R e

a l - t i me C

o

n c u rrent Collection onSto ck

Multi

pro cessors

A n

d r e w W

. Appel

1 J o hn R.

Ell

i

s 2

K ai

Li 1A bstract

W e have designed and implemen

ted acop

ying garbage

-collection algorithm that is

e�cient, real-time, concurrent, runs on commerial uniprocessors and shared-memory

multiprocessors, and requires no change to compilers.The algorithm uses standard

virtual-memory hardware to detect references to\from space" objects and to syn-

chroni ze the collector and mutator threads. W e have implemented and measured a

prototype running onSR

C

’s

5-processor

Fire

y .It will be straightforw ard to merge

our techniques with generational collection. An incremental, non-concurrent version

could be implemented easily on many versions ofUni x.

Introduction

This paper presents the�rst copying garbage-collection algorithm that is e�cient,

real-time, concurrent, runs on stock commercial uniprocessors and multiprocessors,

and requires no change to compilers.

A collection algorithm ise

� c

ie n

t if the amortized cost to allocate, access, and

collect an ob ject is small compared to the cost of initializing the ob ject.

An algorithm isrea l -ti me if the mutator(the program) is never interrupted

for longer than a very small constant time. A collector has small latency if the

interruptions are short. An interactive workstation requires latencies of less than0.

1

second if collections are not to a�ect communications, mouse tracking, or animation

on the screen.

An algorithm is conc urrent if the collector can do its work in parallel with the

mutator. A concurrent collector allows for multiple mutator threads (lightweight

processes) and multiple processors. Concurrency pays even on a uniprocessor, since

the collector can run while the mutator is waiting for external events such as user

input, page faults, and i/o. 1

De p a r t me nto

f Comp uter

S

c ience ,

Princeton Uni

versit

y, Princeton, Ne

w

Jersey

0

8 5 44 2 Systems

Researc h Center, Digita

l

E quipment Corporation,1

30 Lytton

Avenue, Palo Alto,

California

94301 1

A n a l g o r i t h m r un s on s t o c k h a r d war e i f it can run on comm ercial architectures

such as the V A X an d the 6 8 000 . W e assume that the multi processors ha ve an

e �cient shared memor y .

Shared -memory multiprocessors are becoming widespread , so it ’s important

to �nd e�cient concurrent collection algorithms. With today’s technology , the

marginal cost of adding e xtra processors and caches to a machine is small. Most

new large mainframes are multiprocessors, and the System Research Center’s Fire y

[ Thac ker 8 7 ] has shown that it is economical to build multiprocessor workstations.

Fine-grained synchroni zation between the collector and the mutator is a problem

for concurrent collectors. Our algorithm uses the virtual-memory hardware of tra-

ditional processors to implement a medium-grained synchronization that is coarse

enough to be e�cient, yet �ne enough to keep latency low. The full algorithm

needs only slight modi�cation to most Unix-like operating systems, and a real-time,

se quential version can be built on many standard versions of Unix. F urther, our

algorithm will work with any compiler already geared for a copying collector.

P r e v i o u s W or k

In recent years, researchers have built collectors that are far less obtrusive to pro-

grams than the original \stop-the-world " collectors.

Reference-counting collectors �rst demonstrated that collection could be unob-

trusive even to systems programs [Rovner 8 5a]. The current Modula- 2 + collector

[Rovner 85b] is real-time, concurrent, and runs on the Fire y , a shared-memory

multiprocessor built from 5 MicroV AX II C PUs ( 1 MIP each ) [Thacker 87]. But

compared to copying collectors, it isn’t particularly e�cient, and it cannot reclaim

circular structures.

No one has yet built a practical concurrent mark-and-sweep collector, and it may

be di�cult to make them e�cient [ Hickey 8 4].

Asymptotically , copying-based collectors have the potential to be much more

e�cient than reference-counting or mark-and-sweep collectors [Baker 78, Appel 87].

Copying collectors (including our algorithm) do work proportional only to the

amount of reachable ob jects ; thus, as the total available memory is increased rela-

tive to the number of reachable ob jects, the time to reclaim an ob ject approaches

zero in the limit. But reference-counting and mark-and-sweep collectors must do at

least a small, constant amount of work to reclaim each ob ject.

However, in practice other factors dominate the asymptotic behavior : the cost

of allocation, the cost of counted assignments, the load placed on virtual memory .

Copying collectors may increase locality of reference by compacting reachable ob jects

and clustering related ones, but concurrent copying collectors may also have larger

w o r k i n g s e ts d ue to t he co p ying and the inter lea ved mutator and collector page

re ferences . Unfortunately , we still don ’t have enough e xperience with scaled -up

implementations to make �nal comparisons.

Baker’s algorithm [Baker 7 8 ] was the �rst real-time, copying- based collector.

But it isn’t concurrent, it re quires special hardware, and its �rst implementation on

Lisp machines wasn’t e �cient (users turned it o � ). Brooks [Brooks 8 4] showed how

to implement Baker’s algorithm on stock hardware at the cost of an extra word per

ob ject and extra instructions to initiali ze and reference ob jects.

Later generational collectors of various sorts [ Moon 84, Ungar 8 6, Shaw 87] were

much more e�cient and provided much better average latency by reducing the load

on virtual memory . But none of them are concurrent. Only Moon’s is real-time, but

it requires special hardware.

The Concert Multilisp collector [ Halstead 84] generalized Baker’s algorithm to

a shared-memory multiprocessor. The algorithm is concurrent, in the sense that

multiple threads can be executing at the same time, but as with Baker’s algorithm,

the execution of each thread is interleaved incrementally with calls to the collector.

The collector requires special hardware support for acceptable e�ciency .

The Pegasus collector [ North 87] starts with Brooks’s basic technique to make

a concurrent collector that runs on stock uniprocessors. But it relies on basic as-

sumptions that would prevent it from running on a multiprocessor. Like Brooks’s

algorithm, ob jects require an extra word and an extra indirection on every reference.

Also, assigning a pointer into an already initialized ob ject is very expensive, making

the algorithm suitable only for programming styles that are mostly applicative.

S t o p - a n d- Cop y Co ll e ct ion

In the simplest stop-and-copy collector, memory is divided into two contiguous re-

gions, f r o m - s p a c e and to-space . At the beginning of a collection, all ob jects are

in from-space, and to-space is empty . Starting with the registers and other global

roots, the collector traces out the graph of ob jects reachable from the roots. As each

ob ject is visited, it is copied into to-space. When there are no more ob jects to visit,

all the reachable ob jects have been copied into to-space, and all the ob jects remain-

ing in from-space are garbage. At that point, the roles of to-space and from-space

are reversed (a ip ), and the mutator resumes allocating from the new to-space.

When an ob ject is copied from from-space, a distinguished for war di n g pointer is

left in its place, pointing to that ob ject’s new location in to-space. If the collector

encounters another pointer to that from-space ob ject, it updates the pointer to

refer to the ob ject’s new location in to-space. Examining a pointer into from-

space, copying the referenced ob ject if necessary , and updating the pointer is called

n e w o b je c t s unused unscanned ob jects scanned ob jects s t a rt � sca nn e d �unscanned

� new

� end �F

i gu re

1

: T o-s pace f

o r w ar d i n g .

T o-space is partitioned by three pointers(

�gure 1).

During a collection

, ob jects

are copiedfro

m from-space to the end of the unscanned area (from scanned to

unscanned), which grows down.Starting at the scanned pointer, the collector

scans the ob jects in the unscanned area, looking for pointers to from-space ob jects.When it �nds such a pointer, it copies the ob ject to to-space (if it hasn’t already

been copied), and updates the pointer to point at the ob ject’s new location.

When scanned meets up with unscanned, there are no more reachable ob jects

to be copied from from-space, and the collection is �nished.E verything remaining

in from-space is garbage. The mutator resumes and starts allocating ob jects in the

new area (from end to new), which grows up. When to-space �lls up, the mutator

stops and initiates a new collection.

Stop-and-copy collectors can be very e�cient, especially when the total available

memory is much larger than the amount of live ob jects[

Baker7

8, Appel 87]. But

they are unsuitable for real-time or interactive applications because of the long delay

while the mutator is suspended.4

Ba k e r ’ s A l g or i t h m I

n B a k e r ’ s real

- t i me alg orit hm

[Baker7

8 ] , when to-spa ce

�lls up, the collector stops

the mutator, ips,

but then copies only the root objects

( for example, those ref-

erence d from the registers)

. It then resumes the mutator immediately .Reachable

ob jects are copied incrementally from from-space while the mutator executes.E very

time the mutator allocates a new ob ject, it invokes the collector to copy a few more

ob jects from from-space.The mutator sees only to-space pointers in its registers, and thus can reference

to-space ob jects only . T o satisfy this invariant, every pointer fetched from an ob ject

must be checked to see if it points to from-space. If it does, the from-space ob ject is

copied to to-space and the pointer updated; only then is the pointer returned to the

mutator. This checking requires hardware support to be implemented e�ciently .

Baker’s algorithm stops the mutator at a ip only long enough to copy the root

ob jects. Every fetch and allocation is slowed down by a small, bounded amount of

time. Thus Baker’s algorithm is more suitable for real-time applications.

In the absence of hardware support, Baker’s algorithm is not very e�cient,

since a few extra instructions must be performed on every fetch. Brooks’s vari-

ant [Brooks 84] is intended to be e�cient on stock hardware; but it requires an

extra word per ob ject, it does an extra memory reference on each fetch, and it re-

quires a few additional instructions to implement the basic operations of comparing

pointers, replacing the contents of a cell, and initializing a new ob ject.Neither

Baker’s algorithm nor Brooks’s variant is concurrent|the mutator stops

whenever the collector does a bit of work. Implementing a concurrent version on a

multiprocessor would require �ne-grain locking on each ob ject, adding more over-

head. O

ur Algorithm

Instead of using microcode to check every pointer fetched from memory , our algo-

rithm uses virtual-memory page protections to detect from-space memory references

by the mutator.W e take advantage of (and maintain) the following invariants maintained by the

copying algorithm:

The mutator sees only to-space pointers in its registers.Ob jects in the new area contain to-space pointers only (because new

ob jects are initialized from the registers).

Ob jects in the scanned area contain to-space pointers only .5

it b e c a u se the n themutato r , running concurrentl y ,would be able to reference un-

scanned objects

.

Most stock architectures withvirtual memory alsoprovide two

modes, kernel and user; the operating system runs in kernel mode, and ordinary

programs run in user mode.Pages have two protections, one for kernel mode and

one for user mode.By running the trap and scanner threads in kernel mode and the

mutator in user mode, and by changing only the user-mode protections of pages,

the collector threads can read and write pages not accessible to the mutator.It wasn’t hard to add two new kernel calls to theFire y’s operating system

that implemented the trap and scanning loops.At program startup, the collector

forks two threads which then make the kernel calls and which never return until the

program halts.A

ll o c a t io n

The Allocate procedure, called from the mutator, allocates a new ob ject:

A

ll o c a t e ( s i ze )

=

L

O C K lock

DO u

nuse d

:= new

- unscannedI

F unused

< size OR unused < Flip

T h reshold TH

E N

Flip()

new := new - size

RET URN new

If the size of the unused area(between scanned and new) is too small or is less

than a given threshold, the collector initiates a ip. Then it allocates the ob ject

and returns. (The FlipThreshold must be set large enough so that there is room

for the collector to�nish scanning, copying any remaining reachable ob jects into

to-space

[Baker7

8 ].) 8

In o u r e x peri men t s , wequi c k l y disco vered th at the collector and the mutator(via the allocator) were contending

for the global l o c k . This contention would get

worse with many mutator threads.So we modi�ed

Alloc a t e to use a two-stage

allocation, where each mutator thread would grab o� a large chunk of storage and

then allocate from the chunk without holding the lock.Only when Allocate needed

another chunk would it get the lock and check for a ip:

Allocate (

s i ze )

=

ch

u nk Le ft

:= chunkLeft- sizeI

F chunkLeft <

0

T

H E N

Allocate

Chunk()

chunkNe w := chunkNew - sizeRET

URN chunkNew

AllocateChunk() =

LOC

K lockDO

unuse d := new - unscanned

IF unused < ChunkSize OR unused < FlipTh reshold THEN

Flip()

chunkNew := new

chunkLeft := ChunkSize

new := new - ChunkSize

The variables chunkNew and chunkLeft are speci�c to each mutator thread;

chunkNew points at the last allocated object in the chunk, and chunkLeft is the

space remaining in the chunk.Besides reducing contention for the global lock, this version of Allocate is small

enough to be compiled inline. The thread-speci�c chunkNew and chunkLeft can

be put in dedicated registers or in a thread-data area pointed to by one dedicated

register. Allocate then compiles to just a few instructions, such as theseV

A X

instructions: subl

2 size,chunkLeft

blss CallAllocateChunk

subl2 size,chunkNew

Depending on the number of mutator threads and the actual value of ChunkSize

relative to the cost of a page trap, it may be pro�table to forego an explicit

chunkLeft, using instead an inaccessible guard page at the end of the chunk.When

the allocator tries to initialize an ob ject in the guard page, it will trap; the trap

handler can then grab a new chunk and resume the mutator.9

Bu t C h u n k S i z e must b e f a i r l y big for the use of guard pages to be more e� cie nt

than explicit tests.

And if there are a hundred or more threads(as there are in manyModula-

2 + programs )

, it may not be practical to have chunks that are large enough.The chunks could be processor-speci�c instead of thread-speci�c (assuming there

are far fewer processors than threads), but that introduces further complexity|

allocations must be atomic relative to rescheduling, and implementing that on stock

hardware would probably be at least as expensive as using an explicit test on the

chunk size.

F

l i ppi n g The procedureF li p performs these steps:

Stop all the mutator threads.

Scan any remaining unscanned objects.

Flip the roles of the two spaces, and initializes t a rt, end, new, scanned,

unscanned.

Copy the root reachable ob jects from from-space.Resume the mutator threads.

Signal the unscannedPa

ges condition variable, resuming the scanner

thread.

\Rootreachable ob jects" are those ob jects referenced in registers, in global variables

not stored in the heap, and on stacks (if stacks aren’t stored in the heap).

A ip could have rather high latency if there are a large number of root ob-

jects, such as with large stacks or with many threads (each with its own stack and

registers). But we can reduce the number of root ob jects copied using two tricks.

First, if stacks are not stored in the heap, then instead of scanning them dur-

ing a ip, the collector just sets their pages to be inaccessible. The pages of a

stack can then be scanned like pages of the unscanned area, both concurrently and

incrementally as they are referenced by the mutator.

Second, even the registers of threads needn’t be scanned at ip time.Instead,

Flip stops the threads and changes their program counters to the address of a

special routine, saving away the oldPCs. It then resumes all the threads.When the

thread is next scheduled and actually runs, it resumes at the special routine, whicht h e n scans the registers and jumps back to the original PC.

This technique is especially important when there are many more threads than

processors, and many of those threads are blocked on locks or condition variables1

0

or w a i ti n g for a re mote pro ce d ure call to�ni s h . (

A largeModula-

2 + program could

have1

5 0 threads or more.)

Each thread’s registers are scanned concurrently with

the execution of other threads.W e haven’t implemented this technique yet, but it

takes about80 msecs to stop and resume 150 threads on the 5-processorFire y .Before a ip, when there are no more objects in the unscanned area, all of from-

space is known to be garbage.The collector discards those pages, reinitializing

them to be demand-zero-on-write or unde�ned; this discards any backing store and

physical memory attached to those pages. Backing store and physical memory will

be reallocated on demand as the pages are referenced.O

b j e c t s th at cr oss pa ge b ou n dar ies

So far, we’ve assumed that the trap thread scans just the single page referenced by

the mutator. Each page in the unscanned area would begin with an ob ject and no

ob ject would cross a page boundary (thus implying that no ob ject could be bigger

than a page).It’snot di�cult to remove this restriction. W e present two schemes: the �rst is

more appropriate to languages likeLisp or ML, which tag every pointer; the second

to languages like Modula or Simula, which tag every record.

Languages like Lisp typically tag every word in the heap as\pointer" or \non-

pointer." This is necessary even on conventional hardware so that the garbage

collector can know what references to trace.On a byte-addressable32-bit machine,

for example, only the high-order 30 bits of each pointer are relevant, so the low-order

2 bits can be used for a pointer/non-pointer tag; of course, this limits the size of

\unboxed" integers (non-pointers) to 30 or 31 bits as well.

Some implementations use several bits of tag within each pointer to indicate the

type of the ob ject pointed to, while other implementations put the type information

at the beginning of the record. A descriptor word at the beginning of a record should

be tagged appropriately: assuming that it is not a pointer, it should be tagged as a

non-pointer.

Finally , there may be some kinds of ob jects (like character strings) that contain

untagged data, but no pointers. These ob jects should be kept in a separate area of

the heap. Ob jects from these string areas will be copied to to-space string areas,

but the string areas won’t need to be scanned or page-protected because pointers

are never fetched from them.Now, the behavior of the page-trap scanner is very simple: it just ignores ob ject

boundaries entirely! It simply scans each word on the page; if the beginning of the

page is really the second half of some ob ject that crossed a page boundary , no harm

will be done because of the uniformity of the ob ject representation. In particular, it 11

is n o t ne cess a r y to exa mine the record descriptor before scanning a record, because

each pointer is individua

lly tagged.

In

Modula, on the other hand, pointers and non-pointers are indistinguishable

to the garbage collector; the descriptor at the beginning of a record indicateswhich�elds are pointers.Therefore, it is necessary for the scanner to examine the de-

scriptor of a record before scanning it; and thus the scanner must determine where

records begin. The record descriptor(at the beginning of the record) will tell the

size of the record, and if each page begins with the beginning of an object, then the

scanner can �nd the �rst and subsequent ob jects on each page.F or ob jects smaller than a page, the collector could skip to the next page if

an ob ject being copied doesn’t �t on the current one. If most ob jects were small

relative to the page size, this wouldn’t waste much space.But what if ob jects are

larger and the wastage becomes signi�cant?

And what about ob jects larger than a

page?

One solution is to maintain a map,cr o ss i n g, such that crossing[ p ] is true i�

an ob ject crosses the boundary between page p�

1 and p.When the collector gets a

page trap for page p, it scans backward for the �rst pageo

< p such that crossing[o]

is false; that is, such that o begins with a fresh ob ject. The collector then scans all

the pages from o on, until it encounters a pageq

� p such that crossing[q ] is false.

This map must be maintained for ob jects in the unscanned area only , since that is

the only part of to-space scanned as the result of page traps.

The crossing map allows the collector to trade o� latency for wastage. If it wants

to waste absolutely no space at all, it can simply append copied ob jects directly to

the end of the unscanned area, setting entries in the map appropriately . Of course,

this could result in large page runs being scanned as the result of a single page trap,

thus increasing the latency of a page reference.

A more reasonable policy uses a small amount of wastage to limit the number of

consecutive page crossings and thus reduce latency . When copying an ob ject that

doesn’t �t entirely on the current page, the collector will skip to a new page if the

wasted fragment is less than a small percentagew of the page size. The collector

also skips to a new page if crossing[p] is true for the previousc pages. In a typicalLisp system with smaller ob jects, for example, setting w to 10

% and c to 1 would

probably be adequate to keep the latency to little more than one page scanned per

page trap and to keep the wastage around 10%.

Large arrays pose another problem:

Copying or scanning a large array takes time

proportional to the size of the array , and thus the time for a page trap wouldn’t be

bounded by a small constant. T o solve this problem, we can use a technique similar

to that suggested by Baker for incrementally copying and scanning arrays.Each large array in to-space has an extra header word for storing a pointer to the 12

as ar es u l t o f sca nn in g the trapping page.

A good heuristicmightbe:

A f t e r a page

trap,

s can the newest pagesof to-space�rst

.

Clar

k

[Clark

77

] found that even in a pointer language likeLisp

, references to

an address were often followed by references to nearby addresses.This leads to the

heuristic: After a page trap, scan the pages ad

jacent to the trapping page.Brooks

[Brooks8

4] and others have suggested that it is better to scan stacks

from the bottom up, the bottom-most objects are more likely to survive the current

collection

(pointers to ob jects on the top of the stack will soon get popped), and

work won’t be wasted. But the principle of locality , as discussed in the previous

paragraph, suggests just the opposite. The top of the stack will be referenced soon;

so to avoid page traps,Scan the stack from the top down.

All of these heuristics must be considered speculation until detailed experiments

are done.De r i ved

P oi n ter s A derived pointer is a pointer into the middle of an ob ject that may arise during the

address calculation of an array or record access. Architectures like theV AX,

68

000,

or370 provide e�cient index-mode addressing, so derived pointers aren’t necessary .

But reduced-instruction-set machines may not have index-mode addressing and thus

require derived pointers for array indexing.Derived pointers cause problems for a concurrent collector. The collector may

suspend the mutator threads at any time and initiate a collection. At the ip,

the collector must know which registers contain derived pointers and the ob jects

corresponding to those pointers.

The simplest scheme would reserve one or more register pairs to hold a pointer

and its derivative, making it easy for the collector to identify derived pointers and

their base ob jects. But this would make good code generation harder on a ma-

chine with relatively few registers (though newerR I

SC machines tend to have more

registers).

A less-constraining scheme would mix pointers and derived pointers freely in

registers, using the crossing map to�nd the base ob ject of a pointer. (The new area

doesn’t have an explicit crossing map, but the collector can assume ob jects don’t

cross the boundaries of allocation chunks.) T o �nd a base ob ject of a pointer, the

collector would skip backwards to the �rst page starting with an ob ject and then

skip forwards over ob jects until getting to the base ob ject.F or small ob jects this would take time proportional to the page size, while for

large ob jects this would take time proportional to the ob ject size. In either case,

the cost is much smaller than the cost of copying and scanning an ob ject. F or1

5

ex a m p le , o n aM i c ro V

A X

II it woul d take about5 msecs to skip over1

000 pages in

the crossing map.

Since each thread has a small, constant number of registers and

those registers are scanned concurrently after a ip is�nished, neither latency nor

concurrency would be a�ected.

A

S e q ue n t i a l , Real

-ti me

V er si on

The general concurrent algorithm can be specialized for single-threaded programs

in which the collector is real-time but not concurrent, resulting in a variant similar

toBaker’s original algorithm but more e�cient than Brooks’s variant(by avoiding

the need for extra header words, indirection, and longer code-sequences for derefer-

encing pointers). The sequential, real-time verison would be suitable for languages

implemented on traditional operating systems likeUnix that allow access to virtual-

memory facilities but don’t provide multiple threads or cheap synchronization.

T o handle page traps by the single mutator thread, the collector provides a\trap handler

" routine to the operating system that �elds page traps (these are

called \signal handlers" on Unix).When the mutator references a protected page,

the handler is invoked. The handler unprotects the page, scans it, and returns,

automatically resuming the mutator.

T o ensure that all reachable objects are copied before to-space �lls up, theA

ll o c a t e procedure scans a small number of unscanned ob jects every time it is

called (as in Baker’s algorithm).

Because the algorithm is synchronous and single-threaded, there is no need for

any kind of locking or special kernel-mode threads. It is easily implemented on

many di�erent variants of Unix (for example, A T&T’s System V, Apollo’sDomain,

DE

C’s Ultrix, and CMU’s Mach all provide the necessary page-protection and trap-

handling primitives).

But of course, this sequential version can’t run the collector while the mutator is

waiting for i/o, page faults, or interactions from the user. And even on uniprocessors,

more and more operating systems are starting to o�er multi-threaded capabilities

as support is added for distributed computing based on remote procedure call.

AFirst

Im plementation and

E xp eriment

W e have implemented the collector in an early version of ML, a statically type-

checked polymorphic language[Cardelli 8

4 ]. While this version of ML is not par-

ticularly e�cient, it is both simple and tractable. The implementation runs on theFire y using SRC’s T aos operating system [Thacker 87], which extends DEC Ul- 16

S t o p - a n d- Cop y Se q uentia l Concu rrentT otal elapsed time

2

52 s e c 28

1 (1

.11

) 20

7 ( .82)Mutator time 180 180 180

Mutator overhead 29

% 3

6% 13%

T otal CP

U time 247 257 (1.04) 266 (1.08)

Collector time 67 77 (1.15) 86 (1.28) T a b le 1:

E xec u t i o n times trix (Ber

keley

Unix 4.2)wit h multiple threads

, cheap synchronization, andvirtual

-

memory primitives.W e built three versions of the collector: simple stop-and-copy , sequential real-

time, and concurrent. They all used the same object representations and the same

copying and forwarding primitives. The ob ject representations were somewhat com-

plex and not well tuned for a copying collector, and allocation was implemented by

a procedure call, not compiled inline.

The sequential real-time and the concurrent versions scanned all of the stacks

(there were several) at a ip, instead of scanning them incrementally , as described

above. When copying ob jects, the collectors used a more primitive heuristic for

limiting the number of page crossings by unscanned ob jects; but that didn’t matter

in our benchmarks since there were very few crossings. W e didn’t implement the

incremental scanning of large arrays (but the benchmarks didn’t allocate any).All three versions used a page size of 1K bytes and a heap with 3 megabytes

per space. The sequential version scanned from 1 to 4K bytes for every 1K bytes

allocated. The concurrent version used an Allocate chunk size of 65K.

W e picked the Boyer benchmark fromGabriel

[Gabriel 85] as our�rst experi-

ment.It is a small rule rewriter designed to test the performance ofLisp systems

executing theorem provers. It allocates a large amount of non-trivial, �ne-grained

data structures and then accesses those structures repeatedly . According to Gabriel,

the Boyer program does 226,000 list-cell allocations and 1,250,000 fetches of point-

ers from the list cells. In addition to the allocations by the program itself, theML

implementation allocates procedure-argument records in the heap, adding to the

load on the collector.

T able 1 shows the execution times of the three versions. The numbers in paren-

theses express table entries as ratios with the corresponding entries for the stop-

and-copy version.

T otal elapsed time shows that the sequential real-time version is 11% slower 17

S t o p - a n d- Cop y Se q uentia l Concu rrentByte

s allocated1

2 .2 M 12.2M 12.2MNu

m ber of ips

7 78

Time per ip9.

5 s e cs .16

4 .120

T raps per second| 1.73.3

Time per trap | 43msecs 38

Time per allocation 127�secs 166(1.31

) 83 ( .65)

allocation 56 67 (1.20) 56 (1.00)

collection 71 99 (1.39) 27 ( .38) T

a b le 2:

La te nc y than the mo

re e�c ient stop

-an d-copy, while the concurrentversion is 18% faster.

Mutator time is the time spent executin

g the mutator, including calls to the

allocator but excluding all other collection-related time: page traps, all scanning,

and ips.

Mutator overhead is the percent of total elapsed time that wasn’t spent ex-

ecuting the mutator.F or the stop-and-copy and sequential versions, overhead is

about 1/3 of total time, typical for Lisp-like systems. The overhead for the concur-

rent version is less than half of that, only 13%.

T otal CP

U time is the totalC

P

U time used by all the threads in the benchmark

(as measured by the operating system). The sequential version takes 4% more than

stop-and-copy , and the concurrent version takes 8% more.

Collector time is the total CPU time on all processors used by the collector,

including page traps and scanning. The sequential and concurrent collectors take

15% and 28% more CPU time than stop-and-copy .

T able 2 shows the latency of the three versions, each of which allocated 12.2

megabytes during execution.A stop-and-copy ip takes 9.5 seconds, while the sequential and concurrent ver-

sions take .164 and .120 seconds. A tenth of a second is almost good enough for

an interactive workstation; using incremental stack and register scanning, the ip

time should be well under that. The sequential collector ips more slowly than the

concurrent one because it usually has to scan a few remaining pages before ipping.

T raps per second and Time per trap show that the disruption due to page

traps is extremely small.

Time per allocation is the average elapsed time needed by the mutator to 18

all o ca t e an d collect a twopointer list cell.

T hat time isbro ken into the time spent

in theA

ll o c a t e procedure

(e xcludin g page scanning) and the elapsed time the mu-

tator is blocked waitingfor the collector (including page scanning). The sequentialversion is about1

/ 3 slower than stop-and-copy

, and the concurrent version is about

1/3 faster. The time spent in Allocate could easily drop to 10

�secs, and the col-

lection time should drop quite a bit with better object representations, hand-tuned

collectors, and generational collection.How concurrent is the concurrent collector? That is, how much of the stop-and-

copy collection time could be successfully overlapped with the mutator?Look at

the collection part of theT

i m e per a ll o ca tio n

| 44 �secs (6

2 %) of the stop-and-

copy collection time was overlapped with the mutator, leaving 27 �secs (38%) not

overlapped. That 27 �secs breaks down as follows:

Page-trap scanning 7.8 �secsOperating-system trap overhead 2.0Flips.9

Allocator waiting for lock .5

Page trap waiting for lock 5.3Unexplained10.4

T rap overhead is the cost of the context switch caused by a page trap. The waiting-

for-lock time is the time the allocator and the trap handler must wait for the scanning

thread to�nish scanning a page and release the global lock.

That leaves 10.4 �secs (15%) of the collection time unaccounted for.W e have

a hypothesis: The Fire y

’s

Micro

V AX

IICPU has a tiny 8-entry VM translation

bu�er

; interleaving the page traps and their scanning with the mutator will cause

more translation-bu�er misses. Also, the operating system must ush the translation

bu�er (on all 5 processors) whenever it changes the protection of pages.No pages

were swapped in during the experiment, so we can rule out di�erences in swapping

behavior.Several improvements waiting in the wings should increase the concurrency by

quite a bit, perhaps to as high as 85 or 90%. W e should double the speed of scanning

by using better ob ject representations and hand-coded scanning. An experiment

showed that scanning two or four consecutive pages per trap would reduce the

number of traps and the overhead per trap, while still providing adequate latency .

Page-trap handling in the Fire y operating system is untuned, costing 3 msecs

compared to 1 msec on Ultrix. Newer CPUs have much larger translation bu�ers,

reducing the e�ect of frequent traps. And generational collectors should reduce

translation-bu�er misses and contention for the global lock by reducing scanning 19

lo c a t io n s b y th e m utato r

, theM

L implementation allocates things such as argument

recor ds in the heap that more e�cient implementationswould put on the stack

. Also, a generational scheme should reduce dramatically the amount of scanning,

copying, and page traps.Based onUngar

’s experience, the total amount of copying

and scanning might be reduced by a factor of three or more.Thus a single collector mightvery well support at least1

0 continuously executing

threads. M

u l t i pl e

C olle cto r

T hre a d s and

Shared

Virtual Memor y

What if there are a very large number of threads and processors? Using multi-

ple heaps like those of the Multilisp collector[

Halstead 8

4 ], our general techniques

should allow for multiple scanning and trap threads.(The

\multiple heaps" can

be viewed as partitions of a single heap.)

Each heap would have its own trap and

scanning threads. A lock bit per from-space page ensures that an object is copied

at most once.Only at a ip must all the threads synchronize.

Kai Li [Li 86] introduced the notion ofs

h a r e d v ir t ua l mem or y , providing a single,

shared virtual-memory address space for many processors having distinct physical

memories.

Pages are exchanged between processors using a high-bandwidth bus or

local network, with only one processor at a time allowed write access to a page.In such a system, it’s crucial to ensure that processors don’t thrash on a shared

writeable page.

Our algorithm, extended with generational collection and multiple heaps, is well

suited for shared virtual memory . Because each thread has its own allocation chunk,

there won’t be thrashing of newly allocated pages. In addition, each processor would

have its own collector thread. T o scan a page, the collector must, if necessary ,

acquire the page for write access from another processor. It then \pins" the page

while scanning it, preventing other processors from trying to access it. This imposes

almost no extra overhead on the virtual memory implementation and naturally

prevents thrashing by the collector threads.Ac

kno wled gements

T omRodehe�er improved theFire y’s

VM implementation for us and answered our

questions, and Roy Levin gave us many helpful hints about the Fire y’s operating

system.

Cynthia Hibbard edited the paper.22

Re fe re n ce s

[

A pp e l 8 7 ] An d re w

W

. Appel.G

ar ba ge c ollec t ion can befa ster than stack allocation.I

n f o r m a t ion Proc e ssin g

Letters ,

2 5 ( 4 ) :275 {27

9,

1987.

[Baker 78]H. G. Baker.Listprocessing in real time on a serial computer.

Comm

unications of the

ACM, 21(4):280{294, 1978.

[Brooks 84]Rodney A. Brooks.T rading data space for reduced time and code space in real-time

garbage collection on stock hardware.In

SI

GPLA

N Notices(Proceedings of ACM SIGSO

F

T /SIGPLAN

SoftwareEngineering Sym

posium on Practical SoftwareDe vel

-

opment Environments), pages 256{262, 1984.

[Cardelli 84] Luca Cardelli.

Compiling a functional language.

In1

9 8 4 ACM Symposium on LISP and Functional Programming,

pages 208{217, 1984.

[Clark 77]Douglas W. Clark and C. Cordell Green.

An empirical study of list structure in Lisp.

Communications of the ACM, 20(2):78-87, 1977.

[Gabriel 85] Richard Gabriel.

Performance and Evaluation of Lisp Systems.MIT

Press,

1985.

[Halstead 84] Robert H. Halstead,Jr.

Implementation of Multilisp: Lisp on a Multiprocessor.

In 1984 ACM Symposium on LISP and Functional Programming,

pages 9{17, 1984.

[Hickey 84] Tim Hickey and Jacques Cohen.

Performance analysis of on-the- y garbage collection.

Communications of the ACM, 27(11):1143{1154, 1984.

[Li 86]Kai Li.

SharedVirtual Memory on Loosely Coupled Multiprocessors.

PhD thesis,Y aleUni versity , 1986. 23

[L i e ber m a n 8

3 ] Henr y Lieberman and

Car l Hewi tt

.

A real-time

garbage c ollector based on the lifetimes of objects.

C

o mm u n i c a tion s of th e ACM

,

23 (

6 ) : 4 1 9 {429, 1983.

[Moon 84]Da

vid A. Moon.Garbagecollection in a large LI

S P system.

In ACMS

ym posium onL

IS P and

Functiona l Programming,pages

235{246, 1984.

[North 87] S. C. North andJ. H.Reppy .

Conc urrent garbage collection on stock hardware.

In GillesKahn, editor, Functional Programming Languages and

Computer Architecture(L

NCS

2

7 4 ), pages 113{133. Springer{V erlag, 1987.

[Rovner 85a] Paul Rovner.OnAdding Garbage Collection and RuntimeTypes to a Strongly-

Typed, Statically-Checked, Concurrent Language.Xero

x P ARC Report CSL-84-7, 1985.

[Rovner 85b] Paul Rovner, Roy Levin, and JohnWick.

OnExtending Modula-2F orBuilding Large, Integrated Systems.

Research Report 3, DEC Systems Research Center, 1985.

[Shaw 87] Robert A. Shaw.

Improving Garbage Collector Performance in Virtual Memory .

T echnical Report CSL-TR-87-323, Computer Systems Laboratory ,

Stanford

University , 1987.

[Thacker 87] Charles P . Thacker and Lawrence C. Stewart.

Fire y: A Multiprocessor W orkstation.

In Proceedings of the Second International Conference on Architec-

tural Support for Programming Languages andOperating Sys-

tems, pages 164{172. ACM, 1987.

[Ungar 86] David Ungar.The

Design andE valuation of aHigh Performance Smal ltalk Sys-

tem.

MIT Press, 1987. 24