
I I I I
t=&P[o] + 1 t= &QIO] + 1 t= &P[o] + 1

PRINT (*t + i++)

1

Figure 2 Dkwtbiguating derivationsby pathsplitting

5 Implementation Issues

The organizationof the tablesandthe selectionof gc-points
might havea significant impact on the performanceof our
scheme.The tablesshouldbeassmall aspossiblebut at the
sametimethecollectormustbeableto extracttheinformation
it needsefficiently; compactly encodedtablesare likely to
have higher decodhg overhead. Since tables are emitted
at eachgc-point, the numberof gc-points affects the space
overheadof our scheme.Selectionof gc-pointsis especially
relevantin apre-emptivemulti-threadedenvironment.Since
a threadswitch canoccur at any time, we mustbeprepared
to handlea collection when a threadis not at a gc-point. In
Sections5.1,5.2, and5.3,we surveysomepossiblesolutions
to theseconcernsandjustify thechoiceswe havemade.

5.1 Table Organization

Storinga list of all live tidy pointers in the stackat eachgc-
point in aprocedureis likely to beexpensive.Weexpectthat
the variation in stacklayout at different gc-points is usually
smallandthuswe considerusingdelta tablesat gc-points. A
delta tableencodeshow the information at a given gc-point
differs from the information in someother table (called its
ground table). Our implementation usesa schemecalled
&main.

In the 6-main scheme,eachprocedurehas a main table
which describesall slots in the frame of thatprocedurethat
containpointers at somegc-point. Given this, a delta table
merely describeswhich entries of the main table are valid
at the gc-point. Since the delta table needsto contain only
livenessinformation, only onebit perentry in themain table
is neededper gc-point.

Our current implementationusesthe6-mainmain scheme
for stackallocatednon-derivedpointers only, The registers
tablehas1bit per hardregister;anyattemptto compactthis
information further is likely to yield little or no improvement.
Wedonotuseadeltaschemefor thederivationstablebecause
in our experiencederived values are rar~ moreover, they
tend to haveshort lifetimes and thus the information varies

7 0
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Continuation

Figure 3: Packingwords into bytes.

widely betweengc-points. For instance,an important source
of derived vahtes in Modula-3 is call-by-reference,which
createsderived valuesthat are live at only onegc-point (the
call). We thereforestorefull information for derivedvalues
at eachgc-point.

In our measurementswe observedthat deltaandregisters
tablesfor adjacentgc-pointsareoften identical. Also, many
registerxtables,many delta tables,and most derivationsta-
blesareempty. Wekeepa descriptorat eachgc-point which
indicatesif any of the tablesat that gc-point areempty,or if
theyareidentical to the tableat theprecedinggc-point.

5.2 Compressing the tables

Despitethe compactrepresentationprovided by the if-main
scheme,we found that the tables were unacceptablylarge
about45%of thesizeof optimizedcode(seeSection6.1), In
this section,we describethepacking techniquesthat we use
to reducethe tablesizesto about 16%of theoptimized code
size.

The stacktracing tablesaregeneratedin two phases.The
tint phaseproducestables of 32 bit words. Each memory
location is encodedinto a word, and the delta tables and
registerpointerstablesoccupyanintegral numberof words.’
The secondphasegoesthroughthe tableof wordsandpacks

7~e num~rof WOrdSusedfor adeltaora registerpointerstabledepends
on eitherthe numberof entriesiu the groundtableor the numberof hard
registera.
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7 10 result we report here.

Continuation Base Register

Figure4: Aground table entry that fitsintol byte.

them into bytes. Thehigh bitofeach bytedetermines ifitis
the last byte in the encoding of a word or if the following byte
is also part of the word (see Figure 3). The bytes are stored
from most- to least-significant, and the first byte is sign-
extended, since many offset (and hence many word values)
are negative.

Each entry in a ground table encodes a stack location that
is live at some point in the procedure. The low two bits of
the encoding identify the base register (FP, SP, or AP, for the
VAX), The remaining bits are the offset (in words) from the
base register. Most entries in the ground table fit into one
byte each (see Figure 4).

Each entry in a derivation table encodes either a register
or a memory location. This encoding is more involved than
that of the ground table because entries in this table are not
restricted to {FP, SP, AP} + offset. Thus, most entries in the
derivations table require 2 bytes.

The register pointers table contains 1 bit per hard registe~
most of these tables compact to 1 or 2 bytes each. The delta
table contains 1 bit per entry in the ground table. Most of
our procedures had fewer than 8 stack allocated pointers, al-
lowing most delta tables to be compressed to 1 byte. Besides
the above mentioned tables, we have a descriptor at each
gc-point that encodes whether any of the tables at the current
gc-point are empty or are identical to those at the previous
gc-point. This information packs into 1 byte per gc-point,

At each gc-point we find the appropriate tables by us-
ing a mapping from program counter values to gc tables.
We compress this by using distances between gc-points in
conjunction with the start address of the enclosing module,
instead of using 32 bits for the program counter value at each
gc-point. The distances are not available until link time our
compiler assumes that distances between adjacent gc points
can fit in two bytes. If the distances had been available to
our compiler, we would have been able to compress most
distances to 1 byte, yielding an additional savings of 1 byte
per gc-point.

There is one important consideration that our current im-
plementation does not handle each pointer contained in an
array is treated as a separate variable. We have no way of
indicating patterns (e.g., starting from address a, the next 200
stack location are pointers). We have a design for compact
descriptions of arrays, and it will be simple to add it to the
implementation. Our benchmarks did not use any such ar-
rays, so adding this space optimization would not affect the

5.3 Selecting GC-Points

Selecting gc-points in a single threaded environment is easy:
all calls can be considered gc-points since all allocation is
done via a call and hence collection will never be triggered
at a non-call Point.g Of course, some calls do not need
to be gc-points. If the compiler performs inter-procedural
analysis then it can determine that some procedures never
allocate any heap storage and thus calls to them need not be
gc-points. In our current implementation atl calls except for
ones to non-allocating procedures are considered gc-points.
The non-allocating procedures are statically determined (for
instance run-time error reporting routines) rather than via
inter-procedural analysis. We may explore refinements in
future work.

Selecting gc-points in a multi-threaded environment with
pre-emptive scheduling is more challenging since collection
may be triggered while threads are suspended at non-gc-
points. In our approach, if a thread triggers collection then the
suspended threads that are not at gc-points are resumed and
allowed to run until they all reach gc-points. We accomplish
this by ensuring that resumed threads reach (and block on)
a gc-point in a bounded amount of time, and that they do
not do any allocations. Ensuring that a resumed thread does
not atlocate any memory before it reaches a gc-point requires
that most calls be gc-points. To avoid an unbounded wait for
threads to become ready for collection, we insert a gc-point
in all loops that do not have a guaranteed gc-point in them.
A loop has a guaranteed gc-point if an allocating-procedure
or a nested loop is executed at each iteration of the loop,
regardless of the path taken through loop. In addition to
gc-points at calls and in loops, we need gc-points at places
where a thread can block.9

6 Results

This paper is not about a fast garbage collection technique. It
is about how garbage collection can be assisted by compile-
time acquisition of information, and have minimum impact
on compiler optimizations. As such, our results are not tim-
ings for the garbage collectou they are measurements of the
sizes of the compile-time tables generated, the effect our
schemes have on compiler optimizations, and the time re-
quired to decode the generated tables. In Section 6.1 we give
the table sizes for each of our benchmarks, in Section 6.2 we
describe the effects of our scheme on the quality of gener-
ated code, and in Section 6.3 we report the time required to
decode the tables at garbage collection time.

smi~MII~Ot~O&if ~l[~ationis done inline, in which case we.must

include inIine akeations as gc-points.
9k most ~Ystcmsthese points are call points sotheydo notneedsweial

treatment.
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6.1 Table Sizes

We measured table sizes for 4 Modula-3 programs:
typereg, FieldList [10], takl [11] and destroy
[12]. typereg implements type registration and type com-
parisons using structural equivalence for our Modula-3 run-
time system, FieldLi st implements command parsing for
a UNIX shell. We considered t ypereg and FieldLi st
to be good programs to use for our measurements for two
reasons. First, they are “rest” programs rather than synthetic
benchmarks. Second, they consist of a number of short rou-
tines with frequent calls. Since we consider most calls as
gc-points, we felt that this would represent a worst case sce-
nario. We chose takl because it is a well known benchmark.
We chose dest roy because it is heavily recursive and trig-
gers garbage collection frequently, and thus stresses the code
that decodes the tables at garbage collection time.

In Table 6.1 we list relevant data about each of the bench-
mark programs. (The - opt suffix indicates that compiler
optimizations were turned on.) In Table 6.1 we give the cor-
responding table sizes, under both the full information and the
&main schemes, with and without each of byte and identical-
to-previous compression. Here is the key for interpreting the
columns of these tables:

Size Program size in bytes.

NGC Number of gc-points that had non-empty tables.

NPTRS Totat number of pointers.

NDEL Number of delta tables emitted.

NREG Number of register pointers tables emitted.

NDER Number of derivations tables emitted.

Plain Table sizes as a percentage of code size with no com-
pression.

Previous Table sizes as a percentage of code size when a
descriptor is used to indicate that a table is identicat to
that at the previous gc-point.

Packing Table sizes as a percentage of code size when byte
level packing is used.

PP Table sizes as a percentage of code size when both Pre-
vious and Packing are used.

None of our benchmarks had any ambiguous derivations
and therefore the compiler introduced no path variables.

From Table 6.1 it can be seen that storing full information at
each gc-point (with packing) generally produces larger tables
than those produced by &main (with packing). However the
difference is not great. 6-main is based on the assumption
that procedures have many non-empty gc-points and many
live stack atlocated pointers at each gc-point. If this is not the
case, then storing full information at each gc-point can yield
table sizes comparable to 6-main without the extra run-time

decodhg overhead of &main, However, our measurements
indicate that the run-time overhead of decoding these tables
is small, so there is little practical benefit to storing full
information at each gc-point (see Section 6,3),

For the 6-main scheme, both Packing and Previous tend
to reduce table sizes. Applying both Packing and Previous
reduces the table size from about 45’%oof the size of the
optimized code to about 16%.

6.2 Effects on the optimized code

Our schemes have no effect on the optimized code produced
for any of our benchmarks. There are, however, some in-
structions introduced in the unoptimized code. Most of the
differences result from needing to preserve indirect refer-
ences at gc-points. There are 12 cases where this occurs in
typereg for the VAX and 32 cases in FieldLi st for the
VAX; here is a typicat case

Without gc restrictions
add12 (r7) , rO

With gc restrictions
movl (r7) , rl

add12 rl, rO

Our solution to the dead basepointerproblem adds two moves
to the unoptimized FieldLi st; both are inserted to pre-
serve a clobbered base value.

Note that gc-safety, as proposed by Boehml” [13], encoun-
ters the same requirement, so this is a basic safety concern
rather than a result of our approach. Also, this particular code
effect is not likely to occur on load/store architectures,

Compiler support for garbage collection may have other ef-
fects on the generated code besides the ones described above.
In particular, most generationat schemes perform sfore checks
[14] when pointers might be written into heap locations. This
is a property of the garbage collection schemel 1and therefore
we do not “charge” this overhead to our scheme,

6.3 Timings

While good compression of the gc tables is important for
our scheme to be practical, the time to decode those tables
must also be reasonable. We do not yet have a complete
implementation of the garbage collection run-time, but we
have an initiat version of stack tracing which we timed on
the destroy benchmark. destroy builds a complete tree
of specified branching factor and depth. It then repeatedly
builds a new subtree at some fixed intermediate depth, and

10Aet~anY,Boehmdoesnot appear to have recognized the indirect ref-
erence problem in the work we cite above, He focused on situations that
extend the lifetime of a derived pointer but did not address cases where the
lifetime of a base pointer might be shortened, e.g., by its being overwritten
in the heap.

11For ~s~ce, pagetripscould be used instead of store checks to imPk.-
ment generational schemes.
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Program Size NGC NPTRS NDEL NREG NDER

typereg 3154 59 87 58 26 3

typereg-opt 2289 52 122 39 41 0
FieldList 4594 51 103 45 18 11
FieldList-opt 3330 82 319 61 70 11
takl 457 8 11 8 6 0
tald-opt 437 9 18 6 9 0
destroy 1240 12 14 11 2 0
destroy-opt 552 14 18 4 13 0

Table 1: Statistics of each of the benchmark programs

Full Info &main
Program Plain Packing Plain Previous Packing PP
typereg 45.5 14.3 35.0 28.2 12.3 10.6
typereg-opt 51.4 17.2 41.6 35.5 16.0 14.0
FieldList 30.3 11.1 16.4 14.8 6.1 5.6
FieldLkt-opt 64,7 22.9 53.0 47.6 20.8 18.7

takl 51.6 17.9 41.1 34.1 16.0 14.2

takl-opt 55.8 19.7 43.9 37.5 17.6 15.6

destroy 17.1 5.9 17.1 15.2 6.6 6.1

deStrOV-ODt 46.4 17.4 42.8 38.4 18.1 16.5

Table 2: Table sizes as a percentage of code size

replaces a randomly chosen subtree of the same height with
the new subtree. We ran destroy in our Smalltalk system,
which uses the accurate scavenging scheme [15] we plan to
install in the Modula-3 run-time. We found that collections
averaged 280 ms of elapsed time. We coded the benchmark
in Modula-3 as similarly as possible, and caused “collec-
tions” at approximately the same points, To determine stack
tracing costs, we ran two versions of the Modula-3 program,
one with “collection” being a stack trace, the other with “col-
lection” being a null call, and calculated stack tracing to take
470 ps per collection, However, the difference between the
runs was small, and the variance significant even with many
repetitions in a system running in single-user mode, so the
90% confidence limit is that stack tracing takes less than 1710
ps per collection for this program. The corresponding num-
bers per stack frame traced are 27 KSand 98 #s, respectively.
We ran these tests on a VAXStation 3500, which is generally
rated at 3 to 5 VAX MIPS, suggesting that our current code
executes on the order of 100 to 400 VAX instructions per
frame traced. We believe we can tighten this up measurably.

Whether one uses the 470 ps per collection figure or the
1710 IM one, there are two additional factors to take into
account in comparing stack tracing overhead with overall
gc time. First, the destroy benchmark is unusually gc
intensive. Programs that create a lot of objects, but where
most do not survive to the next collection, exhibit something
like five times lower gc cost. Also. a Modula-3 collector may

be faster than a Smalltalk collector since for Modula-3 we
can generate type-specific routines for tracing heap objects,
and avoid Smalltalk’s object and pointer decoding overhead.
We will be generous and atlow a factor of two speed up for
Modula-3, though we doubt the advantage is really that great.
Thus, in less gc-intensive Modula-3 programs, we estimate
the ratio of stack tracing time to total gc time to be less than
1710/28000 = 6% (470/28000= 1.7%). We conclude that
stack tracing overhead is only a small part of gc time, even
in a high performance scavenging collector.

7 Related Work

Algol-68 implementations were the first to produce compiler
generated routines to assist in garbage collection. In the
Branquart and Lewi scheme [16], tables are produced that
map stack locations to the appropriate garbage collection
routine. Unlike our scheme, these tables have to be updated
every time a reference to the heap is created on the stack.

Goldberg’s compiler [17] produces stack tracing routines.
The return address in a call is used to locate a routine that
knows how to trace the frame of the caller. His work is not
done in the context of an optimizing compiler and thus he
does not address many of the issues we handle.

Boehm [13, 18] is currently incorporating garbage collec-
tion support in a C compiler. He is using an ambiguous roots
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collector and his main concern is ensuring that atl live ob-
jects have at le%t one pointer to their headers (i.e., there are
no live objects that are reachable only from derived values).
This problem is similar to our dead base pointer and indirect
references scenarios described in Section 4. Since he never
moves objects he does not need to deal with the issues in
updating derived vatues.

Exception handling implementations in CLU, Trellis, and
Modula-3 atso use compiler generated tables. In our Modula-
3 implementation [19] tables are generated for each point
where an exception may be raised. The tables contain the
addresses of handlers for the exceptions that can be raised at
that point.

Zurawski and Johnson [20] emit compile-time tables to
allow them to construct the unoptimized state of the program
from the optimized state. Like us, they have to cleat with
the effects of pointer arithmetic introduced by the optimizer.
Their focus, however, is on debugging; some optimization
are disallowed to make debugging possible. There is a gen-
eral similarity between the simpler kinds of information we
need for garbage collection and what is needed for symbolic
debugging in the presence of optimization. Debuggers do
not need to update values or handle the derived vatue cases
that we do, however.

8 Conclusions

We have described and evaluated compiler techniques for
supporting fully compacting garbage collection in a statically
typed language. We started with the following requirements:
the ability to move any object, portability, and low run-time
overhead. We met these requirements by mtilng extensive
use of the information available to the compiler, While we
are not the first to recognize the availability of the compile-
time information, we believe that we are the first to exploit it
so thoroughly in a highly optimizing compiler,
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