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Abstract on themostly-paralleltechnique of Boehm, Demers, and
Shenker [6], which is an example of thecremental update
Garbage collectors incorporating concurrent marking form of mutator/collector interaction. That is, the mutato

to cope with large live data sets and stringent pause time informs the collector of locations modified, and the collec-
constraints have become common in recent years. Theor re-examines them. In the alternate SATB style of con-
snapshot-at-the-beginnirggyle of concurrent marking has current marking, the collector marks the objects reachable
several advantages over thieremental updatelternative, in a logical snapshot of the object graph taken at the start
but one main disadvantage: it requires the mutator to exe- of marking. The mutator helps to track this logical snap-
cute a significantly more expensive write barrier. This pape shot by noting actions that might unlink subgraphs of the
demonstrates that a large fraction of these write barriers original snapshot graph.

are unnecessary, and may be eliminated by static analysis. SATB marking has a major advantage over incremental-

update marking. Objects allocated during marking, while

implicitly marked, are not part of the snapshot object graph

and need not be examined by the marker. In most pro-

1 Introduction grams, a large proportion of modifications are initializa-
tions of newly-allocated objects. SATB marking can safely

This paper presents several static analysis techniquedgnore such modifications, while incremental-update col-
that allow elimination of many write barriers supportingth lectors must examine them. In our system, pause times

snapshot at the beginnirenceforth SATB style of con- necessary to complete SATB marking are sometimes more
current garbage collection [24]. This section motivatés th than an order of magnitude smaller than corresponding
problem, and gives a quick summary of results. incremental-update pauses. A number of recent concurrent

The Javal programming language is the first garbage- collectors use the SATB style [3, 2, 10].
collected language to achieve widespread commercial pop- o, the other hand, SATB marking also has a significant
ularity. This has presented extremely challenging require g ahack with respect to the incremental update style: the
ments to garbage-collection implementors: some applica-¢ st of the collector/mutator interaction. In the incretaén
tions have multiple gigabytes of live data and must run con- update style, a common approach is to ugam-marking
tinuously for months or years with maximum garbage col- \yrite parrier [12], which can cost as few as two extra in-
lection pauses measured in milliseconds. A common so-gictions per pointer write. SATB barriers are more expen-
!uuon_ to this problem is _to emplogoncurrentcollection, sive. In the Garbage-First collector [10] we used for our
in which garbage collection and the user program (the  gxperiments, the “inline” portion of the barrier first check
tator, in GC parlance) execute simultaneously [17, 18, 5]. \yhether marking is in progress. If so, it reads the pre-write
Thls approach allows the live data in large heaps to be traced, 5| e of the field, and checks whether that value is non-
without long pauses. null; if so, it calls an out-of-line routine to add the value
~In any concurrent garbage collector, the mutator must 5 thread-local buffer. Logged values are read and pro-
inform the collector of pointer updates performed during cessed by a concurrent marking thread. These steps require
collection. The three collectors cited above are all basedpanveen 9 and 12 RISC instructions for each barrier. The

*Work done while at Sun Microsystems. dynamic cost depends on what fraction of the time marking




is in progress, and what fraction of overwritten values are  The analysis is a flow-sensitive, intra-procedural itera-
nul | . Section 4.5 shows measurements of the cost of thetive dataflow analysisaka an abstract interpretation) that
SATB barriers. computes the possible reference values that might flow into

The goal of this paper is to minimize the effects of this fields of objects before those fields are modified by putfield
drawback, thus allowing the strengths of SATB marking to instructions. In standard fashion, this pass analyzes basi
show through. In particular, we introduce two static analy- blocks with modified start states, propagating changes to
ses, based on abstract interpretation, that together fiave ~ successor blocks, until a fixed point is reached. The arslysi
a significant fraction of object reference writes require no resultallows us to identify pre-null pointer writes, aniirel
SATB-related write barriers. Both identifyre-null writes, inate their write barriers. For clarity, we present the gsial
writes to heap locations guaranteed to contaih| before  over the well-known Java Virtual Machine (JVM) bytecode
the write. The first does so for fields of objects, the second instruction set, though our actual implementation proeess
for elements of (object reference) arrays. These analysegin internal just-in-time compiler intermediate form.
are performed after inlining.

The rest of this paper is organized as follows. Section 2.1 Abstract value space
2 presents an analysis that identifies pre-null writes to ob-
ject fields. Section 3 describes an extension that identi- In this section we describe the value space over which
fies pre-null writes to array elements. Section 4 presentsthe analysis is defined. Refis an abstract object refer-
our experiments on the efficacy of these optimizations: in ence. When analyzing a method, we create Refvalues
some benchmarks, as many as 1/2 of all dynamically ex-for each allocation sitéd. R;,,4 represents a reference to
ecuted barriers may be eliminated. Section 4 also specuthe object allocated most recentlyidf andR;4, 5 Summa-
lates on techniques that might eliminate further writeibarr rizes all references to objects allocated&previously in
ers. Finally, section 5 discusses related work, and seétion the method execution. The predicatgique(R;4,4) is true
presents conclusions. (and false for all?;;, 5 Res), indicating that?;;, 4 denotes
a single concrete reference. As we shall see in section 2.4,
S . . . we allow strong updateor stores to fields of unique refer-

2 Ellmlnatlng Barriers for ObJeCt Field ences. We also track thread-localityof Rek, whether
Writes a Refmay be accessible to threads other than the one that
allocated it.

The first analysis eliminates barriers for some writes to Ve also create abstract reference values to denote initial
object fields, in particular, for pre-null writes that can be Values of arguments of reference typ&s;., ;) is the initial
proven to overwritenul | . In the overwhelming majority ~ value of argument. We assume that such argument values
of such cases, the field is null because the object has bee@r® non-unique, because of possible aliasing with other ar-
recently allocated, and the allocator zeros fields. Theewrit guments, and non-thread-local. There is an exception for a
is therefore arnitializing write. constructor: the impli_cit hi s argument (i.e.Rarg(0)) of

This may seem at first glance to be a relatively simple & constructor is considered unique and thread-local in the

problem. However, tracking values of fields of heap ob- INitial state, as discussed further in section 2.3.

jects with precision requires tracking aliasing via a peint Finally, we create a single abstract reference value
analysis. Further, since we are working in a multi-threaded GlobalRefto denote all objects al_located outside the ana-
language, we must be aware of the possibility that ob- [Y2ed method, and not passed to it as arguments.

jects accessible by multiple threads might be modified asyn- 1€ analysis computesRefVal a set of possibiRefval-
chronously: Therefore, we also performestape analysis ~ Uesora bottom/unlqltlahzed glemem;v, for each varlable

in the style of [23, 8], to determine when locally-allocated &t €ach program point. A variable known to contain (only)
objects become accessible to other threads. Actually, ithul | is mapped to the empty set Bt

turns out that the write barrier problem requires greater  Given these types, we defingegram stateas a 4-tuple
precision than escape analysis. Generally, escape amalysiOf an abstract environmept an operand stackk, a non-
wishes simply to determine whether allocation sites pro- 10cal reference sédlL, and an abstract store

duce objects thatverescape after allocation. In contrast,

- . . . Cc \Var — RefVal
we can eliminate a write barrier to an eventually-escaping stk C Stacke Refval>
object if the write occurs before the object has escaped. NL C Ref
Tracking object escapedness at each program point requires o C  Refx Fieldld s Refval

a more precise analysis. If a compiler already implements
sophisticated pointer and/or escape analysis, our tegbsiq The environmenp maps local variables to the sets of
may be incorporated as an extension to the existing analysispossible reference values they contain. Similarly, 4hie



tracks the state of the JVM operand stack. Together, we will 2.4  Effects of operations

refer top andstk as thelocal state.The setNL is the set of

reference values known to be non-thread-local. The store Below we show the effect of several relevant bytecode
maps reference-value/object-field identifier pairs to #te s jnstructions, by showing the state tuple resulting from the
of possible reference values that the field (of the given ob- start state< p, o, NL, stk >. We use the notatiofstk : v;]

ject) may contain. to denote pushing the vecto} = vy, ..., v,, onto the stack
stk.
2.2 Merging states
< p,o,NL, stk > loadz) —
. . <p70'7NLa [Stk p(I)] >
When we process a basic block, we merge the final pro- = NL stk - val] > Stords) =
gram state of the block into the initial state of each of the P, 0, N [5EF = va v
, . . < plz « val],o,NL, stk >
block’s successors (marking them as changed if necessary .
When we merge two program states, we compute the ele < 27 NL, stk > getstati¢f) —
mentwise merge of the tuples. The set of local variables in < p,0,NL, [stk : {GlobalRe}] >
the method under analysis is fixed, and bytecode verifica-| < p,o,NL, [stk : val] > putstati¢ /) —
tion ensures that operand stacks agree at join points, so two < p,o,AlINonTL (NL, val, o), stk >
parts of the local state may be merged elementwise. The < y o, NL, [stk : obj] > getfield /) —
non-local reference s&iL is merged by set union. The set < p,a,NL, [stk : Uoteobj lookup(a, ot, NL, f)] >
of reference values and field identifiers is fixed and finite, < p,0,NL, [stk : obj, val] > putfield /) —

so the range of the map can be merged at all points in the

if obj = A uni :
domain. TheRefValtype, which is the range of, stk, and if obj = {r} A unique(r)

< p,ol(r. ) — vall,

o, fprms a lattice. For any Mo n_on—bottom elements in the AlINonTLCond(NL, obj, val, o), stk >
lattice, the meet operation is defined as the union of the two else:
sets. The meet of any elemenwith L ,., is . Non-bottom < p,oVot € obj : (ot, f) — o(ot, f) Uvall,
elements are ordered by the subset relation. AlINonTLCoNd(NL, obj, val, o), stk >
. < p,o,NL, [stk : 7] > invoke(m(a;) : T) =
2.3 Initial states if T is a reference type:
< p,o,nAIINonTL(NL, 73, o),
As is normal in a dataflow analysis, the initial states stk : {GlobalRe}] >
of the maps at all program points (except for the method else:
entry point) map everything to the bottom element of < p,0,nAIINONTL(NL, 77, o), stk >

the map’s range. Tha&lL set is initialized to the sin-

gleton set{GlobalRe}. Further, all references reach-

able via GlobalRefare collapsed intdGlobalRef: Vf Thel oad and st or e instructions access and update
o(GlobalRef f) = {GlobalRe}. local variables. Theget static andputstatic in-

It remains to define the initial state at method entry. This structions perform corresponding operations on statidgiel
initial state differs in constructors and non-construgtdn Reference values stored into static variables “escapes’ Th
non-constructors, for each non-argument local variable get stati c instruction always returngGlobalRe}, and
of reference typep(z) = L,,. For each argument refer- storing a reference value vigut st ati ¢ causes it (and
ence type local variablg (including thet hi s variable), any reference reachable from it) to escape. This is the pur-
we setp(y) = {GlobalRe}. The operand stacktk is pose of AlINonTL(NL, RS, o), which returns the result of
initialized to the empty stack. Constructors are treated in extending the non-locality sétL with the Refset RS and
a similar fashion, except for the initial value pfthis), all Ref (transitively) reachable (in) via fields of refer-
which is set to{ R, 4(0)}. The bytecode verifier enforces ences inkS.
the constraint that fields of a newly-allocated object may  Theget fi el d andput fi el d instructions operate on
not be accessed before some constructor for the object hafields of heap objects. Thget f i el d bytecode retrieves
been executed (if some such constructor exists); further, t the value of a field — note that both tlaé; reference and
reference itself cannot have been stored in a global loca-the result of a field lookup are sets, so the result is the union
tion. So on entry to a constructor for class T, we assumeof the lookup result for each member affj. (The func-
that R,,4(o) is not a member oL, and that the fields de-  tion lookup(o, 7, NL, f) returns{GlobalRe} if r is in NL
fined in type T areul | for the object being constructed: (is non-thread-local), and otherwise retusr(s, f).)

Vi o(Rargo), f) = {}- The interpretation oput f i el d is complicated by the



distinction betweerstrongandweakupdate semantics. If
the put fi el d updates a field of a single abstract refer-
ence value that is unique (denotes a single runtime value),
then strong update can be used. Otherwise, theuéiis
merged into the previous contents via set union. Storing a
reference value into a heap location yat fi el d may
also cause the value to escape, if the object into which the
value is stored is itself possibly non-thread-local. Thacfu
tion AlINonTLCondNL, RS, val, o) is used to update the
non-locality set appropriately; this returhid if the inter-
section of RS andNL is empty, and otherwise returns the
result of extendingL with Res transitively reachable from
vals viao.

cated objects.

< p,o,NL, stk > id : newinstancé&l) —-
< rngSubstp, Rig/4 + Riq/B),
tranfer(a, Rid/AvRid/B)v
replSINL, R;q/4 < Riq/B),
[rngSubststk, Rig/4 < Ria/s) : {Rigja}] >

We accomplish the removal d@t;,, 4 as follows. To up-
dateNL, we use replS, which returns a set liké but with
R;q/4 removed, and withR;;, 5 added ifR;;,4 had origi-
nally been a member. We use rngSubst to perform similar

Somewhat similarly, passing a reference value as an ar+eplacement in the ranges of the local state magsdstk,

gument to a method (via thenvoke instruction) may

andtransfer to updating the heap state These functions

cause it to escape, so our handling of invoke updates theare defined formally in our technical report [16].

non-locality set via the function nAlINonTINL, 77, o),
which is simply the union of AlINonTINL, v;, o) for all
thew; in 7;.

Our analysis is performed after inlined method bodies
are expanded, since this conservative treatment of argu
ments of non-inlined methods (and our current lack of inter-
procedural techniques) is detrimental to the precisiomef t
analysis. For example, every allocation is followed by the
invocation of a constructor on the allocation’s result:hié t
constructor is not inlined, the allocated object is consde
to escape immediately. (Fortunately, constructors are usu
ally simple enough to be inlined, and we have not found this
to be a practical problem.)

We must also consider reads and writes to object arrays

array as an object with a single fiefd,.,,,s that “collapses”

This use of two reference values for each allocation site
is the way in which our analysis is more precise than “tradi-
tional” escape analysis. To motivate the need for this extra
precision, consider the following examplel( andp?2 are
arbitrary predicates):

class Foo { public String s; }
Foo f1 = null; Foo f2 = null;
while (pl) {
f1 = new Foo(); /Il F1
fl.s = "hil1"; [l W
if (p2) f2 = new Foo(); // F2
f2.s = "hi2"; } [ W

If we denote all values produced at an allocation site with

. . . ) 'a single name, then we must use weak update: if we used
since these provide another mechanism by which reference§,[rong update, we'd improperly *

may escape a thread. For this purpose, we treat an Objecﬁecessary ane

prove” that no barrier is
If we use weak update, however, we will
not be able to prove that the barrier\&t is unnecessary.

all elements of the array. Because of this, all array uPdatesReserving a name for the most-recently-allocated object al

are treated as weak updates.

< p,o,NL, [stk : arr,ind] > aaload —
< 0,0, NL, [stk : U prcar 0(at, feiems)] >
< p,o,NL, [stk : arr,ind,val] > aastore —
< p,oVat € arr: (at, feiems) <

o(at, ferems) Uwval],
AllNonTLCond(NL, arr, val, o), stk >

Next we consider the effects of timewi nst ance in-
struction, which allocates a new object. Recall that we

lows assignments to fields of that object to use strong up-
date. The use of two names per allocation site is suggested,
but not explored, by Whaley and Rinard [23]. Corbett [9]
also uses this technique, but only for allocation sitesdbat
cur within loops. Most-recently-allocated nodes are merge
into summary nodes at the end of loops. In contrast, our
method of merging as a side effect of allocation avoids any
need to identify loops. Finally, the shape analysis of Sagiv
et al. [20] gets similar precision via different means.

As is normal in an abstract interpretation, we iterate un-
til there are no statements whose input states have changed.
Any change is by virtue of a merge; since we are working

associate two abstract reference values with an allocationover finite lattices (there are a finite number of abstract ref

site at instructionid: one (R;4,4) to denote the most re-
cently allocated object, and anothek;(, z) to denote all
previously allocated objects. An allocation at the sitd wil
associatef?;;,4 with a newly allocated object, but first it
must merge attributes previously associated ithy 4 into
R;q/p, since it becomes part of the set of previously allo-

erences, bound by the program size), it is possible to bound
the worst-case execution time a5n°). Tighter bounds
may be possible, and in practice, performance is much bet-
ter than this bound might suggest: this bound calculation
considers the number of local variables, maximum operand
stack size, and number of distinRefvalues all a0 (n),



when they are typically small fractions af Section 4.4
gives data on the variation of analysis time with code size.
When we procesput fi el d(f) instructions, we also
note whether the instruction requires a write barrier: & th

pre-instruction state p, o, NL, [stk : o] > has the property
thatVot € o : ot ¢ NL A o(ot, f) = {}, then the SATB
write barrier may be omitted. The last such judgment (at the
fixed point of the analysis) is correct.

3 Eliminating Barriers for Array Element
Writes

Value : Refs| IntVal | L
p C  \Var — Value

o C Refx Fieldld — Value

stk C Stacke Value>

Len C Ref — IntVal

NR C Ref — IntRange

We extend the abstract state by tracking integer, as well
as reference, values; this is reflected in the redefinition of

the ranges op, o, and thestk stack.

An IntValis a linear combination of integer terms. These

terms may be integer constants or the product of an integer

coefficient and an integamknown. An unknown may be

The Java language specification states that a newly al-constani(have the same value in all states; denatgdor
located array of an object type has all elements set to null.variable (may represent different values in different states;

Therefore, just as with object field writes, the first (initia
izing) writes to such array elements do not require SATB

denotedv;). We allowIntVals to have at most one term in
a variable unknown, one constant term, and zero or more

barriers. However, proving that an array element write is terms in constant unknownsiu + koco + ... 4+ knc,, + b.

initializing is somewhat more involved than proving the-cor
responding property for field writes.

We perform symbolic arithmetic omtVals when it makes
sense, but certain operations (for example, addition of

The rest of this section describes an extension to the pre{ntVals involving different variable unknowns) produce the
vious analysis that proves that writes to array elements aretop value T;, as their result. (Method calls with integer

pre-null. The analysis uses abstract interpretation terinf
linear relationships between integer state components.

3.1 Motivating array example

We first show a simple motivating example. Consider the
following method:

public static T[] expand(T[] ta) {
T[] new_ ta new T[ta.length*2];
for (int i =0; i <ta.length; i++)
new taf[i] =ta[i];
return new_ta; }

All the writes to the array variableew.t a in thef or loop
of the above example are initializing writes. In the bench-
marks we studied, a significant number of array writes are
initializing writes in loops similar to this. Therefore glas-
pirations of the analysis we describe in this section do not
extend far beyond such simple examples.

Eliding the SATB barriers from the stores in ther
loop above requires inference of the loop invariant:

Vj:i < j < new_talength : new_ta[j] = null

We accomplish this inference by tracking the uninitialized

portion of each array, and also by tracking the values of
integer local variables. The next section shows how we do
this formally.

3.2 Analysis extensions for arrays
This section details how we extend the previous analysis

to track object array stores. We modify some of the previous
state components, and add some new ones:

return types returnr;,,, since different invocations might
return different values.) AmntRangerepresents a subse-
guence of the sequence of valid indices of an array. There
are several kinds dhtRange A full IntRangeis a (closed)
integer interval, bounded by twatVals: [iv;..iv5]. This is
used only to represent an array’s uninitialized indices @&nm
diately after the array’s allocation. There are two vaegti
of half-openrangesiiv..] denotes the sequence of indiges
of r such that > iv, and g..iv] denotes the sequence of in-
dicesi of r such that < iv. The lattice ordering on ranges
obeys the following rulesfi..j] is below[:..] and]..j]; [i..]

is below([j..] if i < j and]..q] is below][..j] if j < i (smaller
ranges are larger in the lattice). Thmptyrange, denoted
], is the top element of the range lattice.

The new mapLen maps references to arrays to their
lengths. The mapIR (for null range maps object array ref-
erences tdntRange representing subranges of their valid
indices known to bewul | .

As discussed, the various ranges here all form lattices;
it should be fairly straightforward to see how these lattice
merge. The overall merge operation on states is somewhat
more complicated than a simple merge of all the state com-
ponents, however; this is detailed later, in section 3.5.

3.3 Effects of operations in array analysis

We now show the effect of some operations on the new
state components.

< p,o,NL, [stk : n],Len NR >
id : newarraycl) =
< ..,LenR;q/a < nl,
NR[R”] A [O,n — ].H >




The newar r ay instruction is very similar tonew n- In the preamble of the loop, we store 0 in local variable
st ance: it updates the first four state components (not recording this inp. The assignment toew.t a[ i ] corre-
shown) in the same way. In addition, it records the length sponds to amast or e bytecode, and causes the uninitial-
of the newly allocated array, and notes that the entire rangeized range ohew.t a to contract tq1..].

of valid indices currently maps toul | . Now control flow takes us back to the loop head. We
Next we reconsider th@ast or e instruction, which need to merge the current program state into the program
writes to an element of an object array. state recorded when we first visited the loop head; these
two states are:
< p,o,NL, [stk : arr,ind, val],Len NR >
aastore — <o p(i) =1, NR(R;g/4) = [1..] > and
<..len
NRVat € arr : at < contract(NR(at), ind)] > <oop(t) = 0, NR(Rig/a) = [0,2 % ¢o — 1] >

i . Before going further, we define the conceptinteger
Again, the first four state components are updated as bexate componentsThese components include the integer-
fore. Additionally, theNRmap is updated to reflect that the ;51 ed elements ob and stk, as well asintVals that ap-
ast or e may have written into the null range of the array, pear as hounds of uninitialized ranges. When we merge two
causing it to “contract.” The contract function embodies a statesS; andS,, we merge these values component-wise.
set of simple heur_isj[i_cs_, essentially recognizing stot@$-a ¢ o, integer component has different valiggndi, in the
ther end of the uninitialized range: two states, we can always merge themTtg, but we can
also choose to express the value of the component in the
[au+ (b+1).] merged state as a function of a new variable unknewn
[..au+ (b—1)] This becomes useful when different state components
I can be expressed as functions of the same variable un-
known. In our example, we wish to discover that the lower
3.4 Initial conditions in array analysis bound of the uninitialized range ofew.t a varies with the
same stride as the loop varialle
Figure 1 shows hovntVals are merged to accomplish
this aim. Themer ge_i nt val s function takes three argu-

contract[au + b..z|, au + b)
contract[z..au + b], au + b)
otherwise : contract|x..y], i

We now discuss initial conditions. We create a con-
stant unknowre; for each integer input parametérand

setp(i) = ¢; in the initial state. We also create a distinct ments:

constant unknowi; to represent the length of every input U C int — VarUnknown
parameter of array type, and record this equality in the ini- w € VarUnknown — IntVal

tial Lenmap:Len(R,.4(;)) = ¢i. e € VarUnknown — IntVal

These maps are initially empty, but are modified by
mer ge.i ntval s. U maps integer constant “strides” to
. , , generated variable unknowns that vary with the given stride
Now we describe the special rules for merging states: T ) maps are substitutions for variable unknowns, map-
these rules are the core technique that allows us to infer the,in g the variables to the values they represent in each input
required invariant. Before doing so, let us consider the op- giate- the existence of these mappings justifies the use of th
eration of the analysis described so far on our simple moti- 4 jahje in the merged state to express the values in both the
vating example. The allocation of the new array input states.
In more detail, when merging two distinct constants, we
create (or look up) a variable unknown that is assumed to

3.5 Merging in array analysis

T[] new_ta = new T[ta.length*2];

updates the program state as shown: vary by the appropriate difference in consecutive execu-
tions, remembering what value the variable represents in
<o LenRurgr)) = c0s NR(Rig/a) = [0..2 % ¢g — 1] > each of the merged state_s. Otherwise, one of the merged
IntVals has a non-zero variable unknown term. If that vari-
wherec, is the length of a (the0'" argument oexpand), able has already been assigned a value, and substituting
and R,/ represents the result of the allocation. Next we that value makes the mergéttVals equal, then the merged
enter thef or loop: value is unchanged; if the substituted value is not equal,
then we must merge {0;,,. If the variable is not yet mapped
for (int i =0; i <ta.length; ++i) by the substitution, then we attempt to extend the substitu-

new ta[i] =ta[i]; tion with a mapping for the variable that makes the merged



1 IntVal mergeintvals(:: IntVal, is: IntVal, state. So we obtain:
2 U int — VarUnknown, ]
3 p1: VarUnknown— IntVal, <-oup(i) = v, NR(Riga)) = [v.] >
4 o 22 VarUnknown— Intval) { Now we iterate the loop again. At the end of the loop
5 if (21 :T“, \/Zz = Tw) return Tiu, body, the state is
6 else if(in = i2) return is;
7 else { <-op(i) =v+ 1, NR(Rjg/a)) = [v+1..] >
g i (.Var.’term(“.) - 0) , which we merge into the previous state of the loop head.
11,22 < 12,21, U1, L2 < M2, U1, . . .
10 let § = iy — iy in Now when we merge the values pfi), we find that while
11 if (int_const(5) A var_term(iy) = 0) { the_se terms have a constant difference 1, _they have non-zero
12 if (U[6] = null) { variable terms, and are therefore led to line 27, where the
13 let v = new VarUnknown in match function computes the substitution[v] = v + 1,
14 U] « v; pa[v] < i1; pofv] « i2; which justifies returning,; = v as the result of the merge.
15 return v; Later, we mergev andv + 1 again, this time as the low
16 } else{ ' _ bounds of the uninitialized range fét;;,4). This time we
17 letv = Ud]; d = (ir — pa(v)) in find that there is already a substitution fgrand go to line
13 astse”"ar-t;_rm(d) =0 24. Fortunately, the substitution makesfi,] = i, and we
retum v + a, can again returm as the result. We have correctly inferred
20 1} else{ S
_ NN that the low bound of the uninitialized range and the value
21 let (a1v1 = var_term(iq)) in L
22 if (a1 # 0) { of the loop variable are the same.
23 if (j2[v1] # null) { Our. technique find; all .intege.r state components that
24 if (u2fin] = i2) { return is; } vary with the same “stride” in the first iteration of the loop,
25 else{ return T;,; }; and makes the provisional assumption that they vary with
26 } else{ that stride in all iterations. Such assumptions may of aurs
27 Iet's = match(y, i2) in be incorrect. When they are, the technique is still safegsinc
28 if s # null { ‘ it validates that the assumptions lead to a fixed point of the
29 pzfo1] < s; return is; analysis. When the fixed-stride assumption is erroneous,
2(1) | } ;slse Trett.Jrn Tiv; the validation iteration will merge such componentstg,
} else return T which will then allow a fixed point (with less information)
32 1}
to be reached.
Figure 1. Procedure for merging integer state 3.6 Overflow
components

Any analysis that applies reasoning about abstract math-
ematical integers to concrete fixed-width machine integers
IntVals equal, using the match function described below. If 35t always worry about overflow. For example, in our
this fails, we must merge 6. case, we might worry that integer overflow might allow an
The functionmatch(iy, i2) is called only when; hasa  jndex to “wrap around” and update a previously-initialized
non-zero variable unknown termv;, and succeeds only  array element without a barrier. This turns out not to be
wheniy has a non-zero variable unknown teuv, with a problem in our case, because of safety properties of the
the same coefficient;, in which case it returns amtval target language. The conservative definition of contrast di
that expresses, as the sum ofi; and a constant expression. ables optimization unless the array elements are inigdliz
We now return to our example. When we merge the end-in order: if element was last initialized, contract loses all
of-loop state back into the loop head state, we discover thatinformation unless + 1 or i — 1 is the next element initial-
the p(i) components differ by the constant 1. We there- ized. The uninitialized range of an array must contract in
fore create a new variable unknownrecord this a$/[1], the same way on all paths leading to a control flow merge
and setu;(v) = 0 (the value ofp(i) in the first merged  point (such as aloop head), or else it will merge to the empty
state.) Later (though the order does not matter), we mergerange at that point. Therefore, an array store site whose bar
the uninitialized ranges foR;,,4. Since the new range is rier has been eliminated must be executed with a negative
a half-open range and the other range is full, we merge toindex, producing an array bounds exception, before it can
the half-open range. The left bound is determined by merg-possibly be executed with an index value that has wrapped
ing the corresponding integer components 0 and 1. Thesearound to a positive value.
vary with a delta (1) for which a variablehas already been 170 get this completely correct, the analysis should hancterine
recorded, so we substitutdor this component in the merge  methods that catch array bounds exceptions specially, fonple, by not




4 Evaluation fewer than 3% of executed barriers, and in most cases con-
siderably fewer.

In this section, we evaluate the effectiveness of these In our technical report [16] we also show static counts
analyses. We discuss the benchmarks we use for evaluatior@f eliminated barriers. The dynamic results are obviously
detail the effectiveness of the optimization, and explbee t more important in determining the effect of the analysis on
compile-time cost of the analysis. Finally we consider fur- the running time of the programs, but static results are also
ther techniques (not yet implemented) that might eliminate important, since they determine the effect of the analysis o

more barriers. compiled code space (which may also indirectly improve
running time via instruction cache effects).
4.1 Benchmarks In general, our results show that our analyses can elimi-

nate a significant fraction, though not a consistent majorit
We present results from 5 of the 7 programs in the Of barriers —roughly between 1/4 and 2/3, with the excep-
SPECjvm98 benchmark suite (omitting two benchmarks tion of db’s dynamic result. Our results are significantly
with very little heap or pointer manipulation). These are better for object fields than for arrays: in two of five cases,
jess an expert-systems shedlb, a small database program; We are unable to prove any array stores to be initializing
javac, a compiler;mtrt, a multi-threaded ray-tracer; and (and in athird, those proven initializing account for a megl

jack, a compiler-compiler. We also present resultsjitr, ~ 9ible fraction of total executed array stores.) Howevee, th
the SPECjbb2000 benchmark, run with 8 warehouses for adPtimization is not in vain: imtrt , for example, the major-
two-minute timing interval. ity of eliminated barrier executions are for array stores.

While the SPECjvm benchmarks are not very large pro- ~ When we compare the actual percentage of barriers elim-
grams, and use relatively small heaps, they do represent dated with the upper bound of the potential sites, we

useful test cases for this evaluation. achievable by these techniques. In the the dynamic results
of table 1, we eliminate at least 2/3 of all executions of po-
4.2 Results tentially pre-null barriers in all cases exceltandjbb, and

eliminate almost 1/2 fojbb.

This section gives our results. We have done this Comparing our static and dynamic results, we found that
work in the “client” just-in-time (JIT) compiler of the Java (as one might expect) the percentage of stores executed

HotSpof] Virtual Machine, and perform measurements on dynamically that are array stores is usually higher, some-

amachine with eight 750Mhz UltraSPARGII processors,  imes considerably, than the corresponding static percent
(The experimental platform will be relevant for later mea- 29€- Therefore, since we have less success in finding nitial
surements of compile times.) izing array stores, our dynamic elimination rate is gergral

Table 1 shows the number of barriers executed dynami-'OWer than the static elimination rate.
cally in JIT-compiled code, the percentage of those execu-
tions that can be eliminated by analysis, the breakdown of
the compiled barrier executions into field and array stores, o )
and the percentage of executions of each kind of barrier that We further analyzed our results for individual store S|tes_.
can be eliminated. In our instrumentation of the code gener-0F €ach benchmark, we sorted the results, and consid-
ated for a pointer store, we also counted, for each compiledered the most frequently-executed store sites whose tmrrie

store, the number of associated barrier executions in whichVere not eliminated. This consideration suggests further
the pre-value of the updated location wasl | . We call a work that would allow a significant number of additional
store site whose pre-value is never (dynamically) non-null SATB parners to b,e eliminated. These techniques are de-
tailed in our technical report [16], and some of them are
briefly summarized here.
Null-or-same analysis. We noticed that several

4.3 Detailed evaluation

potentially pre-null Counting potentially pre-null sites is
both a useful correctness check (our analysis should only

eIiminate.barriers at potentially pre-nul stpre sitesi)da frequently-executed store sites, while not pre-null, had a
also provides an upper bound on the possible effect|venes§elated property that should allow elimination of their as-

of the pre-null technique. The last column lists the percent ¢gciated write barriers. For these sites, we can prove
age of compiled barrier executions that are for potentially (currently by inspection, not via automated tools) that the
pre-null stores. write either overwrites null, or elsarites the value the

The percentages in Table 1 are of total JIT-compiled bar-field already contains.Obviously, no SATB barrier is re-
rier executions; in all cases, non-compiled barrier execu-quired in either case. An important example occurs in
tions (because not all methods are JIT-compiled) compriseHasht abl e. hasMor eEl enent s:

eliminating array barriers at all in them. Entry e = entry;




benchmark | Total | % elim | % Potential| Field/ | Field | Array
%108 pre-null | Array | % elim | % elim
jess 79| 505 75.0 51/49 | 99.7 0.0
db 30.1| 10.2 28.2 10/90| 99.4 0.0
javac 19.9| 3238 38.5 92/8 | 33.9 20.5
mtrt 3.0 61.9 91.6 41/59 | 72.0 54.7
jack 10.7| 41.0 54.0 74/26 | 55.5 0.0
jbb 297.8| 25.6 53.4 69/31| 37.0 0.0

Table 1. Analysis results: dynamic

riers in the swap pattern may be eliminated. In the case

while (e == _nuI | & i > 0) { of the move-down loop, barriers may be eliminated if the
e =t[--i]; direction of collector array scanning agrees with the direc
} tion of object movement. Here we propose using bits in the

entry = e // Frequently executed object array header to allow the code generated for the mu-

tator loop to inform the collector of the required scanning

The “frequently executed” store requires no barrier. &tore direction.

of this form account for 15% of the write barriers executed

in javac, 14% forjack, and 4% injbb. _ ~ A more general approach is to use an optimistic concur-
We are cu_rrently conS|de_r|ng how best to incorporate this rency control protocol, detecting mutator/collector ifite-
observation into our analysis. ence dynamically and correcting for it as necessary. We
Array rearrangements. Another class of optimiza-  would devote bits in the header of an object array to indi-
tions suggested by examination of frequently-execute®sto cate theracing stateof the array, one ofintraced tracing,
sites concerns write barriers within blocks of code (usuall andtraced The concurrent marker would update this state
loops) that rearrange the elements of an object array, Possiinformation as it traces arrays. The compiler would rec-
bly overwriting some elements. If such a rearrangement 0C-ognize the copy-loop idiom of the example, then generate
curred atomically with respect to the collector’s tracirfg 0 ¢gde to log the overwritten[ i ndex] value and read the
the array, then only the overwritten elements (if any) would tracing state before and after the loop. If the states indi-
need to be logged. These updates might be a small fractate that the marker may have done any tracing of the array
tion of the writes. Of course, the arrangement does notconcurrently with the loop, then the mutator places the en-
actually occur atomically; to nevertheless get some bene-tire array on a speciaktrace list requiring the collector
fits from this observation, we can restrict the direction in tg trace it again (perhaps with mutators stopped, to prevent
which the collector scans object arrays, or try to detect mu-|iyelock). This approach is more general because it applies
tator/collector interference. to anyarray rearrangement code pattern. For example, we
Let us give a concrete example. The top two stor@in  could eliminate both barriers in the swap idiom with this ap-
together accounting for more than 70% of stores, seem ini-proach. We could amortize the cost of the check by hoisting

tially unpromising, since neither is potentially pre-nuti them outside of the loop in which the swaps occur.
fact, no executions observe a null previous value. But these

stores occur in a sorting routine, and are part of an anidiom  All of the arguments in this section consider muta-
that swaps two elements in an array. This swap is a permu-or/collector concurrency, but not mutator/mutator concu
tation of the array elements. (And the outer loops in which rency. It turns out that (as far as we can tell) unsynchrahize
these swaps occur are compositions of permutations, andurites to the same array by multiple mutator threads invali-
so are also permutations.) Another set of examples occursiate both classes of optimization discussed above: they al-
in the job benchmark, where some of the most frequently- low heap locations to be overwritten without being logged,
executed store sites are in loops that delete a single etemenwhich compromises the correctness of the SATB marking
of an object array, by moving all higher elements down by algorithm. So if we apply these techniques, we must do so
one index. Taken as a whole, such a loop overwrites only only when no unsynchronized writes are possible: perhaps
one reference value: if it ran atomically with respect to the we can prove that the program obeys a locking discipline in
collector’s scanning of the array, only the overwritterieal  accessing the array, or that the array is thread-local;er th
would need to be logged. compiler might generate code to obtain a special lock dur-

If we inform the compiler of the order in which the col- ing loops that eliminate barriers (this approach raises con
lector scans object array elements, then one of the two bartention and deadlock issues that require some care).



4.4 Inlining level and compilation time m Field + Array

Q
(2]
CU —_—
¢ 6.09 5 g only T7KB
- . . . . 2 1 768 KB
Inlining exposes more information to static analyses like o 4.0- 313 KB
the ones we describe in this paper. An “inline limit” param- & | 299 KB 162 KB
eter of this compiler determines the maximum by.techt_a ;ize I 2 0+ 72 KB
of an inlined method. Of course, more aggressive inlining g | H
increases compile time as well. o
8 0.0 T

Figure 2 shows the effect of the inline limit on analy- jess db javac mtrt jack jbb

sis effectiveness and compilation time, without our arialys
(B), with the field analysis only (F), and with both the field
and array analysis (A). (Note that the compilation timeescal
is logarithmic.)

Figure 3. Analysis effect on code size, for var-
ious inlining levels

by between 2 and 6%. Array analysis has smaller impact

B = baseline

T B Inline = 200 ’ ' J . :
S i;ff;‘:ray FA @ Inline = 100 than it does on dynamic elimination rates, since array bar-
¢ 10.0 F A B o Inline = 35 EA riers usually occur in loops, which magnifies their dynamic
° B B impact.
£ BFA
= 10 BFg
g. gFA 4.5 End-to-end performance
@}
© In our current system, the effect of all this work is rather
80.0 small, because the SATB barrier is expensive only when
3 60 0_‘ A marking is in progress, which is a small fraction of total
T ~ 1 EA running time. However, in the future we plan to incremen-
E 40.0 EA E A talize marking, spreading it out over longer periods. To see
3 20 0_' Af] 0 EA why, consider an application running on a two-processor
S ] FA machine. Currently marking might run for 5 consecutive
0.0 | Em | | | | seconds every 25 seconds, requiring designers planning for
jess db javac mtrt jack jbb worst cases to assume that they get only one processor for
considerable periods. The alternative approach might per-
Figure 2. Compile-time cost and analysis ef- form the marking in 50 msec increments distributed evenly

over these 25 seconds. The incremental approach allows de-
signers to assume the machine has a constant 1.8 processors
available.

While the analysis time becomes comparable to the rest Table 2 shows end-to-end throughput on jthie bench-
of compilation time for the larger examples, note that this mark for three different modes of operatibn.The no-
compilation time is for a “client” JIT compiler intended to  barrier mode eliminatesall SATB barriers (we run all
produce medium-quality code quickly. The “server” com- tests with a heap sufficiently large to require no mark-
piler produces high-quality code, but is approximately an ing). Thealways-logmode simulates the future work de-
order of magnitude slower; this analysis would fit well into Scribed above, by eliding the check for whether marking is
the goals and compilation budget of such a compiler. Thein progress and always logging non-null pre-values. Write
100-bytecode inlining level gains essentially all the gsisl ~ barrier elimination is disabled. Finally, tléways-log-elim
results, and adds much less compilation time than the 200-mode is likealways-log but enables write barrier elimina-
bytecode inlining level. This is the inlining level used for tion. Each result is the average of 5 runs; higher is better.
the results in Table 1. In this mode, SATB barriers cost about 2.5% in end-to-end

Figure 3 shows the effect of the two levels of analysis Performance; this percentage would be greater if we used
on compiled code size, at inlining level 100. Each column the more-optimizing compiler. Eliminating 25% of the bar-
is labeled with the compiled code size before the optimiza- fiers injbb gets back approximately that fraction of this
tion. To ensure comparability across runs with different op COSt.
timization modes, code sizes were summed only for meth- ~ Note again that for reasons of implementation simplicity
ods compiled in all runs for a benchmark. This excluded at this work has been done with the “client” JIT compiler of

most ;I.% of Cpmpi!eq me_thOdS- . . 2\\e usejbb because its relatively longer running times make it easier
Write barrier elimination decreases compiled code size to reliably detect small performance differences.

fectiveness as a function of inlining level




Barrier Throughput| Relative to tween values in particular states. This analysis could be
mode no-barrier accomplished by identifying loojpduction variableg1, p.
no-barrier 29968 1.000 644][11] and their strides, and the values of the induction
always-log 29218 0.975 variables on entry to the loop, but it is interesting to note
always-log-elim 29503 0.984 that our method requires no identification of loop structure
We know of no previous work that identifies uninitialized
Table 2. jbb end-to-end barrier cost subranges of arrays, nor that accomplishes the inference of

integer state components with common strides as part of an
the Java HotSpot VM, which is aimed at producing code abstract interpretation.
quickly. Using a more highly-optimizing compiler, such as
the Java HotSpot VM's “server” compiler, would magnify g Conclusions and Future Work
the cost of SATB barriers, and increase the importance of

eliminating them. . . .
Concurrent techniques are attractive for preventing

garbage collection from excessively impacting appligatio
with large live data working sets and (soft) real-time re-
quirements. Experience has shown that SATB concurrent
Vecchev and Bacon [22] present a dynamic limit study marking requires considerably shorter pauses than incre-
suggesting the potential for elimination of write barriers mental update techniques. One barrier to the acceptance
supporting concurrent marking. Their main observation is of SATB techniques has been the greater cost, in execu-
that the lifetime of a pointer to an object is often contained tion time and compiled code space, of the write barriers
within the lifetime of another pointer to the same object, al that must be executed at each pointer store. We have pre-
lowing barriers associated with creation or deletion of the sented static analyses that prove these barriers unnegessa
shorter-lived pointer to be elided. While suggestive, this in many cases.
work does not provide an analysis to prove that the observed These analyses gave moderately good results for our
dynamic properties hold on all executions. benchmarks, but our measurement infrastructure allowed
Barth [4] presents a static analysis to eliminate write bar- ys to identify the most frequently-executed individuaksto
riersina referenCE'COUnting collector. This includesahe sites whose barriers were not eliminated. Section 4.3 per-
servation that a reference-count decrement is unnecessarprmed a detailed evaluation of important store sites whose
for an initializing write to a newly allocated object, where parriers the analysis did not eliminate, revealing sevieral
the overwritten field is known to contain null. However, no teresting paths for future work to improve our results. Some
algorithm is given for taking advantage of this observation of these are more detailed static analyses. Others suggest
and the algorithms that are given assume programs with NOways in which the collector/mutator interaction could be

5 Related Work

procedure calls in single-threaded systems. modified to allow more barriers to be eliminated.

Zee and Rinard [25] and Shet al. [21] present tech- Finally, one perhaps-reasonable reaction to this work is
niques for removing write barriers supporting remembered that the amount of effort required is out of proportion to
set maintenance in garbage collection. Hoslebgl. [13] the specific benefit provided. However, there are many

describe techniques for reducing the number of write barri- hroplems within compilation that can make use of analyses
ers required for tracking updates to a persistent storell In a that reveal this much information about a compiled method:
cases, the purpose and form of the removed write barriersthese analyses could augment alias analysis; determinatio
are very different from ours, as are the analysis techniques of exact types for, e.g., devirtualization of virtual catis-
There is a large literature on pointer and shape analysiscoyery of array indexing properties for bounds check re-
(see, e.g., [14, 7, 20] and escape analysis (see, €.9..])23, 8 moval; escape analysis for stack allocation and/or lock eli
No previous work that we know of has considered the rela- gjon — the list is long. So our view is that these analyses
tionship between shape or escape analysis and eliminatiorshoyld be part of an integrated static analysis framework
of SATB write barriers. Itis interesting to compare the anal  that provides a variety of information to inform subsequent

ysis we present with escape analyses. As discussed in seGompilation steps, of which SATB write barrier removal is
tion 2, our analysis must be more precise to eliminate bar-jyst one.

riers for stores to objects that are currently thread-lbcal
later escape. Section 2.4 discussed previous work related t
our use of two abstract reference values per allocation site 7 Trademarks
There has been considerable previous work on bounding
ranges of integer variables [19, 15]. This is not sufficient  Java and HotSpot are trademarks or registered trade-
for our purposes, since we need to know relationships be-marks of Sun Microsystems, Inc. in the United States



and other countries. All SPARC trademarks are used un-[12] Urs Holzle. A fast write barrier for generational garbage
der license and are trademarks or registered trademarks of
SPARC International, Inc. in the US and other countries.
Products bearing SPARC trademarks are based upon an ar-
chitecture developed by Sun Microsystems, Inc.
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