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Abstract

Copying garbage collectors are now standard for the memory-management subsystems of
functional and object-oriented programming languages. Compacting garbage collection has cor-
respondingly fallen out of favor. We revitalize the case for compaction by demonstrating that
a simple compacting collector, extended with the generational garbage collection heuristic, ex-
hibits performance as good as or better than a well-designed generational copying collector on
real programs running in real environments. The observation that compaction preserves allo-
cation order across collections leads to a new generalization of the generational heuristic that
reduces the movement of long-lived objects. We measure the effect of substituting our compact-
ing generational collector for a copying collector in Standard ML of New Jersey.

KEY WORDS Storage Management Garbage Collection Virtual Memory Compaction

INTRODUCTION

The effective and efficient management of memory remains a significant challenge to the developer
of a complex software system. A common solution to the problem is to isolate memory management
in a single subsystem that presents an abstraction of unlimited memory. Software in the remainder
of the system accesses this subsystem to allocate memory dynamically and does not explicitly
deallocate the memory when it is no longer required. Instead, the memory management subsystem
periodically executes a procedure that finds memory that is no longer in use and reclaims it, making
it available for future allocation. This process is termed “garbage collection”.

Garbage collection is a heavily studied subject. Comprehensive surveys have been written by
Cohen,! Appel,2 and Wilson.> General-purpose garbage collection algorithms may be roughly
divided into two categories: those that move data and those that don’t. Garbage collectors in
the first category move live objects (containing data still in use) together into a contiguous range,
creating a large block of free memory for future allocation. Garbage collectors in the second category
link garbage objects (containing data no longer in use) into a data structure from which allocation



requests are satisfied. Systems that manage dynamic memory using a collector in the first category
gain the advantage of extremely efficient allocation. Free memory is in a contiguous block, and
allocation typically consists of little more than a pointer adjustment and a bounds test. Often,
virtual memory can be enlisted to perform the bounds test.*®

Garbage collectors that move data can be further divided into compacting collectors and copying
collectors. These names are technical and only weakly connote the differences between the two
approaches. Compacting collectors form a subclass of mark-and-sweep collectors, a large class of
collectors that includes many that do not move data. Mark-and-sweep garbage collectors operate
in two phases: 1) A mark phase in which live data is traversed and all reachable objects are
marked as live. 2) A sweep phase in which one or more linear passes are made through the memory
under management to separate garbage from live objects. During the sweep phase of a compacting
collector, live objects are slid toward one end of memory. The relative order of the live objects
is not changed; the compacting process merely makes the live objects adjacent so that garbage is
eliminated between them. Most algorithms for compacting collection were developed at a time when
memory resources were scarce and therefore tend to trade off execution time for decreased memory
usage,® placing emphasis on the minimal use of storage beyond that required for the heap. These
algorithms require a small amount of fixed memory overhead per object allocated and a bounded
amount of additional storage during a collection. However, the sweep phase requires two or more
fairly complex passes over memory. Compacting collectors are often viewed as time inefficient and
consequently have fallen into disuse in the past dozen years.

Copying collectors split the region of memory being managed into two equal semi-spaces. Al-
locations are made from one semi-space; the other is left fallow. During a garbage collection, a
copying collector traverses live data, appending each live object visited to the end of a growing
block at one end of the fallow semi-space. As objects are copied, forwarding pointers are left be-
hind to indicate where the objects have been moved. These pointers are used to adjust references
to moved objects to point to the new locations. The algorithm of Fenichel and Yochelson” uses a
depth-first traversal of the live data; the algorithm of Cheney® uses a breath-first traversal. Of the
two, Cheney’s algorithm is generally preferred as it cleverly uses the fallow semispace as a queue
to guide the breath-first traversal; the algorithm of Fenichel and Yochelson requires an auxiliary
stack to guide its depth-first traversal. Since only live data is touched during a garbage collection,
copying collectors are usually favored over mark-and-sweep collectors in general, and over compact-
ing collectors in particular. Mark-and-sweep collectors are commonly used only when, for various
reasons, objects cannot be moved.® Cheney’s algorithm has become standard for implementing
garbage collection and is widely used in practice.? 10

The purpose of this paper is to rehabilitate compacting collectors as a modern memory man-
agement method. We present a simple compacting collection algorithm that, with the exception of
degenerate circumstances, requires only a single pass over memory during the sweep phase. Dur-
ing a collection the algorithm requires memory resources proportional to the size of the memory
space being garbage collected (but there is precedent for this usage in the semi-spaces of copying
collectors). The collection algorithm is amenable to augmentation with the generational garbage
collection heuristic.!! A generational version of the algorithm has been implemented for Standard
ML of New Jersey (SML-NJ). We present a performance evaluation of this algorithm based on
standard benchmarks. This experience indicates that a compacting collector can perform as well



or better than a copying collector on real programs running in real environments. An important
property of the collector is that it maintains objects in the order that they were allocated. This
property improves spatial locality, which in turn improves paging and caching performance. Pre-
serving allocation order also allows a more general approach to be taken to generational garbage
collection and can simplify the overall memory management strategy.

A few notes on terminology: We follow the practice of referring to the client of the dynamic
memory management system as the mutator. We use the term heap to refer to the entire region of
memory managed by the dynamic memory management system. A specific region of memory being
garbage collected is referred to as an arena. The root pointers or roots are the pointers outside the
heap, typically processor registers and static storage, through which all useful heap data can be
accessed, directly or indirectly. All other heap storage is considered garbage.

MOTIVATION

Our work is motivated by three assumptions that have been borne out in practice:® 5 11713
1. Almost all references between objects are from newer objects to older objects.
The ordering assumption.

2. The longer an object has existed, the longer it is likely to continue to be useful.
The persistence assumption.

3. Objects tend to reference other objects allocated at approximately the same time.
The locality assumption.

Preserving Allocation-Order

When a copying or compacting collector is used, allocation may be implemented with a pointer
update and a bounds check. This simplicity is a consequence of all available memory being in a
single contiguous block. One result of this allocation method is a simple correspondence between the
order in which objects appear in memory and the time at which they were allocated. Compacting
collectors preserve allocation ordering across a garbage collection. This property is not shared by
copying collectors.

The ordering assumption implies that if memory is maintained in allocation order (the oldest
data at the lowest addresses) then there will be few pointers from lower addresses to higher ad-
dresses, and hence the accessibility graph for the heap will flow primarily down from the roots.
The ordering assumption is especially relevant if the assignment operator is not provided to the
mutator (e.g. the mutator is written in a pure functional programming language).

The persistence assumption implies that older objects are much less likely to become garbage
in the near future than younger objects. The implication of this observation is that if we maintain
the heap in allocation order, little garbage will appear in the oldest parts of the heap and we may
not have to move as many objects around in that area.

Software systems that manage memory using copying garbage collectors often exhibit poor
locality. That is, groups of consecutive memory references are often to addresses spread widely



through memory. Poor locality results in high page fault rates and low cache hit ratios. There have
been several attempts to find better ways to traverse the accessibility graph in order to improve
locality.'#® The locality assumption implies that maintaining the heap in allocation order will
improve locality.

The use of a garbage collector that preserves allocation order creates the invariant that objects
do not move relative to each other unless one or more objects between them become garbage. It
is possible to exploit this invariant if the mutator creates objects in groups that are guaranteed to
all become garbage at the same time. Relative pointers could be used between objects within the
group. These pointers would not need to be considered during the garbage collection process.

Generational Garbage Collection

Generational garbage collection is based on the ordering assumption and the persistence assump-
tion.!! The arena is split into one or more generations. Each generation has an age associated
with it; objects in an older generation were allocated before those in a younger generation. The
ordering assumption implies that there will be few, if any, pointers from older generations into
younger generations (figure 1). When the youngest generation fills, garbage collection promotes
live objects from the youngest generation into the next oldest generation. Collection on the older
generation is not performed unless it too is full. This process may continue backwards through the
generations until the oldest generation is reached. If the oldest generation is full, the entire heap
is collected.

Garbage collection will be performed many times on a particular generation before the next
oldest generation is collected. During a collection of a younger generation, objects in older gener-
ations do not need to be traced or collected. By restricting collection to smaller portions of the
heap, generational techniques significantly improve garbage collector performance.

The major confound of generational techniques is the existence of wrong-way pointers, pointers
from older objects to younger objects. Several techniques may be used to deal with wrong-way
pointers.?
be created through an assignment to a pointer variable. Each time a pointer assignment occurs,
an element is added to the end of the store list recording the target of the assignment. During a
garbage collection, the store list is checked for inter-generational references. These references must
be considered as part of the root set when garbage collecting the younger generation. Elements of
the store list that are not needed for future collections are discarded. While the use of a store list is
a potentially heavy burden to place on a program written in an imperative language where pointer

We assume the existence of a store list. We note that wrong-way pointers can only

assignment may be quite common, it is not a major burden under a functional programming model
where assignment is rarely used.

SIMPLE COMPACTING GARBAGE COLLECTION

Our garbage collector proceeds in three phases:

1. Mark Phase
A depth- or breadth-first search starting at the roots is used to find and mark accessible
objects. Mark bits may be stored in the objects themselves or in a separate bitmap.
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Figure 1: Generational garbage collection



2. Compact Phase

The arena is swept in allocation order. Objects are moved down to fill locations occupied
by garbage. As objects are moved their new locations are recorded in a parallel forwarding
array and references to already-moved objects are updated to reflect the new values (figure 2).
The ordering assumption predicts that most references in an object being moved will be to
objects that have already been moved and consequently it will be possible to adjust nearly
all references during this phase. The locations of references that cannot be adjusted are
recorded in an auxiliary wrong-way pointer list. Alternatively, the equivalent information
may be extracted from a store list if one is available.

3. Repair Phase
The root pointers and elements in the wrong-way pointer list are adjusted using the forwarding
array. The forwarding array and wrong-way pointer list may now be discarded.

The Density Heuristic

In extending the algorithm to include the generational heuristic, we can take better advantage of
the ordering and persistence assumptions than generational schemes that do not preserve allocation
order. Generations are determined dynamically at any boundary between objects. This property
eliminates the requirement for a priori decisions about which objects will be in what generations.
In order to allow a generation to be declared at an arbitray boundary, the wrong-way pointer list
must be maintained between collections, since the compact phase will not examine all of the arena
and consequently a wrong-way pointer list cannot be built from scratch. After completing the
mark phase, we have available information on the ratio of objects to garbage, which we refer to
as density. This density information can be used to make a determination of whether it is worth
moving objects in the oldest part of the heap. For example, if a 1MB block of objects is preceded
by 2 words of garbage, it is clearly not worth moving the block to recover the 2 words of garbage.

AN IMPLEMENTATION FOR STANDARD ML OF NEW JERSEY

To test the utility of our collection algorithm and to verify the ideas we presented as design mo-

tivation, we implemented a compacting garbage collector for Standard ML of New Jersey (SML-
NJ).17’18

The Original SML-NJ Collector

The runtime and garbage collector for Standard ML of New Jersey has been described in detail
elsewhere.!® We provide a brief overview here.

The garbage collector for SML-NJ is a generational garbage collector with two generations.
A minor collection copies live objects in the younger generation into the older generation using
Cheney’s algorithm.® A major collection compacts the entire heap. As the first step in a major
collection, all live objects are copied to a scratch arena using Cheney’s algorithm. After correcting
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pointers, this block of live data is moved back to the original arena, making a major collection
effectively an in-place operation.

All objects start with a 4 byte descriptor that contains a 5 bit tag indicating the type of the
object and a 27 bit field specifying the length of the object. A 4 byte word is the basic unit of
allocation. Pointers and integers are both one word in size. Integers are distinguished from pointers
by the least significant bit of the word; this bit is zero for pointers and one for integers.

Pointers normally point to the second word of an object — the word after the descriptor —
but pointers to the interior of objects are possible. These interior pointers arise from the need
for objects, especially code strings, to refer to each other using relative addressing. Such objects
must remain in the same locations relative to each other, and so must be considered as parts of
a larger composite object by the garbage collector. A protocol is used by the garbage collector
to identify interior pointers and to find the descriptor of the associated composite object. This
protocol includes the use of specially tagged descriptors embedded in the composite objects.

The SML-NJ run-time system uses a store list to identify pointers from the older generation
into the younger generation. Each execution of an assignment results in the addition of a node to
the store list. Each store list node is a heap allocated object that points to the destination of the
assignment. The store list is passed to the garbage collector at the start of each minor collection,
and is discarded after the minor collection.

The New Collector

Our garbage collector uses the same basic scheme — two generations with a major collection
coalescing the heap in place. We maintain the existing scheme for increasing and decreasing the total
heap size. Apart from the garbage collector, there is only one small change in the runtime system,
needed to enforce an additional mutator invariant. This invariant simplifies the maintenance of the
wrong-way pointer list by permitting objects containing wrong-way pointers to be tagged as such.
The mutator is not required to identify objects containing wrong-way pointers or to set the tag.
These functions are performed by the garbage collector during the first collection after a wrong-
way pointer is written into an object. The only burden placed on the mutator is to treat these
wrong-way objects as potential targets for an assignment statement. Handling this burden affects
only two lines of code in the polymorphic equals function. We made no changes to the compiler.
A bitmap is used to mark objects. For minor collections, our original plan was to place mark
bits in the objects themselves, but initial experimentation revealed that some objects — known
by the mutator to become garbage before the next collection — were being allocated without
descriptors. Since there is no way to distinguish the descriptor of a valid object from a random
word of a descriptorless object, sweeping the heap is impossible without the aid of an auxiliary
data structure. For major collections, the combination of interior pointers and the details of our
compact-in-place algorithm make marking directly in the objects impossible. Compacting in place
overwrites the information needed to handle interior pointers. For both major and minor collections,
we facilitate the adjustment of interior pointers by recording their locations in the bitmap.
During a minor collection, objects are compacted into a non-overlapping area, and forwarding
pointers are stored at the vacated locations, rather than in a separate forwarding array. During
a major collection, compaction is done in place, and a parallel forwarding array is temporarily
allocated in an unused portion of the heap to record forwarding offsets (the number of bytes the



object was moved). Because the minimum object size is two words, one forwarding offset can serve
two locations and the forwarding array needs to be only half the size of the arena being compacted.
During both major and minor collections we simplify pointer adjustment by leaving forwarding
information for interior pointers as well as for pointers to the beginning of objects.

During a minor collection the store list serves the same purpose as in the original collector; it
contains a list of objects in the older generation that point to objects in the younger generation.
In the original collector the store list is discarded at the end of a minor garbage collection. In our
collector, store list elements form the basis of a wrong-way pointer list. After the mark phase of
each minor collection, the store list is scanned and elements that point to wrong-way pointers in
marked objects are themselves marked and placed in a separate list. After the compact phase, this
list is appended to the front of the existing wrong-way pointer list. In order to prevent duplicates
in the wrong-way pointer list, objects known to contain wrong-way pointers are tagged when first
encountered in a store list. Subsequent store list elements pointing to such tagged objects are
discarded.

After the mark phase of a major collection, the mark bits are used as a source of heap density
information. At the start of the compact phase, the heap is scanned, but not compacted, until
the cumulative density drops below a preset density threshold. The remainder of the heap is then
compacted.

PERFORMANCE EVALUATION

Methodology

Appel?® used six benchmark programs to evaluate the performance and code quality of the SML-
NJ compiler. Our performance evaluation is based on the same six programs, with one additional
program, which we shall describe shortly.

Initial experience with the original six programs revealed that the memory-use patterns of the
programs fell into one of three classes:

1. The programs Life, Lex and Knuth-Bendix do not execute long enough or allocate sufficient
memory to exhibit significant garbage collection.

2. The programs VLIW, Yacc and the ML compiler itself exhibit very similar memory-use pat-
terns. All three programs make extensive use of both structured data and the assignment
statement.

3. The program Simple is in a class of its own. This program is a manual translation of a spherical
fluid-dynamics program originally written in FORTRAN. The program is characterized by
its repeated assignments into large fixed arrays.

Since the relative performance of our garbage collector was likely to be the most impressive
with a purely-functional program, in which no wrong-way pointers would be created, a synthetic,
purely-functional program was created. This synthetic program, which we named “Funct” performs
a variety of typical data manipulation tasks: 1) Generates a list of 125000 random integers. 2)



Inserts them into a binary tree. 3) Looks up each element of the original list in the tree. 4)
Traverses the tree and extracts an in-order list. 5) Verifies the order of the in-order list. 6) Looks
up each element of the in-order list in the tree. 7) Uses quicksort to produce another ordered list
of the integers. 8) Compares the ordered list from the quicksort to the ordered list from the tree
traversal.

In view of our initial experience, we decided to base our performance evaluation on three
benchmarks:

1. Two executions of Funct. This creates a heap of 15-22MB of which about 9-14MB is live
data in an image of 30-40MB. On a Sun 4/670, with sufficient physical memory available to
prevent paging, it runs for about 3 minutes.

2. Execution of the compiler compiling Lexgen, Knuth-Bendix, Simple, Denote, and Funct (the
“Compile” benchmark). This creates a heap of about 15MB of which about 9MB is live data
in an image of 18-28MB. On a Sun 4/670, with sufficient physical memory available to prevent
paging, it runs for about 2 minutes.

3. Two executions of Simple, the “most imperative” program available. This creates a heap of
about 11MB of which about 8MB is live data existing in an image of 18-24MB. On a Sun
4/670, with sufficient physical memory available to prevent paging, it runs for just over 1.5
minutes.

Because of the similarity of the Yacc and VLIW programs to the Compile benchmark, and to
keep benchmarking time reasonable, we removed them from the benchmark suite. We felt that this
set of benchmarks would provide adequate breadth and test the garbage collector under both the
least and most favorable circumstances.

Benchmarking was performed on a Sun 4/670 running version 4.1.2 of SunOS. During bench-
marking the system was otherwise unloaded except for essential daemons (init, pagedaemon, swap-
per) and the processes supervising the benchmarking. In order to evaluate virtual memory perfor-
mance, physical memory available to the benchmarks was restricted. This restriction of physical
memory was achieved by having one of the supervisory processes lock the unwanted pages of phys-
ical memory. It is difficult to determine exactly the amount of memory available to the benchmark
programs, as SunOS uses a common pool of pages for paging and file system caches. However,
the benchmarks were run with (approximate) memory sizes from 10-35MB in 5MB steps. The
benchmarks of our algorithm were executed with heap density thresholds between 60% and 100%
in 10% increments. A single run of the complete benchmark suite, with 6 different memory sizes
and 6 different density thresholds, takes about 7 hours on a dedicated Sun 4/670.

Results

Figures 3-8 show our results at a range of memory sizes. All graphs show our collector at the
various heap density thresholds represented by different line styles and the original SML-NJ collector
represented by diamonds. All graphs are calculated as arithmetic means of 3 or more runs.

As with most performance evaluations, the total elapsed time seen by the user is of greatest
interest. Elapsed time for our three benchmarks are shown in figures 3, 4, and 5.

10
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Figure 3: Total Elapsed Time (Seconds) for Funct

Total elapsed times for Funct (figure 3) show the most dramatic improvements. When 10MB
of physical memory was available, the program ran 23% faster with our garbage collector (with a
density threshold of 90%) than with the original collector. When 35MB of physical memory was
available, the improvement was 8%.

Total elapsed times for compilation (figure 4) also show reasonable improvement over the original
collector. With a density threshold of 90%, this improvement ranges from 19% faster with 10MB
of available physical memory to 3% faster with 35MB of available physical memory.

The large number of wrong-way pointers in the heap affects the total elapsed times for Simple
(figure 5). With a density threshold of 90%, we show a 6% improvement with 10MB of available
physical memory. With 35MB of available physical memory, the original garbage collector runs
2.4% faster than our garbage collector with a 90% density threshold.

For this last benchmark, the relatively poor performances of our garbage collector at the 80%
density threshold is surprising, although it is consistent over the three runs. The elapsed time
difference is completely accounted for by mutator CPU time, but we have not yet been able to
explain why the CPU time should be longer.

In general, we have found that a density threshold of 90% seems to produce the best overall
performance improvement. Density thresholds of 50% — 70% reduce noticeably the amount of
work the garbage collector has to do, but at the expense of locality. A density threshold of 100%
maximizes locality but requires more work on the part of the garbage collector. These locality
effects have impact on both the collector itself and the mutator.

We now turn to comparing the factors that contribute to the total elapsed times. Total CPU
time for Funct is plotted in figure 6. At all density thresholds except 100% the total CPU time using
our collector is significantly less than the total CPU time when the original collector is used. Most
of this CPU time improvement is due to improved garbage collector performance rather than from
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improved mutator performance. These times may reflect locality effects on the memory hierarchy.
Total CPU time for other benchmarks shows similar, though less pronounced, trends.

Total page faults for Funct are shown in figure 7. Trends are similar to those seen for total CPU
time. Most of the improved page fault rate is due to an improved page fault rate in the garbage
collector rather than in the mutator. A claim is often made that copying collectors should exhibit
better paging performance than mark-and-sweep collectors, since they look only at live data. In
our case, garbage appears to be sufficiently intermingled with live data that few pages contain only
garbage.

We have found reasonable support for the locality assumption. Figure 8 shows mutator elapsed
times for Funct. The garbage collector can affect these times only by improving locality and by
the working set present at the end of a garbage collection. Low densities clearly have a negative
effect on mutator performance. At higher densities, mutator performance is improved by as much
as 13%, but with 5% being more typical.

RELATED WORK

Knuth [21, pages 454,602—603] describes a simple compacting algorithm (the LISP2 collector). The
collection algorithm requires an extra pointer field in each object, which the garbage collector uses
to hold the address to which the object will be moved. After the mark phase, the sweep phase
proceeds in three linear passes through memory: the first pass calculates the new location for each
object, the second pass updates all references to point to the new locations, and the final pass
moves the objects.

Other published algorithms for compacting garbage collection may be divided into threading

13
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collectors (those of Fisher,22Thorelli,?® Dewar and McCann,?* Hanson,?® Morris,?627 Jonkers,?®
and Martin?®) and break table collectors (those of Haddon and Waite,3® Wegbreit,>' Zave,3? Fitch
and Norman,®® and Terashima and Goto®*). Threading collectors use a technique in which the
cells pointing at a given location are linked into a list headed by the referenced cell. When the new
address for the referenced cell is determined, this linked list is traversed and the original structure
is recreated with cells pointing at the new location. The break table collectors construct a data
structure (the break table) holding relocation information and then use this data structure to
compute relocation offsets for pointers. Storage for the break table is obtained by reusing locations
occupied by garbage. Our collector is essentially a break table collector with auxiliary storage
for the break table. All of these collectors are similar in placing emphasis on the minimal use of
storage beyond that required for the heap. Typically these algorithms have storage requirements of
a few bits per object plus a small, constant amount of additional storage. In contrast, we are more
concerned with virtual memory performance, and the effect of the garbage collection algorithm on
total execution time of real programs.

Several authors have recognized the possible benefits of preserving allocation-order during
garbage collection and the increased effectiveness of these algorithms if the ordering and persistence
assumptions hold. Terashima and Goto>* classify several garbage collection algorithms according to
whether or not they preserve allocation order (“genetic order” in their terminology). The collector
of Martin?® has reduced storage requirements if all pointers that in turn point at other pointers
run in the same direction. Fisher?? describes a garbage collector for use in environments in which
all pointers point in a single direction. The operation of his collector depends crucially on the
allocation-order preserving property.

Hanson?® anticipated generational garbage collection by several years in his description of a
compacting garbage collector for a SNOBOL4 implementation. He notes that some objects are
allocated early in the execution of a program and never become garbage. The collector assumes
that these objects, called the “sediment”, lie below the first garbage cell found after each collection.
The “sedimentary floor” increases as the program executes. Object below this floor are not subject
to reclamation until an allocation request is made that cannot be satisfied without extending the
arena size.

Like the tenuring in generational scavenging,®® our algorithm tends to not move long-lived
objects. Unlike tenuring, however, our algorithm will collect if enough of the long-lived objects
become garbage.

There have been several attempts to find better ways to traverse the accessibility graph in order
to improve locality.®®¢ Wilson, Lam and Moher'® thoroughly examine the breadth-first ordering
introduced by Cheney’s algorithm,® the depth-first ordering described by Stamos,'®
proposing and analyzing their own static clustering technique. They also report a comment by
Andre®” that Symbolics, Inc. found the original creation order of code to be much superior in
locality to anything else they tried. This is the same order as our collector produces for code
and data structures. Courts'# describes a hardware solution to copy objects in the order that the
program uses them.

Zorn'® has demonstrated through a simulation study that mark-and-sweep collectors can exhibit

as well as

performance comparable to that of copying collectors. His experiments were based on a mark-and-
sweep collector that did not perform compaction: Objects are moved only when being promoted
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to an older generation.

Fernandez and Hanson report experience with compacting and copying garbage collectors for
the Icon programming language.3® They replaced an existing compacting collector with a copying
collector in an implementation of Icon. They discovered that, while the introduction of the copying
collector produced improved performance, improvements could be made to the existing compact-
ing collector that resulted in the best performance. The garbage collectors in question were not
generational and virtual memory effects were not examined. Nonetheless, we take their results as
highly supportive of the conclusions of the present paper.

O’Toole, Nettles and Gifford®® describe a variant of copying garbage collection for the con-
current maintenance of a persistent heap. They use the equivalent of our forwarding array to
avoid modifying objects in the active semi-space while the objects are being copied into the fallow
semi-space. The use of the forwarding array was found to substantially simplify the design of the
collection algorithm.

CONCLUDING DISCUSSION

For the purposes of our experiments, we made no changes to the portion of the SML-NJ runtime
system that determines when and how the garbage collector is called. Determination of when the
heap size should be increased or decreased, or when a major collection should be performed is made
using the same scheme used by the original collector. Additional performance improvements might
be expected if the run-time system were designed to complement a compacting garbage collector.
Of particular interest is the possibility of having the density threshold adjusted automatically using
feedback from system performance. Dealing with interior pointers was a major frustration that no
doubt had a detrimental impact on performance. Since a compacting collector does not move
objects relative to one another unless an intervening object becomes garbage, cooperation from the
run-time system would obviate the need for special handling of interior pointers.

The effectiveness of our density heuristic is perhaps the most interesting result of the experi-
ment. The majority of the performance improvement is due to the migration of long-lived objects
to one end of the heap where they are rarely moved. The density heuristic is enabled by the
allocation-order preserving properties of compaction. Equivalent heuristics are more difficult to
incorporate into copying collectors. Performance of the garbage collector is best when few or no
pointer assignments are made, as in a purely functional program. This observation leads to the
conclusion that compacting collection is ideally suited to pure functional programming languages.
A reduced need to move data also suggests that compaction is the appropriate choice for persistent
data structures,®®%° where moving an object requires a disk read and write.

In summary, a compacting collector should be considered a viable choice when designing the
memory management subsystem for a modern program development environment. Generational
garbage collection is considered key to the performance of such subsystems. To our knowledge, the
present paper represents the first time that a compacting generational garbage collector has been
the subject of significant study. Compacting garbage collection and generational garbage collection
are intimately related, supporting one another in beneficial ways.
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