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ABSTRACT

Tracing and reference counting are uniformly viewed asd#in-
damentally different approaches to garbage collectiongbhasess
very distinct performance properties. We have implemehtgb-
performance collectors of both types, and in the processrobd
that the more we optimized them, the more similarly they betla
— that they seem to share some deep structure.

We present a formulation of the two algorithms that shows tha
they are in fact duals of each other. Intuitively, the difiece is that
tracing operates on live objects, or “matter”, while refere count-
ing operates on dead objects, or “anti-matter”. For evesraiton
performed by the tracing collector, there is a preciselyespond-
ing anti-operation performed by the reference countingectbr.

Using this framework, we show that all high-performance- col
lectors (for example, deferred reference counting andrgéineal
collection) are in fact hybrids of tracing and referencenting.
We develop a uniform cost-model for the collectors to quwgrkie
trade-offs that result from choosing different hybridieas of trac-
ing and reference counting. This allows the correct schenieet
selected based on system performance requirements and-the e
pected properties of the target application.
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D.3.3 [Programming Language§: Language Constructs and Fea-
tures—bynamic storage managemei.3.4 [Programming Lan-
guage$: Processors-Memory management (garbage collection)
D.4.2 [Operating System$: Storage Management&arbage col-
lection
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1. INTRODUCTION

By 1960, the two fundamental approaches to storage reclama-
tion, namely tracing [33] and reference counting [18] hadrbde-
veloped.

Since then there has been a great deal of work on garbage-colle
tion, with numerous advances in both paradigms. For trasioige
of the major advances have been iterative copying colledtis],
generational collection [41, 1], constant-space trac8&j,[barrier
optimization techniques [13, 45, 46], soft real-time cciiien [2, 7,

8, 14, 26, 30, 44], hard real-time collection [5, 16, 23] tdlmited
garbage collection [29], replicating copying collectid®¥], and
multiprocessor concurrent collection [21, 22, 27, 28, 39].

For reference counting, some of the major advances have been
incremental freeing [42], deferred reference counting,[29cle
collection [17, 32, 6], compile-time removal of countingeop-
tions [9], and multiprocessor concurrent collection [3, 39].

However, all of these advances have been refinements of the tw
fundamental approaches that were developed at the dawa efah
of high-level languages.

Tracing and reference counting have consistently beeredes
being different approaches to storage reclamation. We inapie-
mented both types of collector: a multiprocessor concumeier-
ence counting collector with cycle collection [3, 6] and uaces-
sor real-time incremental tracing collector [4, 5]. In thi®cess,
we found some striking similarities between the two apphneac
In particular, once substantial optimizations had beeriego
the naive algorithms, the difficult issues that arose wersark-
ably similar. This led us to speculate that the two algorghnfact
share a “deep structure”.

In this paper we show that the two fundamental approaches to
storage reclamation, namely tracing and reference cayrdne al-
gorithmic duals of each other. Intuitively, one can thinkrafcing
as operating upon live objects or “matter”, while referenoant-
ing operates upon dead objects or “anti-matter”. For evesr-o
ation performed by the tracing collector, there is a comesing
“anti-operation” performed by the reference counting ectibr.

Approaching the two algorithms in this way sheds new light on
the trade-offs involved, the potential optimizations, ahd pos-
sibility of combining reference counting and tracing in éfigal
storage reclamation framework.

We begin with a qualitative comparison of tracing and refees
counting (Section 2) and then show that the two algorithrasirar
fact duals of each other (Section 3). We then show that ali rea
istic, high-performance collectors are in fact hybrids t@mbine
tracing and reference counting (Section 4). We then disthess
problem of cycle collection (Section 5) and extend our frawr
to collectors with arbitrary numbers of separate heapsti@e6).
Using our categorization of collectors, we then presentitorm



Tracing | Reference Counting
Collection Style Batch Incremental
Cost Per Mutation  None High
Throughput High Low
Pause Times Long Short
Real Time? No Yes
Collects Cycles? Yes No

Figure 1: Tracing vs. Reference Counting.

cost model for the various collectors, which allows theirfpe
mance characteristics to be compared directly (Sectiowe)then
discuss some space-time trade-offs that can be made in fite-im
mentation of a collector (Section 8). Finally, we present can-
clusions.

2. QUALITATIVE COMPARISON

We begin with a qualitative comparison of the differences be
tween tracing and reference counting collectors, and distow
the algorithms become more similar as optimizations aréieghp

2.1 Diametrical Opposites?

The naive implementations of tracing and reference cogratre
quite different. The most commonly cited differences am@shin
Figure 1.

Reference counting is inherently incremental since it tgsleef-
erence counts on each pointer write; tracing operates itchba
mode” by scanning the entire heap at once. Tracing incurs no
penalty for pointer mutation, while reference countingirsca high
cost — every pointer write (including those to stack framreshlts
in reference count updates. Throughput for tracing cadlects
correspondingly higher.

On the other hand, reference counting collectors incur skoyt
pause times, which makes them naturally suitable for ies-ap-
plications.

Finally, tracing collects cyclic garbage while referenoarting
does not. As a result, when reference counting is applie@aph
that may contain cyclic garbage, cycles must either be cieiteus-
ing a backup tracing collector [43] or with a trial deletidgarithm
[6, 17, 32].

2.2 Convergence
Our investigation of the similarities between tracing aater-

Tracing Reference Counting
Starting Point Roots Anti-roots
Graph Traversal | Fwd. from roots| Fwd. from anti-roots
Objects Traversed Live Dead
Initial RC Low (0) High
RC Reconstruction Addition Subtraction
Extra Iteration Sweep Phase Trial Deletion

Figure 2: Tracing vs. Reference Counting, Revisited.

Now consider an implementation of a high-performance trac-
ing collector: two of its fundamental advantages are thé lafc
per-mutation overhead and the natural collection of cygdidage.
However, a fundamental disadvantage of tracing is thatrfgeef
dead objects is delayed until the end of a collection cyelsulting
in delayed reclamation of objects and long pause times.

One of the first optimizations that is typically applied taacing
collector is generational collection [41]. This reduces #verage
pause time and the delay in reclaiming objects, but it alsm4in
duces per-mutation overhead — thus it takes on both someeof th
positive and the negative aspects of reference countirgotian.

A further attempt to precisely limit the pause time is mastifa
the train algorithm [25], which breaks memory up into fixézes
carswhich are grouped together inti@ins. One car is collected at
a time, which yields deterministic pause times, except éres-
ence ofpopular objects Furthermore, inter-car cycles can cause
pathological behavior. But problematic behavior in thespreee of
cycles is a paradigmatic quality of reference counting!

3. THE ALGORITHMIC DUALS

Our first-hand experience of (and frustration with) the esnv
gence of optimized forms of reference counting and tracoilgc-
tors led directly to a deeper study of the algorithms in thpehof
finding the fundamental similarities that seem to be appgan
practice.

3.1 Matter vs. Anti-matter

In order to see the connection between the two algorithnss it i
necessary to view them somewhat differently than usualkt Bir
all, we consider a version of reference counting in whichdibere-
ment operations are batched and performed at “collectime”ti
instead of being performed immediately (this can be viewed a
subsequent optimization). Second, we consider a versittaahg
in which the tracing process reconstructs the actual neéereount

ence counting began when we noticed that as we optimized our of each object instead of simply setting a mark bit (mark ¢éts be

reference counting and tracing collectors, they beganke tm
more and more of the each other’s characteristics.

The incremental nature of reference counting is generalty c
sidered to be its fundamental advantage. However, the agt-o
dating reference counts every time a new pointer is loadedan
register is typically much too high for high-performancepkga-
tions. As a result, some form of deferred reference courj2og
in which references from stack frames are accounted foratgg
is used in most high-performance implementations of refee
counting [3, 19].

However, this means that when an object’s reference coopsdr
to zero, it can not be reclaimed immediately, since therehtrig
a reference from the stack that is not accounted for. As dtresu
collection is deferred until the periodic scanning of trecktrefer-
ences. However, the result is delayed collection, floatiadpage,
and longer application pauses — the typical charactesisti¢rac-
ing collectors!

viewed as a subsequent optimization in which the referenoatc
is turned into a one-bit “sticky” reference count).

Viewed in this light, the parallels between the two algarithare
quite striking, and are summarized in Figure 2.

Tracing garbage collection traverses the object graph &
starting with the roots, to find the live data. Reference tiogn
traverses the object graph forward, starting with the eotts (the
set of objects whose reference counts were decremented to 0)
find dead data.

Intuitively, one can think of tracing as operating on “métind
reference counting as operating on “anti-matter”. Forynadl the
absence of cycles, reference counting computes the grappleo
ment of tracing.

Tracing initializes object reference counts to zero, arttiépro-
cess of graph traversal increments them until they reacinibeef-
erence count. Reference counting “initializes” the rafesecounts
to a value that is in excess of the true count, and in the psoces
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(a) Schematic

collect-by-tracing()
initialize-for-tracing(WW)
scan-by-tracing(WW)
sweep-for-tracing()

scan-by-tracing(WW)
while W # 0
removew from W
p(w) — p(w) +1
if p(w)=1
foreachz € [v: (w,v) € E]
W — Wu [z]

sweep-for-tracing()
foreachv € V
if p(v) =0
Ve — Vp U {U}
p(v) <0

new(x)
p(z) —0

initialize-for-tracing(WW)
W «— find-roots()

(b) Algorithm
Figure 3: Tracing Garbage Collection

graph traversal decrements them until they reach the tfaeerece
count (ignoring the presence of cycles).

Reference counting must perform extra graph iterationsdero
to complete collection of cyclic data. This is typically wied as a
major drawback of reference counting.

But tracing must also perform an extra iteration, and overett-
tire object space: the sweep phase, which collects thostsbj
whose reference count is 0 (mark bit clear). While semi-spac
copying collectors avoid this time cost by copying only liata,
this is in fact a simple linear space-time trade-off: a linteaversal
is saved at the expense of a linear cost in space.

3.2 Fix-point Formulation

We begin by describing the algorithm for garbage collectibn
stractly. We will then refine this into the tracing and refere
counting duals.

Throughout this paper, we assume that all memory consists of
fixed-size objects, and therefore ignore fragmentation [4]

We use the notatioffu, a, b] to denote the multiset containing
two a’s and oneb, [a, b] W [a] = [a, a, b] to denote multiset union,
andla, a,b]® = {a, b} to denote the projection of a multiset onto
a set.

We characterize the memory of the system formally as:

e V is the set of vertices in the object gragh.is the universe
of all objects, and includes both garbage as well as objacts i
the “free list”. V' does not comprise all of memory, since the
collector must also maintain meta-data to support cobhecti

Roots Heap
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(a) Schematic

collect-by-counting(W)

scan-by-counting(W)
sweep-for-counting()

scan-by-counting(WW)
while W # ()
removew from W
p(w) — p(w) —1
if p(w) =0
foreachz € [v: (w,v) € E]
W — W [z]

sweep-for-counting()
foreachv € V
if p(v) =0
Ve — Vp U {U}

new(x)
p(z) —0

dec(x)
W — W d[z]

inc(x)
p(z) — p(z) +1

assign(a, p)
l—|a]
la] —p
dec(l)
inc(p)

(b) Algorithm

Figure 4. Reference Counting Garbage Collection. Note the
exact correspondence of thacan and collect methods with the
Tracing Algorithm in the figure to the left.

FE is the multiset of edges in the graph (a node can have more
than one pointer to the same node).

R whereR® C V is the multiset of roots of the graph (in
stack frames and global variables).

Vr C V is the “free list”, the set of vertices known to be
available for allocation.

Vi = R* is the set of live vertices in the object graph: the
set of vertices reachable from the roots.

Er = {(z,y) : « € Vi } is the set of live edges in the object
graph.

Vp =V — V is the set of dead vertices. In geneval C
Vp, but throughout this paper we assume that collection is
only triggered whe/y = (.



e Vo C Vp is the set of vertices that are cyclic garbage; that
is, they are not i, but they all have in-edges in the graph.

e p(v), wherev € V, is the reference count of vertex as
computed by the collector.

The object graph is the triple@ =< V, E, R >.

Garbage collection can be expressed as a fix-point comentati
A fix-point is computed for the assignment of reference cop(it)
to verticesv € V. Reference counts include contributions from the
root setR and incoming edges from vertices with non-zero refer-
ence counts:

p(z) = |[m = R]| + |[(w,x) s (w,z) € EAp(w) > O]| @

Once reference counts have been assigned, vertices witra re
ence count of 0 are reclaimed:

Ve=[veV:ph)=0] )

In general, there may be many such fix-points for a given ob-
ject graph. For example, consider the case whére= {a, b},
R =0andE = {(a,b),(b,a)}. Thenp(a) = p(b) = 0 and
p(a) = p(b) = 1 are the two possible fix-points of the equation.
The former is the least fix-point and the latter is the grddigs
point. Clearly, we wish to collect the garbage identified sy fleast
fix-point.

The fix-point formulation is not in itself an algorithm. Wewo
consider the solutions arrived at by garbage collectioorithyms.

3.3 Tracing Garbage Collection

The real algorithms operate on the object gréptiefined above.
In addition they maintain

e TV, the work-list of objects to be processed by the algorithm.
WhenW is empty the algorithm terminates.

The tracing garbage collection algorithm is shown in Fig(ts.
Initially, the reference counts of all vertices are zerthei because
they were created that way mew() or because their reference
count was reset to zero during the previewsep-for-tracing(). The
initialize-for-tracing() function initializes the work-list to be the root
setR.

The heart of algorithm is the functi@ean-by-tracing(), which re-
constructs the reference count of each vertex. It scansfarfrom
each element of the work-list, incrementing the referemmants of
vertices that it encounters. When it encounters a vertdar the
first time (o(w) = 1), it recurses through all of the out-edges of
that vertex by adding them to the work-ligt.

When thewhile loop terminates, it will have discovered all of
the nodes inR* — that is, the set of all live nodels, — and set
their reference counts to be the corresponding number eflges
in Er.

Finally, thesweep-for-tracing() function is invoked to return the
unused vertices to free storaffe and reset the reference counts to
zero in preparation for the next collection.

The only substantive difference between this algorithm and
standard tracing collector is that we are maintaining ar&ftrence
count instead of a boolean flag that tells whether or not &xéras
already been visited. However, this does not change the leaityp
of the algorithm (although it would affect its running tinreprac-
tice). As we have already mentioned, the mark “bit” can beveid
as a degenerate reference count that “sticks” at one.

Tracing garbage collection computes tleast fix-pointof the
equation in equation 1.

memory. In Figure 3(a) we show the structure of the traciriggco
tor, which traces references from the roots to the heap atidrwi
the heap. These are shown with arrows labeled with “T". This d
agram is trivial, but as we discuss more and more compleecoll
tors, the diagrams provide a simple way to summarize thectolt
architecture.

3.4 Reference Counting Garbage Collection

The reference counting garbage collection algorithm iswhia
Figure 4(b). The horizontal lines that match up with Figu(ie) 2wre
there to emphasize the similarity between the componeictifuns
of the algorithm.

This formulation of the reference counting algorithm is gem
what unusual in that decrement operations are bufferdugrétan
being performed immediately. We are not advocating thisxama
plementation, but rather as a way of understanding thewakdtip
between the algorithms. Delaying the decrements shiftsesoim
the work in time, but does not affect the complexity of theoalg
rithm.

Therefore, thalec() function adds vertices to the work ligt,
instead of the vertices being added by itfigalize function.

During mutation when a pointer is stored into memory by oglli
the assign function, which takes the pointerto be stored and the
address: at which to store it. The function loads the old referent
at address and calls thelec(l) function which adds to the work-
list W. The address is updated, and the reference count of the new
referentp is incremented callingne(p).

When a collection is triggered, all increments have beer per
formed, but the decrements since the last collection hatethmey
have been recorded If¥. As a result, at the commencement of the
scan function, the reference counts are over-estimates of the tr
counts.

As with tracing collection, the heart of the algorithm is #uan-
ning phase, performed by the functispan-by-counting() at col-
lection time. The algorithm scans forward from each elenaént
the work-list, decrementing the reference counts of vestithat it
encounters. When it discovers a garbage vettefp(w) = 0),
it recurses through all of the edges of that vertex by addegnt
to the work-listWW. Finally, the sweep-for-counting() function is
invoked to return the unused vertices to free storage.

The relationship between the two algorithms becomes obviou
when one looks at Figures 3 and 4 side by side. Sdaa functions
are identical except for the use of reference count incrésnien
tracing instead of reference count decrements in refereoast-
ing, and the recursion condition which checks whether tfierre
ence count is 1 in tracing instead of O in reference countiByg.
changing two characters in the heart of the algorithm, weshav
changed from tracing to reference counting!

The other interesting difference between the collectattsaisthe
sweep-for-counting() function does not reset reference counts to 0.
The architecture of the simple reference counting colleito
shown in Figure 4(a). Arrows labeled with “C” represent refe
ence counted pointers. Reference counting is performed foot

references from the roots to the heap and for intra-heaparates.

By considering the tracing and reference counting algoritin
this light we see that they share the same fundamental steuct
The only difference is that tracing begins with an undenestée of
the reference counts and converges toward the true valuechsi
menting the counts as it encounters vertices in its trace.th®n
other hand, reference counting starts with an overestichageto
the counted in-edges from objects that are in fact no longer |

Throughout the paper, we will be using schematic diagrams to and by processing decrement operations it converges tothard

show how collectors handle pointers between differentoregyiof

true reference count.



Heap
)

(a) Schematic

Roots

collect-by-drc(W)
R « find-roots()
trace-roots(R)
scan-by-counting(WW)
sweep-for-counting()
untrace-roots(R)

trace-roots(R)
forr € R
p(r) < p(r) +1

untrace-roots(R)
forre R
p(r) — p(r) — 1

drc-assign(a, p)
l— [a]
[a] —p
if = RootPointer(a)
dec(l)
inc(p)
(b) Algorithm

Figure 5: Deferred Reference Counting

Viewed in another light, while tracing computes the least fix
point to the equation in equation 1, reference counting cgegthe
greatest fix-point. The set difference between these twatisaok
comprises the cyclic garbage.

4. TRACING/COUNTING HYBRIDS

Given the similarity in structure that we discovered betm&ac-
ing and reference counting, we began to re-examine variallece
tor architectures to understand the interplay betweeretsigtes of
collection. We observed that all realistic garbage catiectire in
fact some form of hybrid of tracing and reference counting.

This explains why an optimized “tracing collector” and ariop
mized “reference counting collector” become more and mioné s
lar: because they are in fact taking on characteristics df ether.

As we will see, the only fundamental differences betweein var
ous collectors are in the division of storage, and in thegassent
of responsibility for maintenance of reference counts andtifer-
ent divisions to either tracing or reference counting. Afteese
decisions have been made, the remaining choices are implame
tion details which amount to making various space-timedrafils,
which we will discuss in detail in Section 8.

We broadly characterize collectors based on their divigibn
storageunified heageollectors have a single heap in which all data
residessplit heapcollectors divide memory into two regions, such
as in a generational collector; amdultiple heapcollectors have
more than two memory regions, as for instance distributeblagge
collectors or the Train algorithm [25].

Note that in this analysis we consider semi-spaces as aesing|

heap region, since only one semi-space is active at a time(eve
not considering concurrent collectors). The use of seraésp is
one of the time-space trade-offs considered in Section 8.

Roots Heap
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(a) Schematic

collect-by-partial-tracing(R)

scan-by-tracing(R)
sweep-for-tracing()

pt-inc(x)

R — RWY|[x]

pt-dec(x)

R~ R— [x]

pt-assign(a, p)
! [d]
[a] —»p
if RootPointer(a)
pt-dec(l)
pt-inc(p)
(b) Algorithm

Figure 6: Partial Tracing

4.1 Deferred Reference Counting

A Deferred Reference Counting (DRC) collector is a unified
heap collector. However, such collectors still have twdaes of
storage, namely the hedp and the rootsR. The various combi-
nations of tracing and reference counting across thesedgions
yield different algorithms.

Deferred reference counting is a hybrid in which refererment-
ing maintains the counts between heap objects. Objectsefith-
ence count 0 are maintained irzero count tabléZCT).

Root references are not counted. Instead, at collectioa éiny
elements of the ZCT that are pointed to by roots are remowed fr
the ZCT and the remaining ZCT entries are collected.

Because the root mutation rate is almost always extremgly, hi
deferred reference counting moves the cost of considenimgoots
from the application to the collector.

But the act of examining the root pointers and removing trefir
erents from the ZCTs tracing: it is the act of following a pointer
forward and incrementing the reference count of the disealeb-
jects.

The structure of deferred reference counting is shown in Fig
ure 5(a). References from the stack to the heap are traceld, wh
references within the heap are reference counted.

The formulation of the deferred reference counting algamiis
shown in Figure 5(b). The write barrieassign function) has been
modified to filter out any pointers where the source is not a. roo
Thus at collection time the increments for all intra-heamters
have been performed, and the decrements have been pladed in t
work list .

The collection operation itself finds the root set and in@eta
all of its targets. It then invokes the standard referenceting col-
lection operationssgan-by-counting andsweep-for-counting) which



compute reference counts and then collect objects witharbe
count 0. Finally, the updates to reference counts from thesrare
undone byuntrace-roots.

The only difference between this algorithm and the clasBigaC
algorithm is that we do not explicitly maintain the ZCT; byfeie
ring the decrements to the work list we discover garbagectdbje
when their reference counts drop to zero. But this is meraly a
implementation choice. Some DRC collectors use this atemm
approach [3].

4.2 Partial Tracing

In a unified heap, one could also consider implementing the co
verse of deferred reference counting, namely referenceticau
the roots and tracing the heap, which we caibatial tracing algo-
rithm. This is shown in Figure 6(a). It is simply deferredaxefnce
counting with the role of the edges exchanged; it therefaseadu-
ality with deferred reference counting in a similar way ttrating
and reference counting are themselves duals.

The partial tracing algorithm has assign function that has the
complementary filter on pointers: it only considers rootrpeis.
For those pointers, it invokes special increment and deen¢iop-
erations whose function is to dynamically maintain the it In
essence, this set can be thought of as a reference counamaiht
only for roots (that is, different from).

Once the root set has been maintained by the write barrier, co
lection is simply a matter of invoking the standard tracithgoa
rithm. Instead of finding roots by searching (for examplensing
stacks and global variables), it simply passes the root basibeen
maintaining.

The fundamental property of the hybridization is that wheic-t
ing starts, reference counting has already caused someegett
have non-zero reference counts, by virtue of their beindgpénset
R. These “virtual reference counts” are then materializetdding
fed as work list inputs to thecan-by-tracing function.

Note that theassign function is always associated with the ref-
erence counting, rather than the tracing part of the hyhultbc-
tor. For DRC, the heap is reference counted and the barderdse
pointers from the heap. For partial tracing, the roots afereace
counted and the barrier records pointers from the stack.em g
eral, the presence of a write barrier is an indication of seoreof
reference count-like behavior in an algorithm.

We know of no implementation of partial tracing. For a lan-
guage run-time system, it would have singularly poor pentonce
properties. It manages to combine most of the worst aspécts o
both tracing and reference counting: it has extremely higham
tion cost, as in pure reference counting, while gaining noinde
incrementality of reference counting.

However, in the implementation garbage-collected systams
other environments, where the operations might be perfdrome
disks, networks, or expensive run-time structures, suchlgo-
rithm might be worthwhile. For instance, if the cost of wiiia
root pointer was already fairly high, and finding the rootssbgn-
ning was very expensive, then reference counting the roahtm
be the best solution.

4.3 Generational Garbage Collection

Deferred reference counting illustrates hybridizatiothin a uni-
fied heap. We will now consider collectors which split thefeso
two regions: anurseryand amature space

Split-heap collectors actually have three memory regidhs:
roots, the nursery, and the heap. All split-heap colledbarge the
property that they are some form of hybridization of tracangl
reference counting, as we will now show.

Nursery
I— 9

Mature Space |C

= d

(a) Nursery and Mature Space are Traced (Standard Gemeatio
Collection)

Roots

Nursery
= O

Mature Space |C
)

Roots

(b) Nursery is Reference Counted and Mature Space is Traced

Roots Nursery

T

Mature Space

@>M

(c) Nursery is Traced and Mature Space is Reference Counted
(Ulterior Reference Counting)

Figure 7: Generational Collectors

A generational collector effectively attenuates the atmmn rate
into the mature space by allocating objects into the nuysamg
only moving objects that survive nursery collection inte thature
space. Average pause times are substantially reduced rmdjh
put is often increased as well.

4.3.1 Tracing Generational Collection

The most common split-heap collector architecture is a igene
tional collector [41].

In order to collect the nursery independently (without havio
trace the entire mature space) a generational collectantaias a
remembered seadf objects in the nursery that are pointed to by ob-
jects in the mature space. The remembered set may be impgketnen
with a bitmap, card marking, or a sequential store buffeB5S

The remembered set is maintained bwidte barrier which is
executed at every heap pointer update. The write barriectkshe
whether the pointer crosses from mature space to the nuesgty
if so adds it to the remembered set.

By now, the analogy with previous collectors should be some-
what obvious: the write barrier is thassign function, which we
have observed is correlated to the reference countingopooti a
collector.

The remembered set is in fact a set representation of nan-zer
reference counts — the complement of the zero count tabl&)zZC
used in deferred reference counting, except that its rantmited
to the nursery. As we have seen, starting with non-zero eeter
counts is a fundamental feature of reference counting.



gen-collect-nursery()
gen-nursery-initialize()
gen-nursery-scan()
nursery-sweep()

gen-nursery-initialize()
R « find-roots()
Ry «—[r:r € RAT € Vy]
foreachr € Ry
W — Wu|r]

gen-nursery-scan()
while W # 0
remove w from W
p(w) — p(w) +1
if p(w)=1
foreachz € [v: (w,v) € E]
ifx € Vy
W — W [z]

gen-assign(a, p)
l— [a]
[a] < p
if INnMatureSpace(a)
gen-dec(l)
gen-inc(p)

gen-inc(x)
if x € Viy
W — W [z]

gen-dec(z)
if € Vy
px) — p(z) — 1

gen-collect-heap()
gen-collect-nursery()
collect-by-tracing()

nursery-sweep()
for eachv € Vv

if p(v) =0
VNr < VNp U {v}
else

VN — Vn \ {v}
Vg — Vg U{v}
p(v) <0

Figure 8: Generational Garbage Collection Algorithm

A generational collection algorithm (for collecting thersery)
using our formalism is shown in Figure 8. Tassign function only
considers pointers from the mature space into the nursezgred
ments are performed immediately and increments are ddféegre
placing them into a work list. While this may seem slightlyuoe
terintuitive, recall that in our formulations all collecsocompute
reference counts, rather than just mark bits. If we only rded
mark bits, we could omit performing the decrements. Thetpafin
recording the increments in a work list is that they form adfet
roots from which the tracing of the nursery proceeds (inaidto
stack roots).

The gen-nursery-initialize function takes the work list created by
the generational write barrier, and adds the roots thattpnto
the nursery. Then it performs the tracing or the nursery with
gen-nursery-scan function. This function is the same as then-
by-tracing function of the basic tracing algorithm (Figure 3), except
that nodes are only added W if they are in the nurseryn.

The sweep function moves nodes with non-zero referenceagoun

rcn-collect-nursery()
rcn-trace-roots()
rcn-nursery-scan()
nursery-sweep()

rcn-trace-roots()
R « find-roots()
Ry «—[r:r € RAT € VN]
foreachr € Ry
p(r) < p(r) +1

rcn-nursery-scan()
while W # ()
removew from W
p(w) — p(w) —1
if p(w) =0
foreachz € [v: (w,v) € E]
if x € Viy
W —Wd [z]

rcn-assign(a, p)
L la]
[a] —p

rcn-dec(l)
rcn-inc(p)

rcn-dec(z)
if x € Viy
W — Wu [z]

ren-inc(x)
if € Vy
px) — p(z) +1

rcn-collect-heap()
rcn-collect-nursery()
collect-by-tracing()

Figure 9: Reference Counted Nursery Collection Algorithm

from the nursery into the mature-space, and sets theiremter
count to zero. This maintains the invariant that betweerureat
space collections, all nodes in the mature space have nefere
count O (tracing invariant).

To collect the whole heaén-collect-heap), the nursery is col-
lected and then the standard tracing collector is invokéx Aurs-
ery is known to be empty so only mature space objects ared:onsi
ered.

A schematic of the generational collector is shown in Figi{ed.
References from the root set to both the nursery and the enatur
space are traced. References within both the nursery anddhe
ture space are traced. References from the mature spaeertor:
ery are reference counted. Finally, there imacro-edgdrom the
nursery to the mature space (designated by the arrow lakéted
“M").

The macro edge can be thought of as a summary reference count.
Since we do not keep track of pointers from the nursery inéo th
mature space, the mature space can not be collected indeylnd
Their might be a reference from the nursery to any or all of the
objects in the mature space. Therefore, the only time whss#fe
to collect the mature space is when the nursery is empty,useca
then the reference count from the nursery to the mature space
known to be zero.

4.3.2 Generational with Reference Counted Nursery
We can now start exploring the design space for generational



collectors by considering the different combinations ating and
reference counting. We first consider the case where we dpely
dual approach (reference counting) to the nursery whildyapp
to the same approach (tracing) to the mature space. The iesul
the algorithm in Figure 9.

This algorithm performs deferred reference counting ferttrs-
ery, and maintains reference counts from the mature spsc¢hia
nursery. The architecture is shown schematically in Figib3.

To be more specific, we apply deferred reference countinigeto t
nursery (we do not reference count updates to root pointesglie
nursery). Instead, at the beginning rof-collect-nursery, we ap-
ply the same operation that we apply at the beginning of DRE, b
restricted to the nursery: we trace from the roots into theseny,
incrementing the reference counts of the target objectde Nt
this operation is also essentially doing the same thing a<éin-
responding operation for the generational traced nursgigator,
which adds the nursery roots to the work list for tracing.

The ren-nursery-scan function is simply the reference counting
dual of thegen-nursery-scan function: it recursively decrements
reference counts instead of incrementing them, excepittdaes
not cross into the mature space.

Finally, the sameaursery-sweep function is called as for the gen-
erational collector. Unlike the DRC collector, there is urarace
operation that is performed irn-nursery-collect. The reason is
that nursery-sweep sets the reference count of objects moved into
the mature space to zero, undoing the incrementing perfbige
rcn-trace-roots. Since the mature space will be traced, all reference
counts must start at zero and there is no need to accuratetytha
effect of tracing the roots and incrementing their refeeecmunts.

The advantage of this collector is that cyclic garbage widire
tually be collected because the mature space is traced;igshd-d
vantage is that it reference counts exactly those objectshndre
likely to have a high mutation rate (the young objects). Efane,
the expensive write barrier operations will be performed tfe
most frequent operations rather than the least frequematipes.

4.3.3 Generational with Reference Counted Heap

The problems with the previous algorithm suggest takingftie
posite approach: tracing the nursery and reference cgiftexma-
ture space. This has the advantage that mutations in therguase
not recorded by the write barrier, but the disadvantage sbate
additional cycle collection mechanism is required for thatume
space. The algorithm is shown schematically in Figure 7(c).

This architecture was in fact implemented recently by Blark
and McKinley under the name “Ulterior Reference Countirt?][
They used a trial deletion algorithm (see Section 5.3) tdecol
cycles in the mature space.

As we begin to explore more exotic permutations of tracingy an
reference counting, the power of the methodology beconess:cl
it allows us to easily explore the design space of possitleator
architectures, and to clearly classify them relative tdeatber.

Such an algorithm is shown in Figure 10. dtan method is the
same as for the standard generational collector (FiguneiB) the
addition that references from live objects in the nursertheoma-
ture space must increment the reference counts of the msgaoe
objects prior to evacuation (to maintain the mature spacarient
that its objects contain their heap reference counts).

Thenursery-sweep function is also similar to that of the standard
generational collector, except that reference counts jebtdbbeing
moved from the nursery to the mature space must have the-contr
butions from the roots subtracted. This is because the mapace
is being collected by deferred reference counting, so ogamave
must maintain the DRC heap invariant.

urc-collect-nursery()
urc-nursery-initialize()
urc-nursery-scan()
urc-nursery-sweep()

urc-nursery-initialize()
R « find-roots()
Ry« [r:r € RAT € VN]
foreachr € Ry
W — Wuwr]

urc-nursery-scan()
while W # ()
remove w from W
p(w) — p(w) + 1
if p(w)=1
foreachz € [v: (w,v) € E]
if x € VN
W — W [z]
else
p(x) — p(x) +1

urc-nursery-sweep()
foreachv € Vv

if p(v) =0
VNr — Vnr U{v}
else

VN — Vn \ {v}
Vi — Vg u {U}
foreachr € Ry
p(r) — p(r) — 1

urc-assign(a, p)
l—a]
[a] —p
if INnMatureSpace(a)
urc-dec(l)
urc-inc(p)

urc-dec(z)
if x € Viy
px) — p(z) — 1
else
Wy — Wg W [z]

urc-inc(x)
if x € Viy
W — W W [z]
else
p(x) « p(z) +1

urc-collect-heap()
urc-collect-nursery()
collect-by-drc(Wyy)

Figure 10: Traced Nursery and Reference Counted Heap



Theassign function performs the same write barrier as the stan-
dard generational collector, except that pointers withimature
space are also reference counted: increments are apptiedyga
and decrements are placed in a separate work list for therenatu
space.

A full collection first collects the nursery, after which tharsery
is empty and the mature space obeys the DRC invariant: tee ref
ence count of every object is the number of references frgectdh
in the heap. Then the DRC algorithm is invoked collect gagbiag
the mature space.

5. CYCLE COLLECTION

One of the primary disadvantages of reference countingcoll
tors is that they do not find cyclic garbage. Therefore, aritiadeh!
mechanism is required.

So far our examination of reference counting has ignoretesyc
We now consider various ways of collecting cyclic garbage.

There are two fundamental methods: a backup tracing collect
or a cycle collector. We first present these algorithms irctireext
of a single-heap collector.

5.1 Backup Tracing Collection

The first and most commonly used is a reference countingazolle
tor that occasionally performs a tracing collection in ortiefree
cycles [43]. Reference counting is performed for both efees
from the roots to the heap and intra-heap references, basme
ally tracing is used over the whole heap, in which case iteallect
garbage cycles missed by reference counting.

5.1.1 Reference Counting with Sticky Counts

A reference counting system with sticky counts is an extensi
of reference counting with tracing backup. A vakfe— 1 is cho-
sen at which the reference count “sticks”, and ceases tortdeefu
incremented or decremented. This is typically done to redbe
space that must be allocated in the object header to a few bits
When tracing is performed, it recomputes all of the refeeenc
counts. Live objects whose count was stuck but now have less t
2¢ — 1 references will have the correct count, and dead objects
(including those that were stuck and those that were pardfage
cycles) will have count 0.

5.2 Fix-point Formulation

In equation 1 we presented garbage collection as an abfgact
point computation. Tracing computes the least fix-pdiptwhile
reference counting computes the greatest fix-point. Thausehdif-
ference between these two solutions comprises the cyalage
Ve.

There may exist other fix-point solutions between the least{
ing) and greatest (reference counting) fix-points. If trees non-
trivial strongly connected componentsta then there will be be-
tweenn 4 1 and2™ solutions to the fix-point equation, depending
upon the topology of the graph.

The general method for finding the cyclic garbage is to find a
subset of nodesy C V, such that

(SNR=0) AN {(z,y) eE:yeSAzeV -S}=0 (3)

In other words,S is a set which contains no roots and only internal
references. Therefore, there is a fix-point solution in \Whior
s € S, p(s) = 0andS is garbage.

The difficult question for cycle collection procedures isvim
choose the sef.

collect-by-counting-with-cc()
scan-by-counting()
collect-cycles()
sweep-for-counting()

collect-cycles()
S0
trial-deletion()
trial-restoration()
P90

trial-deletion()
foreachr € P

if p(r) =0
PP\ {r}
else

try-deleting(r)

try-deleting(v)
ifvegsS
S — SuU{v}
foreachw € [z : (v, z) € E]
p(w) — p(w) — 1
try-deleting(w)

trial-restoration()
foreachr € P
try-restoring(r)

try-restoring(v)
S — S\ {v}
ifves
if p(v) >0
restore(v)
else
foreachw € [z : (v,z) € E]
try-restoring(w)

restore(v)
foreachw € [z : (v, z) € E|
p(w) — p(w) +1
ifwes
restore(w)

assign-cc(a, p)
I la]
la] —p
dec(l)
inc(p)

inc(zx)
if z 2 null
p(x) — p(z) +1
P — P\ {z}

dec(x)
if x # null
W — Wu [z]
P— PU{z}

Figure 11: Algorithm for Reference Counting with Cycle Col-
lection by Trial Deletion.



5.3 Reference Counting with Trial Deletion

We now consider reference counting with cycle collection by
trial deletion rather than with a backup tracing collector.

In the trial deletion we start with a node which we suspect to
be part of a garbage cycle, and consider theSset x* the set of
all nodes reachable from If x is part of a cycle, then all nodes of
the cycle are reachable from Therefore, the cycle is a subset of
z*. We decrement the internal reference count to get the ettern
reference count of each node. If we find any node has an ekterna
reference count greater than zero, we remove it from therskt a
restore all the reference counts for its children, since tiude is
now external to the set. We do this until no more nodes with- non
zero external reference count are left in the set. If thessaoi null,
we have found a set of garbage nodes.

There remains the issue of how to choose the nedesm which
we start the trial deletion procedure. For example, therélya of
Bacon and Rajan [6] produces a complete set of candidatem(if
deletion is performed on all candidates then all cyclic ggebwill
be found) while employing a number of heuristics to reducee th
number of candidates.

The algorithm is shown in Figure 11. During mutation, the al-
gorithm maintains a se&® of “purple” vertices, those that are po-
tentially roots of cyclic garbage. A vertex becomes purpleew
its reference count is decremented; it ceases to be pura it
reference count is incremented. At collection time, pukggices
with non-zero reference counts are considered as the aitertts
of cyclic garbage. Trial deletion is then performed, with getS
representing those vertices that have been marked “grayfsited
by the algorithm. Finally, if trial deletion gives rise to egion of
vertices with reference count 0, those vertices will beaieatd by
sweep(). Otherwise, the reference counts are restored.

Other algorithms in this family include those of Christop[ir]
and of Martinez et al. [32].

6. MULTI-HEAP COLLECTORS

So far we have discussed whole-heap and generational garbag
collection systems. We now extend our analysis of garbatiecco
tion to multiple heaps, which may be treated asymmetridaltyin
generational systems) or symmetrically. Multi-heap ggebeol-
lection was pioneered by Bishop [10] for the purpose of alhgwv
efficient collection of very large heaps that greatly exeskethe
size of physical memory.

Multi-heap systems generally partition the heap in ordesdle
lect some regions independently of others. The benefitedreed
pause times and increased collector efficiency by prefegntol-
lecting regions with few live objects.

Together, the duality of tracing and reference counting ei-
tension to multiple heaps, and the approaches to cyclectiolfe
provide an intellectual framework in which we can underdttre
inter-relation of fundamental design decisions and tHgmrdthmic
properties.

6.1 Ubiquitous use of Reference Counting

As is well known, reference counting is fundamentally incre
mental while tracing is not. However, we claim tfzety algorithm
that collects some subset of objects independently is fuedtally
making use of reference counting.

Reference counting allows one to collect an objeatvithout
consulting other objects. Similarly, incremental colientalgo-
rithms allow one to collect a set of objec without consulting
some other set of objecis. (Here, we are referring to the class of
collectors that incrementally collects the heap by scagstagwell-
defined portion of the heap.) Thus the only issue isgiaularity
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at which reference counting is performed. We use the getenic
macro-nodeo refer to a collection of objects that typically serves
as a unit of collection.

We have already seen that remembered sets are a referemte cou
like abstraction. Thus generational collectors keep egfeg counts
for heap to nursery references. However, there is also arurs
to-heap reference count, although it is implicit. By coesidg the
nursery and the mature space as two macro-nodes, there sama
node edge from the nursery to the mature space. In other ywbeds
mature space macro-node has at least a reference counteafsat |
one even if there are edges from the root set. This implie<stiiea
mature space may not be collected independently from treenur
Instead, we must first collect the nursery and move all liiecs
into the heap (at which point, the nursery macro-node disargp
and the mature space macro-node’s count drops to zero)r- Alte
natively, we can perform a single, unified collection of treap
and the nursery by temporarily considering them as a singleron
node. Coalescing the macro-nodes eliminates the macre-edge
and is sensible since their internal edge type are both dfalceng
flavor. A macro-node edge summarizes the fact that there may b
edges between the constituent objects of the two macrosnode

Fundamentally, there are two ways of collecting cyclesniaye
all of the objects into a single heap and trace it, or (2) perfatrial
deletion algorithm in which cyclic garbage is (logicallypxed into
a single region which is then entirely discarded. Movingtipar
pants of a cycle into a single heap does not imply that thergt mu
only be one such heap. For instance, it may be possible toatat
or dynamically partition objects to avoid such references.

6.2 Object Relocation

Multi-heap collectors group objects into macro-nodesi@uealy
called windows, cars, trains, regions, increments, antspeln
order to perform collection, these algorithms copy objéci one
macro-node to another.

However, though reference counts can be used to detectrthat a
object is live (or dead), direct pointers preclude objetbaation
without traversing the entire heap. Indirect pointersvalteloca-
tion without the space cost of remembered sets but pay thgman
cost of indirection and the space cost of both the indireabiject
and the fragmentation it may create. Read-barrier teclesitypi-
cally treat every object as its own indirection object, etaghen it
has actually been moved. This provides flexibility at theemge of
read-barrier execution, and still suffers from fragmentainduced
by indirection objects.

Remembered sets is the other approach to allowing relocatio
They avoid the run-time cost of a read barrier while allowimgye-
mental relocation and compaction, but the object relopaiad the
update of the pointers from its remembered set must be peefbr
atomically, which limits the level of incrementality. In pizular,
when there are many references to a single object, remethbere
sets suffer from th@opular object problemThe space cost of the
remembered set is high because there are many incoming point
ers, and the incrementality is poor because an arbitrarybeumwf
pointers must be updated in a single atomic step.

6.3 The Train Algorithm

Hudson and Moss designed an algorithm for garbage coltectio
which later came to be know as the Train algorithm [25]. Selig
mann and Garup found and fixed a small flaw in the algorithm and
implemented it [37].

The primary purpose of the Train algorithm is to reduce thespa
time associated with the collection of the Mature Objectcepat
is assumed the Train is a generational system: there is @murs
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Figure 12: Schematic of the Train Algorithm

which keeps the recently created objects and promotes jbetsb
found during its collection.

The train algorithm divides the Mature Object Space (MOS8) in
cars of fixed size. During the collection of the MOS one car is
collected at a time — making the train algorithm incremeatahe
level of a car. Thus the pause time requirements determesizie
of the cars. The cars are organized itrins of variable size. Both
the cars in a train and the trains themselves are orderedn\athe
object is moved from the nursery to the MOS, it is generallyetb
to the end of first train, or to the second train if the firstrire in
the midst of being collected.

Collection is always done on the first train. If there are ne ex

ternal pointers to the first train (from roots or other trajnisen all
the objects in the train are garbage and the whole train isated.
If not, the first car of the first train is examined. If there a@
incoming pointers (in the remembered set), then the car eaob
lected. If there are objects with pointers only from latensda the
first train, then they are moved to the last car which pointsi¢on,
or, if there is not enough space in the last car, into any kerlf
necessary, a new car is created for the object.

If there are pointers from later trains, then the object is@aato
a later train. The best choice would be to move it to the lashtr
that has pointers to this object. If there is a pointer to theat
from outside the MOS (that is, from the nursery), then thechis
moved to a later train. After this is done with all the objeictshe
current car with pointers from outside, there would be nofeos
from outside the car, and so any remaining objects are garad
the whole car can be collected. After this is done with all¢hes
in the first train, all the external pointers to the train vié gone,
and the whole train can be collected.

For this to work, the algorithm maintains remembered sets of
pointers to objects in each car from later cars in the sanie drad
from objects in later trains, and from outside the MOS. Theteos
from earlier trains and earlier cars need not be remembéned s
they will be collected before this car is collected.

6.3.1 The Train as Hybrid

We now consider the train algorithm from our perspective as
shown in Figure 12. Obviously it has a tracing componentesin
tracing is performed within each car. However, there is adder-
ence counting component since there are remembered sets-to h
dle inter-car references.

The train algorithm also has the interesting feature thatescef-
erence counts are encodaakitionally: pointers to subsequent cars
and cars from subsequent trains are not recorded in remethber

Window 1 Window 2
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Figure 13: Schematic of the Older-First Algorithm

jects and a train as a supernode of cars. The macro-nodescment
induced by the links from earlier to later cars of the samia aad
from earlier to later trains.

As in the generational case, the macro-node edges arelylirect
reflected in the train algorithm. For example, the first tramna
whole can be collected because there are no root or remethbere
set references after processing all the cars and becaussatire-
node count of the first train is zero.

6.3.2 Cycle Collection in the Train Algorithm

The hybridization in the train algorithm is especially apga
because it suffers from one of the fundamental problemsfef-re
ence counting, namely cycle collection. The train algonitiorks
well with intra-car cycles since cars are collected witlting. But
inter-car and inter-train cycles can cause significant lprab. But
this is unsurprising as these are exactly the cycles at ticecarade
level, which is reference counted rather than traced.

In the multi-heap collectors, such as the train algorithra,use
the same procedure. For each node in a train, we keep a list of
pointers to it from nodes in the later trains (remembereg) s&te
collect the first train in the sequence of trains. If thererargoint-
ers in the list, and no pointers from the root, then the sebdies
in this train satisfy the condition in equation 3 and therefcan be
collected. Thus we can view the set of nodes in a traiff asour
discussion in Section 5.2. The list of pointers from latairts can
be viewed as a measure of external reference courtis to

If however, a node: in train 1 is being pointed to by a nogan
trainn, then we mover to trainn. This is equivalent to trial dele-
tion from the point of view of traim, since the pointer frony to
x is no longer part of any remembered set. At the same time, from
the point of view of train 1, it corresponds to the restonastep of
the trial deletion algorithm, since we have an external fgoito z,
and therefore we removed it from the set corresponding io Ira

After we have removed all the externally referenced nodes fr
train 1, the remaining nodes are garbage and are collectedtual
practice we collect a car at a time, rather than the whole.tiRiit
that is done only to limit the pause time, and does not esabnti
change the logic of the algorithm.

If z andy are part of a garbage s&t and trainn is the highest
numbered train containing nodes that can reacthen the sefS
will be collected when traim is collected.

Thus the train algorithm, and trial deletion algorithm amghb
ways of finding the se$ that satisfies the condition in equation 3.

6.4 The Older-First Algorithm

In [40], Stefanovic et al. advocated a collector which scaes
older objects before the youngest ones so that the youngtelgjee
more likely to die. In the extreme case, their oldest-onlexbor
will always collect some subset of the oldest objects. Heageiw
will copy old, live objects many times. Instead, they prapdise
older-first collector (Figure 13) which sweeeps through hikap,

sets. Each car can be considered as a supernode aggredating o collecting groups of objects from the oldest to the youngestip.
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Figure 14: Schematic of Lang’s Distributed GC Algorithm

Because of the sweep, recently allocated objects will Hecteld at
least once before the oldest objects are reconsidereduBeoider
objects are collected first, the remembered sets in thetectmks
record references from older regions to younger objectskaia
traditional generational collector.

Unlike the train collector, there are no macro-nodes othant
the windows. Because cyclic garbage can permanently sp&n mu
tiple macro-nodes and be permanently uncollected, thisrititgn
is incomplete. In contrast, all cyclic garbage in a trainoaiftpm
eventually is promoted to a train that is otherwise dead athvh
point the entire train is collected en masse.

6.5 Distributed Garbage Collection

In[29], Lang et al. describe a garbage collector suitabiafdis-
tributed system as illustrated in Figure 14. Each node irsyiséem
performs tracing which conservatively detects garbagewdyer,
cyclic garbage that spans more than one node will never be col
lected. They solve this with the concept of groups of promess
which correspond to our notion of macro-nodes. By usingdarg
groups, all garbage will be eventually collected. In preestia node
may choose to not participate in a particular group coltectiRe-
ducing the group dynamically does not compromise correstas
long as the notion of exterior references is appropriatdjysied.

6.6 The Log-Structure Filesystem

It is instructive to consider how the implementation of abhgaye
collector changes as the trade-offs between operatiomgeh&.og-
structured filesystems [35] implement a Unix filesystem biging
updated filesystem data and metadata sequentially to theThe
Unix filesystem is a reference-counted directed acycliplg(aard
links can create acyclic cross-edges).

As files are overwritten, data earlier in the log becomes dead
To reclaim this data, “cleaning” (garbage collection) isfpemed.
Cleaning is performed on fixed-size increments called setgne
some number of segments are compacted at a time.

However, the performance of the system is critically depand
on the quality of the cleaning algorithm. In order to achigeed
performance, a second level of reference counting is paddr
treating the segments as macro-nodes (this is called thyeneat
usage table”). In addition, the age of each segment is redorthe
collector then tries to clean old segments with low refeestmunts
— effectively dynamically selecting a nursery.

Such an approach is practical for filesystems because the ove
heads are large enough that the tradeoffs change. In logtsted
filesystems, all pointers (inode numbers) are followedrgxtly in
order to allow the inodes themselves to move as their chavngred
sions are appended to the log.

Therefore, there is no need to “fix” the pointers from othey-se
ments, and consequently there is no need for rememberedrsets
addition, the “write barrier” is executed for disk block oagons,
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so the additional overhead of maintaining a second refereaant
is trivial.

Thus we see that “obviously bad” garbage collection algorig
may work very well when garbage collection is applied to othe
domains than language run-time systems.

6.7 Other Multiple Heap Collectors

There are other potential bases for splitting the heap.

Shuf et al. allocate objects of a prolific type (high allooatrate)
separately from those of a non-prolific type [38]. Optimiaas
are used to reduce the overhead of the remembered set batweeen
two regions. It is like the distributed algorithm in that teere no
macro-node edges.

The connectivity-based algorithm uses static analysidbtoate
the write barriers so that no remembered sets are requiddd [2
Instead the macro-nodes and the macro-node edges are eamput
online to form a macro-node DAG. Whenever a particular macro
node needs to be collected, all its predecessors (tragigitinust
be collected at the same time.

The Beltway collector by Blackburn et al. generalizes vasio
copying collectors including the tracing collector, gaat&mal trac-
ing collector, and older-first collectors [11]. Like theitralgo-
rithm, there are two levels: belts (like trains) and incretselike
cars). However, the macro-node edges between incremettie of
same belt follow the order found in the older-first collect@e-
cause of this ordering, there is a potential problem withlicyc
garbage which is solved by stipulating that the oldest beltdm-
posed of a single (potentially large) increment. Additibnaside
from the degenerate oldest belt, the belts are not macresnbe-
cause a belt is never discarded as a whole.

COST ANALYSIS

For each collector, we analyze the cost in a common framework
This allows precise comparison of the strengths and weakses
of each algorithm with respect to a given combination of ager
availability and application characteristics. We analytze cost
per collectionx, the frequency of collectiog, and the total cost
imposed by the garbage collectorincluding both collection and
collector code inserted into the mutator (such as writeiéa).

In general, we make steady state assumptions about theamutat
in particular, that the allocation rate and fraction of tleah that is
garbage are constants. Naturally these are unrealisticgg®ns,
but they allow us to quantify the collectors with a reasoaatim-
ber of variables, and provide a solid foundation for commathe
characteristics of the different collectors.

7.1 Cost Factors

We analyze the cost of each collector, including constartobfa.
However, we will not specify the coefficients for each parteme
since this would make the formulae unwieldy. The reader lshou
be aware that these are real costs with implicit coefficjaatther
than “big-Oh” notation.

The cost of a collectoX is characterized with the following five
guantities:
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e x(X) is the time required for a single garbage collection in
seconds;

e o(X) is the space overhead in units of (defined below)
words for the collector meta-data;

e ¢(X) is the frequency of collection in hertz;

e (X)) is the mutation overhead as a fraction of the applica-
tion running time; and



e 7(X) is the total time overhead for collection. If a program
in isolation takes 1 second to execute, atf&’) = 0.5, then
the same program running with collectirtakes 1.5 seconds
to execute. the program

Quantities that are not parameterized by the collector naoah
asug or Vi, are invariant across all collector types.

7.2 Collector-Independent Parameters

To analyze the performance of the collectors, we define the fo
lowing additional terms:

m is the (fixed) size of each object, in words.

e M is the size of memory, im-word objects. M’ = mM
is the size of memory in words.

e w is the object size in bits and’ = w/m is the word size

void mark(Obiject obj) {
do {
obj.mark();
Object cdr < null;

for (Object p: obj.referents())
if (p # null && — p.isMarked())
if (cdr = null)
cdr — p;
else
mark(p);

obj < cdr;

} while (obj # null);

in bits. Because a word must be large enough to hold the Figure 15: Optimization of traversal stack space during the

address of any word, we also have> [log, M'].
e ¢ is the allocation rate, in objects/second.

e cisthe pointer density, that is the average number of noh-nul
pointers per object;

e ur is the root mutation rate in writes/second.
e . isthe edge mutation rate in writes/second.
e p(v) is the reference count of

For sets and multisets, we use script letters to denoterzityi
For example), = |V | is the number of live vertices.

Note that while the set of live verticdg;, is always collector-
independent, the total number of vertidésnd the number of dead
verticesVp are both collector-dependent. For collectoy

V(X) =M —o(X) (4)
and the free memory available after collection is
Vp(X)=V(X)-VL (5)

also, since we are assuming a pointer density ffollows that
ErL = eV andép(X) = eVp(X).

7.3 Total Time

The total time cost of collection is generally
T(X) = ¢(X)r(X) + pu(X). (6)

For each collector we will define the cost of the componembser
and then present an equation for the total cost that is exgdeis
terms of collector-independent parameters. This allovnecticom-
parison of the different algorithms.

The actual cost of collection operations is dependent opaine
ticular implementation and the hardware/software platfapon
which it runs.

Therefore, we convert the abstract component operaticos in
time via an n-ary linear function with implicit coefficientenoted
by £(...). For example, in a mark-sweep collector, there is a cost
for each root, mark cost for each live vertex, a mark-check for
each live edge, and a sweep-cost for all vertices. So thedose
is [,(R, Vi,€L, V).

7.4 Unified Heap Collectors

We begin with a cost analysis of the simple tracing and refege
counting algorithms, and then examine the various unifiegpty-
brid algorithms.
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mark phase.

7.5 T: Tracing

We begin by discussing the space and time costs for the simple
tracing garbage collection algorithm; these formulae ftrenbasis
of subsequent trace-based collector analyses.

7.5.1 Space Cost

There are two fundamental sources of space overhead ingraci
collection: the mark bits and the stack for the recursiveersal
of the object graph. While pointer reversal techniques B6%t
that allow the elimination of the latter overhead, this iggm#icant
space-time trade-off since it means more writes and moversal.

In this paper, to avoid an explosion of alternate cost modets
will assume that pointer reversal is not used, while notivag it is
an option.

The space cost for the traversal stack is proportional talépth
of the object graph. This is typically viewed as problemaiien
the existence of long linked structures. However, we argaevith
a few simple optimizations which have the flavor of tail-nesian
elimination, the traversal depth can be greatly reduceémtlittle
cost.

Consider the code in Figure 15. Thrrk(obj) function has been
modified slightly so that its parameter is known to be nor-nul
and unmarked. The loop over the referentsigfstores the first
non-null pointer to an unmarked object that it encounterthin
variablecdr. If more non-null unmarked referents are discovered,
themark(p) call recurses to process them, consuming another stack
frame.

However, if there is at most one non-null unmarked referent,
there is no recursion. The function either returns if thened non-
null unmarked referent, or if there is exactly one it handlescdr
pointer via tail-recursion elimination.

As a result, both singly- and doubly-linked lists will haveea
cursion depth of 1: singly-linked lists because there ig are
referent, and doubly-linked lists because one of the tweregits is
guaranteed to have been previously marked.

We therefore define

e D' as thetraversal depthof the object graph at collection
time, that is the depth of the recursion stack required for
traversing the live object graph after the above optimirei
have been applied.

The space cost for the mark phase will then be proportional to
D'. In a system that works with interior pointers, the spacéns s



ply D’ pointers. In a system without interior pointers, a “cursor”
into the object being traversed must be separately maedaifhe
space cosD, measured in objects, of the traversal stack is therefore

D/
D=— 7
— ()
or, in a system without interior pointers,
/
p_D . (1 + @) 8)

For programs whose data structures are tree-like, thersave
depth will be logarithmic rather than linear in the numberobf
jects. For more general graph structures, the depth is less p
dictable. SincéD is in general not predictable, and it is undesirable
to reserveV(T') words for the traversal stack, most collectors in
fact use a fixed-size pre-allocated traversal stack. Whestdock
overflows, an alternative method is used. While pointernsalds
asymptotically better, in practice it is often preferaldaise a sim-
ple O(n?) algorithm in which the heap is simply rescanned when
the recursion stack overflows.

7.5.2 Generic Space Formula

We now present a generic formula for space overhead that can
be specialized to a number of collectors, including tracing

We generically assume théabits are required for the “reference
count”. If b = 1, it is a mark bit; ifb = ', it is a full-word
reference count; it < b < «’, it represents a trade-off between
these extremes.

For some collectoX that use$ bits per object and has a traver-

sal stack of depttD, the space required is

o(X) = D+bV£}X)
VX) = M-—o(X)
_ yp VX)
w
M~—-D
= it )
D+ 2M
o(X) = BT (10)

7.5.3 Space Cost of the Tracing Collector

For a tracing collector that is optimized to use a single nimtrk
per objectp = 1 and the formula simplifies to

vr) = S=L (1)
D4+ M
oT) = S (12

On a machine with a word size’ = 32 and a fixed object size
m = 2 (such as Lisp cons cells), = 64 > 1, SO we can approx-
imate the space required as one bit for every possible ofgect
if there were no metadata at all), plus the space for the semur
stack. Note that we implicitly also assume tiatt > D.

VIT) ~ M-D (13)
o(T) =~ %—&—D (14)
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7.5.4 Time Cost

The cost per collection is proportional to the size of thetroo
set, the number of vertices examined, and the number of edges
versed for the trace (mark) phase, and the total number ttger
for the sweep phase. So the total cost of a tracing colledgion

k(T) L7(R, Vi, €, V(T)) (15)

A collection has to be performed after the reclaimed celés ar
consumed, so the frequency of collection (in collectiocasdad) is

a
T —
a
~ — 1
M—-D -V, (16)
using the approximation from Equation 13.
Therefore the total cost of collection is
(1) = o(T) rw(T)

a
~ — T 17
prva[’T(R’VL75L’V( )) ( )

7.6 C: Reference Counting

We now develop space and time cost functions for reference
counting and its derivative collectors.

7.6.1 Space Cost

While reference counting does not perform tracing, it do&s p
form recursive deletion when an object’s reference couopsito
zero. There is no difference in principle between the twojtso
would seem that the amount of space consumed by recursiee-tra
sal is the same.

However, by using Weizenbaum'’s method for non-recursise-fr
ing [42], the space for the traversal stack can be eliminatethe
expense of delaying freeing until the next allocation.

There is in fact a much simpler variant of “pointer threading
that can be applied which allows efficient and immediateetrsa|
of a stack of dead objects without requiring any extra menmory
cache read/write operations. To our knowledge this tectanitps
not been published previously.

Recursive deletion implies that the object from which werare
cursing has aleady been identified as dead; therefore, wetdo n
need to preserve the data values it contains; we only neerkto p
serve the pointers which have not yet been traversed. Thtyabi
use the space in dead objects is the key to our technique.

When recursively traversing the object graph to decrenefat+
ence counts and free those wjith= 0, there are two fundamental
pieces of information in every stack frame: one points toathiect
being collected; the other identifies which field was mosengly
processed. When we recurse for the first time, there is obljiat
least one pointer in the object, and since we are traversingino
longer need it. Therefore, we can store a pointer to the patgect
in that freed pointer cell. And since we already know theneriee
count of the object (zero), we can over-write the referermant
with a field that indicates which pointer we are currentlywéns-
ing.

A reference count is necessarily large enough to count tiaé to
number of pointers in an object, since they might all poirddme
other (reference counted) object. Therefore, we can gteeahat
any object that might cause recursion will have sufficiemtcgpto
store the necessary “stack frame” of the recursive deletion

Furthermore, this technique does not require the readimgitr
ing of any additional cache lines — the first cache line of exdajhct
has to be examined anyway to perform the storage reclamation



However, unlike with tracing, the reference count field cah n
be optimized down to a single bit: it occupies a full word gthi
assumption can be relaxed with the use of sticky counts).

M mM
V) = 1+ = m+l (18)
o0) = 2L (19)

That is, the space overhead is one word per object, whickases
the effective object size by 1 word, which is precisely wha w
obtain by substituting = w’ andD = 0 into equations 9 and 10.

7.6.2 Time Cost
The cost per collection is simply
1(C) = Lcy, (Vp(C), €p(C))

in other words, the cost of identifying the dead vertices.
The frequency of collection is the same as with tracing, fgme

(20)

(1)

7.6.3 Mutation Cost

However, reference counting skips the initialization spep-
formed by tracing and instead inserts a write barrier intodbde.
Therefore, the total cost must include the mutation ratechvfor
naive reference counting is proportionalte andux, so

1w(C) = Loy (pr, pr) (22)

So the total cost of reference counting in the absence oésysl
P(C) - w(C) + u(C)

L, (Vp(C),Ep(C)) +
’m_+1 — VL
Loy (R, 1) (23)

7.7 CT. Reference Counting, Tracing Backup

We now consider reference counting collectors which périod
cally use a tracing collector to collect cyclic garbage, escdibed
in Section 5.1.

7.7.1 Space Cost

In the CT algorithm, each object has a reference count, aaxksp
is required for recursive traversal by the tracing portibthe col-
lector. Therefore, the space cost of CT is

M—D
V(CT) = T (24)
M+D
o(CT) = T7 (25)

7.7.2 Time Cost

In order to evaluate the performance of cycle collectiondee
fine

e ¢ < a, the rate of generation of cyclic garbage.

In order to compute the total cost of the collector we must-com
pute the costs due to both reference counting and tracingwiVe
examine the cost from the point of view of the tracing collets,
since those happen on a regular (and less frequent) baséde@ts
to a simpler analysis; if one tries to evaluate the cost frioepoint
of view of the reference counting portion of the collectbe model
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is complicated because each successive collection fregsrlem-
ory, causing the frequency of collection to increase owveetiuntil
a tracing collection is performed.

From the point of view of the tracing collector, one can think
of the reference counting collector as a “nursery” colledtmt
reduces the allocation rate into the “mature space” of theing
collector. In particular, while the application allocatdsta at rate
a, the system only creates data for the tracing collectortataa
since all garbage except cyclic garbage is collected by efer-r
ence counting collector. Therefore, the rate of tracindectibn
is
_ C
~ Vp(CT)
which is the same as the equation #(7") except that has re-
placeda. For the purposes of modelling the two collectors together,
we will assume that the reference counting collector hasénee
frequency as the tracing collector.

The cost of the tracing collection itself is unchanged, so

K(CTr) = &(T) = L1 (R, EL, Vi, V(CT)) @7)

To analyze the cost of reference counting, we will now actoun
for the cost as though it were run in a continuous, incrententa
fashion. There alréjc2 seconds between tracing collections, dur-
ing which VTDa cells are allocated. Of thos¥p are not freed by
reference counting (because they are cyclic garbage). €Sautim-
ber of cells freed by reference counting between tracinigcbns

is
(z-1)v

We assume that the pointer density is uniform, so that foh eac
vertexv we travers&p /Vp pointers, o€ p pointers in all. There-
fore, the cost of reference counting for each “tracing pErie

¢(CT) (26)

a— —Vp =

K(CTc) = (g - 1) Loy (Vp,Ep) (28)

Combining these results we get the total cost of referenaateo
ing with a tracing backup collector as

T(CT) Loy (pr, pr) + ¢(CT) - (:(CTr) + £(CTC))
Los(pum, pp) + 35-Les (Vo o)+ (29)
C
Vb

Of course, when there is no cyclic garbage= 0 and the last
term of the equation drops out, so thdCT') = 7(C).

7.8 CD: Deferred Reference Counting

Deferred reference counting (Section 4.1) moves the casirof
sidering the roots from the application to the collectorefdfore,
the cost of collection becomes

k(CD)=Lecp(R)+ Lo, (Vp,Ep) (30)

The frequency of collection is the same as with tracing afid re
erence counting, namely

(Lr(R, VL, EL,V(CT)) — L, (Vp,ED))

a

¢(CD) =¢(C) = Vo (31)
so the total cost of collection is
T(CD) = ¢(CD) k(CD)+ Ly (0, pe)
= 3 (Lon(R) + Ley(Vp,€p)) +
D
‘CC2 (07 ,LLE) (32)



7.8.1 Space Cost

The space cost of deferred reference counting is the cosepf-k
ing the reference costs plus the space consumed by the aemb co
table (ZCT). In general the number of entries in the ZCT carakq
the total number of live and dead objects in the system. There
robust implementations use a bit in each object to indicdtetier
itis the ZCT. So the total cost is the space for the referencats
plus the space for the ZCT “presence bits”:

Y Vilog, V]
w

(1+ [logy, V1)

o(CD)

S

V. (33)
w

7.9 CC: Reference Counting, Trial Deletion

We now consider reference counting with cycle collection
trial deletion (Section 5.3) rather than with a backup tmgatol-
lector.

The cost of this algorithm is the cost of the basic referecat:
ing algorithm plus the additional work performed by theltdele-
tion of cycles. However, trial deletion will also be appliedsome
portion of the live subgraph, and this cost must also be fadto.
We introduce the parameter

by

e )\, the fraction of live verticed/;, that are examined by the
trial deletion algorithm@ < A\ < 1).

To compute the cost of collection, we use the same methoglolog
as with the CT algorithm: the trial deletion phaS€'p is viewed
as “dominant” and collection is described in terms of thequkof
that collection.

The trial deletion phase is invoked when all free memory isco
sumed by cyclic garbage:
C

Vb

The cost of the trial deletion algorithm is two traversalsoall of
the cyclic garbage (which is all dfp in this case) plus the traver-
sals over the live subgraph:

K(CCp) = Lecc, (Vo + VL, Ep + L)

P(CC) = ¢(CT) (34)

(35)
The time cost of the reference counting collection for ngalic
garbage is the same as for the CT algorithm:

k(CCc) = k(CTe) = (% — 1) Lo, (Vp,Ep) (36)

Thus the total cost of the CC collector is

T(CC) @(CC) - (k(CCp) + k(CCe)) + Ly (1R, LE)
= Lcy(tr, pr) + VL‘CCI (Vp,€p) + (37)
D
c
Vb

7.9.1 Space Cost

The space cost of reference counting with cycle collectiahé
cost of reference counts plus the space consumed by theemapl
P plus the per-object color information, represented by &#té’s
in the abstract algorithm. Let be the fraction of nodes that are
purple, then the space cost is

o(CC) = V(CC) (L& L %)

(Lcep (VD AL, Ep, L) — Loy (Vp, ED))

(38)
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7.10 Split-Heap Collectors

We characterize split-heap collectors with the followingqti-
ties:

e N C Visthe nursery.

e H = N is the mature space heap.

Vnr and Eyp are the set of live vertices and the set of live
edges in the nursery.

Vnp and Enxp are the set of dead vertices and the set of
dead edges in the nursery.

Vur, Eur, Vap, and Egp are the corresponding sets in
the mature space heap.

7.11 GT: Tracing Generational Collection

We now consider standard tracing generational collectodea
scribed in Section 4.3.1. We will assume a simple generation
collector in which the size of the nursery is fixed and objects
evacuated into the mature space after surviving a singlsenyr
collection. We will use the term “heap” in this section as a-sy
onym for “mature space”.

To collect the nursery we trace forward within the nurseonfr
the rootsR and the roots?’ from the mature space into the nursery.
Afterwards, the nursery is cleared. The cost is

k(GTn) = Lr(R+ R, Vni,EnL, N) (39)
The frequency of nursery collection is simply
a
Tn) = — 4
9(GTN) = 57 (40)

The size of the mature root set can be as highizasnd is further
discussed below.

Collecting the mature heap is just like performing a simpde-t
ing collection. The cost is

k(GTu) = Lr(R,VurL,Eur, H) (41)

The allocation rate into the heap is attenuated by the usieeof t
nursery. The resulting heap allocation rate?%*\V[—L. Therefore the
frequency of heap collection is
avj\V/L
VuD

(GTh) = (42)

The total cost of generational collection is the sum of tresof

the nursery collections, the heap collections, and theeviatriers:

FGT) = &(GTw)-w(GTx) +
&(GTH) - kK(GTH) + Lor(1E)

= %-ET(R+R/,VNL,5NL,N)+ (43)
VNL
aN - Lr(R,VuL,Eur, M) + Lar(1E)
Vup

7.11.1 Space Cost

Like its non-generational counterpart, there is a spadgfaothe
mark bits and the traversal depth. In addition, if the remerat
set is maintained as a sequential store buffer (i.e. a listafified
objects), it can také&; space if every object in the mature space
is modified between consecutive collection. The space eaetis
equal to that of the tracing collector plus the rememberéd se

o(GT) =D+ V/w



7.12 GCH: Generational with Counted Heap

We now consider a generational collector with a traced myrse
and a reference counted heap (Section 4.3.3). For the putker
cost and frequency is identical to the GT algorithm. Thedmty
of heap collection is also the same. The cost of heap caledsi
the cost of deferred reference counting applied to the heap.

k(GCHNn) = k(GTN) (44)
§(GCHN) = 6(GTx) = (45)
K(GCHy) = Lcp(R)+

Lo, (Vap(GCH),Eup(GCH)) (46)
#(GCHy) = ¢(GTy) = % (47)
T(GCH) = ¢(GCHy)-k(GCHy) + (48)

#(GCHp) - k(GCHu) + LaT(1By)

8. SPACE-TIME TRADEOFFS

So far we have always considered a single, canonical impleme
tation of each collector. Of course, there are many impleatzm
decisions that can be made that will cause the performarae ch
acteristics to vary. However, almost all of these are somm fof
space-time trade-off that can be applied to individual menme-
gions once the basic collector design has been selected.

8.1 Copying Collectors

Copying collectors trade space for time by allocating ameext
semi-space and copying the live data into the new semi-sgdees
they save the factor of iteration over the dead data required by
mark-and-sweep style collectors (the@eep-for-tracing() function
of Figure 3), but at an equivalent cost¥f2 in space.

8.2 Remembered Set

Although the remembered set in a generational collectoldcou
contain all objects in the mature space, this is very unjik@re-
allocating space for this situation is excessive over-gioxing.
Instead, one can dynamically borrow space for the remerdisate
from the mature space and nursery. It is preferable to bofrom
the mature space. If the mutation rate is low enough that dne b
rowed space is not exhausted, the nursery collection frexyuis
unaffected. Alternatively, borrowing space from the noyseill
definitely increase the frequency of minor collection to

P(GTN) = a/(N — Q) (49)

where{2 is the amount of space allowed for the remembered set

in the nursery. This technique trades space for time by ngatkia
usually true assumption that mutation rate is not that high.
Alternatively, one can consider a bitmap or card-marking ap
proach where the overhead is greatly diminished by either &,
the size of the card. In the former case, there is no loss ofgioa
but the write barrier must perform bit updates. With card kimay,
the write barrier code is shorter and faster though the logsée-
cision (one card corresponds many objects) will result iareyér
scanning time during garbage collection.
For slot-based bitmap, the space overhead is reduced to

o(GT)=D+V/w+ Vg /w (50)
For card marking, the space overhead is even less:
o(GT)=D+V/w+Vu/k (51)

wherek is the card size.
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8.3 Traversal

For tracing collectors, the recursive traversal in tenstruct
function requires stack spaée. This can be eliminated entirely at
the cost of an extra pass over the live objéétsby using pointer
reversal [36]. However, this is usually a poor trade-off dese
the stack depth in practice is much smaller than the numbléreof
objects P <« Vr).

A better strategy is to use a fixed-size recursion stack agwl th
use some technique to handle stack overflow. One can either fa
back on pointer reversal when the stack overflows, or one izan d
card the stack and begin scanning the heap from left to right t
find unmarked objects. While this approach is simpler to enpl
ment and is a more natural implementation in a concurrenésys
it does have the distinct disadvantage that its complesity i

9. CONCLUSIONS

We have shown that tracing and reference counting garbdge co
lection, which were previously thought to be very differdntfact
share the exact same structure and can be viewed as dualshof ea
other.

This in turn allowed us to demonstrate that all high-perfance
garbage collectors are in fact hybrids of tracing and refezeount-
ing techniques. This explains why highly optimized tracamgl ref-
erence counting collectors have surprisingly similar perfance
characteristics.

In the process we discovered some interesting things: & writ
barrier is fundamentally a feature of reference counting; the ex-
istence of cycles is what makes garbage collection inhigranh-
incremental: cycle collection is “trace-like”.

We have also provided cost measures for the various types of
collectors in terms of collector-independent and -depehdaan-
tities. These cost measures do not “cheat” by for examplerigg
the space cost of collector metadata. They therefore alioectd
“head-to-head” comparisons.

Design of collectors can be made more methodical. When con-
structing a collector, there are three decisions to be made:

Partition. Divide memory (heap, stack, and global variables) into
a set of partitions, within which different strategies may b
applied;

Traversal. For each partition, decide whether the object graph will
be traversed by tracing or reference counting; and

Trade-offs. For each partition, choose space-time trade-offs such
as semi-space vs. sliding compaction, pointer reversal vs.
stack traversal, etc.

Our unified model of garbage collection allows one to system-
atically understand and explore the design space for garbalg
lectors, and paves the way for a much more principled approac
to selecting a garbage collector to match the charactsisfithe
associated application.

In the future, this methodology may help enable the dynamic
construction of garbage collection algorithms that aretlLio par-
ticular application characteristics.
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