the next section.

3.4 Pro�l ing M ostl y -Constan t Fi elds

To inform the static specialization and �eld externalization transformat ions, we
instrument a pro� ling build of the code to determine which �elds are mostly-
constant. Our implementation builds onebinary per examined constant, that is,
one binary to look for \ mostly-zero" �elds, a separate binary to look for �elds
which are usuall y \o ne", a third binary to look for �eld scommonly \ two", and so
forth. We built ten binaries for each benchmark, looking for �eld default values
in the interval [� 5; 5]. For pointer � elds, we only look for nul l as a default
value. Alth ough our use of multiple binaries is by no means necessary, for ease
of exposition we will discussour pro�ling technique as if there is a single default
value N which we are looking for.

Our inst rumentation pass starts by adding a counter per class to record the
number of times each exact class type is instantiated. We also add per-�eld coun-
ters which are incremented the �r st t ime a non-N value is stored into a certain
�eld. 8 By comparing the number of t imes the class (thus �eld) is instantiated
and the number of tim es the �eld is set to a non-N value, we can determine
the amount of memory recoverable by applying a \mo stly-N " tr ansformation
to the �eld, whether static specialization or � eld externalization. We use this
potential savings to guide our selection of �elds for static specializat ion, using
the � eld and default value which the pro� le indicateswill yield the largest gain.
If static specializat ion isn' t an opt ion, the proport ion of non-N �elds helps indi-
cate whether ext ernalizati on is likely to result in a net savings; seeSection 4.2
for further discussion.

There is one last detail to attend to: when looking for non-zero N values,
the default zero value of uninit ialized �elds becomes a problem. For these cases,
we use the de�nite-initializa t ion analysis described in the previous section to
increment the \ non-N " counter on any path where the �eld in quest ion is not
de�nit ely init ialized.

3.5 Fi nding Sub class-Fi nal Fie lds

Our stat ic specializat ion transformat ion can only be applied to what we call
subclass-�nal �elds. Subclass-�na lit y is a less strict but similar constraint to

7 We use ? for \ noth ing known" and > for \un der-constrained" ; another segment of
the compiler communit y commonly reversesthese de� nitio ns.

8 Note that th is requires storing an addit ional bit per �eld during pro� ling to record
whether a non-N value has been seenpreviously.



Java's fi nal modi�er . Wedo a single-passanalysis to determinesubclass-�nalit y,
using the results from the bitwidth analysis to improve our precision.9

A subclass-�nal �eld f of a class A can be written to from any method of a
subclass of A, aswell as in any constructor of A. In each write, the receiver's type
must be a subtype of A, except inside A's const ructors, where the receiver may
also be the method's th is parameter. Mul tiple writes to f are permitted, unlike
the Java-fi nal �elds.

Subclass-�nalit y matchesthe requirements of the static specialization trans-
formation. Since we always insert a \big " version of the original split class as
parent to any subclasses,subclassescan write to the �eld in objectsof the \big "
type without restrict ion. We need only restrict writes which occur in the class
proper.

Our analysis constructs the set of subclass-�n al � eldsby �nding its dual, the
set of non-subclass-�nal �elds . We scan every method and collect all � elds with
illegal writ es; all � elds found are added to the set of non-subclass-�nal � elds.

3.6 Construc tor Cl assi�cat ion

The �nal requirement to enable static specialization is to ident ify constructors
which always ini tia li ze certain �elds in a given way. In particular , we wish to �nd
const ructors which always give �elds stat ically-known constant values,as well as
const ructors which ini tia li ze � elds with simple functions of their input param-
eters. The �r st case enablesus to unconditionally replace an instant iated class
with a smaller split version; the second case allows us to wrap the constructor
in an appropriate condit ional to enable the creat ion of the small version when
possible.

This analysis is simple, becauseit builds upon our previousresults.In a single
passover the constructor, wemerge thevalueswrit ten to a selectedsubclass-�nal
�eld, t reating ParamN as an abstract value for the N th constructor parameter.
We t reat any call to a th is( ) constructor as if it were inlined. By the properties
of subclass-�nal �elds, we know that all writes to the �eld are to the t hi s object
and that there are no bad writes to the �eld outside of the constructor. If the
merged value at the end of the pass is a Par amvalue or a constant equal to
the desired \ default" value of the selected �eld, then we can staticall y specialize
on the �eld at this const ructor site. Further, we rule out specialization on any
otherwise-suitable �elds for which there is not at least one callable constructor
amenable to static specialization.

4 Imp lemen t at ion Issues

In this section we will talk brie
y about some of the practical issuesarising in
an implementat ion of our space-saving techniques.

9 By using analysis rath er than relying on programmer speci�catio n, the author need
not restrict all users of their code in order to obtain maximum e�ci ency for some
constrained usesof it.



4.1 B yte Pack ing

A typical Java implementati on may waste large amounts of space by aligning
�elds for themost e�cien t memory access.Fieldsare often alignedto their widths
(a 4-byte �eld will be placed at an address which is an even multiple of 4, for
example), and the object as a whole is often placed on a double-word boundary.
Our implementatio n placesobject �elds at the nearest byte boundary, alt hough
the informat ion provided by our bitwidth analysis is su�cien t to bit-pack the
�elds in the object when space is tr uly at a premium. Preliminary investigation
indicated that the amount of additional spacegained by bit-packing is typically
only a few percent, becausethere aren't enough sub-byte �elds to �ll the space
\w asted" by byte alignment.

Some archit ectures penalize unaligned accesses to �elds. It is worth while
to attempt to align � elds to their preferred alignment while not allowing this
to cause the object size to grow. Further, there are often forced alignment con-
straints on (for example) pointers. Our Java runtime usesa conservat ive garbage
collector; it s e�ciency decreasesmarkedly if pointers are not word-aligned.10

Our \ byte-packing" heuristic achievestight packing of �elds while respecting
forced alignments. Packing proceeds recursively through superclasses,and re-
turns a list of free-spaceintervals available betweenthe � elds of the superclass.
The algorithm � rst placesall forced-alignment � elds in the class,from largest to
smallest . The aim is for the alignment-induced spacesleft by the large �elds to
be �llable by the following smaller �elds.

When there are no more forced-alignment �elds, we at tempt to allocate �elds
on their \ preferred" alignment boundaries, largest � rst. At this stage �elds are
not allowed to intro duce an alignment gap at the end of the object . If their
preferred alignment doesnot allow them to be placed 
ush against the last �eld
of the object, they are skipped.

Finally, when there are no more �elds satisfying preferred-alignments, we
allocate the smallest available � eld at the lowest possible byte boundary. The
aim is that the small �elds will �ll space and nudge the end of the object out so
that a larger �eld may be allocated on its preferred alignment. After each �eld
is placed, we begin again by att empting to place �elds on preferred boundaries.

This heuristic strategy has been observed to work well in practice, and the
penalties for occasionally placing an unaligned non-pointer �eld have not been
observed to have a material adversee�ect on performance (seeSection 5.3).

4.2 External H ashtable I mplem enta ti on

Closeatt ent ion to theimplementation of the hashtable usedfor �eld and hash/ lock
externalization is necessary to realize the ident i�ed possible gains. To maxi-
mize space savings, we need to use as lit tle space per �eld stored in the table
as possible. The overhead of dynamically allocated buckets and the required
next pointers makes separate chaining impract ical as a hashtable implementa-
tion technique. Open-addressing implementations are preferable: in addition to
the value being stored, all that is necessary is a key value and the empty space

10 This means that objects have to be word-aligned as well.



required to limit the load-factor. A load factor of two-thir ds and one-word keys
and values yield an average space consumption of three words per �eld . This
implementation breaks even when the most ly-zero �elds ident i�ed are zero over
66% of the time. This break-even point is compared to the pro�ling data to allow
our �eld externalizat ion transformat ion to intelligently choosetargeted �elds.

Key-size reduct ion is an important component of the implementation: a na•�ve
approach would combine a one-word referenceto the virtual-container object and
a one-word �eld identi�er for a two-word key. The large key will shift the break-
even point up so that only �elds which are 82% zero will pro�t . Instead, we
can o�set the object reference (up to the limit of it s size) by small integers to
discriminate the externalized �elds of the object, yielding a single-word key.

Our implementatio n leveragesthe garbage-collector to remove unneededen-
tries from the hashtable.

4.3 Class Loading and Re
ection

This research was conducted using the MIT FLEX compiler infrastructure,11

which is a whole-program static compiler. Although the analyses as described
re
 ect this, it would be straight forward to use extent analysis [16] to apply trans-
formations to only the closed-world portions of a program which used dynamic
class loading. The space allocated to the class index could be updated during
garbage collection as new classesare discovered. Concurrent pro�ling could ac-
tually expose more opportunities for spacecompression in a JIT environment.
And our various transformat ions neednot be user-visible if the re
 ection imple-
mentation is carefully writ ten.

5 Exp erim ental Result s

We have implemented all of the analyses and tr ansformations described in this
paper in FLEX. We measure the e�ectiv enessof our opt imizat ions by using
FLEX to analyze the SPECjvm98 benchmarks and apply our transformations,
then measuring the resulting spacesavings and performance. All benchmarks
were run on a dual-processor 900 MHz Pentium II I running Debian Linux.

5.1 M emor y Savi ngs

To evaluate the e� ectivenessof our technique at reducing the amount of memory
required to execute the program, we �r st ran an inst rumented version of each
applicat ion with no space optimizations. We used this instrumented version to
compute the maximum amount of live data on the heapat any point during the
execution. We then ran an instrumented version of our program after each stage
of optimization. These versions enabled us to calculate the amount by which
each technique reducedthe size of the live heap data.

Figure 4a presents the total space savings numbers. This �g ure contains a
bar for each application, with the bar broken down into categories that indicate

11 Available from http ://fl exc. lcs.m it.e du/ .
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the percentage of live data from the original unopti mized execution that we
were able to eliminate with each optimization. The black section of each bar
indicates the amount of live heap data remaining after all optimi zations. We
obtain as much as 40% reduction in live data on the ja vac benchmark, with
almost all of this reduct ion coming from our bitwidth-dr iven �eld reductions
and static specializat ion. In fact we obtain more than 15% reduction on all of
the \ object-oriented" benchmarks. The compres s benchmark allocates a small
number of very largearrays, limit ing the optimization opportunities discoverable
by our analysis. Likewise, the r ayt ra ce and mtrt benchmarks makeheavy useof

oa ti ng-point numbers, lim iting theapplicabilit y of our integer bitwidth analysis.
However, these raytracing benchmarks allocate a large number of small arrays
to represent vectors and matr ices,and so our header opt imizat ions still allow us
to reducethe maximum live data sizeby over 20%.

We also used an instrumented executable to determine the total amount
of memory allocated during the ent ire execution of the program, in both the
optimized and unopt imized versions. Reducingthis total allocation decreasesthe
load on the garbage collector. Figure 4b presents the spacesavings according to
thi s metric. Comparison to the previous � gure reveals that long-lived objects
provide proportionally more opportun ities for optim ization.

5.2 Ob jects Versus Ar rays

The majorit y of our optimizatio ns are designed to optimize object �elds rather
than arrays. For context, we present numbers that characterize the reductions
in total allocat ion for objects only, rather than for both objects and arrays.
Figure 4c presents spacesavings numbers for objects alone, omit ting any storage
required for arrays. Figure 4d explains the di�erence by showing how the total
program allocation for each benchmark is broken down into array and object
allocations. The reason for our poor performanceon compress is now obvious|
a few largeuncompressible integer arrays account for over 99% of the total space
allocated.

5.3 Executio n T imes

We next evaluate the execution time impact of applying our spaceopt imiza-
tions. Figure 4epresents the normalized execution tim esof each applicat ion after
the applicat ion of our sequence of opt imizat ions. Thesenumbers show that the
�rs t several optimizations (class pointer compression, � eld reduction, and byte
packing) typically reduce the execution times, while the remainder (static spe-
cialization, �eld externalization, and hash/lo ck externalization) generate modest
increasesin theexecutiontimes. The speedup is dueto reducedGC times, despite
the indi rection and misalignment costs. Static specialization's virtualiza t ion of
�elds is responsible for its slowdown; it is likely that an optimized speculatively-
inlined implementat ion of the �eld accessors which it adds to the program would
improve it s performance.Field externalization (including hash/lock externaliza-
tion) causesthe expectedpenalt y for hashtable lookup; note that synchronization
elimination would great ly reducethecost of hash/lock externalization in the four
caseswhere the overhead is unreasonable.



6 Rela t ed Work

Many researchershave focused on the problem of reducing the amount of header
space required to represent Java locks [5, 12, 1]. The vast majorit y of programs
do not use the lock associated wit h every object in it s full generalit y, so it is
possible to develop improved algorit hms optimized for the common case. The
idea is to represent the lock with the minimum amount of state (t ypically a
bit ) required to support the common usage pat tern of an acquire followed by
a release, and to back o� to a more elaborate scheme only when the thread
exhibits a more complex pattern such as nested locking. The primary focus
has been on improving performance rather than on reducing space; however,
many of the algorit hms also eliminate the needto store the complicated locking
objects required to support the most general lock usage pat tern possible in a
Java program. These techniques typically reduce the lock spaceoverhead to 24
headerbits [5].

Research in escape analysis and related analyses can enable the compiler to
�nd objects whose locks are never acquired [2, 7, 20, 9, 13, 15]. This information
can enable the compiler to remove the space reserved for synchronization sup-
port in these objects. Our hash/lo ck removal algorithm uses a totally dynamic
approach basedon our �eld externalizat ion mechanism.

Several researchershaveusedbitwidth analysisto reducethesizeof the gener-
ated circuits for compilers that generate hardware implementat ions of programs
written in C or similar programming languages[3, 4, 14, 17, 8].

Dieckmann and H•olzle have performed an in-depth analysis of the memory
allocation behavior of Java programs [10]. Although space is not their primary
focus, their study doesquantify the spaceoverhead associated wit h the useof a
two-word header and of 8-byte alignment. In general, our measurements of the
memory system behavior of Java programs broadly agree with their measure-
ments.

Sweeneyand Tip [18] did a study of dead members of C+ + programs,which
is similar to the unread � eld eliminat ion doneby our bitwidt h analysis.However,
they fail to identify constant members, which our SCC-based algorith m does
easily. Further, our results show that unread and constant � eld elimination is
very dependent on the coding style of a particular application. The collection
of techniqueswe have presented here givesmuch more consistent savings over a
wide range of benchmarks.

7 Conclu sions

We have presented a set of techniques for reducing the memory consumption
of object-oriented programs. Our techniquesinclude program analysesto detect
unused, constant, or overly-wide �elds, and transformat ions to eliminate �elds
with common default valuesor usage pat terns. These techniques apply equally
well to both user-de�ned �elds and �elds implicit in the runt ime's object header,
and can reducethe maximum heap required for a program by as much as 40%.
Our experimental results from our fully- implemented system validate the oppor-
tun it y for space savings on typical object oriented programs.



References

[1] O. Agesen, D. Detlefs, A. Garthwaite, R. Knipp el, Y. Ramakrishna, and D. White.
An e�cien t meta-lock for implementi ng ubiquito us synchronizat ion. In Proceed-
ings of the 14th Annual Conference on Object-Orient ed Programming Systems,
Languagesand Applications, Denver, CO, November 1999.

[2] J. Aldrich, C. Chambers, E. Sirer, and S. Eggers. Static analyses for eliminat-
ing unnecessary synchronization from Java programs. In Proceedings of the 6th
International Stat ic Analysis Symposium, September 1999.

[3] C. Scott Ananian. Silicon C: A hardware backend for SUIF. Available from
http ://f lex-c ompiler.l cs.mit.e du/Si lico nC/paper. pdf , May 1998.

[4] C. Scott Ananian. The static single informati on form. Technical Report MIT-
LCS-TR-801, Massachuset ts Institut e of Technology, 1999.

[5] David F. Bacon, Ravi Konuru, Chet Murth y, and Mauri cio Serrano. Thin locks:
Featherweight synchronization for Java. In Proceedings of the ACM SIGPLAN
'98 Conference on Programming Language Design and Implementation (PLDI ),
pages258{268, Montreal, Canada, 1998.

[6] David F. Bacon and Peter F. Sweeney. Fast stat ic analysis of C++ virt ual function
calls. In Proceedings of the 11th Annual Conference on Object-Or iented Program-
ming Systems, Languagesand Appli cations, pages324{341, Calif ornia, 1996.

[7] J. Bogda and U. Hoelzle. Removing unnecessary synchronization in Java. In Pro-
ceedings of the 14th Annual Conference on Object-Oriented Programming Systems,
Languagesand Applications, Denver, CO, November 1999.

[8] M. Budiu, S. Goldstein, M. Sakr, and K. Walker. BitV alue inference:Detecting
and exploiti ng narrow bitwidth computatio ns. In Proceedings of the EuroPar 2000
European Conference on Parallel Computing. Mun ich, Germany, August 2000.

[9] J. Choi, M. Gupta, M. Serrano, V. Sreedhar, and S. Midk i� . Escape analysis for
Java. In Proceedings of the 14th Annual Conference on Object-Orient ed Program-
ming Systems, Languagesand Appli cations, Denver, CO, November 1999.

[10] Sylvia Dieckmann and Urs H•olzle. A study of the allocation behavior of the
SPECj vm98 Java benchmarks. In Proceedings of the 13th European Conference
on Object-Or iented Programming, August 1999.

[11] Nevin Heintze and Oli vier Tardieu. Ultra-fa st aliasing analysis using CLA : A
mill ion li nes of C code in a second. In Proceedings of the ACM SIGPLAN '01
Conference on Programming LanguageDesign and Implementat ion (PLDI) , pages
254{2 63, Snowbird, Utah, June 2001.

[12] T. Onodera and K. Kawachiya. A study of locking objects with bimodal �el ds.
In Proceedings of the 14th Annual Conference on Object-Or iented Programming
Systems, Languages and Appli cations, Denver, CO, November 1999.

[13] E. Ruf. E�ectiv e synchronizat ion removal for Java. In Proceedings of the SIG-
PLAN '00 Conference on Program Language Design and Implementat ion, Van-
couver, Canada, June 2000.

[14] Radu Rugina and Martin Rinard. Symbolic bounds analysis of pointers, array
indices,and accessed memory regions. In Proceedings of the ACM SIGPLAN '00
Conference on Programming LanguageDesign and Implementat ion (PLDI) , pages
182{1 95, Vancouver, Canada, June 2000.

[15] A. Salcianu and M. Rinard. Pointer and escape analysis for multithrea ded pro-
grams. In Proceedings of the 8th ACM SIGPLAN Symposium on Principles and
Practice of Parallel Programming, Snowbird, UT , June 2001.



[16] Vugranam C. Sreedhar, Michael Burk e, and Jong-Deok Choi. A framework for
interprocedural opti mizati on in the presence of dynamic class loading. In Pro-
ceedings of the ACM SIGPLAN '00 conference on Programming language design
and implementation, pages 196{2 07. ACM Press,2000.

[17] M. Stephenson,J. Babb, and S. Amarasinghe. Bit width analysis with application
to sili con compilati on. In Proceedings of the SIGPLAN '00 Conference on Program
Language Design and Implementation, Vancouver, Canada, June 2000.

[18] Peter F. Sweeneyand Frank T ip. A study of dead data members in C++ appli-
cations. In Proceedings of the ACM SIGPLAN '98 Conference on Programming
Language Design and Implementation (PLDI) , Montreal, Canada, 1998.

[19] Mark N. Wegman and F. Kenneth Zadeck. Constant propagation with conditio nal
branches. ACM Transactions on Programming Languagesand Systems, 13(2):181{
210, April 1991.

[20] J. Whal ey and M. Rinard. Compositio nal pointer and escape analysis for Java
programs. In Proceedings of the 14th Annual Conference on Object-Or iented Pro-
gramming Systems, Languages and Appli cations, Denver, CO, November 1999.


