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ABSTRACT
We present a set of techniques for reducing the memory
consumptio n of object -oriented programs. These techniques
include analysis algorith ms and optimiz ations that use the
results of these analyses to eliminate �elds with constant
values, reduce the sizes of �elds based on the range of val-
ues that can appear in each � eld, and eliminate �elds with
common default values or usage patterns. We apply these
opti mizati onsboth to � elds declared by the programmer and
to impli cit � elds in the runtime object header. Although it
is possible to apply thesetechniques to any object-oriented
program, we expect they will be particula rly appropri ate for
memory-li mited embedded systems.

We have implemented these techniques in the MIT FLEX
compiler system and appli ed them to the programs in the
SPECjvm98 benchmark suite. Our experimental results show
that our combined techniquescan reduce the maximum liv e
heap size required for the programs in our benchmark suite
by as much as 40%. Some of the opti mizati ons reduce the
overall executio n time; others may impose modest perfor-
mance penalt ies.
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ming Languages ]: Processors| Optimi zation ; E.2 [Da t a
St or age Represe ntat ions]: Object representati on
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1. INT RODUCTION
We present a set of techniques for reducing the amount of

data space requir ed to represent objects in object-oriented
programs. Our techniques optimize the representat ion of
both the programmer-de�ned �elds within each object and
the header informati on used by the run-ti me system:

� F iel d R educ tion: Our 
 ow-sensitive, interpro cedu-
ral bit width analysis computes the rangeof values that
the program may assign to each �eld. The compiler
then transforms the program to reduce the size of the
�eld to the smallest type capable of storing that range
of values.

� Unread and Con st ant F iel d Elim ination: If the
bit width analysis �nd s that a �eld always holds the
same constant value, the compiler eliminate s the �el d.
It removes each wri te to the � eld, and replaces each
read with the constant value. Fields without exe-
cutable reads are also removed.

� Stat ic Specialization: Our analysis �nd s classeswith
�elds whose values do not change after initia li zation,
even though di�eren t instancesof the object may have
di�eren t values for these �elds. It then generates spe-
cialized versions of each class which omit these �elds,
substitut ing accessor methods which return constant
values.

� F iel d Externali zation: Our analysis uses pro�li ng
to �n d �elds that almost always have the same default
value. It then removesthese �elds from their enclosing
class,using a hash table to store only valuesof the � eld
that di�er from the default value. It replaces writes to
the �el d with an insertion into the hash table (i f the
wri tt en value is not the default value) or a removal
from the hash table (if the wri tt 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.

� Cl ass Poin ter Compr ession: We use rapid type
analysis to compute an upper bound on the number
of classesthat the program may instantiate. Objects
in standard Java implementatio ns have a header �el d,



commonly called claz , which contains a pointer to the
classdata for that object, such as inheritance informa-
tio n and method dispatch tables. Our compiler uses
the results of the analysis to replace the referencewith
a smaller o�se t into a table of pointers to the class
data.

� Byte Packi ng : All of the above tra nsformatio ns may
reduce or 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 minimi ze the object size.

All of these transformati ons reduce the space required to
store objects, but some potential ly increase the running ti me
of the program. Our experimental results show that , for our
set of benchmark programs, all of our techniques combined
can reduce the peak amount of memory required to run the
program by as much as 40%, although the running ti me
may increase. In a memory-limi ted embedded system where
performance is not cri tical , cost savings may directly result
from the reduced minimum heap size.

1.1 Contrib utions
This paper makes the following contri butio ns:

� Spac e Reduction Tran sfo rmations: It presents a
set of novel transformati ons for reducing the memory
required to represent objects in object-oriented pro-
grams.

� Anal ysis Algorith m s: It presents a set of analysis
algorithms that automatically extra ct the informat ion
required to apply the space reducti on tra nsformatio ns.

� Imple men t ation: We have full y implemented all of
the analyses and techniques presented in the paper.
Our experiencewith th is implementation enablesus to
discussthe pragmatic details necessary for an e�ectiv e
implementat ion of our techniques.

� Exp erime ntal Resul t s: This paper presents a set
of experimental results that characterize the impact of
our tra nsformatio ns, revealing the extent of the savings
available and the performance cost of atta ining them.

2. EXAMPLE S
We next present a pair of examples that illustra te the

kinds of analyses and transformati ons that our compiler per-
forms.

2.1 Field Reduction and ConstantField
Elimination

Figure 1 presents the JValue class, which is a wrapper
around either an Inte ger object or a Flo at object. The
t ype �el d indicates which kind of object is stored in the
value �eld of the class, essent ially implementing a tagged
union.1 The class also maintai ns the positive �eld, which
is 1 if the wrapped number is posit ive and 0 otherwise.

Our bitwidth analysis uses an interpro cedural value-
o w
algorithm to compute upper and lower bounds for the values
1This class is a simpli�ed version of simil ar classes that
appear in some of our benchmarks. See for example the
j ess.Value classin SPECj vm98 benchmark jess .

public cla ss JVal ue f
int int egerType = 0;
int flo atT ype = 1;
int typ e, posi tiv e;
Object val ue;
voi d setIn tege r(I nteg er i) f

type = inte ger Type; value = i;
posi tiv e = (i. intV alu e() > 0) ? 1 : 0;

g
voi d setFl oat( Flo at f ) f

type = floa tTy pe; val ue = f;
posi tiv e = (f. floa tValue( ) > 0) ? 1 : 0;

g
g

Fi gur e 1: The JVal ue class.

that can appear in each variable. This analysis tra cks the

o w of values across procedure boundaries via parameters,
into and out of the heap via instance variables of classes,
and through intermediate temporaries and local variables in
the program. It also reasons about the semantics of ari th-
metic operators such as + and * to obtain bounds for the
values computed by arith met ic expressions. Assume that
the analysis examines the rest of the program (not shown)
and discoversthe following facts about how the program uses
this class: a) the in teger Type �eld always has the value 0,
b) the f loat Type �el d always has the value 1, c) the type
�eld always has a value between 0 and 1 (i nclusive), and d)
the positi ve �eld always has a value between0 and 1 (also
inclusive).

Our compil er uses th is informatio n to remove all occur-
rences of the inte gerType and fl oatType � elds from the
program. It replaces each read of the inte gerType � eld
with the constant 0, and each read of the float Type � eld
with the constant 1. It also usesthe bounds on the values
of the ty pe and positi ve variablesto 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, attempting to
preserve the alignment of the variables if possible. In this
case, the algorithm can reduce the �eld sizes by six bytes
and the overall size of the object by one four-byte word. If
the runti me can support unaligned objects without external
fragmentati on, we can reduce the sizeof all allocated JValue
objects by the full six bytes.

2.2 Static Specialization
Figure 2 presents portions of the implementatio n of the

ja va.la ng.Strin g class from the Java standard class li-
brary. The value �eld in this class refers to a character
array that holds the characters in the string; the count � eld
holds the length of the string. In some cases, instances of
the Stri ng class are derived substrings of other instances
(see the substrin g method in Figure 2), in which case the
of fset � eld provides the o�set of the starti ng point of the
stri ng within a shared value character array. Note that the
value , offse t , and count �elds are all initia lized when the
stri ng is constructed and do not change duri ng the li fetime
of the string.

In practice, most st rings are not created as explicit sub-
stri ngs of other strings, so the offset �el d in most strings
is zero. In fact, all of the public Stri ng constructors create
stri ngs with offset zero; only the substrin g method cre-
ates strings with a nonzero o�s et. And even at calls to the
private Strin g(in t, in t, char[ ]) constructor inside the



publi c fi nal cla ss Stri ng f
pr ivat e f inal char valu e[];
pr ivat e f inal in t of fse t;
pr ivat e f inal in t count ;
.. .
public char char At(i nt i) f

ret urn val ue[ offs et+ i];
g
public St ring substr ing (int st art)
f

int noff = of fset + star t;
int ncnt = count - start ;
ret urn new St ring (no ff, ncnt, valu e);

g
g

Figur e 2: Port ion s of the ja va.l ang.Strin g class.

substr ing method, it is possible to dynamically test the
values of the parameters at the allocation site to determine
if the newly constructed stri ng wil l have a zero or nonzero
o�set.

Our analysis exploits this fact by splitti ng the Strin g
class into two classes: a superclassSmallStri ng that omits
the off set �eld, and a subclass BigStri ng that extends
SmallS trin g and includes the offs et �eld. Each of these
two new classes implements a getOffse t() method to re-
placethe �eld: the get Offs et() method in the SmallS trin g
class simply returns zero; but the get Offse t() method in
the Bi gStri ng classreturns the value of the offse t �eld in
BigStr ing . Figure 3 il lustrates this transformat ion.

At every allocation site except the one inside the substrin g
method, the transformed program allocates a SmallS trin g
object. Inside the substri ng method, the program gener-
ates code that dynamically tests if the o�set in the substri ng
will be zero. If so, it allocatesa SmallStr ing object; if not, it
allocatesa BigSt ring object. (See Figure 4.) This transfor-
mation therefore elimina tes the off set �eld in the majori ty
of strings.

The analysis requir ed to support this transformati on takes
place in two phases. The �rst phase scans the program to
identif y � elds that are amenable to tra nsformatio n.2 In our
example, the analysis determines that the offs et � eld is
never written after it is initia lized. In the next phase, we
determine if the initia lized value of the �el d can be deter-
mined before the object is created, by examining the speci�c
constructor invoked and its parameters. In our example, the
analysis determines that the offse t � eld is zero for all con-
st ructors except the pri vate constructor invoked with in the
substr ing method. It also determines that, for objects cre-
ated with in substring, the value of the offs et � eld is simply
the value of the noff parameter to this constru ctor.

This analysis identi�es a set of candidate � elds. The anal-
ysis choosesone of the candidate �elds, then splits the class
along the possible values that can appear in the � eld. Our
current implementation usespro� ling to select the � eld that
will provide the largest spacesavings; our policy takesboth
the size of the �eld and the percentage of objects that have
the same value 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� ts of splitting on
multiple �elds.

In th is example all of the relevant �elds are pri vate ,
which would, in principle , enable an implementatio n to ap-

2See Section 3.5 for a precise de� nitio n.

public fin al clas s Small Str ing f
pri vate fi nal char value [];
pri vate fi nal int count;
int get Off set( ) f ret urn 0; g
...
public char charAt(in t i ) f

retu rn valu e[g etOf fse t()+ i];
g

g
public fin al clas s BigSt rin g exten ds SmallStr ing f

pri vate fi nal int off set ;
int get Off set( ) f ret urn off set ; g

g

Fi gure 3: St atic sp ecialization of ja va.l ang. Strin g.

public SmallS trin g subst rin g(in t start )
f

int nof f = off set + star t;
int ncnt = count - st art ;
if (nof f== 0)

retu rn new SmallSt rin g(va lue , noff, ncnt);
els e

retu rn new Big Stri ng( valu e, noff , ncnt) ;
g

Fi gu re 4: Dy namic select ion among special ized
classes in a me t ho d fr om ja va.la ng.String .

ply the optimi zation with an analysis of only the String
class. Our analysis, however, is powerful enough to examine
the rest of the program and discover the facts required to
apply the optimiz ation in the absence of pri vate or f inal
declaratio ns and even for �elds accessed outside their declar-
ing class.

2.3 Field Externalization
In the string example discussed above, it was possible to

determine which version of the specialized class to use at
object allocation ti me. In somecases, however, a given � eld
may almost always have a given value, even though it is not
possible to statica lly determine when the value might be
changed or which objects will contai n �el ds of that value.
In such cases we apply another optimi zation, �e ld external-
ization. This optimi zation removes the � eld from the class,
replacing �el ds whose values di�er from the default value
with hash table entries that map objects to values. If an
object/v alue mapping is present in the hash table, that en-
try provides the value of the removed �eld. If there is no
mapping for a given object, the �eld is assumed to have
the default value. In our current implementation, we use
pro�li ng to identify the default value.

In this scheme, wri tes 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 record-
ing the new value.

2.4 Hash/Lock Externalization
Our currently implemented system appli es �eld external-

ization in a generalway to any � eld in the object. We would,
however, li ke to highlight an especially useful extension of
the basic technique. Java implementatio ns typically store an
object hash code and lock information in the object header.
For many objects, however, the program never actually uses
the hash code or lock informat ion. Our implemented sys-
tem therefore uses a variant of �eld externali zation called
hash/lock externalization. This variant allocates all objects



without the hash code and lock infor mation � elds in the
header, then lazily creates the � elds when necessary. Specif-
ically, if the program ever uses the hash code or lock infor-
mation, the generated code creates the hash code or lock
informat ion for the object, then stores this informati on in a
table mapping objects to their hash code or lock informa-
ti on.3

Note that, in general, th is tra nsformatio n (as well as �eld
externali zation) may actually increasespace usage. But in
pract ice, we have found that our set of benchmark programs
rarely uses these �elds. The overall result is a substantia l
space savings. The combinati on of class pointer compres-
sion and hash/l ock eliminatio n can produce a common-case
object header size of one byt e| one byte for a class index
and no space at all for hash code or lock.

3. ANALYSIS AL GORIT HMS
In this section we will present details of the analyses that

enable our transformat ions.

3.1 Rapid TypeAnalysis
We start with a rapid type analysis [8] to collect the set

of instant iated classes and callable methods. This analy-
sis allows us to generate a conservati ve call graph for the
program, using the known receiver type at the call-site and
its set of instantia ted subclasses in the hierarchy. Based
on the class hierarchy, we can also tag all leaf classes as
f inal , regardless of whether the source code contained th is
modi�er. Methods which are not overridden, based on the
hierarchy, are also marked f inal , and calls with a single re-
ceiver method are devirtu alized. We also remove uncallable
methods and assign non-con
ic t ing slots to interface meth-
ods using a graph-coloring algorith m. The results of some
class casts and ins tance of operations can also be deter-
mined statically using these results.

Our analysis keepsseparate the set of mentioned and in-
stant iated classes. Although the program can contain type-
checks on and method-invocations of abstract, interface, or
otherwise uninstantiated classes, every object in the heap
must belong to one of the instant iated class types. The
size of the set of instant iated classes is quite small for a
typical Java program, and over half of the benchmarks in
SPECjvm98 have less than 256 instantia ted class types.4

We use this informat ion to replace the class pointer in the
object header, which ident i� es the type of the object, with a
one-byte index into a small lookup table. The jes s, j avac,
and ja ck benchmarks require more than one byte of index,
but a two byte index amply su�ce s in these th ree cases.

3.2 Bitwi dth Analysis
We use a 
o w-sensitiv e interpro cedural combined value-

propagation and bit width analysis to � nd constant values,
unread and constant � elds, and to reduce � eld sizes where
possible. Since almost all types in Java are signed (wi th the
exception of the 16-bit char ), we must be able to describ e
bit widt hs of both negativ e and positi ve numbers, which we
do by splitting the set of values into negativ e, zero, and pos-
itiv e parts, and describing the bit width of each individu ally.
3The object's address is used as its key when � eld exter-
nalizat ion is done. The garbage collector is responsible for
updating the �el d entrie s if it moves objects, by rehashing
on the new address.
4Note that all have more than 256 total class types.

� hm; pi = hp; mi

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

hm l ; pl i � hm r ; pr i =
�

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

�

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

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

Fi gu re 5: Some com binat ion rule s for bit w idt h
analy sis of ar i t hm etic and bit wise -logi cal operat ors.
Not e that the p enultim at e entr y is a special -case
r ul e t hat onl y appl ies i f the neither of t he argumen t s
can b e negat ive.

We abstract non-singleton sets of integer values into a
tup le hm; pi where m � 1 + blog2 N c for all negativ e N
in the set, and p � 1 + blog2 N c for positiv e N . We use
m = p = 0 to represent the constant zero. Some combina-
tio n rules for arithm etic operations are shown in Figure 5.
The rules for simple arithmetic operators should be self-
evident upon examination (adding two N bit integers yields
at most an N + 1-bit integer, for example) although care
must be taken to ensure that combinatio ns of negativ e and
positiv e integers are handled correctly. Our implementa-
tio n contai ns additi onal rules giving it greater precision for
common special cases, such as multipli cation by a one-bit
quantit y, division by a constant, and (as the �gure shows)
bit wise operations on positiv e numbers.

3.2.1 Treatmentof Fields
Data
o w on this bitwidth lattic e is performed on the en-

tire Java program interpro cedural ly. The analysis is �eld-
based [13]: for each �eld f in class X , the analysis uses the
abstract analysis value X :f to represent all of the values in
the f � eld of instances of X . The analysis therefore models
an assignment to f in any instance of X as an assignment
to the corresponding analysis value X :f .5 The result of the
analysis is a bit widt h speci� cation for each variable and � eld
in the program. We also identif y constant variables and
�elds; we replace reads of constant �elds with their constant
value and eliminate the �el d. Fields for which no reads are
found (even if wri tes are present) are also eliminated. 6

3.2.2 Other Details
Our analysis handles method calls by merging the lat-

tice values of the method parameters at the call site with
the formal parameters of the method. Similar ly, the return
value of the method is propagated back to all call -sites. Our
compiler's intermediate representatio n handles th rown ex-
ceptions by treating the method return value as a tuple,
and the call site as a conditio nal branch. The \ normal re-
turn value" is assigned and the � rst branch taken on a nor-
mal method return, and the \ exceptional retu rn value" is
assigned and the second branch taken when an exception is
thrown from the method.

Our implementati on of this analysis is actually context-
sensitiv e, with a user-de�ned context length. All results
5An obvious extension is to use pointer analysis to discrim-
inate between � elds allocated at di� erent program points.
6Note that checks which may throw excepti ons on reads and
writes are preserved.



to tal % al lo c' ed
Benc hm ar k �el ds unr ead constan t space saved
compress 298 75 31 2.5%
jess 485 91 43 9.9%
raytrace 341 75 30 0.0%
db 286 75 35 0.0%
javac 531 85 34 0.6%
mpegaudio 286 75 35 1.4%
mtrt 341 75 30 0.0%
jack 378 77 31 10.2%

Tab le 1: Num ber of un used and const ant �e lds in
SPEC benchmarks, and t he savi ng s real ized (in %
of t otal dynam ic all ocated byt es) by rem ovi ng them .

presented here were obtained with the context set to zero;
we saw no clear bene�t from 1- or 2-deep calling contexts,
and the increase in analysis time was considerable.

Space does not permit us to describe the remaining de-
tails of the full analysis, including the extension of the value
lattice to handle the full range of Java types, the classhier-
archy, null and Stri ng constants, and �x ed-length arrays.
We refer the interested reader to [5] for an exhaustive de-
scription of the intra procedural analysis.

In Table 1 we show the number of unread and constant
�elds found by th is analysis in our benchmark set. Table 2
shows the spacereduct ionsdue to bit width analysis and �eld
reduction using our byt e packing strategy.

3.3 De�nite In itiali zation Analysis
Java � eld semantics dictate that uninit ialized �elds must

have the value zero (or null , for pointer � elds). It may seem,
then, that the starting lattice value for every integer �eld
should be 0. This starting value, however, prevents us from
�nd ing nonzero �eld constants in the program: a simple
initial izati on statement li ke x=5 will assign x the value 0 u 5,
which is not equal to 5!7

We perform a de�ni te initial ization analysis to remedy
this problem and restore precision to our analysis. For ex-
ample, with only constructor A1 in the following code, �eld
f will get the lattice value 5:

publ ic clas s A f
int f;
A1 (... ) f f = 5; g
A2 (... ) f /* no assign ment to f * / g

g

Without constructor A2 in the class, we say that � eld f is
de�nitely initiali zed becauseevery constructor of A assigns
a value to f before returning or call ing an unsafe method.
Add ing constructor A2 allows the default 0 value of f to be
seen; f is then no longer de� nitel y initia lized.

We actuall y allow the constructor great 
ex ibilit y with
regard to de� nite initia li zation; it is free to call any method
which does not read A.f before �n ally executing a de�n ite
initial izer. We construct a mapping from methods to all
�elds which they may read, in a 
o w-insensitive manner, and
compute a transi t ive closure of this map over the call graph
to determine a \s afe set" of methods which the constructor
may call before a de�nite initi alization of f . As long as
contro l 
 ow may not pass to a method not in the safe set
before f is wri tten , then f is de�n itely init ialized.

7On the SCC lattice of [22], 0 u 5 = > (but seefootnote 8).

static �e ld bi t s % allo c'ed
Be nchmark befor e after space saved
compress 7591 5430 3.0%
jess 13349 10634 30.1%
raytrace 7467 5296 0.9%
db 6777 4983 0.3%
javac 11560 8161 5.4%
mpegaudio 6777 4983 1.5%
mtrt 7467 5296 0.9%
jack 8356 6037 17.2%

Table 2: Nu mber of �e ld bits in SPEC benchmarks
stat ical ly r emo ved due t o bit w idth anal ysi s, and the
dynami c savi ng s (in % of tot al allo cated bytes) of
�el d bit w idth r educ tion using byte packing.

When performing bit width analysis, de�n itely-initi alized
�elds are allowed to start at ? in the data
o w lattic e.8 All
other �elds must start at value 0, which wil l make it impossi-
ble for the �el d to represent a nonzero constant value. The
results of the de�nite initial izat ion analysis are also used
when pro�ling mostly -constant �elds, as described in the
next section.

3.4 Pro� ling Mostly­Constant Fields
To inform the static specializati on and � eld externali za-

tio n transformatio ns, we instru ment a pro�ling buil d of the
code to determine which �el ds are mostly-constant. Our im-
plementatio n buil ds one binary per examined constant, that
is, one binary to look for \ mostly-zero" �el ds, a separate
binary to look for � elds which are usually \o ne", a third
binary to look for � elds commonly \ two", and so forth. We
built eleven binari es for each benchmark, looking for � eld
default values in the interval [� 5; 5]. For pointer � elds, we
only look for null as a default value. It should be stressed
that our useof multiple separate binaries was solely for ease
of implementation, and is not an inherent limi tatio n of the
technique.

Our instrumentation passstarts by adding a counter per
classto record the number of times each exact classtype is
instantia ted. We alsoadd per-� eld counters which are incre-
mented the � rst time a non-N value is stored into a certain
�eld. 9 By comparing the number of times the class (th us
�eld) is instantia ted and the number of times the �eld is set
to a non-N value, we can determine the amount of mem-
ory recoverable by applying a \mo stly-N " transformati on
to the �eld, whether stati c specializat ion or �el d external-
ization. We usethis potentia l savings to guide our selection
of � elds for static specializat ion, using the � eld and default
value which the pro�le indicates wil l yield the largest gain.
If static specialization isn't an option, the proporti on of non-
N �elds helps indicate whether external izat ion is lik ely to
result in a net savings; seeSection 4.2 for further discussion.

There is one last detail to atten d to: when looking for
nonzero N values, the default zero value of uniniti alized
�elds becomesa problem. For thesecases,weusethe de� nite-
initi alization analysis described in the previous section to
8We use ? for \ nothing known" and > for \ under-
const rained"; another segment of the compiler communit y
commonly reversesthese de� niti ons.
9Note that implementing th is counter requires storing an
additio nal bit per �eld during pro�li ng to record whether a
non-N value has been seen previously.



alw ays-zero �eld bytes zer o b enchma rk
Benc hm ar k Field by tes dyn. al lo c'd % t ota l dyn. al lo c'n
compress Hasht able$Entry .next 3,552 / 7,148 49.7% 105MB

String.o�se t 3,180 / 3,500 90.9%
jess jess.Token.negcnt 7,573,616 / 7,573,616 100.0% 252MB

jess.Value.
 oatval 5,688,080 / 10,170,640 55.9%
rayt race Point .z 4,101,328 / 17,464,188 23.5% 126MB

Point .x 3,291,076 / 17,464,188 18.8%
db String.o�se t 508,204 / 508,524 99.9% 73MB

Vector.capacit yI ncrement 62,548 / 62,548 100.0%
javac String.o�se t 3,735,388 / 3,847,816 97.1% 161MB

Statement .labels 578,608 / 578,688 100.0%
mpegaudio Hasht able$Entry .next 3,616 / 7,336 49.3% 666kB

String.o�se t 2,352 / 2,672 88.0%
jack String.o�se t 7,442,956 / 7,443,276 100.0% 178MB

Hasht able$Enumerato r.type 5,288,364 / 5,288,364 100.0%

Table 3: Represe ntat ive \m ost ly- zer o" �e lds found in SPEC b enchm ar ks.

increment the \non- N " counter on any path where the �eld
in quest ion is not de�n itely initi alized.

Table 3 presents some representativ e \mo stly- zero" � elds
which our pro�ling technique ident i� es in the SPEC bench-
marks.

3.5 Finding Subclass­Final Fields
Our static specializati on transformatio n can only be ap-

pli ed to what we call subclass-�na l �elds. Subclass-�nalit y is
a lessstri ct but similar constraint to Java's f inal modi� er.
We do a single-pass analysis to determine subclass-�nali ty,
using the results from the bitwidth analysis to improve our
precision.10

A subclass-� nal � eld f of a classA can be written to from
any method of a subclass of A, as well as in any constructor
of A. In each write, the receiver's type must be a subtype
of A, except inside A's const ructo rs, where the receiver may
also be the method's t his parameter. Oth er writes are dis-
allowed. Unlik e �elds marked with Java's fin al modi� er,
multiple writes to f are permitt ed, as long as each wri te
satis�es the above constraints.

Subclass-�nali ty matches the requirements of the stat ic
specializat ion transformat ion. Since wealways insert a \big"
version of the class between the specialized class and its
chil dren, subclassescan wri te to the � eld present in objects
of the \ big" type without restrict ion. We need only rest rict
writes which occur in the class proper.

Our analysis constru cts the set of subclass-�n al �elds by
�nd ing its dual, the set of non-subclass-�nal � elds. We scan
every method and collect all �elds with illegal writes; all
�elds found are added to the set of non-subclass-�nal �el ds.

3.6 Constructor Classi� cation
The � nal requirement to enable static specialization is to

identif y constructors which always initia li ze certain � elds
in a given way. In particula r, we wish to �n d constructo rs
which always give �el ds statically{ known-constant values, as
well as constru ctors which initi alize �elds with simple func-
ti ons of their input parameters. The � rst case enablesus to
unconditional ly replace an instant iated classwith a smaller
split version; the secondcaseallows us to wrap the construc-
tor in an appropriate condit ional to enable the creation of

10 By using analysis rather than relying on programmer spec-
i� cation, the author need not restrict all usersof their code
in order to obtain maximum e�ciency for some constrained
usesof it.

the small version when dynamicall y possible.
This analysis builds upon our previous results. In a single

passover the constructor, we merge the values written to a
selected subclass-�nal �eld, treat ing ParamN as an abstract
value for the N th constructor parameter. We treat any call
to a t his() const ructor as if it were inlined. By the prop-
erties of subclass-� nal �elds, we know that all writes to the
�eld are to the th is 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 Paramvalue or a constant equal
to the desired \defa ult" value of the selected �eld, then we
can stat ically specialize on the �eld for calls to th is partic-
ular const ructor. Further, we rule out specialization on any
otherwise-suitable �elds for which there is not at least one
callable constructor amenable to stati c specializat ion.

4. IMPL EMENTATION ISSUES
In this section we will talk brie
y about some of the prac-

tical issuesarising in an implementatio n of our space-saving
techniques.

4.1 Byte Packing
A typical Java implementation may waste large amounts

of space by aligning �el ds for the most e�ci ent memory ac-
cess. Fields are often aligned to their widt hs (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 placesob-
ject �el ds at the nearest byte boundary, although the in-
formati on provided by our bit width analysis is su�cie nt to
bit-pack the �elds in the object when spaceis truly at a pre-
mium. Preliminary investigation indicated that the amount
of additi onal spacegained by bit- packing is typical ly only a
few percent, because there aren't enough sub-byte � elds to
�ll the space \w asted" by byte alignment. 11

Some architectures penalize unaligned accesses to �elds.
It is worthwhile to attempt to align �elds to their preferred
alignment while not allowing this alignment to cause the
object size to grow. Further, thereare often forced alignment

11Note also that \ bit-packing" may lead to the lossof atom-
icit y on concurrent writes to adjacent �el ds packed within
a byte, typicall y the processor's smallest atomic wri te size.
An escape analysis would be su�cien t to ensure that � elds
accessed from di� ering threads are not packed within the
same atomic unit.



constrain ts on (for example) pointers. Our Java runti me
usesa conservativ e garbage collector; its e�ci ency decreases
markedly if pointers are not word-ali gned.12

Our \b yte-packing" heuristic achieves tig ht packing of
�elds whil e respecting forced alignments. Packing proceeds
recursively through superclasses,and returns a list of free-
space intervals available between the �el ds of the superclass.
The algorithm � rst placesall forced-alignment �elds in the
class, from largest to small est. The aim is for the alignment-
induced spaces left by the large �el ds to be �ll able by the
following smaller � elds.

When there are no more forced-alignment �elds, we at-
tempt to allocate �el ds on their \pref erred" alignment bound-
aries, largest �rst. At this stage �elds are not allowed to in-
tro duce an alignment gap at the end of the object . If their
preferred alignment does not allow them to be placed 
 ush
against the last �eld of the object, they are skipped.

Finally, when thereare no more �el ds sat isfying preferred-
alignments, we allocate the smallest available � eld at the
lowest possible byt e boundary. The aim is that the small
�elds will �ll spaceand nudge the end of the object out so
that a larger �eld may be allocated on its preferred align-
ment. After each �eld is placed, we begin again by attemp t-
ing to place �el ds on preferred boundaries.

We have observed that this heurist ic strategy works well
in practice, and the penalties for occasionally placing an
unaligned non-pointer �el d were not seento have a materia l
adversee�ect on performance (see Section 5.3).

4.2 External Hashtable Implementation
The implementati on of the hashtable used for � eld and

hash/ lock external ization can dramatical ly a� ect the space
savings possible with these tra nsformatio ns. The overhead
of dynamically-allocated buckets and the required next point-
ers makes separate chaining impractical as a hashtable im-
plementati on technique. Open-addressing implementatio ns
are preferable: in additi on to the stored data, all that is nec-
essary is a key value and the empty spacerequired to limit
the load factor. A load factor of two-thirds and one-word
keys and values yield an averagespaceconsumptio n of th ree
words per � eld. This implementati on breaks even when the
mostly- zero � elds identi�ed are zero over 66% of the time.
This break-even point is compared to the pro�ling data to
allow our � eld externalization tra nsformatio n to intell igently
choosetargeted �elds.

Key-size reducti on is an important component of the im-
plementati on: a na•�ve approach would combine a one-word
referenceto the virtu al-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 limi t of its size) by small integers to discriminate the
externali zed �el ds of the object, yielding a single-word key.

Our implementatio n puts a weak reference to the object
in the hashtable, enabling the garbage collector to remove
unneeded entri es.

4.3 ClassLoading and Re� ection
We conducted this research using the MIT FLEX compiler

infrast ructure, 13 which is a whole-program static compiler.
12 This pointer alignment rest ri ction means that objects have
to be word-ali gned as well.

13 Available from ht tp:/ /fle xc.lc s.mi t.ed u/ .

Although the analyses as described re
ect this compilati on
model, it would be straight forward to use extant analysis
[18] to apply transformatio ns to only the closed-world por-
tio ns of a program which used dynamic class loading. The
space allocated to the class index could be updated duri ng
garbage collect ion as new classes are discovered. Concur-
rent pro�li ng could actually expose more opportu niti es for
space compression in a JIT enviro nment. Finally, our vari-
ous tra nsformatio ns need not be exposed to the program if
the re
 ect ion implementation is carefully written.

5. EXPERIMENT AL RESULTS
We have implemented all of the analyses and transfor-

mati ons describ ed in this paper in FLE X. We measure the
e�ecti venessof our optimizations by using FLEX to analyze
the SPECjvm98 benchmarks and apply our transformations,
then measuring the resulting spacesavings and performance.
All benchmarks were run with the full input size on a dual-
processor 900 MHz Pent ium I I I running Debian Linux.

5.1 Memory Savings
To evaluate the e� ectiv eness of our technique at reducing

the amount of memory required to execute the program, we
�rst ran an instrumented version of each applicati on with
no space optimiza tions. We used this instrumented version
to compute the maximum amount of live data on the heap
at any point during the execution. We then ran an instru-
mented version of our program after each stage of optimi za-
tio n. These versions enabled us to calculate the amount
by which each technique reduced the size of the live heap
data.14

Figure 6a presents the total space savings. This � gure
contai ns a bar for each application, with the bar broken
down into categories that indicate the percentageof live data
from the origi nal unoptimi zed execution that we were able
to elimina te with each optimi zation. The black sect ion of
each bar indicates the amount of li ve heap data remaining
after all opt imizat ions. We obtain as much as 40% reduc-
tio n in live data on the java c benchmark, with almost all of
this reducti on coming from our bit width- dri ven �eld reduc-
tio ns and static specialization. In fact we obtain more than
15% reduction on all of the \ object-oriented" benchmarks.
The compress benchmark allocates a small number of very
large arrays, limiting the optimiza tion opportu niti esdiscov-
erable by our analysis. Lik ewise, the ra ytra ce and mtrt
benchmarks make heavy use of 
oa t ing-point numbers, lim-
iti ng the applicabilit y of our integer bit width analysis. How-
ever, these raytracing benchmarks all ocate a large number
of small arrays to represent vectors and matri ces,and so our
header optimi zations still allow us to reduce the maximum
li ve data size by over 20%.

We also usedan instru mented executable to determine the
tota l amount of memory allocated duri ng the enti re execu-
tio n of the program, in both the optimi zed and unoptimi zed
versions. Reducing this total allocation decreases the load
on the garbage collector. Figure 6b presents the space sav-
ings according to th is metric. Comparison to the previous
�gure reveals that long-lived objects provide proportional ly
more opport unities for optimiz ation.

14The instru mented versions collect all non-liv e data before
each allocation, so that our computed maximum heap sizes
are accurate.
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(a) Reducti on in the maximum live heap achieved with
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(b) Cumulativ e reduction in dynamic allocation
achieved with our transformatio ns.
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5.2 ObjectsVersusArr ays
The majori ty of our opti mizat ions are designed to op-

ti mize object �elds rather than arrays. For context, we
present numbers that characterize the reduct ions in tota l
allocation for objects only, rather than for both objects and
arrays. Figure 6c presents spacesavings numbers for objects
alone, omit ti ng any storage required for arrays. Figure 6d
explains the di�erence by showing how the total program al-
location for each benchmark is broken down into array and
object allocations. The reason for our poor performance on
compress is now obvious| a few large uncompressible inte-
ger arrays account for over 99% of the total space allocated.

5.3 Execution Times
We next evaluate the execution ti me impact of applying

our spaceopti mizati ons. Figure 6e presents the normal ized
execution times of each benchmark after the appli cation of
our sequenceof optimiz ations. Thesenumbers show that the
�rst several opti mizati ons (class pointer compression, �eld
reduction, and byte packing) typical ly reduce the execution
ti mes,while the remainder (stati c specializati on, �eld exter-
nalizat ion, and hash/l ock externalization) generate modest
increasesin the executi on times. The speedup is due to re-
duced GC times, despite the indirection and misalignment
costs. Static specialization's virtual izat ion of �el ds is re-
sponsible for its slowdown; it is lik ely that an opti mized
speculativ ely-inlined implementati on of the �el d accessors
which it addsto the program would improve its performance.
Field external izat ion (including hash/ lock externalization)
causesthe expected penalt y for hashtable lookup; note that
synchronizati on eliminatio n would greatly reduce the cost of
hash/ lock external ization in the four caseswhere the over-
head is unreasonable.

6. RELATED WORK
Many researchers have focused on the problem of reduc-

ing the amount of header spacerequired to represent Java
locks [7, 15, 1]. The vast majorit y of programs do not use
the lock associated with every object in its full generali ty,
so it is possible to develop improved algorith ms opti mized
for the common case. The idea is to represent the lock with
the minim um amount of state (t ypically a bit) required to
support the common usagepattern 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 pri mary focus has been on improving
performance rather than on reducing space; however, many
of the algorithms also elimi nate the need to store the com-
pli cated locking objects required to support the most gen-
eral lock usage pattern possible in a Java program. These
techniques typically reduce the lock space overhead to 24
header bits [7]; Bacon et al. in [6] show speed improvements
from header-size reduction, in agreement with the results
presented here.

Research on escape analysis and related analyses can en-
able the compiler to �nd objects whose locks are never ac-
quired [3, 9, 23, 11, 16, 20]. This informatio n can enable the
compiler to remove the space reserved for synchronizat ion
support in these objects. Our hash/ lock removal algorithm
usesa totall y dynamic approach based on our �eld external-
ization mechanism.

Several researchers have used bit width analysis to reduce
the size of the generated circuits for compilers that gener-

ate hardware implementatio ns of programs written in C or
similar programming languages [4, 5, 17, 19, 10].

Dieckmann and H•olzle have performed an in-depth analy-
sis of the memory allocation behavior of Java programs [12].
Although spaceis not their primary focus, their study does
quantif y the space overhead associated with the use of a
two-word header and of 8-byte alignment. In general, our
measurements of the memory system behavior of Java pro-
grams broadly agree with their measurements.

Sweeney and Tip [21] did a study of dead members of
C+ + programs, which is simil ar to the unread �el d elimi-
nation done by our bit width analysis. However, they fail to
identify constant members, as our analysis algorithm can.
Further, our results show that unread and constant � eld
eliminati on is very dependent on the coding style of a par-
ticula r application. The collection of techniques we have
presented here gives much more consistent savings over a
wide range of benchmarks.

Aggarwal and Randall [2] described an array bounds check
removal method using related �e lds. This work attempted
to discover � elds, such as Vector.s ize , which are guar-
anteed to be less than or equal to the length of some ar-
ray, for example, the backing array stored in Vector.d ata .
Tests against the related �eld could then provide informa-
tio n about bounds checks on accessesto the array. This
technique could be used to infer additional bit width infor-
mati on on related �elds from our analysis.

Marinov and O'C allahan have presented Object Equal-
it y Pro�li ng [14], a technique which identi�es when several
instances of an object may be safely merged to a single rep-
resentat ive instance. The merging which is suggested is an
orthogonal memory-saving measurewhich could be used in
additio n to the ones describ ed here.

Zhang and Gupta describe a runti me technique that rec-
ognizestwo special caseswhen an integer or a pointer �eld in
a designated C data structure may be compressed [24]. For
all but two of their benchmarks, their heap savings (on these
benchmarks, an averageof 27%) are entir ely due to a pointer
compression techique which is ort hogonal to the transfor-
mati ons described in this paper. The techniques could be
combined for greater savings.

7. CONCLUSIONS
We have presented a set of techniques for reducing the

memory consumptio n of object-ori ented programs. Our tech-
niquesinclude program analysesto detect unused, constant,
or overly-wide �elds, and transformatio ns to elimi nate � elds
with common default values or usage patt erns. These tech-
niques apply equally well to both user-de�ned � elds and
�elds implicit in the runt ime's object header, and can reduce
the maximum heap required for a program by as much as
40%. Our experimental results from our full y-implemented
system validate the opportu nit y for spacesavings on typical
object oriented programs.
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