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Abstract

Garbage collectors incorporating concurrent marking toecwith large live data sets and
stringent pause time constraints have become common intrgears. Thesnapshot-at-the-
beginningstyle of concurrent marking has several advantages oventhemental updatel-
ternative, but one main disadvantage: it requires the mutatexecute a significantly more
expensive write barrier. This paper demonstrates thage faaction of these write barriers are
unnecessary, and may be eliminated by static analysis.

1 Introduction

This paper presents several static analysis techniques that allow elimintti@my write barriers
supporting thesnapshot at the beginnin@enceforth,SATB style of concurrent garbage collec-
tion [27]. This section explains why we were motivated to study this problechgares a quick
summary of results.

The Javal programming language is the first garbage-collected language to achigespvead
commercial popularity. This has presented extremely challenging requitetoerarbage-collection
implementors: some applications have multiple gigabytes of live data and musirimuously for
months or years with maximum garbage collection pauses measured in millisedodsmmon
solution to this problem is to emplayoncurrentcollection, in which garbage collection and the user
program (themutator, in GC parlance) execute simultaneously [19, 20, 5]. This approachsllow
the live data in large heaps to be traced without long pauses.

In any concurrent garbage collector, the mutator must inform the colle€ointer updates per-
formed during collection. The three collectors cited above are all baseédeomostly-parallel
technique of Boehm, Demers, and Shenker [6], which is classified by Wi&] as an example
of the incremental updatéorm of mutator/collector interaction. That is, the mutator informs the

*Work done while at Sun Microsystems.



collector of locations modified, and the collector re-examines them. In the atiéeBATB style
of concurrent marking, the collector marks the objects reachable in a l@giapshot of the ob-
ject graph taken at the start of marking. The mutator helps to track this Iagiegkhot by noting
actions that might unlink subgraphs of the original snapshot graph.

SATB marking has a major advantage over incremental-update marking. jadtstallocated dur-
ing marking are considered live, so only modifications to objects allocate atdint of marking

need cause collection activity. In contrast, incremental-update markingexastine all modified

marked objects, since any such object could hold a pointer to a subgapheaih been otherwise
“hidden” from the concurrent marking process. Most programs arestly-functional”: a large

proportion of modifications are initializations of newly-allocated objects. S&Bking can safely

ignore such modifications, while incremental-update collectors must examime theour exper-

imental context, pause times necessary to complete incremental-update cokeetmmmetimes
measured in hundreds of milliseconds, while SATB marking pauses for the pepograms are at
least an order of magnitude smaller. A number of recent concurrenttmieuse the SATB style
[3, 2, 10].

On the other hand, SATB marking also has a significant drawback witlecegpthe incremental
update style: the cost of the collector/mutator interaction. In the incremermateuptyle, a common
approach is to useaard-markingwrite barrier [14], which can cost as few as two extra instructions
per pointer write. SATB barriers are more expensive. In the Garbagecollector [10] we used
for our experiments, the “inline” portion of the barrier first checks whetharking is in progress.

If so, it reads the pre-write value of the field, and checks whether #laevs non-null; if so, it
calls an out-of-line routine to add the value to a thread-local buffer. €dg@lues are read and
processed by a concurrent marking thread. These steps requireine®vand 12 RISC instructions
for each barrier. The dynamic cost depends on what fraction of the timdngas in progress, and
what fraction of overwritten values araul | . Section 4.5 shows measurements of the cost of the
SATB barriers.

The goal of this paper is to minimize the effects of this drawback, thus allowmgttengths of
SATB marking to show through. In particular, we introduce two static ana)ys&sed on abstract
interpretation, that together prove that a significant fraction of objdeterce writes require no
SATB-related write barriers. Both identifyre-null writes, writes to heap locations guaranteed to
containnul | before the write. The first does so for fields of objects, the seconeléonents of
(object reference) arrays. These analyses are performed dift@rgn

The rest of this paper is organized as follows. Section 2 presents &rsiarthat identifies pre-
null writes to object fields. Section 3 describes an extension that identiBesytl writes to array
elements. Section 4 presents our experiments on the efficacy of these ofinsizen some bench-
marks, as many as 1/2 of all dynamically executed barriers may be eliminatetiorS& also

speculates on techniques that might eliminate further write barriers. Finediips 5 discusses
related work, and section 6 presents conclusions.



2 Eliminating Barriers for Object Field Writes

The first analysis eliminates barriers for some writes to object fields, in peatiéor pre-null writes
that can be proven to overwriteul | . In the overwhelming majority of such cases, the field is null
because the object has been recently allocated, and the allocator ellwsTthe write is therefore
aninitializing write.

This may seem at first glance to be a relatively simple problem. Howevekingaealues of fields
of heap objects with precision requires tracking aliasing via a pointer asalyarther, since we
are working in a multi-threaded language, we must be aware of the possibilitylijeats accessi-
ble by multiple threads might be modified asynchronously: Therefore, wepaldorm anescape
analysis in the style of [25, 8], to determine when locally-allocated objects beconessitte to
other threads. Actually, it turns out that the write barrier problem regugreater precision than
escape analysis. Generally, escape analysis wishes simply to determitmemdilkcation sites
produce objects thaverescape after allocation. In contrast, we can eliminate a write barrier to
an eventually-escaping object if the write occurs before the objectstaped. Tracking object es-
capedness at each program point requires a more precise andlgsiemipiler already implements
sophisticated pointer and/or escape analysis, our techniques may lpoirated as an extension to
the existing analysis.

The analysis is a flow-sensitive, intra-procedural iterative datafl@alyais @kaan abstract interpre-
tation) that computes the possible reference values that might flow into fifedtdgeats before those
fields are modified by putfield instructions. In standard fashion, this pedgzes basic blocks with
modified start states, propagating changes to successor blocks, uxeéitlgdint is reached. The
analysis result allows us to identify pre-null pointer writes, and eliminate thetie Wwarriers. For
clarity, we present the analysis over the well-known Java Virtual Maddivid1) bytecode instruc-
tion set, though our actual implementation processes an internal just-in-timéle@oimigrmediate
form.

2.1 Abstract value space

In this section we describe the value space over which the analysis isdlefiln&efis an ab-
stract object reference. When analyzing a method, we creat&kefaalues for each allocation
siteid. R;q 4 represents a reference to the object allocated most recendy ahd R;;/5 sum-
marizes all references to objects allocateddgtreviously in the method execution. The predicate
unique(R;q/4) is true (and false for alk;;, 5 Re8), indicating that?;,; 4 denotes a single concrete
reference. As we shall see in section 2.4, we alitwng updatdor stores to fields of unique ref-
erences. We also track thieread-localityof Ref, whether &efmay be accessible to threads other
than the one that allocated it.

We also create abstract reference values to denote initial values ohamggi of reference types:
Rarg(s) is the initial value of argument We assume that such argument values are non-unique,
because of possible aliasing with other arguments, and non-thread-Tbesaie is an exception for



a constructor: the implicit hi s argument (i.e.R,,((0)) of a constructor is considered unique and
thread-local in the initial state, as discussed further in section 2.3.

Finally, we create a single abstract reference v@labalRefto denote all objects allocated outside
the analyzed method, and not passed to it as arguments.

The analysis computesRefVal a set of possibl®efvalues or a bottom/uninitialized elemenht,,
for each variable at each program point. A variable known to contaig)onl | is mapped to the
empty set oRef

Given these types, we defingpeogram stateas a 4-tuple of an abstract environmenan operand
stackstk, a non-local reference sii_, and an abstract stote

p C  Var — RefVal
stk C Stacke RefvVal>

NL C Ref

o C Refx Fieldld — RefVal

The environmenp maps local variables to the sets of possible reference values they cditain.
ilarly, the stk tracks the state of the JVM operand stack. Together, we will referand stk as
thelocal state.The setNL is the set of reference values known to be non-thread-local. Thestore
maps reference-value/object-field identifier pairs to the set of possfblenee values that the field
(of the given object) may contain.

2.2 Merging states

When we process a basic block, we merge the final program state of tieiblo the initial state

of each of the block’s successors (marking them as changed if megess¥Vhen we merge two
program states, we compute the elementwise merge of the tuples. The setl ofildables in the
method under analysis is fixed, and bytecode verification ensures tanopstacks agree at join
points, so two parts of the local state may be merged elementwise. The nbrefecance selL

is merged by set union. The set of reference values and field ideniffiixed and finite, so the
range of thes map can be merged at all points in the domain. ReéValtype, which is the range

of p, stk, ando, forms a lattice. For any two non-bottom elements in the lattice, the meet operation
is defined as the union of the two sets. The meet of any elemeavith 1., is z. Non-bottom
elements are ordered by the subset relation.

2.3 Initial states

As is normal in a dataflow analysis, the initial states of the maps at all progoats{except for
the method entry point) map everything to the bottom element of the map’s rargeNLTset
is initialized to the singleton s€iGlobalRe}. Further, all references reachable GéobalRefare
collapsed intdGlobalRef:Vf : o(GlobalRef f) = {GlobalRe}.
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It remains to define the initial state at method entry. This initial state differs istaartors and
non-constructors. In non-constructors, for each non-argumeat \@riablez of reference type,
p(z) = L,,. For each argument reference type local variab{ecluding thet hi s variable), we
setp(y) = {GlobalRe}. The operand stackk is initialized to the empty stack. Constructors are
treated in a similar fashion, except for the initial valueo¢this), which is set to{ R, }. The
bytecode verifier enforces the constraint that fields of a newly-alldadifct may not be accessed
before some constructor for the object has been executed (if someausthuctor exists); further,
the reference itself cannot have been stored in a global location. Sotignte a constructor for
class T, we assume th&t,, ;o) is not a member oNL, and that the fields defined in type T are
nul | for the object being constructedf : o (R, 40), f) = {1}

2.4 Effects of operations

Below we show the effect of several relevant bytecode instructionshbwing the state tuple
resulting from the start state p, o, NL, stk >. We use the notatioftk : 7;] to denote pushing the
vectorv; = vy, ..., v, ONto the stacktk.

Thel oad andst or e instructions access and update local variables.détest at i ¢ andput -

stat i c instructions perform corresponding operations on static fields. Referealues stored
into static variables “escape.” Thget st at i ¢ instruction always return§GlobalRe}, and stor-

ing a reference value viput st at i ¢ causes it (and any reference reachable from it) to escape.
This is the purpose of AlINonT(NL, RS, o), which returns the result of extending the non-locality
setNL with theRefset RS and allRef (transitively) reachable (in) via fields of references iR.S.

Thegetfi el d andput fi el d instructions operate on fields of heap objects. gbéfi el d
bytecode retrieves the value of a field — note that bothothereference and the result of a field
lookup are sets, so the result is the union of the lookup result for each enexfnddj. The function
lookup(c, , NL, f) is defined by

if r € NL then {GlobalRe} else o(r, f)

The interpretation oput f i el d is complicated by the distinction betwesinongandweakupdate
semantics. If theut f i el d updates a field of a single abstract reference value that is unique (de-
notes a single runtime value), then strong update can be used. Other@isewtu! is merged into

the previous contents via set union. Storing a reference value into ddesdn viaput fi el d

may also cause the value to escape, if the object into which the value is stérselfipossibly
non-thread-local. The function AlINonTLCofML, RS, val, o) is used to update the non-locality
set appropriately; this returidl if the intersection ofRS andNL is empty, and otherwise returns
the result of extendindlL with Res transitively reachable fronuls via o.

Somewhat similarly, passing a reference value as an argument to a meththet{(\nvoke instruc-
tion) may cause it to escape, so our handling of invoke updates the malityleet via the function
nAlINonTL(NL, 77, o), which is simply the union of AlINonTINL, v;, ) for all thev; in 7;.



< .o, NL sth >
load(z) =—
< p,o,NL, [stk : p(x)] >
< p,o,NL, [stk : val] >
stordzr) —
< plx < wvall, o, NL, stk >
< p,o,NL, stk >
getstati¢f) —
< p,o,NL, [stk : {GlobalRe}] >
< p,o,NL, [stk : val] >
putstati¢ f) —
< p,o,AlINonTL (NL, val, o), stk >
< p,o,NL, [stk : obj] >
getfield f) =
< p,0,NL, [stk : U,teon; l00KUp(o, of, NL, f)] >
< p,o,NL, [stk : obj,val] >
putfield f/) —
if obj = {r} A unique(r) :
< p,yo((r, f) < val], AlNonTLCond(NL, obj, val, o), stk >
else:
< p,o[Vot € obj : (ot, f) — o(ot, f) Uval], AlINonTLCond(NL, obj, val, o), stk >
< p,o,NL, [stk : 7;] >
invoke(m(a;) : T) =
if T'is a reference type:
< p,o,NAIINOoNnTL(NL, 75, 0), [stk : {GlobalRe}] >
else:
< p,o,nAlINonTL(NL, 77, o), stk >

The functions AlINonTL, AlINonTLCond, and nAlINonTL are defined mogegrhally in appendix
A.

Our analysis is performed after inlined method bodies are expanded tsis@nservative treat-
ment of arguments of non-inlined methods (and our current lack of imtereplural techniques) is
detrimental to the precision of the analysis. For example, every allocatiotigs/éal by the in-
vocation of a constructor on the allocation’s result: if the constructor isnioed, the allocated
object is considered to escape immediately. (Fortunately, constructarsuahly simple enough to
be inlined, and we have not found this to be a practical problem.)

Processing an invoke instruction also pusfi@éfobalRe} on the operand stack if the method has a
reference return type.

We must also consider reads and writes to object arrays, since thesgeproother mechanism by



which references may escape a thread. For this purpose, we trelajeaharray as an object with
a single fieldf.;..s that “collapses” all elements of the array. Because of this, all arragtepdre
treated as weak updates.

< p,o,NL, [stk : arr,ind] >
aaload =
< p,0, NLv [Stk : UatEarr U(at, felems)] >
< p,o,NL, [stk : arr,ind, val] >
aastore —
< p,oVat € arr: (at, feems) <— o(at, feems) Uval],
AlINonTLCond(NL, arr, val, o), stk >

Next we consider the effects of thewi nst ance instruction, which allocates a new object. Recall
that we associate two abstract reference values with an allocation sitératiios1id: one (R;;/4)

to denote the most recently allocated object, and anofhgy £) to denote all previously allocated
objects. An allocation at the site will associdlg;, 4 with a newly allocated object, but first it must
merge attributes previously associated witfy 4 into R;4, 5, since it becomes part of the set of
previously allocated objects.

< p,o,NL, stk >
id : newinstancel) —
< mgSubstp, Rigja < Ria/p)s
tranfer(o, Rig/a, Ria/B),
replSNL, Riq/a < Riq/B),
[rgSubststk, Rig/a < Rig/p) : {Riaya}] >

We accomplish the removal di;;, 4 as follows. To updatélL, we use replS, which returns a set
like NL but with R;;,4 removed, and with?;;,z added ifR;;,4 had originally been a member.
We use rngSubst to perform similar replacement in the ranges of the tatalsaps and stk
(treatingstk as a map from integers to values). Updating the heap stistsomewhat more subtle.
The expressionransfer(o, r1,72) returns an abstract store that is like except that; has been
removed from the domain, any entries for fieldsrefhave been merged into the corresponding
fields of r5, andr, has been substituted for in all elements of the range of store. Appendix A
gives formal definitions for these functions.

Finally, ;4,4 is pushed on the operand stack as the result of the allocation instruction.

This use of two reference values for each allocation site is the way in whichralysis is more
precise than “traditional” escape analysis. To motivate the need for thasmmetcision, consider the
following example p1 andp2 are arbitrary predicates):



class Foo { public String s; }

Foo f1 = null; Foo f2 = null;
while (pl) {
f1 = new Foo(); /1 F1
fl.s = "hi 1"; /1 W
if (p2) f2 = new Foo(); // F2
f2.s = "hi2"; [l W
}

If we denote all values produced at an allocation site with a single name, thenust use weak
update: if we used strong update, we'd improperly “prove” that noidxais necessary at2. If
we use weak update, however, we will not be able to prove that the bati is unnecessary.
Reserving a name for the most-recently-allocated object allows assignméietddaf that object
to use strong update. The use of two names per allocation site is suggestadt bxplored, by
Whaley and Rinard [25]. Corbett [9] also uses this technique, but onlglfocation sites that occur
within loops. Most-recently-allocated nodes are merged into summary nottes end of loops.
In contrast, our method of merging as a side effect of allocation avoideesy to identify loops.
Finally, the shape analysis of Sagival. [22] gets similar precision via different means.

As is normal in an abstract interpretation, we iterate until there are no statewleose input states
have changed. Any change is by virtue of a merge; since we are warkerdginite lattices (there
are a finite number of abstract references, bound by the prograin isisepossible to bound the
worst-case execution time é5n°). Tighter bounds may be possible, and in practice, performance
is much better than this bound might suggest: this bound calculation considersrttber of local
variables, maximum operand stack size, and number of digtiebtalues all as)(n), when they

are typically small fractions af. Section 4.4 gives data on the variation of analysis time with code
size.

When we procesgut f i el d(f) instructions, we also note whether the instruction requires a write
barrier: if the pre-instruction state p, o, NL, [stk : o] > has the property thatot € 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

The Java language specification states that a newly allocated arraylgjeantgpe has all elements
set to null. Therefore, just as with object field writes, the first (initializingiteg to such array
elements do not require SATB barriers. However, proving that aly atesanent write is initializing
is somewhat more involved than proving the corresponding propertyeldnfirites.

The rest of this section describes an extension to the previous analyispgdlias that writes to
array elements are pre-null. The analysis uses abstract interpretatidertéinear 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 benchmarks we studied, a significant number of array varigeisitializing writes in
loops similar to this. Therefore, the aspirations of the analysis we describéisection do not
extend far beyond such simple examples.

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

Vj:1i < j < new_ta.length : new_ta[j] = null

We accomplish this inference by tracking the uninitialized portion of eacly,amna also by tracking
the values of integer local variables. The next section shows how wegimtmally.

3.2 Analysis extensions for arrays

This section details how we extend the previous analysis to track objegtsamas. We modify
some of the previous state components, and add some new ones:

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

o C Refx Feldld — Value

stk C Stack Value>

Len C Ref — IntVal

NR C Ref — IntRange

We extend the abstract state by tracking integer, as well as referagesythis is reflected in the
redefinition of the ranges ¢f, o, and thestk stack.

An IntVal is a linear combination of integer terms. These terms may be integer constangs or th
product of an integer coefficient and an integeknown. An unknown may beconstant(have

the same value in all states; denotgll or variable (may represent different values in different
states; denoted;). We allowIntVals to have at most one term in a variable unknown, one constant
term, and zero or more terms in constant unknowns+ kocg + ... + kncn, + b. We perform

9



symbolic arithmetic omntVals when it makes sense, but certain operations (for example, addition of
IntVals involving different variable unknowns) produce the top valygas their result. Obviously,
operations where one of the elements s yield T,,. Method calls with integer return types return
T v, Since different invocations might return different values.lAtiRangerepresents a subsequence
of the sequence of valid indices of an array. There are several kindsRange A full IntRange

is a (closed) integer interval, bounded by timbVals: [iv;..ivz]. This is used only to represent an
array’s uninitialized indices immediately after the array’s allocation: it is the sstailen-bottom
element of the range lattice for the given array. There are two varietiealbbpenranges:[iv..]
denotes the sequence of indigesf - such that > iv, and &..iv] denotes the sequence of indices
i of r such that < iv. The lattice ordering on ranges obeys the following rulesj] is below[i..]
and[..j]; [i..] is below(j..] if ¢ < j and[..i] is below]..j] if j < i (Smaller ranges are larger in the
lattice). Theemptyrange is denotefl, and is the top element of the range lattice.

The new magd.-en maps references to arrays to their lengths. The MBRgfor null range maps
object array references lotRange representing subranges of their valid indices known toldd .

As discussed, the various ranges here all form lattices; it should bedaaightforward to see how
these lattices merge. The overall merge operation on states is somewhatompieated than a
simple merge of all the state components, however; this is detailed later, in seé&ion

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) —
< mgSubstp, Riq/a < Riq/B),
tranfer(o-a 1{id/Aa Rid/B)7
replSNL, Rig/a < Riq ),
[rgSubststk, Rig 4 < Riq/p) : {Rig/atl,
LenR;g/4 < n],
NRRig/4 < [0,n —1]] >

Thenewar r ay instruction is very similar tamewi nst ance: it updates the first four state com-
ponents in the same way. In addition, it records the length of the newly altbaatay, and notes
that the entire range of valid indices currently mapeaud | .

Next we reconsider theast or e instruction, which writes to an element of an object array.

< p,o,NL, [stk : arr,ind,val],Len NR >
aastore —
< p,oVat € arr: (at, feems) <— o(at, feems) Uval],
AlINonTLCond(NL, arr, val, o), stk,Len
NRVat € arr: at < contract(NR(at), ind)] >

10



Again, the first four state components are updated as before. Additicth@lyRmap is updated to
reflect that theast or e may have written into the null range of the array, causing it to “contract.”
The contract function embodies a set of simple heuristics, essentiallynigsagstores at either
end of the uninitialized range:

contractjau + b..z|,au +b) = [au+ (b+1).]
contract(z..au +bl,au+b) = [.au+ (b—1)]
otherwise : contract|z..y],i] = [

(In the rules abovey..y] is also intended to match the half-open ranges$ and|..z].)

3.4 Initial conditions in array analysis

We now discuss initial conditions. We have previously mentioned (constahtariable) integer
unknowns, without defining what gives rise to such unknowns. Watera constant unknows

for each integer input parametgrand sefp(i) = ¢; in the initial state. We also create a distinct
constant unknow; to represent the length of every input parameter of array type, anddréus
equality in theLenmap: Len(R,, ;) = c¢;- As mentioned previously, method calls with integer
return types dmotcreate constant unknowns (since they might be called several times icr@t®on
execution, returning different results); instead, they are modeledw®ireg T,,. We sometimes
create new variable unknowns at merge points, according to rulestzgbar the next section. The
number of such variables is limited to the number of merge points times the numbeab$tate
components (though in practice it is usually much smaller).

3.5 Merging in array analysis
Now we describe the special rules for merging states: these rules am@éiechnique that allows

us to infer the required invariant. Before doing so, let us consider teeatipn of the analysis
described so far on our simple motivating example. The allocation of the maw ar

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

updates the program state as shown:
< ey Lerl(Rarg(k)) = Cp, NR(de/A) = [O..Q * Co — 1] >

wherec, is the length ot a (the 0** argument oexpand), andR;,, 4 represents the result of the
allocation. Next we enter thfeor loop:

for (int i =0; i <ta.length; ++i)
new ta[i] = tal[i];

11



In the preamble of the loop, we store 0 in local variab)eecording this inp. The assignment to
newt al i ] corresponds to aaast or e bytecode, and causes the uninitialized rangeei.t a
to contract td1..].

Now control flow takes us back to the loop head. We need to merge thentprogram state into
the program state recorded when we first visited the loop head; theséates are:

<) = L NRRy) = [1] > and
< ap(l):OavNR(de/A): [072*00_1] >

Before going further, we define the conceptriakger state componentEhese components include
the integer-valued elements pfand stk, as well adntVals that appear as bounds of uninitialized
ranges. When we merge two statgsandS», we merge these values component-wise. If an integer
component has different valuésandi, in the two states, we can always merge theni ip, but

we can also choose to express the value of the component in the mergexs stditection of a new
variable unknown.

This becomes useful when different state components can be expressenctions of the same
variable unknown. In our example, we wish to discover that the lower dafithe uninitialized
range ofnew.t a varies with the same stride as the loop variahle

Figure 1 shows hovntVals are merged to accomplish this aim. Tier ge_i nt val s function
takes three arguments:

U C int — VarUnknown
w1 € VarUnknown +— IntVal
o C  VarUnknown +— IntVal

These maps are initially empty, but are modifiedri®r ge_i nt val s. U maps integer constant
“strides” to generated variable unknowns that vary with the given stiiile... maps are substitu-
tions for variable unknowns. These substitutions will together constrowrged stateSs where
for each integer state component

Sale] = Tiv V (p1(Ss[c]) = Sife] A p2(Ss[c]) = Salc] )

Thus, Ss[c] will abstract bothS; [c] andSa[c], as a proper merged state must. Wisgfr] andSs[c]

are distinct constants;|[c| is merged to a generated variable unknown for their difference, and the
1 substitutions map this variable back to values in each input state. On later itertit®malues
being merged will already be variable terms; one will be chosen for the chestgée, and the
substitutions will transform that value to the other.

Figure 1 shows in more detail hdwtVals are merged to accomplish this aim. Briefly, when merging
two distinct constants, we create (or look up) a variable unknown thasisvesl] to vary by the
appropriate difference in consecutive executions, remembering vahgg the variable represents
in each of the merged states. Otherwise, one of the méng¢als has a non-zero variable unknown
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term. If that variable has already been assigned a value, and substitudingathe makes the
mergedntVals equal, then the merged value is unchanged; if the substituted value isiabttegn

we must merge td ;. If the variable is not yet mapped by the substitution, then we attempt to
extend the substitution with a mapping for the variable that makes the miertylads equal, using

the match function described below. If this fails, we must mergé;to

Thematch function works as follows. The arguments are twtv/als. Representing these in general
form (giving eachntVal a term for every constant unknow possibly withk; = 0), our problem
is to solve the following equation below for

av + kocg... + kncn, +b=d'v' + ]{2666 +..+ k. +V

We give up unlesa = . If this holds, then we obtain

k — k kI —k b —b
v o= 4 gt My
a a a
While we could imagine allowingntVals with rational coefficients, we do not currently support that,
and return this result only if all the divisions in the equation above hawereenainder (returning
null otherwise).

We now return to our example. When we merge the end-of-loop state badkénltimop head state,

we discover that the(:) components differ by the constant 1. We therefore create a new variable
unknownw, record this aé/[1], and sef:; (v) = 0 (the value ofp(7) in the first state being merged.)
Later (though the order does not matter), we merge the uninitialized raogés.f 4. Since the

new range is a half-open range and the other range is full, we merge taltfapln range. The left
bound is determined by merging the corresponding integer componentsl0 &hdse vary with a
delta (1) for which a variable has already been recorded, so we substitfte this component in

the merge state (no constant is added since the value of this compoiens i, which is the same
value already recorded in agv)). So we obtain:

<up(i) =w,y NR(de/A)) = [U] >

Now we iterate the loop again. At the end of the loop body, the state is
<-oop(i) =v+ 1, NR(Riga) = o+ 1.] >

which we merge into the previous state of the loop head. Now when we mergalties ofp(i),
we find that while these terms have a constant difference 1, they haveenowariable terms, and
are therefore led to line 27, where theatch function computes the substitution [v] = v + 1,
which justifies returning; = v as the result of the merge. Later, we mergendv + 1 again, this
time as the low bounds of the uninitialized range f;, 4). This time we find that there is already
a substitution fow, and go to line 24. Fortunately, the substitution makgs,| = i», and we can
again returrv as the result. We have correctly inferred that the low bound of the uninitialeagge
and the value of the loop variahleare the same.
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IntVal mergeintvals(: Intval, is: IntVal,

U int — VarUnknown,
u1: Varunknown— IntVal,
wa: Varunknown— IntVal) {

if (i1 = T4 Vig = Ty)return Ty,
else if(i; = i2) return i1;
else {

1}

if (var_term(iy) = 0)
11,02 < 12,115 [1, b2 < (2, J11;
let (5:i2—i1 in
if (int_const(d) A var_term(iy) = 0) {
if (U[0] = null) {
let v = new VarUnknown in
Uld] < v; pa[v] < i1; polv] « iz;
return v;
} else{
letv=Ul[d]; d= (i1 — p1(v))in
assertvar_term(d) = 0;
return v + d;
1} else{
let (a1v; = var_term(iq)) in
it (a1 # 0) {
if (p2lv1] # null) {
if (uo [Zﬂ = i) { return 7y; }
else{ return T;,; };
} else{
let s = match(, i2) in
if s # null {
ualv1] < s; return iq;
} else return T,;
} else return T ,;

Figure 1: Procedure for merging integer state components
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Our technique finds all integer state components that vary with the same ™gtrttle first iteration
of the loop, and makes the provisional assumption that they vary with thag striall iterations.
Such assumptions may of course be incorrect. When they are, the teelwisfill safe, since it
validates that the assumptions lead to a fixed point of the analysis. Whenrdtiestride assumption
is erroneous, however, the validation iteration will merge such components tevhich will then
allow a fixed point (with less information) to be reached. Consider, fomgex

for (int j=1, int i=0; i < 10; i++)
{ ... ;] *=2; ... 1}

In the first iteration of this loop, both andj increase by one. Our method introduces a common
variable for this delta; merging after the first iteration might prodeigg = v A p(j) = v+ 1. In

the previous case, another iteration showed that introducing the varidttedeixed point. In this
example, however, another iteration detects that the initial assumption wasiicdVe attempt to
mergev + 1 and2v + 2; we have no mechanism for doing so, and therefore mergéjto= T,.

3.6 Overflow

Any analysis that applies reasoning about abstract mathematical integmyede@te fixed-width
machine integers must always worry about overflow. For example, inasg, we might worry that
integer overflow might allow an index to “wrap around” and update a pusieinitialized array
element without a barrier. This turns out not to be a problem in our casaule of safety properties
of the target language. The conservative definition of contract disapkemization unless the array
elements are initialized in order: if elementvas last initialized, contract loses all information
unlessi+ 1 ori — 1 is the next element initialized. The uninitialized range of an array must cantrac
in the same way on all paths leading to a control flow merge point (such ap &ézal), or else it
will merge to the empty range at that point. Therefore, an array store sasenbarrier has been
eliminated must be executed with a negative index, producing an arragbexoeption, before it
can possibly be executed with an index value that has wrapped aroumsitige value

4 Evaluation

In this section, we evaluate the effectiveness of these analyses. Wesglthe benchmarks we use
for evaluation, detail the effectiveness of the optimization, and explorecimpile-time cost of the
analysis. Finally we consider further techniques (not yet implementedjrigdt eliminate more
barriers.

1To get this completely correct, the analysis should handle the rare mettaidsatch array bounds exceptions spe-
cially, for example, by not eliminating array barriers at all in them.
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4.1 Benchmarks

We present results from 5 of the 7 programs in the SPECjvm98 benchmitek(aunitting two
benchmarks with very little heap or pointer manipulation). These are:

e jess an expert-systems shell,

e db, a small database program,

e javac, a compiler,

e mtrt, a multi-threaded ray-tracer, and

e jack, a compiler-compiler.

We also present results fisb, the SPECjbb2000 benchmark, run with 8 warehouses for a two-
minute timing interval.

While the SPECjvm benchmarks are not very large programs, and utiealglamall heaps, they
do represent a range of programming styles, and we believe that thagefté test cases for this
evaluation.

4.2 Results

This section gives our results. We have done this work in the “client” jusimie-(JIT) compiler of

the Java HotSpat Virtual Machine, and perform measurements on a machine with eight 750Mhz
UltraSPARQ] 11l processors. (The experimental platform will be relevant for lateasoeements

of compile times.)

Tables 1 and 2 shows the effectiveness of the analyses at eliminating amiters. Table 1 shows
the number of barriers executed dynamically in JIT-compiled code, themage of those exe-
cutions that can be eliminated by analysis, the breakdown of the compilédrbatecutions into
field and array stores, and the percentage of executions of eachfiadrier that can be elimi-
nated. In our instrumentation of the code generated for a pointer stor@lsaveounted, for each
compiled store, the number of associated barrier executions in which thelpeeof the updated
location washul | . We call a store site whose pre-value is never (dynamically) norpotgintially
pre-null.?2 Counting potentially pre-null sites is both a useful correctness checlaalysis should
only eliminate barriers at potentially pre-null store sites!) and also proedegper bound on the
possible effectiveness of the pre-null technique. The last column lisisetfoentage of compiled
barrier executions that are for potentially pre-null stores.

2This definition includes store sites that are compiled but never dynamiocalyuted. Some such sites may be
proved pre-null by our static analysis, so without this interpretation, th&eu of sites proved pre-null might exceed the
potential.
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The percentages in Table 1 are of total JIT-compiled barrier executioai;cases, non-compiled
barrier executions (because not all methods are JIT-compiled) confnsethan 3% of executed
barriers, and in most cases considerably fewer.

Table 2 corresponds to table 1, but shows static rather than dynamic cb@titminated barriers.
The dynamic results are obviously more important in determining the effeceadnhlysis on the
running time of the programs, but static results are also important, since tteegnitee the effect of
the analysis on compiled code space (which may also indirectly improve rutimi@gia instruction

cache effects).

benchmark | Total | % elim | % Potentially| Field/ | Field | Array
%106 pre-null | Array | % elim | % elim
jess 7.9| 50.5 75.0 51/49| 99.7 0.0
db 30.1| 10.2 28.2 10/90| 99.4 0.0
javac 19.9| 32.8 38.5 92/8 | 33.9 20.5
mtrt 3.0| 61.9 91.6 41/59| 72.0 547
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

In general, our results show that our analyses can eliminate a signifreatibh, though not a
consistent majority, of barriers — roughly between 1/4 and 2/3, with thepéiroeof db’s dynamic
result. Our results are significantly better for object fields than for array two of five cases,
we are unable to prove any array stores to be initializing (and in a third, ffirosen initializing
account for a negligible fraction of total executed array stores.) Hewéve optimization is not in
vain: inmtrt , for example, the majority of eliminated barrier executions are for arragstor

When we compare the actual percentage of barriers eliminated with thehgpet of the potential
sites, we find we are obtaining a fairly large fraction of the benefits adhliewry these techniques.
In the the dynamic results of table 1, we eliminate at least 2/3 of all executiqgrudearitially pre-null
barriers in all cases excegb andjbb, and eliminate almost 1/2 fgiob .

Comparing our static and dynamic results, we found that (as one mighttexipeercentage of
stores executed dynamically that are array stores is usually higher, sosetingderably, than the
corresponding static percentage. Therefore, since we have lesssuc finding initializing array
stores, our dynamic elimination rate is generally lower than the static elimination rate.

4.3 Detailed evaluation

We further analyzed our results for individual store sites. For eagbheark, we sorted the results,
and considered the most frequently-executed store sites whose davreier not eliminated. This
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benchmark | Total | % elim | % Potentially| Field/ | Field | Array
pre-null Array | % elim | % elim
jess 370| 67.3 93.5 81/19| 824 14
db 77| 429 89.6 69/31| 62.3 0.0
javac 1684| 52.0 81.5 93/7 | 545 17.0
mtrt 305| 42.6 93.4 47/53| 75.4 14.1
jack 869 | 35.8 95.6 43/57| 83.6 0.0
jbb 1137| 38.3 90.0 57/43 | 64.7 2.9

Table 2: Analysis results: static

consideration suggests further work that would allow more SATB bartietse eliminated; we
discuss these techniques below.

4.3.1 Null-or-same analysis.

We noticed that several frequently-executed store sites, while noipidrad a related property that
should allow elimination of their associated write barriers. For these sitesamvprove (currently
by inspection, not via automated tools) that the write either overwrites nullseweites the value
the field already containsObviously, no SATB barrier is required in either case. An important
example occurs ifdasht abl e. Enuner at or 's hasMor eEl ement s method, shown in figure
2.

1| public bool ean hasMoreEl enents() {

2| Entry e = entry;

3| int i = index;

4] Entry t[] = table;

5] /* Use locals in | oop body */
6| while (e == null && i > 0) {
7] e =t[--i];

8| }

9 entry = e; // Frequently executed
10| index = 1i;

11| return e !'= null;

12|}

Figure 2: Code foHasht abl e. Enuner at or . hasMor eEl enent s

The “frequently executed” store requires no barrier. To see whysider an execution of this
method. Assume that tienuner at or t hi s is thread-local, so values of its fields change only
as a result of actions by the current thread. The first line reads the @éiuhi s. ent ry; call
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this Ry. Thewhile loop tests whetheRy is null. If Ry is null, then we have determined that the
pre-value ot hi s. ent ry atline 9 is null: the barrier need not be executed in this case. If, on the
other hand,R is not null, then the loop body is not executed,ese- Ry when we reach line 9.
The store therefore does not change the valuehofs. ent r y, and no barrier is necessary. So no
barrier is necessary in either case.

Stores of this form account for 15% of the write barriers execute@dvac, 14% forjack, and
4% injbb. We are currently considering how best to incorporate this observatiorour anal-
ysis. In any case, we would require further escape analysis infcasteuto clone a version of
hasMor eEl enent s compiled under the assumption thatitsi s argumentis thread-local, which
is a necessary condition of the optimization.

4.3.2 Array swap idiom

This section and the next discuss optimizations suggested by examinati@yoémtly-executed
array store sites occurring within loops. Some of these loops perdaray rearrangementamnov-
ing elements within an object array, possibly overwriting some elements. hfsuearrangement
occurred atomically with respect to the collector’s tracing of the array, timiythe overwritten
elements (if any) would need to be logged. These updates might be a srct@difraf all the writes
performed within the loop. Of course, the arrangement does not actwally atomically; to nev-
ertheless get some benefit from this observation, we can restrict tiogiatiren which the collector
scans object arrays, or try to detect mutator/collector interference.

The array swap optimization is suggested by the non-eliminated storesdif thenchmark. This
benchmark represented our worst results, eliminating only about 10¥tmafcally executed bar-
riers. The top two stores idb, together accounting for more than 70% of stores, seem initially
unpromising, since neither is potentially pre-null; in facg executions observe a null previous
value. But these stores occur within a loop next that performs an areasangement, as part of a
(suboptimal) sorting algorithm:

1 for (...; gap > 0; ...)

2| for () =...)

3|

4| e = index[j];

5] i ndex[j] = index[]j+gap];
6| i ndex[] +gap] = e;

Lines 4-6 swap two elements of the array, and are the only writes to theiatieg/loop nest. Since
a swap is a permutation, and the composition of permutations is another permutsitoop nest
permutes the array without losing any elements. This is enticing, since therafeaences the
same objects before and after each swap; if the sorting loop occurradtatly with respect to the
marking thread, it would not change the set of object references intdng and therefore the array
stores in last two lines would not require barriers.

19



Unfortunately, these statements will be executed concurrently with the mahkead, and various
interleavings could cause either of the swapped values to be missed in éme@lo$ write barriers.

However, if we intertwine the compiler and garbage collector somewhat, comnihigrgpncurrent

marking thread to scan object arrays in (say) ascending index oréarié can eliminate one of
the barriers when we detect the idiom of a swap within the same array. Tasgdavghmust reverse
the swap, so that the higher index is written first:

4| e = index[]+gap];
5] i ndex[] +gap] = index[j];
6| i ndex[j] = e;

Sincegap > 0, the concurrent marking thread will execute

a| tl

|
b| tn

i ndex[j];

i ndex[ j +gap] ;

On a sequentially consistent machine, no barrier is necessary for teeasiore 6: either the read
(a) ofi ndex[ j ] by the concurrent marker precedes the store at 6, and thus oberyes-value,
or it follows the store at 6, in which case both reads follow the completed sweartion, which
preserves the object graph.

This argument does not take mutator/mutator concurrency into accoursestan 4.3.5 for more
discussion of this issue.

4.3.3 Slide-down idiom

The second array rearrangement optimization is suggesttbywo of the three most frequently-
executed non-eliminated store sites, together accounting for about 18&re$, suggest another
way to take advantage of loops that perform array rearrangements.

These sites both have the form:

1] for (j = index+1l, j < count; j++) {
2| a[j-1] = a[j];
3] }

To remove an element from a collection represented by an array, it “glidagents down” to replace
the deleted element ahdex. If the entire loop occurred atomically with respect to the concurrent
marking thread, then only the overwritten elemapt ndex] would need to be logged. However,
we must take mutator/collector concurrency into account. It turns out tha dollector scans the
array in the same direction as object movement, no elements can be lost, butiregi®ns differ,
then the collector may fail to observe elements copied by the loop.
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We propose two possible schemes to take advantage of this observatefirsTis more general,
and applies whenever a compiler can identify a block of code (usually & fbapmoves elements
within an object array in such a way that the element set at the end of tleebtock is a subset
of the original elements. In this situation, we propose an optimistic concyrierdrol scheme.
We would devote bits in the header of object arrays to indicatériueng statesof the array, one
of untraced tracing, andtraced The concurrent marker would update this state information as it
traces arrays. The compiler would precede the element movement codeniiocode to log the
“lost” elements, and also add code to read the tracing state before antheftarde block. If the
states indicate that the marker may have done any tracing of the arrayr@niyuwith the loop,
then the mutator places the entire array on a speeiedce list requiring the collector to trace it
again.

This technique will be advantageous if the number of elements “slid” per etereroval is rel-
atively large, and if the the probability of collector/mutator interference omdividual array is
small. Both conditions obtain fgbb. This technique could also be applied to eliminate both barri-
ers in the array swap idiom that dominaths but in that case the mutator spends so much time in
the loop that the probability of retrace is relatively high.

The second scheme is more specific to the current example, and takatagévaf the observation
that the collector observes all the copied elements when it scans in the sact®dias the object
movement. This scheme devotes bits in the object array header that allowntipdexbcode to
force the collector to scan object arrays in the required direction: awdavdamoving loop like the
example would be preceded by code setting the bits to inform the collector éatrdy must be
scanned downwards. More bits are necessary to allow the collector toittie mutator code of its
scanning: if a downwards-moving loop operates on an array that thetoolis already scanning
upwards, it must leave its bit set at the end of the loop, so the collectorkitatit must rescan the
loop in the proper direction. (This opens the possibility of collector/mutatoliolbke if the mutator
repeatedly moves elements in alternating directions. Another bit pattern ariultlg “lock” the
array from such loops, allowing the collector to obtain a consistent view.)

We have not yet considered barriers required by the standard limethodSyst em ar r aycopy,
but many uses in these benchmarks have the same form as the loop dkBrcilie section; the
same techniques could be used to eliminate barriers in those cases.

4.3.4 Miscellaneous
In this section we complete our examination of the non-eliminated stores in ochrank, sug-
gesting some other methods of eliminating SATB barriers.

Thejessbenchmark has a non-eliminated array store site that ties for the mostritlgexecuted
(accounting for 23% of all stores), yet is potentially pre-null.

Further examination reveals that the store is in fact unnecessary, bthatanalysis would have to
be extended in several ways to eliminate it. We would have to:
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e track abstract values of integer fields of thread-local object refeen
e decide conditionals statically when the analysis determines the outcome of trentest;

e extend the analysis to understand the effe®y$t em ar r aycopy on array uninitialized
ranges.

The third-most-frequently-executed pointer store sites ofithis potentially pre-null, and accounts
for about 17% of the stores. The store is at line 4:

1| index = new Entry[n];

2l i =0

3] while ( e.hasMreEl enents() )

4] i ndex[i++] = (Entry)e.nextEl enent();

The problem is thait ndex is an object field (ot hi s) rather than a local variable. Sintéi s
might be globally visible, the array might be updated by other threads (or \@aethe calls to
hasMor eEl enent s or next El enent ) between iterations.

If it could be determined (most obviously by inlining) that neither iterator metunesses the field
Dat abase. i ndex, then we could transform this loop to store the allocated array into a local
variable, perform the initialization, and only then write the result back into éhe. f(This is always

a possible execution of the original code under the memory model.) This woalidesthe barrier

to be eliminated.

Though we do fairly well omtrt , eliminating 62% of dynamically-executed barriers, possibilities
remain: the third- through sixth-most-frequently-executed stores arelimamated potentially pre-

null array stores, all in the same methd@at Node. Copy. An Cct Node has three fields that
reference object arrays, af@py copies the contents of the arrays from@t Node argument

to the corresponding arrays trhi s. Copy is called by only one method, where it is invoked
on a newly-allocate@ct Node. Making these facts apparent to the analysis would require more
aggressive inlining: in this case, letting the fact that a method is called at aelyngocation site
allow the inlining of even large methods would work. Eliminating these barriersntat would

also require handling an oddity of its code: thet Node constructor contains the following:

Adj acent = new Cct Node[ 6] ;

Child = new Cct Node[ 8] ;

for (i 0; i < 6; i++) Adjacent[i] = null;
for (i 0; i <8; i++) Child[i] = null;

Our array analysis could easily be used to identify these loops as rettuatlawing them to be
eliminated entirely. In any case, we must recognize that they do not cliz@mgeinitialized ranges
of the arrays they update.

22



The most frequently-executed pointer store injik benchmark is invect or . addEl enent ;
this non-eliminated store is potentially pre-null, and accounts for 13% of aitgrostores. This
method is not inlined, because it is synchronized. If our analysis wéea@ed in directions similar
to those mentioned in our discussionje$s it would be possible to prove, at least at some call
sites, that thé&/ect or argument was thread-local, and did not require locking. This wouldlenab
inlining, which would enable the barrier elimination. In particular, we woulddneetrack the
values of integer fields of thread-local heap objects, and decide tdlotrobranches statically
when possible.

4.3.5 Mutator concurrency issues

The (very) informal correctness arguments for the optimizations of secfi®2 and 4.3.3 consid-
ered concurrency between the collector and a single mutator threadid lmdt consider multiple
mutator threads. It turns out that even very simple mutator/mutator concyrcan have bad ef-
fects that invalidate these optimizations. Consider the swap idiom of section wt8ch claimed
that if the collector thread scans arrays in ascending order, the arrtbe write at line 5 may be
elided:

0] [l Assune i < |j

1| tl = a[i];

2| t2 =a[j];

3] log t2; /1 1ogging barrier.
4] a[j] =t1

5] a[i] =t2; [// No |ogging.

Now consider another mutator thread that writes a valteea] j ] . It will perform a write barrier,
so it will do:

1] t =afjl;
2| log t;
3| alj] = z;

These may be interleaved as follows:
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Initially: a[i] = z,a[j] =y
Thread 1 Thread 2

tl = al[i]; [/lreads:
t2 = a[j]; [/lreadsy
log t2; /l'logsy

t = al[j]; [/readsy
log t; /l'logsy

t1; [/l writesx
t2; [/l writesy

alj]
ali]

alj] = z; [Illwritesz

At the end of thisa[i] = y anda[j] = z. The valuer was in the array at the start, and therefore
should be observed by the concurrent marker, but has been losuwhbweing been logged. A
similar argument can be constructed to show that the optimization eliminating writerban the
“copy-down” loop of section 4.3.3 may also be invalidated by mutator coanayr

It is interesting to note that while the values observed by the mutator threadssimélRamples are
perfectly permissible results of programs with data races under the Javanyl®lodel [12, 18],
the concurrent collector must be held to a higher standard: it must peesemectness under all
possible interleavings. When some of the collector implementation (i.e, write isuiisgrovided
by compilers, then we must be aware of this distinction, and be careful td agtimizations that
might be appropriate for mutator code but inappropriate for collector.code

As far as we can determine, optimizations such as those in sections secti@enl3.3.3, which
elide barriers on the basis of arguments about permissible interleavingstatomand collector
execution, may only be applied if mutator/mutator concurrency is not pos3ibie may be ensured
in several ways:

e The target array may be proven to be thread-local.
e The program may be proven to obey a consistent locking discipline ingingetbe array.

e The generated code may be modified to obtain a lock during loops that elidersaiT his
approach raises contention and deadlock issues that require some care

e Future processors might support inexpengieasactional memory13]. Performing array
operations as part of transactions (encompassing code blocks with bkdeers) would
allow detection of concurrent interference that would otherwise invaliti@®arrier elision.

4.3.6 Summary

In this section we have suggested a number of further techniques for diimgiriarther barriers.
Table 3 shows the estimates of dynamic barrier elimination rates if all the tecknigseribed in
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this section are successfully implemente@he numbers in the last column are greater in several
cases than the potentially pre-null column of table 1, since several of dwilgftive techniques
eliminate barriers for non-pre-null store sites.

benchmark Dynamic % elim
current| + further work
jess 51% 74%
db 10% 62%
javac 33% 48%
mtrt 62% 75%
jack 41% 62%
jbb 26% 42%

Table 3: Estimated increases from further work

If this future work is successful, we would closely approach or ex@&iadination of the major-
ity of SATB barriers for all our benchmarks. The required techniquey.vSome are generally
useful compilation technigues, some require extension of our analysisgthars propose closer
cooperation between mutator and collector. None are individually daunting.

4.4 Inlining level and compilation time

Inlining exposes more information to static analyses like the ones we desctiiie paper. An “in-
line limit” parameter of this compiler determines the maximum bytecode size of an inlingadie
Of course, more aggressive inlining increases compile time as well.

Figure 3 shows the effect of the inline limit on analysis effectiveness amgpiation time, without
our analysis (B), with the field analysis only (F), and with both the field anayaanalysis (A).
(Note that the compilation time scale is logarithmic in figure 3.) Table 4 shows in ftdildbe
numbers on which figure 3 is based.

3Actually these estimates are lower bounds, since we assume only thaetificsipequently-executed barriers con-
sidered are eliminated; the techniques may also eliminate other less filgegiacuted barriers not considered.
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Figure 3: Compile-time cost and analysis effectiveness as a function dhiplievel

While the analysis time becomes comparable to the rest of compilation time for thedaegeples,
note that this compilation time is for a “client” JIT compiler intended to produce medjuatity
code quickly. The “server” compiler produces high-quality code, bapisroximately an order
of magnitude slower; this analysis would fit well into the goals and compilatiogdtuaf such a
compiler. The 100-bytecode inlining level gains essentially all the analysigtseand adds much
less compilation time than the 200-bytecode inlining level. This is the inlining level fmgethe
results in Table 1.

In the implementation of the analysis, one technique stood out as important teiagtaeceptable
performance on large problems. During performance debugging, wedfthat the fixed-point
calculation was taking many iterations to converge. We determined that chiartfe abstract store
were being propagated to all (transitive) successors, even wheetheformation was irrelevant
to those successors. We solved this problem by performirdpsinact garbage collectioat the end
of each basic block, deleting information about thread-local abstrizcerees that are unreachable
in the block’s post-state. This approach is suggested by Jones andigkigh6], whosecleanup
operation performs such a garbage collection (as well as operatiomsaed with limiting the
size of the representation of the heap state). Jones and Muchnick leageahof classifying
nodes as amenable to reference counting or requiring other forms lwdggacollection that can
collect garbage cycles. It is somewhat surprising that they did noestigg obvious extension of
this technique: if this garbage collection finds unreachable abstracs nibe® the corresponding
concrete nodes may be collected.

Figure 4 shows the effect of the two levels of analysis on compiled codgagizgining level 100.

26



bench-| inline | comp time Field analysis only Field + array analysis

mark limit | w/o analysis| % elim | A comptime | % elim A comp time

jess 35 041s 50.4% | 0.06 s (15.2%) 50.4% | 0.11s(27.3%)
jess 100 0.81s 50.5% | 0.24 s (30.2%) 50.5% | 0.46 s (57.1%)
jess 200 2.62s 50.5% | 1.81 s (69.2%) 50.5% | 5.66 s (216.4%)
db 35 0.17s 10.2% | 0.03s(16.1%) 10.2% | 0.03 s (15.5%)
db 100 0.21s 10.2% | 0.05s(23.8%) 10.2% | 0.04 s (17.5%)
db 200 0.30s 10.2% | 0.05s(17.5%) 10.2% | 0.08 s (25.3%)
javac 35 1.69s 29.0% | 0.14s(8.4%)| 30.9% | 0.20s(11.8%)

javac 100 2.24s 31.1% | 0.49s(21.8%) 32.8% | 0.71s(31.6%)
javac 200 6.60 s 32.0% | 3.75s (56.9%) 33.7% | 11.39s(172.5%

mirt 35| 038s | 20.5% | 0.04s (10.3%) 20.9% | 0.04s (10.8%)
mirt 100| 051s | 29.8% | 0.23 s (45.3%) 61.9% | 0.29s (57.9%)
mirt 200| 0.73s | 29.8% | 0.05s (7.2%)| 61.8% | 0.23s (31.2%)
jack 35| 0.68s | 38.0% ] 0.07 s (10.3%) 38.0% | 0.11s (15.9%)
jack 100| 0.84s | 41.0% | 0.10s (12.0%) 41.0% | 0.14s (16.4%)
jack 200| 1.38s | 41.0% | 0.26 s (18.9%) 41.0% | 0.51s (36.9%)
job 35| 1.40s | 25.6% | 0.21s (15.3%) 25.6% | 0.24s (17.3%)
job 100| 2.18s | 25.6% | 0.26 s (12.0%) 25.6% | 0.57 s (26.0%)
job 200| 3.41s | 26.6% | 0.87 s (25.6%) 26.6% | 1.57s (46.2%)

Table 4: Compile-time cost and analysis effectiveness as a function of mliewel

Each column is labeled with the compiled code size before the optimization. Toeetmmpa-
rability across runs with different optimization modes, code sizes were surantgdor methods
compiled in all runs for a benchmark. This excluded at most 1% of compiledouigth

Write barrier elimination decreases compiled code size by between 2 and B&y. ahalysis has
smaller impact than it does on dynamic elimination rates, since array barngiusccur in loops,
which magnifies their dynamic impact.

4.5 End-to-end performance

In our current system, the effect of all this work is rather small, becthes8ATB barrier is expen-
sive only when marking is in progress, which is a small fraction of total inmtime. However,
in the future we plan to incrementalize marking, spreading it out over long@rds. To see why,
consider an application running on a two-processor machine. Currentkinganmight run for 5
consecutive seconds every 25 seconds, requiring designersngdonworst cases to assume that
they get only one processor for considerable periods. The altezregtiproach might perform the
marking in 50 msec increments distributed evenly over these 25 seconds.cidraental approach
allows designers to assume the machine has a constant 1.8 procestalgeava
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Figure 4: Analysis effect on code size, for various inlining levels

Table 5 shows end-to-end throughput onjtite benchmark for three different modes of operatton.
Theno-barrier mode eliminatesll SATB barriers (we run all tests with a heap sufficiently large to
require no marking). Thalways-logmode simulates the future work described above, by eliding
the check for whether marking is in progress and always logging ntpiredvalues. Write barrier
elimination is disabled. Finally, thalways-log-elimmode is likealways-log but enables write
barrier elimination. Each result is the average of 5 runs; higher is bettethid mode, SATB
barriers cost about 2.5% in end-to-end performance; this percewtagd be greater if we used
the more-optimizing compiler. Eliminating 25% of the barriergain gets back approximately that

fraction of this cost.

Note again that for reasons of implementation simplicity this work has been ditméhe “client”
JIT compiler of the Java HotSpot VM, which is aimed at producing code tuidksing a more
highly-optimizing compiler, such as the Java HotSpot VM's “server” compileuld magnify the
cost of SATB barriers, and increase the importance of eliminating them.

Barrier Throughput| Relative to
mode no-barrier
no-barrier 29968 1.000
always-log 29218 0.975
always-log-elim 29503 0.984

Table 5:jbb end-to-end barrier cost

5 Related Work

Vecchev and Bacon [24] present a dynamic limit study suggesting thet@dtiem elimination of
write barriers supporting concurrent marking. Their main observatiomiglik lifetime of a pointer

“We usgbb because its relatively longer running times make it easier to reliably deteditserformance differences.
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to an object is often contained within the lifetime of another pointer to the samet oailesving
barriers associated with creation or deletion of the shorter-lived pointer étided. They also note
that a large fraction of SATB barrier executions are pre-null, andgsepas we do, that allowing the
compiler to assume a known scanning order might allow further barrier eli$inile suggestive,
this work does not provide an analysis to prove that the observed dymeioperties hold on all
executions.

Barth [4] presents a static analysis to eliminate write barriers in a refexnaging collector. This
includes the observation that a reference-count decrement is wsaegéor an initializing write to a
newly allocated object, where the overwritten field is known to contain null. é¥ew no algorithm
is given for taking advantage of this observation, and the algorithms #hgian assume programs
with no procedure calls in single-threaded systems.

Zee and Rinard [28] and Shef al. [23] present techniques for removing write barriers supporting
remembered set maintenance in garbage collection. Hosliag) [15] describe techniques for
reducing the number of write barriers required for tracking updates ¢osaspent store. In all cases,
the purpose and form of the removed write barriers are very différemt ours, as are the analysis
techniques.

There is a large literature on pointer and shape analysis (see, e.g., Pf,ahd escape analysis
(see, e.g., [25, 8]). No previous work that we know of has consitiieerelationship between shape
or escape analysis and elimination of SATB write barriers. It is interestingrtoare the analysis

we present with escape analyses. As discussed in section 2, ourignaligs be more precise to

eliminate barriers for stores to objects that are currently thread-locdhtautescape. Section 2.4
discussed previous work related to our use of two abstract refevahges per allocation site.

There has been considerable previous work on bounding rangetegéirvariables [21, 17]. This
is not sufficient for our purposes, since we need to know relationgigifygeen values in particular
states. This analysis could be accomplished by identifying indpction variableqg1, p. 644][11]
and their strides, and the values of the induction variables on entry to theloop is interesting
to note that our method requires no identification of loop structure. We kifiow previous work
that identifies uninitialized subranges of arrays, nor that accomplish@sf¢nence of integer state
components with common strides as part of an abstract interpretation.

6 Conclusions and Future Work

Concurrent techniques are attractive for preventing garbage colidctim excessively impacting
applications with large live data working sets and (soft) real-time requiremd&xperience has
shown that SATB concurrent marking requires considerably shoaitesgs than incremental update
techniques. One barrier to the acceptance of SATB techniques hathbegrater cost, in execution
time and compiled code space, of the write barriers that must be executchgi@nter store. We
have presented static analyses that prove these barriers unngdessany cases.

These analyses gave moderately good results for our benchmarksirbueasurement infrastruc-

29



ture allowed us to identify the most frequently-executed individual store wit®se barriers were
not eliminated. Section 4.3 performed a detailed evaluation of important storevkitse barri-
ers the analysis did not eliminate, revealing several interesting pathsttwe fwork to improve
our results. Some of these are more detailed static analyses. Otherstsuage$n which the
collector/mutator interaction could be modified to allow more barriers to be eliminated.

Finally, one perhaps-reasonable reaction to this work is that the amoafiodfrequired is out of
proportion to the specific benefit provided. However, there are mastylgns within compilation
that can make use of analyses that reveal this much information about dexmethod: these
analyses could augment alias analysis; determination of exact typesdgordevirtualization of
virtual calls; discovery of array indexing properties for bounds klremoval; escape analysis for
stack allocation and/or lock elision — the list is long. So our view is that theslysasashould
be part of an integrated static analysis framework that provides a vafigtfoamation to inform
subsequent compilation steps, of which SATB write barrier removal is just o
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A Formal Definitions of Support Functions

This appendix gives formal definitions of functions defined informally otisa 2.4. First we define
the functions AIINonTL(), AlINonTLCond(), and nAlINonTL(), used in&en 2.4 to describe
which reference values become non-thread-local because of.shorthe definitions belowNL is

a non-locality setRS is an element oRefs ando is an abstract store. We denote sequences of
reference values using stack notation.

AlINOnTL (NL, {},0) = NL
AllNonTL (NL, {r} U RS, o) =
AlINonTL(NL U | Jo(r, f), RS, 0)
vf
AlINonTLCond(NL, RS, val,o) =
if RS N NL # ) then AlINonTL (NL,val, o) else NL

nAIINonTL (NL,7;,0) = [ JAINonTL (NL, v;, o)
Vi

Now we give definitions for rngSubst(), replS(), and transferdusesection 2.4 to merge attributes
of an abstract reference valiig; 4 denoting the object most recently allocated at allocationigite
into the summary referende;;, 5 for that site in a program state.

replSs, vy «— vy) =
(s —{v1}) U (if v; € sthen {va} else {})
rngSubstm, v; « v9) =
Vz € dom(m) m[z «— replSm]z|,v1 « va)]
transfe(o, r1,re) =
(0 —=r)V(r f) € (o —r):(r,f) <
(if 7 = ro then
replS(o(r1, f),r1 < r2)
ureplSo(ra, f),r1 < r2)
else replSo(r, f),r1 < r2))
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