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ABSTRACT

We intro duce an extension of mostly copying collection that
usespage residencyto determine when to relocate objects.
Our collector promotes pageswith high residency in place,
avoiding unnecessarywork and wasted space. It predicts the
residency of each page, but when its predictions prove to be
inaccurate, our collector reclaims unoccupied spaceby using
it to satisfy allocation requests.

Using residency allows our collector to dynamically bal-
ance the tradeos of copying and non-copying collection.
Our technique requires less spacethan a pure copying col-
lector and supports object pinning without otherwise sacri-
cing the ability to relocate objects.

Unlik e other hybrids, our collector does not depend on
application-speci c con guration and can quickly respond
to changing application behavior. Our measuremeris show
that our hybrid performs well under a variety of conditions;
it prefers copying collection when there is ample heap space
but falls back on non-copying collection when spacebecomes
limited.

General Terms
algorithms, languages,measuremer, performance

Categoriesand Subject Descriptors

D.3.2 [Programming  Languages ]: Language Classi ca-
tions| C#; D.3.4 [Programming Languages ]: Proces-
sors| Memory management (garbage collection)

1. INTRODUCTION

Garbage collectors in modern virtual machines must sat-
isfy the demands of both a high-level language and a native
runtime implementation. While the former takesan abstract
view of memory, the latter requires a transparent interface
where the position and layout of heap objects are made ex-
plicit. To interoperate with existing libraries, many lan-
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guagesalso provide foreign function interfaces (e.g. Haskell
[10], Java [25]). Each of these imposesconstraints on how
garbage can be collected, for example by limiting when ob-
jects can be relocated.

In this work, we explore the tradeo s of tracing garbage
collection. We showv how the two simplest forms of trac-
ing collection, mark-sweep and semi-spacecollection, com-
plement eadh other not only in terms of their benets and
costs, but also in their approaches to reducing fragmenta-
tion. We obsene that there is a smooth continuum of trac-
ing collectors that spans both mark-sweep and semi-space
collection and use this insight to design a garbage collector
that combines these two techniques dynamically. We have
implemented our collector as part of a virtual machine for
C# [18] and measurethe overhead of the collector for a pair
of benchmarks. Our experiments show that our collector
mimics the behavior of either a copying or a non-copying col-
lector depending on which would yield better performance.

Many collectors combine copying and non-copying collec-
tion by grafting sewral smaller heaps together and using
a dierent techniqgue to manage each heap. For example,
large objects are often relegated to a separate heap that is
managed using a mark-sweep collector [27, 9]. In addition
to size, objects in these separate heaps may also be distin-
guished using pro ling information [12, 5].

Somegenerational collectors [20, 26] also combine copying
and non-copying collection by distinguishing objects based
on their age and using di erent techniques for the nursery
and the older generations. Generational collectors improve
collector performance in two ways. First, they improve la-
tency (on average) by performing partial traversals of the
heap during minor collections. Second, they may improve
throughput by focusing on portions of the heapthat contain
few reachable objects: if the (weak) generational hypothesis
holds, most objects will die young and the nursery will be
relativ ely sparse.

Bartlett's mostly copying collector combines copying and
non-copying collection to support compaction in an envi-
ronment with ambiguous roots [3]. It divides the heap into
a set of pagesand usesa dierent technique for eac page
depending on the presenceof one or more ambiguous roots.

Mostly copying collection forms the foundation for our
work. Unlike hybrid collectors where each portion of the
heap is statically con gured to use either copying or non-
copying collection, our collector allows the technique used
to manageead pageto vary from one collection to the next.

Instead of \syntactic" properties such as size or alloca-



tion point, our collector relies on page residency to deter-
mine which pagesshould be managed using copying collec-
tion and which using non-copying collection. Sinceresidency
re ects the runtime behavior of the mutator, we claim that

our collector can adapt more easily to shifting memory usage
patterns.

Although agehasbeenshown to beagood indicator of the
expected lifetime of young objects [17], we count ageas only
one of many predictors of residency. To take advantage of
the relationship betweenage and expected lifetime, genera-
tional collectors must group objects of similar agetogether.
The generational hypothesis implies that the residency of
the nursery will be low becausethe nursery contains only
young objects. We presert a set of heuristics for predicting
residency in Section 4 and a description of our algorithm in
Section 5.

The experiments described in Section 6 show that our
collector performs well under a variety of conditions using
a single con guration.  For example, our collector makes
e ectiv e use of spaceregardless of the overall residency of
the heap.

In this work, we focus primarily on the tradeos of trac-
ing collection and on improving collector throughput. We
extended our hybrid collector with a form of replicating in-
cremertal collection [22] to improve its latency, but defer
discussion of incremental collection to Section 8.

The main contributions of this work include:

the identi cation of a contin uous range of tracing col-
lectors including mark-sweepand semi-spacecollectors
as antip odal strategies,

the recognition of measured and predicted residencyas
the driving properties behind the behavior of tracing
collectors (including existing hybrid algorithms), and

an implementation that measuresand predicts resi-
dency to dynamically balance the tradeo s of copying
and non-copying collection.

To give a better senseof how we arrived at our current
collector design, we begin with a historic developmernt of our
ideas and an explanation of the work on which we build.

2. MOTIVATION AND BACKGROUND

The original goal of the current work was to extend the
real-time collector of Blelloch and Cheng [6] with support for
pinned objects. Blelloch and Cheng showed that replicating
collection [22] can support concurrent and parallel collec-
tion with low latency. However, no pure copying collector
can support pinned objects: unlik e most objects in the heap,
ead pinned object must remain at a xed location for some
extended, but unspecied period of time. Pinned objects
are required by many virtual machines and are essetial in
a language with a foreign function interface (e.g. Haskell
[10], Java [25]) or in any programming ernvironment that of-
fers a transparent view of memory (e.g. languagessudch as
C# [18] that support addressarithmetic). Though our im-
plementation usesreplicating collection to give small upper
bounds on pause times, our ideas apply to other forms of
incremental collection as well.

Our collector supports pinning on a\pay-as-you-go" basis:
its consumption of time and spaceare bounded only solong
asobjects are not frequently pinned. We are willing to relax

Non-copying
collection

Copying
collection

improveslocality

low asymptotic running time
bounded pausetimes

e cien t traversal

low spaceoverhead

support for large objects
support for long-lived objects
support for pinned objects

T T O

T T T O

Table 1: Comparing Pure Tracing Collectors.

our constraints on resourceconsumption when many objects
are pinned, as pervasive use of pinning can defeat any e orts
of the collector to managethe heap e ectiv ely.

BalancingTradeofs. Support for pinned objects and the
abilit y to improvelocality are examplesof featuresthat drive
the designof hybrid tracing collectors. The remaining trade-
os of pure copying and non-copying collectors are summa-
rized in Table 1 and reviewed briey below. We provide
only a cursory description as a reminder of the numerous
complemertary aspects of these two forms of tracing collec-
tion. (Jones and Lins provide a more thorough survey and
comparison of these techniques [19].)

Copying collectors [16] eagerly reduce fragmentation by
reorganizing the heap during ead collection. This reor-
ganization aords sewral advantages, including improved
locality of reference and faster allocation, but comesat a
cost: copying objects requires additional time and space,
and potentially dirties more pagesin the cadhe. In contrast,
non-copying collectors [21] only attempt to reduce fragmen-
tation by using unoccupied spaceto satisfy allocation re-
quests. They do not oer the benets of reorganizing the
heap, but neither do they pay the penalties. They perform
well even if the heap is densely populated, and they support
a broader set of language semartics, including \conserva-
tive" collection [7] and object pinning.

To build a collector that aggressiely defragmens the
heap and provides good asymptotic bounds on running time,
but naturally supports pinned objects, we look to type-
inaccurate or \conservative" collection for inspiration.

MostlyCopyingCollection. Bartlett proposedmostly copy-
ing collection [3] as a mechanism to mediate some of these
tradeo s: his collector supports alimited form of compaction
in the presenceof ambiguous roots. Bartlett's collector di-
vides the heap into a set of pages? rather than two semi-
spaces. The distinction betweenthe from-space and to-space
is made logically rather than by xed ranges of addresses.
Seen abstractly as sets of pages, the from- and to-spaces
are not necessarilycontiguous regions of memory, and pages
may move uidly from one set to the other.

During collection, reachable objects are \mo ved" into to-
space. An individual object can be moved either by evac-
uating it to a to-space page and updating any references
to it (as in semi-spacecollection), or by promoting the en-

'In both Bartlett's implementation and ours the size of a
heap page may be chosen independertly of size of pages
managed by the operating system.



tire page on which it resides. In the latter case,a pageis
promoted by simply removing it from the set of from-space
pages and adding it to the set of to-space pages. Roots
whosetypesare unknown are promoted in place, and there-
fore, those that are misclassi ed (as pointers) will not be
changed erroneously during collection.

Though our collector maintains accurate type information
about the call stack, certain roots are designated by the pro-
grammer as pinned roots. This imposesa constraint similar
to that addressedby Bartlett: the collector must preserve
the addressof any object that is the referent of one or more
pinned roots.

LargeObjects. Simultaneously supporting ambiguous roots
and heap compaction is only one way that mostly copy-
ing collection can balance the tradeo s of copying and non-
copying collection: there are other opportunities to usein-
place promotion. In particular, it is well-recognized[24] that
there is little or no benet in copying objects that consume
all of the spaceassciated with a page. These large objects
are expensive to copy, both in terms of the time required to
do soand the additional spacerequired for the duplicate. In-
stead, large objects can be promoted in place just asif they
are pinned. Thus our collector treats large objects using the
same medhanisms already employed for pinned objects.

Support for pinned and large objects are both features
usually assciated with non-copying collectors, yet mostly
copying collection allows us to integrate them cleanly into a
copying collector. In both casesthe \down payment" is low:
there is little impact on performance if the mutator doesnot
use pinning or allocate large objects.

3. PAGE RESIDENCY

Large objects provide an illustrativ e example of the di er-
encesbetweencopying and non-copying collection. We claim
that collectors should avoid copying large objects not only
becausethey are expensiveto copy, but becausethere is little
or nothing to be gained in doing so. Pagescontaining large
objects make exemplary candidates for in-place promotion
becausethe collector can determine a priori that there is
little risk of fragmentation. Ideally, the collector would pro-
mote only those pageswhere the cost of copying reachable
objects outweighs the otherwise resulting fragmentation.

Previous implementations of mostly copying collection [3,
24] promoted pagesonly in the presenceof ambiguous roots
or large objects. We extend this work and use page resi-
dency, the density of reachable objects on a page, to deter-
mine when to promote or evacuate the objects on a given
page. Using this terminology, we say that if the residency of
a page is su cien tly high, the page should be promoted in
place. Seenin this light, large objects should remain in xed
positions in the heap, not merely becausethey are large, but
becausethey occupy densely populated pages.

A Continuumof Tracing Collectors. Using residency to
determine which pagesshould be evacuated, and which should
be promoted, givesrise to a range of collector con gurations
determined by an evacuation threshold In ead con gura-
tion, a pagewill be evacuated if its residency is lessthan or
equal to this threshold. At one extreme of this range is a
semi-spacecollector, which evacuatesall pagesregardlessof
their residency.
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Figure 1: A Contin uum of Tracing Collectors. Each
point represen ts a dieren t tracing collector. Both
the x- and y-axes range over residency thresholds.
The x-axis ranges over the maxim um residency at
whic h a page will be evacuated, and the y-axis over
the maxim um residency for a page that will be con-
sidered during allo cation.

To allow our collector to reclaim spaceduring the alloca-
tion phase,we identify a second,orthogonal range of con g-
urations de ned by an allocation threshold The unoccupied
spaceon pageswhoseresidency is lessthan or equal to this
threshold will be usedto satisfy mutator allocation requests.
At one extreme lies a mark-sweep collector, which usesall
free spacein the heap to satisfy allocation requests.

Using both thresholds yields a continuum of tracing col-
lectors that includes both semi-spaceand mark-sweep col-
lectors as depicted in Figure 1. The horizontal axis gives
possible values for the evacuation threshold re, while the
vertical axis gives possible values for the allocation thresh-
old r,. Both axesrange from 0 to 100%. If the page resi-
dency r is lessthan or equal to r. then objects on the page
will evacuated during collection; if r is lessthan or equal
to ra then free gaps on the page will be considered by the
allocator in satisfying requestsfor more memory.

An evacuation threshold of 100% indicates that objects
will always be evacuated during collection (since page res-
idency is always lessthan or equal to 100%). This corre-
sponds to the behavior of a semi-spacecollector. On the
other hand, an evacuation threshold of 0% says that (be-
causeno objects will be found on a pagewith 0% residency)
all objects will be promoted in place.

An allocation threshold of 0% indicates that the free por-
tions of any page containing reachable data will never be
considered for reuseuntil all reachable data has been evac-
uated from the page (.e. the page contains exactly one
\gap"). Again, this corresponds to the behavior of a semi-
spacecollector. At the opposite extreme, an allocation thresh-
old of 100% says that any unused space can be used for
allocating new objects.

Limiting Fragmentation.These two thresholds determine
how and when the collector reduces fragmentation in the



heap. For example, semi-spacecollectors eliminate all frag-
mentation during the collection phase. Mark-sweep collec-
tors discover fragmentation during collection, but only re-
duce it during allocation by using new objects to Il in the
gapsbetweenold ones. In this case,another collection is ini-
tiated only when the remaining gapsare too small to satisfy
the current allocation request. Thus reducing fragmentation
during collection is a property of copying collectors, while
reducing fragmentation during allocation is a property of
non-copying collectors.

Con gurations in the lower-left part of the graph (where
both re and r, are small) permit signi cant fragmentation
to persist through both the collection and allocation phases.
These\passive" collectors make poor useof spaceby neither
reorganizing the heap during collection nor lling in unused
gapsduring allocation. Large parts of the heap will remain
unavailable to the mutator, and reachable objects will be-
come strewn throughout the heap, resulting in poor cache
performance.

The \over-aggressie" con gurations along the upper and
right-hand edgesalso su er from a poor use of resources.
Just aspermitting fragmentation hasan overhead(e.g. larger
memory footprint, poor locality), reducing it also incurs
costs. Reducing fragmentation requires either additional
spaceto hold duplicates (as in a semi-spacecollector) or
additional passesover the heap to rearrange live objects (as
in a mark-compact collector).

We nd that admitting a small amount of fragmentation
improvesthe performance of our collector. Our hybrid col-
lector usespageresidency to quantify fragmentation and to
reduce (but not eliminate) fragmentation during both the
collection and allocation phases. To do so, it must deter-
mine the residency of each page precisely and e cien tly.

4. PREDICTING RESIDENCY

Measuring the residency of even a single page requires
a traversal of the entire heap. Our collector measuresthe
residency of eadh page as part of the normal traversal that
occurs during collection. Then it usesthis information to
determine the set of pagesthat will be used to satisfy al-
location requests. However, the set of pagesthat will be
promoted in place should re ect the residency of eath page
at the beginning of a collection, beforethe heapis traversed.

Since our goal is to use residency to improve the perfor-
mance of our collector, we consider an additional traversal
at the beginning of eac collection to be prohibitiv ely ex-
pensive. Instead of using the actual residency to determine
which pageswill be promoted in place, our collector usesthe
predicted residency of each page.

We describe seweral heuristics for predicting page resi-
dency. Our collector relies on past measuremerts of the
residency to form its predictions, but we also identify two
additional predictors of residency. In the rst case, resi-
dency predictions are based on static con guration param-
eters: certain pagesare permanertly designated as densely
populated and others as sparsely populated. In the second
case,the age of objects residing on a pageis usedto predict
the pageresidency.

4.1 Historical Measurements

Our collector usesresidency measuremerts taken during
one collection to predict the residency of eath pageat the be-
ginning of the next collection. Residencyis measuredduring

the tracing phase;the residency of a page is updated eac
time an object on that pageis shaded.

Our implementation assumesthat the residency of eath
pagewill remain unchanged from one collection to the next.
However, this assumption is not essettial to our algorithm.
More sophisticated heuristics for predicting residency might
accourt for the rate at which objects become unreachable,
for example, by using decay models to compute residency
as a function of time. Furthermore, while our collector cur-
rently usesonly the most recertly measured residency; it
could maintain a seriesof historical measuremers for pages
that have survived multiple collections.

For eath page whose predicted residency is lessthan or
equal to the evacuation threshold, space must be reserned
to hold replicas in the next collection. Thus the end of
one collection is a natural time to determine which pages
will be promoted in the next collection, since that is when
it must also determine how much spacecan be allotted to
the mutator and how much must be reserved for evacuated
objects.

Our collector has no historical measuremerts for those
pagesthat have not yet survived a collection. One design
choice is to assumea small, xed residency for all young
pages. Instead, our collector recordsthe residenciesof young
pagesduring the collection phase and usesthese measure-
ments to predict the residency of young pagesin the future.
This is similar to a technique usedin garbage- rst collection
[14].

This heuristic still assumesthat the residency of young
pageswill be uniform. An alternativ e heuristic would mea-
sure age not in terms of the number of collections survived
but in terms of bytes subsequetly allocated. Following
the intuition of older-rst garbage collection [13] our col-
lector could predict that the residency of pages allocated
just before a collection will be higher than those allocated
earlier, possibly promoting the former in place (depending,
of course, on the evacuation threshold).

4.2 Static Con guration

Instead of using historical measuremerts, the residency of
ead page can be predicted using con guration parameters
set by the application programmer or the end user. If the
behavior of the mutator is known in advance, the collector
can be con gured to anticipate that behavior.

This con guration e ectiv ely determinesthe predicted res-
idency of eath page on a rough scale. Existing hybrid col-
lectors then use a heuristic to determine whether a given
object should be allocated on a high residency pageor a low
residency page. Since predictions about page residency re-
main xed, the performance of the collector dependson the
accuracy with which an appropriate page is chosen by the
allocator.

For example, a large object heap managed using a mark-
sweep collector is a set of pagesfor which the residency is
predicted to be high. Thus pagesin the large object heap
will always be promoted in place. Recall that rather than
segregating large objects into a separate set of pages, we
obsere that pagescontaining large objects should be pro-
moted in place wherever they reside. This precludes the
need to set aside heap spacefor large objects. Integrating
large and small objects on a single set of pagesalso allows
the collector to use small objects to Il the gaps between
large ones.



Page status Contents during Contents during Role in semi- Colors during collection
allocation phase collection phase spacecollection

EVACUATED | new and surviving | original copies from-space white
objects and unreachable objects

PROMOTED new and surviving | objects promoted in place, | from- and gray (if in queue), black (if
objects replica copies, to-space marked), or white (otherwise)

and unreachable objects
REPLICA no objects replica copies to-space gray (if in queue) or black
FREE no objects no objects - -

Table 2: Description

Other properties derived from the point of allocation can
alsobe usedin attempts to make static residency predictions
come true. Unfortunately , none of these properties can ac-
count for changesin the behavior of the mutator over time.
While these \syntactic" properties may be good predictors
of residency for pagescontaining young objects, runtime in-
formation about residency o ers better predictions in the
long run.?

4.3 Age

Generational collectors assumethat most objects will die
young. To take advantage of this assumption, they group
young objects together so that the residency of the nursery
will be low. It follows as a corollary that objects in the
nursery should be evacuated.

However, generational collectors often defer to other pre-
dictors of residency in caseswhere age is not strongly cor-
related with expected lifetime. For example, many genera-
tional collectors pretenure larger objects [27, 9] in part be-
causeallocating large reachable objects in the nursery would
violate the assumption that the residency of the nursery is
low. The sameis true for other forms of pretenuring based
on pro ling data [12, 5]. Since they assumethat the nurs-
ery is sparsely populated, these generational collectors take
stepsto ensurethat no long-lived objects residethere. Thus
young objects are not treated uniformly. These collectors
use age as a guide only when it is assuredto be a good
predictor of residency.

While it may be reasonableto assumethat many young
objects are unreachable, it is not safeto assumethat most
old objects are still live. As objects becomeolder, their age
oers lessinformation about their expected lifetimes [17].
In particular, age doesnot give any indication of when old
objects should be \demoted."

5. ADYNAMIC HYBRID ALGORITHM

Our hybrid algorithm implements the full range of con g-
urations shown in Figure 1. It isindependent of the heuristic
usedto predict residency and parameterized by the evacua-
tion and allocation thresholds.

The behavior of a tracing collector is largely determined
by the actions it takes when traversing objects and by the
way it satis es allocation requests. All tracing collectors
must distinguish between white, gray, and black objects,®

20ne exception to this claim may be the caseof immortal
objects, those objects that are statically known to survive
forever.

3We usethe standard tri-color abstraction [15].

of Page Status.

but each one may maintain this distinction using a dier-
ent data structure. Our hybrid collector takes advantage
of the common structures found in both copying and non-
copying collectors when possible but occasionally maintains
separate structures for the sake of e ciency . Despite this,
our algorithm admits a simple description that is faithful to
our implementation.

As in Bartlett's presertation of mostly copying collection,
our collector rst divides the heapinto pages? All pagesare
initially designated as free pages We describe three other
possibilities for the status of each page in Table 2. First,
evacuatal pagesform part of the from-space, and any reach-
able objects on an evacuated page will be copied during col-
lection. All evacuated pageswill be reclaimed at the end of
collection. Second,promoted pagescontain objects that will
be promoted in place. These pagesmay contain white, gray,
and black objects. Becausethere are no replicas assaiated
with objects that are promoted in place, promoted pages
are part of both the from- and to-spaces. Finally, replica
pages contain replicas created during collection (with one
exception described below). They form the remainder of
the to-space.

The page table stores both the status and the residency
of each page. Our collector maintains the page table sep-
arately from the data assciated with ead page. To allow
the set of pagesof any status to be enumerated and manip-
ulated e cien tly, they are stored in doubly-link ed lists, one
for eath possible status. This list structure is also stored in
the pagetable. Each pagetable entry consumesl16 bytes in
our implementation.

5.1 Collection

Collection is initiated when the remaining amount of free
spacein the heap is equal to the total size of all objects
that may be evacuated during collection. For example, a
mark-sweep collector begins a new collection when no free
space remains, since no objects will be evacuated. For a
semi-spacecollector, collection beginswhen half of the heap
is occupied, since all objects may be evacuated (if they are
reachable).

Initial Phase.The collector begins by enumerating the
root set. To support pinned roots, it must consider all roots
before evacuating any objects: if an evacuated object was
later found to be the referent of a pinned root, the evacua-
tion would have to be undone. The collector considersead
root twice, rst to identify any additional pagesthat must
be promoted in place and second, to shade the referent of

4Our implementation usespagesof 4 kB.



ead root. The collection technique for eadh remaining page
follows from the page status and was determined during the
preceding collection or allocation phase.

TracingPhase.Oncethe collection technique for eac page
has been xed, the collector traces the memory graph by
advancing the gray frontier. When a shaded object resides
on a promoted page, it is promoted in place; shadedobjects
on evacuated pagesare (as the name suggests)evacuated.

To maintain the set of gray objects e cien tly, our hybrid
collector usestwo di eren t data structures. The mark queue
holds referencesto gray objects that reside on promoted
pages. A mark bit assciated with ead object on a promoted
pageis setto ensurethat eac object is added to the mark
gueue exactly once (and that cycles are handled correctly).
Each time a mark bit is set, the page residency is updated
to re ect the size of the shaded object.

It is possibleto usea mark queueto store the set of evac-
uated gray objects. However, this set can be managed more
e cien tly in a semi-spacecollector using a pair of addresses,
sincethese evacuated objects will residein a contiguous por-
tion of the heap [11]. Unlik e a semi-spacecollector, not all
evacuated pagesmay be adjacernt to eac other in our hy-
brid collector. The Cheney queue holds pairs of addresses
that delimit regions of gray replica objects. When a pair of
addressesis removed from the queue, every object residing
between the pair of addressesis traced. Evacuated objects
are assignedforwarding pointers to ensurethat ead object
is copied at most once. In these aspects of our implementa-
tion, we follow the work Smith and Morrisett [24].

Replica copies may reside on either replica pagesor the
unoccupied parts of promoted pages. In the latter case,
replicas should be marked, regardless of whether they are
added to the mark queueor the Cheney queue, sothat they
will be preserved through the sweep phase.

In summary, an object is gray if it appearsin either the
mark queue or between a pair of addressesin the Cheney
gueue. Black objects are those that do not appear in either
qgueue but reside on promoted pages and are marked, or
simply reside on replica pages. All remaining objects are
white.

SweepPhase.When no gray objects remain, all objects
on replica pagesare black by de nition. Evacuated pages
contain only white objects. Promoted pages, however, will
contain both black and white objects. Each of these pages
must be swept, clearing the mark bit from ead black object.
The collector also performs an additional task during the
sweep phase: for pageswhoseresidency is known to be low,
it coalescesadjacent white objects to form free gaps. These
gaps are threaded together to form the gap list and will be
reused during allocation or the next collection.

Final Phase.At the end of each collection, the collector
must ip the roles of the from- and to-spaces. All evacu-
ated pagesmay be recycled in bulk and are now considered
free pages. For each promoted and replica page, the collec-
tor considersthe residency measured during collection and
usesthis value to predict the residency at the beginning of
the next collection. Pageswhose predicted residency is less
than or equal to the evacuation threshold are designated as
evacuated pages. The rest will be promoted.

One nal point must be considered in determining the

collection technique of each page. An evacuated page cannot
be usedto hold replicas while it is being evacuated. Thus
we have one nal criterion for in-place promotion: pages
with free gapsthat will be usedto hold replicas in the next
collection should also be promoted in place.

For each pagethat will be evacuatedin the next collection,
the collector must reserve adequate spaceto hold replicas
created during evacuation. For this purpose, the collector
computes the total of size of all objects to be evacuated by
computing the sum of the measuredresidenciesof evacuated
pages.

The free space available to hold future allocations and
replicas is given by the total size of all free pages,plus any
spaceavailable in the gap list. From this, the collector sub-
tracts the total sizeof objects to be evacuated. The remain-
ing quantit y is the total unreserval space. This quantit y will
be used during allocation to trigger the next collection.

5.2 Allocation

Allo cation requests may be satised in two ways. Free
pagescan be usedto satisfy requestsusing a pointer-bumping
technique (asin a semi-spacecollector). The allocator main-
tains a pair of addresses,the allocation pointer and the al-
location limit, to delimit the block of memory that will be
consideredin ful lling the next request.

Allo cation requests can also be satis ed using the free
gapsidentied during collection. Our implementation uses
a rst-t approach to allocate spacefrom the gap list. Once
the rst sucien tly large gap is found and removed from
the list, the allocation pointer and allocation limit are set
to delimit that gap. The requestis fullled and allocation
contin uesuntil the gap is exhausted. While other allocation
techniques are compatible with our algorithm, this technique
allows us to use the same inlined allocation code for both
free pagesand the gap list. Our collector prefersto usethe
gap list to satisfy requests and usesfree pagesonly if the
gap list is empty.

As ead block of free spaceis designated for allocation,
either from a free page or a free gap, the collector consid-
ers whether or not that block will be evacuated in the next
collection (using the predicted residency of the page). If
it will be promoted in place then the remaining unreserved
spaceis decreasedby the size of the block; if the page will
be evacuated, then it must be decreasedby twice the size of
the block. When the remaining amount of unreserved space
readhes zero, a new collection is initiated. In either case,if
the block resideson a page that was removed from the set
of free pages,then the pageis added to either the set of pro-
moted pagesor the set of evacuated pages,as appropriate.

Finally, large objects are always allocated by choosing a
set of adjacent free pageswith enough spaceto satisfy the
request, and pages containing large objects will always be
promoted during collection.

6. EMPIRICAL RESULTS

We have implemented our collector as part of the Shared
Source Common Language Infrastructure (Rotor), a com-
piler and runtime implementation for C# [18] that requires
support for object pinning. We perform our experiments on
an Intel 1.8 GHz Pentium 4 with one GB of physical mem-
ory running Microsoft Windows XP Professional. For time
measuremens, we report the average of two runs.

We use two applications in our experiments; both are
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memory intensive. The rst bendmark, ported from the
JavaGrande bendimark suite, renders a three-dimensional
scenecontaining 64 spheres. While the original benchmark
supported multi-threaded execution, we usea single-threaded
version for our tests. Our measuremens show the results
running with size\A" (N = 150).

The second application is an arti cial benchmark based
on truncated splay trees. This application provides a re-
alistic, yet dicult, casefor our collector. Random nodes
are inserted repeatedly into a tree, and after eac insertion,
the tree is rebalanced using splay operations and truncated
at a xed depth. The resulting distribution of object life-
times follows a log-normal curve: most objects die young,
but somelive to an intermediate age, and a few live for a
long period of time. More importantly for our collector,
long-lived objects are distributed throughout the heap and
potentially intro duce fragmentation. Nodesalsovary in size.
Treesare truncated at a depth of 30 in our experiments.

6.1 HeapSize

Figure 2 shows the total time consumedduring collection
as a function of the heap size. Heap size is the total space
available to the collector, regardless of how that spaceis
preserted to the mutator.

As expected, the mark-sweep collector yields lower over-
heads for small heaps. The semi-space copying collector
requires more space and cannot satisfy allocation requests
as the size of the heap approaches twice the amount of live
data. For larger heaps,the semi-spacecollector yields better
performance. As the heap size grows, the cost of sweeping
the entire heap becomesthe dominating factor of the mark-
sweep overhead.

In thesemeasuremerts, the hybrid collector evacuatesdata
from pageswhosepredicted residencyis lessthan or equal to
90% (re = 90%). Pageswith a measuredresidency lessthan
or equal to than 90% are usedfor allocation (ra = 90%). For

700

Overhead vs. Heap Size. The vertical
the semi-space collector
is used in both cases (re = 90% and r, = 90%).
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is unable to satisfy allo cation requests in

brevity, we refer to this con guration asthe \90/90 hybrid."
By optimistically promoting densepagesin place, the hy-
brid collector achieveslower overheadsthan the semi-space
collector for smaller heaps and satis es allocation requests
that the pure copying collector cannot. For larger heaps,
the opportunities for in-place promotion diminish and the
behavior of the hybrid collector follows that of the semi-
spacecollector. Since the distribution of object lifetimes is
xed independertly of the heap size, the number of objects
surviving multiple collections decreasesas the size of the
heap increases. Thus fewer pagesare promoted in place.

6.2 Con guration Thresholds

Our algorithm requirestwo new con guration parameters:
the evacuation and allocation thresholds. One might ex-
pect this to place a greater burden on the application pro-
grammer to tune the collector to match the behavior of the
mutator. However, our collector is relativ ely insensitive to
changesin the con guration shown in the previous experi-
ment.

Figure 3 shows the dierence in overhead for v e other
con gurations running the ray tracer as a percertage of the
overhead of the 90/90 hybrid that appeared in Figure 2.
We use the same heap sizesas in the previous experiment.
Though there is some variation in performance among the
dierent con gurations, the margin is lessthan 7% of the
overhead. This is relatively small compared to the dier-
ences in performance between the 90/90 hybrid and the
mark-sweep collector (as much as 38% for large heaps) or
the semi-spacecollector (more than 150% for small heaps).

6.3 Costof Allocation

While our collector does not needto be tuned precisely
to the behavior of each application, the evacuation and allo-
cation thresholds can be usedto meet speci ¢ performance
requirements expressedby the application. For example, the
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Figure 3: Overhead for Dieren t Thresholds. The
dierence in overhead of each conguration is given
as a percentage of the overhead of the ro = 90=r, = 90
hybrid. In each case, the margin is small compared
to the performance dierences shown in Figure 2.

allocation threshold determines the speedwith which alloca-
tion requests can be satis ed. If the allocation threshold is
zero, then only empty pageswill be usedto ful ll allocation
requests, and the cost of allocation will be low. If the allo-
cation threshold is high, then the collector will add unused
gaps on densely populated pagesto the gap list, and the
allocator may need to consider many gaps before it nds
one large enough to satisfy the current request. In some
cases,no gap will be large enough, and a collection must be
performed.

Figure 4 shows the average number of entries in the gap
list that must be consideredto fulll a single request while
running the splay tree benchmark with a heap of 256 kB.
As the allocation threshold increases,so doesthe number of
gapsthat must be consideredby the allocator. For this ap-
plication, at most 1.13 gapsmust be considered, on average,
to satisfy a given allocation request. In this benchmark, the
evacuation threshold has no signi cant impact on the time
required to satisfy an allocation request, except when it is
100% and all fragmentation is eliminated during collection.

6.4 Poor Predictions

If our collector predicts residency accurately, it will pro-
mote only densely populated pagesand evacuate the rest.
When its predictions are not accurate, it usesnew alloca-
tions to reclaim any unused spacein a timely fashion. The
following pathological example serves to illustrate this be-
havior.

Supposethat most objects becomeunreachable after sur-
viving just a single collection and consider the behavior of
the collector in a con guration in which densely populated
pagesare promoted in place, but only empty pagesare used
to fulll allocation requests (i.e. ra = 0%). The collec-
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Figure 4: Cost of Allo cation. The vertical axis shows
the average number of gap list entries that must be
considered to fulll a single request as a function of
the allo cation threshold r,. This experimen t uses
the splay tree benchmark.

tor evacuates objects during the rst collection and slates
them for in-place promotion during the second. Before the
second collection, however, many objects become unreach-
able. As with any other tracing collector, we cannot hope to
reclaim the space assaiated with these objects before the
second collection. However, with the given con guration,

these pageswill be promoted in place during the secondcol-
lection, and the available spacewill not be reclaimed until

the third. During the second collection, the collector will
measure the true residenciesand make more accurate pre-
dictions for the next collection. Any reachable objects will

be evacuated during the third collection, and the entire page
will be made available for allocation subsequetly.

To improve the accuracy of residency predictions in this
situation, we extended our implementation to approximate
the age of objects on ead page by recording the number
of collections they have survived. Pages of age zero con-
tain objects that have not yet survived a collection, those
of age one contain objects that have survived exactly one
collection, and those of age two contain objects that have
survived two or more collections. To segregate evacuated
objects, the collector maintains two Cheney queues: one for
objects evacuated from pagesof agezero and one for objects
evacuated from pagesof age one or more.

Figure 5 shows the total time consumedduring collection
for the splay tree benchmark using a xed heap size of 384
kB. The rst two con gurations, \ra = 0" and \ra = O w/
age," both use an allocation threshold of 0%. The evacua-
tion threshold varies along the horizontal axis. The \r, = 0"
con guration makespoor predictions about residencyin the
manner described above. The \r, = 0 w/ age" con gura-
tion corrects these mistaken predictions by accourting for
the age of objects: it always predicts a residency of 0% for
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Figure 5: Accoun ting For Poor Predictions. Three
dieren t con gurations that promote pages with
high predicted residency in place. The second mak es
more conserv ativ e predictions by accounting for the
age of objects, while the third makes makes up for
poor predictions by reducing fragmen tation during
allo cation.

pagesthat have survived lessthan two collections.

Though accourting for ageoften yields better performance,
it fails to improve over the behavior of a collector that sim-
ply evacuatesall objects. The nal con guration, \r, = 90,"
compensatesfor poor residency predictions by reducing frag-
mentation during the allocation phase. Though it promotes
pageswith few reachable objects in place, it quickly recov-
ers from its mistakes and shows better performance. The
consistert performance of our collector in ead of these ex-
periments is due in part to the fact that it recovers naturally
from its own mistakes.

7. RELATED WORK

Bartlett's mostly copying collector [3, 4] supports ambigu-
ous roots and reducesfragmentation by evacuating objects
that are not referencedby registers or the cellsin call stack.
Rather than marking objects on promoted pages,Bartlett's
collector preservesall objects on a promoted page whether
or not they are reachable. This avoids the extra spacere-
quired to store mark bits, but results in the retention of
unreachable objects.

Smith and Morrisett [24] extend Bartlett's algorithm to
support arbitrary \conservative" objects, not just roots. They
improve performance by marking reachable objects on pro-
moted pagesand thus reducing false retention. Despite this,
Smith and Morrisett's collector does not allocate new ob-
jects using the space previously occupied by unmarked ob-
jects, nor doesit measureresidencyto improve performance.

Mark-copy collection [23] addressessome of the perfor-
mancetradeo s of copying and non-copying collection. Sadin-
dran and Moss extend copying generational collection by

dividing the older generation into a set of ordered windows
and introducing a sweep phaseto record ead pointer that
crossesfrom a \greater" window to a \lesser" window. All
objects are evacuated in mark-copy collection, but sincethe
lowest occupied window may be collected independertly of
the remaining windows, the spacein this window may be
reclaimed during collection and used while evacuating later
windows. Their collector also measuresthe residency of eath
window during the sweep phaseto determine the largest set
of windows that may be evacuated simultaneously.

The garbage- rst garbage collector, preserted by Detlefs
et al. [14], is a soft-real time collector that usesresidency
(among other factors) to estimate the cost of evacuating
parts of the heap, called regions. Their collector choosesa
set of regionsto be evacuated basedon these estimates with
the goal of achieving predictable pause times. Instead of
promoting someregionsin-place, it simply avoids evacuating
objects from them. Its predictions of residency are basedon
the amount of reachable data discovered during a separate
marking processas well as the survival rates of objects in
other regions. Their collector usesonly empty regions for
allocation.

Our work is most closely related to recert work by Bacon,
Cheng, and Rajan [2, 1] in which they describe a real-time
mostly non-copying collector and provide a detailed analysis
of its usageof time and space. Becausewe initially focused
on keeping allocation costs low, copying collection was a
natural starting point. On the other hand, an important
goal in the work of Bacon et al. is to limit spaceoverhead,
thus they have worked to extend a non-copying collector.
This leadsto a dierent set of design choices; for example,
they use segregatedfree lists instead of a pointer-bumping
allocator. However, their collector also usesresidencyto de-
termine which objects should be relocated and to balance
the tradeo betweenfragmentation and spaceoverhead. In-
stead of predicting page residency, their collector measures
it during a sweep phase.

8. EXTENSIONS AND FUTURE WORK

In this presertation, we have focusedon collector through-
put. Though we do not report on it here, we usereplicating
collection [22] to support small upper bounds on pausetimes
and consistert mutator utilization.

For the most part, we nd that mostly copying collec-
tion doesnot impinge on the implementation of a replicat-
ing collector. However, an unbounded number of promoted
pagescould result in an unbounded stall of mutator execu-
tion. Our collector usesa from-space invariant, restricting
the mutator to manipulate only those objects that reside
in from-space. Because promoted pages are part of both
the to- and from-spaces, pointers from objects on promoted
pagesto objects on evacuated pagescannot be updated in-
cremertally . Instead, they must be ipp ed atomically at the
end of a complete collection.

We accept larger latencies when many objects are pinned,
but limit the number of pagesthat are promoted becauseof
high predicted residency, achieving better latency at the cost
of throughput. Another possible solution is to use a more
exible invariant, for example, a Brooks-style invariant [8] as
is usedby Bacon et al. [1]. We have not yet investigated this
alternativ e and contin ue to study the interactions of mostly
copying and incremental collection. We also plan to extend
our algorithm to support concurrent and parallel collection.



9. CONCLUSIONS

We have preserted a tracing garbage collector that uni-
formly integrates the features of both copying and non-
copying collection. Our collector usesresidency to dynami-
cally balance the tradeo s betweenthese two typesof trac-
ing collection. Instead of consuming additional resourcesto
measureresidency; it usespredicted residency to make deci-
sions about whether to promote pagesor to evacuate them.
To recover from inaccurate predictions, it also usessparsely
populated pagesto fulll allocation requests.

We have shown that many existing hybrid algorithms can
be viewed in the light of their assumptions about residency:.
We hope that someinsight can be drawn from these hybrids
to improve the residency predictions of our collector.
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