H a s h - c o ns in g Ga r bag e Co llec tion

A n d r e w W . A ppe l �

a pp e l @p r i n ce t on .e d u

M ar cel o J. R. Gon � cal ve s y

m jr g@c s.princeton.edu

C S - TR- 4 1 2- 9 3

Pr ince ton Universit y

Fe br uary 1993

A b s t r a ct

We descri be an implementation o f h a sh - c o ns in g for t he Standard M L

of Ne w Jerse y compiler. Hash -consing can eliminate replication among

heap-allocated data , which may allow the use of fast e quality chec king

and may also impro ve the locality of reference of a program. The cost

of a hash table lookup for each record allocated may, however, o �set any

gains from the elimination of replication.

Our hash-consing scheme is integrated with a generational garbage col-

lector. Only records that survive a garbage collection are \hash-consed, "

thus avoiding the cost of a table lookup for short-lived records. We discuss

some issues related with the implementation of this scheme and present a

performance evaluation.

a � S u pp o r t e d i n p art b y NS F Grant CC R - 9 2 00 790 y Supported by CN P Q Grant 200 579 /90 . 8

1 I n t r o d u ct ion

I n h e a p -a ll o ca te d p ro gra mm ing lang uage s , such as M L and Lisp, values are

represented b y memory records and comple x ob jects by pointers to graph-li ke

collections o f records . One ma jor dra wback of this scheme is that a value that

is used in more than one place in a program may be represented by more than

one record. This may increase the space complexity of a program. It may also

increase the time complexity, due to the need for structural comparison instead

of a simple pointer comparison in order to determine the e quality of two values

(e.g. use of e q u a l instead of eq in Lisp ). Moreover, the duplication of storage

for values is likely to a �ect the locality of reference of the program, causing

an increase in cache misses and virtual memory page faults, which may further

increase its running time.

Ershov [11 ] showed how to collapse trees to minimal D A Gs by traversing

trees bottom-up, using hashing to eliminate common subexpressions. Goto [1 3]

implemented a Lisp system with a built-in hash-cons operation : his \h-cons "

cells were rewrite protected and free of duplicate copies.

The technique of h a sh - c o ns in g guarantees that two identical ob jects will

share the same records on the heap, and thus will be represented by the same

pointer. The basic idea is very simple. Whenever a new record is allocated (or

\consed") we Check whether there is already an identical record in the heap.

If so, we avoid the allocation and simply use the existing one. Otherwise, we

perform the allocation as usual. A hash table is used to search the heap for a

duplicate record.

Hash-consing can be applied only to pure values, that is, values that never

change during the execution of a program. For if two updatable records have

identical values now, they might not be identical later, and so merging then

could lead to incorrect results. This implies that it would be di �cult to use

hash-consing in a language like Lisp, where all cons cells are potentially up-

datable (using r pla ca /rplac d), even though very few, if any, of the allocated

cells are actually updated during the execution of a typical program. In ML,

however, most records are immutable ; the few updateable \ref-cells" are easily

distinguishable at compile time and run time. Therefore, it is possible to add

hash-consing to ML without changing its semantics.

Hash-consing can o�er many advantages by eliminating the drawbacks of

replication described above, but not without cost. First, allocation is much

more expensive. Every record allocation must check for the existence of a copy

of the new record and, even if this can be done in constant time, the extra cost

can be quite signi �cant. If allocation is very frequent, as is often the case in

ML, this could easily make the program much slower, instead of making it faster

as we would expect. Another problem is the space needed for the hash table,

which can be large. This could o�set the gain in space introduced by sharing;

worse yet, the hash table is now competing for the cache and main memory.

In this paper we describe an experience with the implementation of a modi-

�ed hash-consing scheme for the Standard ML of New Jersey compiler [3]. The

SML /NJ compiler divides the heap in two main areas, the n e we r genera tion,

where records are initially allocated and the o l der generation which contains

the records that survive garbage collections. In our new hash-consing imple-

mentation, only those records that survive at least one garbage collection are

\hash-consed". Thus, only the older generation is guaranteed not to have du-

plicate records. The motivation for this scheme is to avoid the cost of a hash

table lookup for the large number of records that have a very short life (i.e. do

not survive any garbage collections), while still taking advantage of some of the

bene�ts of a full hash-consing scheme.

2 O v ervie w o f t he S M L / N J Runti me S y stem

This section contains a brief overview of the SML/NJ runtime system. For a

more detailed description see Appel[1, 2].

The SML/NJ compiler uses a generational gar bage col lector, with two gener-

ations. The heap is divided in three main areas: the newer generation, where all

records are initially allocated, the older generation, which contains all records

that survive at least one garbage collection, and the reser ve s pace, between the

two generations. During a garbage collection, live records in the newer genera-

tion are copied to the reserve space, starting at the side adjacent to the older

generation. Once the garbage collection is completed, the �lled portion of the

reserve space is added to the older generation, the rest of the heap (i.e. the

newer generation and the un�lled portion of the reserve space) is divided evenly

in a newer generation and a reserve space and the process starts all over again.

This is the most common form of garbage collection and is called a minor col-

lection. Occasionally, the older generation grows too large, and must also be

collected (this is a ma jor col lection).

The garbage collection algorithm copies records from a fromspace to a

tospace. The fundamental operation is to forward a pointer to a record. Three

cases must be considered: 1) the pointer does not point into the fromspace |in

this case there is nothing else to do; 2) the pointer points into the fromspace and

the record pointed to has not been copied yet|in this case the record is copied

to the next free location in the tospace, the record ’s new address is stored in

its �rst word and the pointer is set to point to the new record address; 3) the

pointer points into the fromspace and the record pointed to has already been

copied to the tospace|in this case the pointer is set to the new address of the

record, that is stored in its �rst word.

Garbage collection begins by forwarding a set of root pointers. Then the

pointers in the records that were copied to the reserve space are forwarded,

until there are no more pointers to forward. This corresponds to a breadth- �rst

traversal of the live records, with the reserve area acting as a queue for the

breadth-�rst search algorithm.

Heap records can contain four kinds of ob jects: M L records, arra ys, strings

and bytearrays. The important distinction between these kinds is that ML

records and arrays may contain pointer values, and arrays and bytearrays may

be updated. Each heap record is preceded by a one word tag that contains its

kind and si ze. The low order bit is used to distinguish between pointer and

non-pointer values in ML records and arrays. All ob jects are aligned to word

boundaries.

3 H ash -consin g during Gar bage-co llection

Our implementation does hash-consing \between generations" of the genera-

tional collector. We keep a hash table with all non-updatable records in the

older generation. The hash table is indexed by the contents of the records and

each entry contains a pointer to the record. While forwarding a pointer to an

non-updatable record in the newer generation we do a hash table lookup to

check for the existence of an identical record in the older generation. If such a

record exists, then no copy is made and the pointer is set to the existing copy

in the older generation. Otherwise, the record is copied, inserted into the hash

table, and the pointer is set to the new address. Updatable ob jects are copied

in the usual way, without using the hash table.

In order for this scheme to work correctly, we must be careful to copy ob jects

in a bottom-up way[11]: given a DAG, we can only forward a node (i.e. a record)

after we have forwarded all of its descendants. This bottom-up forwarding can

be easily achieved with the use of a depth-�rst algorithm to traverse the live

ob jects in the newer generation.

The main advantage of this approach over a standard hash-consing scheme is

that it avoids the cost of a hash table lookup and insert for short-lived ob jects,

that is, those ob jects that do not survive any garbage collection. The premise

of generational garbage collection is that most allocated ob jects tend to have a

very short life[1 8]. By eliminating replication, we reduce the size of the older

generation. There will be no space savings in the newer generation, but we

don’t lose much here since the space of this generation will be reused after each

\minor" garbage collection.

A conventional hash-consing implementation can test structural equality of

two ob jects (Lisp \equal") by means of a simple pointer equality test (Lisp

\eq"). Our scheme can do this only for ob jects in the older generation. To

compare two arbitrary ob jects for structural equality, we must perform struc-

tural comparison for any part of the structure resident in the younger generation;

once the recursion escapes into the older generation, it can be cut o� with a

pointer-equality test.

The main problem with our scheme is that garbage collection time may

be considerably increased, and this may o�set the gains from the reduction of

replication in the older generation.

forward( R) =

mark record pointed to by R

f o r i := 1 to length(R) do

if R[ i] is a pointer into fromspace

a nd record pointed to by R[i] is not marked t h en

R[i]

f o r w ar d ( R [ i ] )

e n d i f

endf o r

f a l l o f R ’ s � el ds a re alread y for warded g

co p y r ecord poi n ted to by R to location N E X T

R[ 1] NEXT

NEXT NEXT + len gt h(R)

re t urn R[1]

Fig ure 1 : The Depth -Fir st Search forwarding algorith m . R is a pointer to a

record in the fro ms pa ce. N E X T is a pointer to the ne xt free location of the

reser ve space. l e n g t h (R ) returns the length of the record pointed to by R.

4 A D e p t h - F i r st Se ar ch C o llector Al gorith m

As explained in the previous section , a hash-consing garbage collector must

traverse the heap \bottom-up. " This suggests the use of a depth- �rst traversal

algorithm. Since the S M L /N J compiler used a breadth-�rst algorithm, our �rst

tas k was to rewrite the garbage collector.

Our depth-�rst search algorithm is not quite conventional (see Figure 1). To

forward a record R that is not yet marked we mark the record and recursively

forward the �elds of R. Only then we copy the record R to to-space. A con-

ventional depth-�rst copying algorithm copies the unforwarded record before

recursively forwarding its �elds. We choose this approach because it makes it

posible to �t a stack in to-space. On the other hand, a conventional depth-�rst

copy can correctly handle cycles ; our algorithm may �nd marked records which

do not yet have a forwarding pointer installed. We discuss cyclic structures

below. For now, we will assume that the algorithm simply does not forward

pointers to marked records, leaving those pointers pointing into from-space.

A nice property of the breadth-�rst algorithm is that it can use the records

just copied as an implicit queue and, thus, does not require any auxiliary storage.

Depth-�rst algorithms require either an auxiliary stack or a complicated pointer-

reversal scheme [1 4]. However, if we use the scheme described above, we need

not allocate any additional memory area for the stack. It turns out that there

is just enough space in the to-space to put the stack. As shown in Figure 2,

the stack grows downward from the high end of the to-space, while records are

older reserve newer

NEXT stack_ptr

Figure 2: Location of the depth-�rst stack copied starting at the low end.By ensuring that each record is popped from the

stackbefore it is copied to to-space, we can guarantee that the stack occupies

memory that would have been unused anyway.

In order to better explain the implementation of the stack in to-space, we

present a non-recursive version of the depth-�rst search algorithm in Figure3.

Besides a pointer to the record which is currently being processed (R), the algo-

rithm uses three other pointers: NEXT, which is a global variable that points to

the next free location in the to-space;c u rrent f iel d, which points to the �eld

of the record pointed to by R that is currently being processed andst ac k

- ptr

which points to the top of the stack. The bottom of the stack is locationM

AX

which is the highest address of the destination region.

The stack starts at the end of to-space and grows backwards. It is not

di�cult to show that the stack pointer and theN

E X T pointer (which marks the

end of the copied data) never overlap, as long as the to-space is large enough

to hold all the live data. Each stack item is two words long, and each record

(including its kind-and-si ze descriptor) is at least two words long. For each live

record, there is at most one item on the stack or one copy in the to-space, but

never both simultaneously.

Suppose that at a given time the stack containsn records. By the algorithm

of Figure 3, a record is copied to the reserve space only after all of its �elds have

been processed and at this point the record will not be pushed on the stack

again (this is guaranteed by the statement if current field< length(R)).

Since the size of the stack is 2� n words, the stack-pointer points to location

MAX � 2 � n. Assuming that there is enough space to copy all records, NEXT can

not be greater than MAX � 2 � n, since the size of each record is at least two

words. It is always the case on a minor collection that there is enough space to

copy all records, since the newer generation and the reserve space have the same

size. On ma jor collections, however, since the area used as the reserve space

may be of size less than the fromspace (the olderge nerat ion), it is possible that

the pointers overlap. But this means that the garbage collector has run out of

memory and the program execution is aborted.5 Dealing

with Cycles

The depth-�rst search algorithm given above does not handle cycles properly. It

relies on the fact that, when copying record R, all of R’s children have already6

forward(Root) =

R Root

stack ptr MAX

current field 1

mark record pointed to by Rloop

f R points to a marked record gw hile current field< length(R) and R[current field] is not a pointer into fromspace

and record pointed to by R[current field] is not marked do

current field current field + 1

endwhile

if current field < length(R) then

push(R

; current field)

R R[current field]

mark record pointed to by R

current field 1continue

endif

f al l of R’s �elds are already forwarded g

copy record pointed to by R to location NEXT

R[1] NEXT

NEXT NEXT + length(R)

if stack is empty then

return R[1]

else

new address R[1]

(R; current field) pop()

R[current field] new address

current field current field + 1

endif

endloop

Figure 3: The Depth-First Search forwarding algorithm. R is a pointer to a

record in the fromspace. NEXT is a pointer to the next free location of the reserve

space. MAX is the highest address in the reserve space. length(R) returns the

length of the record pointed to by R.7 done false

while not done do

done true

for each ref-cell in the ref-list do

if cell has been moved to to-space then

for all pointers p in the cell do

forward(p)

endfor

remove the ref-cell from the list

done false

endif

endfor

endwhile Figure 4: Forwarding ref-cells.

been forwarded; thus we were able to look up the (already forwarded and hashed)

contents of R to determine if a copying was even necessary.Clearly, we cannot

use such a simple scheme when R is its own descendant.

Every cycle, however, must contain at least one updateable record (\ref

cell"). The ref cells should not be hash-consed anyway. Our solution to the

cycle problem takes advantage of this. The idea is to stop the search on records

that have been updated and use these records later as roots for the forwarding

algorithm. When copying ref-cell R, its children will not necessarily have been

forwarded; but we don’t need to look up the forwarded contents of R prior to

copying, since we don’t hash-cons ref cells.

The only problem now is how to �nd these updated ref-cells, but it turns out

that the compiler already keeps a list of these cells (which it needs to handle

updates to old ob jects in a generational garbage collector[1]) so this problem is

very neatly solved.

The method works as follows. First we scan the ref list, marking all the

updated ref-cells. Then we proceed with the usual forwarding of all the roots.

Whenever a marked record is reached during the depth-�rst search, the record

is copied to to-space. The pointers in that record are not forwarded, however.

Later, after all roots have been forwarded, we scan the ref list again and forward

the pointers of all records in the list that have been copied to to-space. Since

new ref-cells may be copied in this step, several passes over the ref-list may be

required, until no new ref-cell is copied. Figure 4 describes the last step of the

algorithm.

The ma jor drawback of this method is that it can have complexity propor-

tional to the square of the number of distinct ref-cells in the list, in the worse8 case.

1

An alternative approach is to copy all updated ref-cells to to-space in the

beginning of a garbage collection and then use these records as roots for the

depth-�rst collector. The problem with this approach is that not all updated ref-

cells are live, which may result in many non-live records being copied. Therefore

we have not pursued this alternative.

The list of updated cells is not available on ma jor collections. But since we

do not have to \hash-cons" during ma jor collections we can use another method

to handle the cycles problem on these collections. The idea is simply to copy

a record with the pointer to the old copy, and �x all the incorrect pointers

later in a second pass. These pointers are easy to identify after the collection is

completed since they are the only ones which point into from-space. Therefore,

when we are processing a record that contains a pointer to a marked record|

i.e., we close a cycle | we copy the record without forwarding the pointers to

marked records. The marked record is copied after it is popped from the stack.

To �x the incorrect pointers we can make a sequential pass over the to-space,

or we can keep a list of records that need to be �xed and �x all the records in

the list. Of course, the second approach is preferable since it is much faster.

But in this case there is a problem with the space for the list of records. If

there is not enough memory to keep this list, the only alternative is to make

the sequential pass. A combination of the two approaches is also possible. If

there is space to keep part of the list, we can �x the records in the list and

start scanning to-space sequentially from the address after the highest address

in the list. The only requirement is that records are added to the list in order of

increasing addresses, which is easy to do. We can achieve some speed-up in the

sequential pass if we mark the tag of the records that must be �xed. Then we

do not need to read all the words in to-space, but only the tags of the records.

In any case, this method can be potentially slow if the number of cycles is large

compared to the number of records in the heap.

The two methods that we have described above can be potentially slow in

some cases. However, for programs that are mostly functional, both methods

can be expected to be reasonably e�cient, since we would not have neither a

large number of ref cells, nor a large number of cycles.6

Hashing

Once we have the depth-�rst collector and the appropriate method to deal with

cycles, adding the hash-table lookup becomes very simple. We need only change 1

T h e s i ze o f the ref

- list isproportion al to the nu m ber of updated operations and not to

the number of updated ref-cells

. That is, a ref-cell may appear several times in the list if it

is updated several times. This can make the size of the ref-list potentially large, even if the

number of distinct ref-cells in the list is actually small.Ho wever, it is easy to remove the

duplicate entries from the list when we make the�rst pass marking the ref-cells, so that its

size is reduced to be proportional to the number of updated ref-cells.9

the part of the algorithm that copies a record. Before copying a non-updatable

record we do a lookup on the value of that record. If an already collected record

with the same value is found, then we store the address of the already collected

record in the �rst word of the record that is being collected and proceed without

copying the record. If the lookup is unsuccessful, the record is entered into the

hash table and copied.Updatable records are simply copied, without neither a

table lookup nor entry into the table.

The implementation requires a modi�cation of the following three lines of

the Depth-�rst collector algorithm presented in Figure 3:c o p y r ecor d poi n ted tobyR tolocation

N

E X T

R[

1 ] NEXT

NEXT NEXT+ lengt h

(R ) these lines are replaced by:

X look

up(R) i

f X is not nullt h e n

R[1] X

el

se

copy record pointed to by R to location NEXT

R[1] NEXT

enter record pointed to by NEXT in the hash table

NEXT NEXT + length(R)

endifWe have used an open hashing scheme [15] to implement the hash table.

A second hash function is used to handle collisions. The two hash values are

computed as a function of the �rst few words of a record. Each table entry

is either empty or contains a pointer to a record on the heap. During minor

collections, there is no need to delete nor to change the value of a table entry, but

only to insert new values. On ma jor collections, however, because we garbage

collect the older generation, we would have to update the hash table, since

records may have their address changed or they may simply not survive the

garbage collection. We have chosen to simply discard the old hash table and

rehash everything. This also makes it possible to change the size of the hash

table to adapt to changes in the live-data size of the program. After the ma jor

collection is completed, we compute a new size for the hash table and scan the

older generation sequentially hashing all non-updatable records.

The implementation of the modi�ed garbage collector takes about 930 lines

of C code, compared to about 530 lines of the standard garbage collector. 10

7Performance

E valuation

In order to evaluate the performance of our hash-consing scheme, we have mea-

sured the running time of some sample programs, and compared it to the running

time of the same programs when compiled with the SML/NJ compiler without

using hash-consing. The experiments were made on a DECstation 5000/240,

with 64Mbytes of main memory, using version 0.75 of the SML/NJ compiler. A

brief description of the benchmark programs is given next.Bo

yer The Boyer theorem-proving benchmark [12] translated into SML byKai

Li and Andrew Appel.Knuth-Bendi x An implementation byGerard Huet of the Knuth-Bendix com-

pletion algorithm, translated into SML by Xavier Leroy.Lex A lexical-analyzer generator written by James S. Mattson and David R.

Tarditi[4].

Life Reade’s implementation of the game of Life [16].Mandel

brot A program to generate Mandelbrot sets.Simple A spherical uid-dynamics program [9, 10], translated into SML by Lal

George. VL

I

W AVLIW scheduler written by John Danskin.Yacc A LALR(1) parser generator, written by David Tarditi [17] processing

the grammar of Standard ML.

Figure 5 gives the running time for each program, both with and without

the use of hash-consing. Times are normalized to the execution time without

hash-consing. The total running time is divided into garbage-collection time

(gc-time) and non-garbage-collection time (non-gc-time). The results show that

the hash-consing scheme slows down garbage collection by a factor of up to

four times in the worst case, but for most programs the �gure is of about two

times or less. In many cases there is a small improvement in non-gc-time but,

with the exception ofBo yer andKnuth-Bendi x, the gains are insu�cient to

compensate the overhead of garbage collection.Yacc has the worst performance,

being 22 percent slower. The Boyer benchmark showed the highest increase

in performance, almost 10 percent. This agrees with experiments made by

Baker [5], who shows that function memoization and hash-consing can greatly

improve the performance of the Boyer program (memoization seems to be more

important than hash-consing).

The SML/NJ compiler uses a parameter|the heap ratio|that controls the

ratio of total heap memory to live data size. This parameter is used to adjust

the size of the heap after a ma jor garbage collection. The heap ratio determines 11

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Time (sec)

Life

Knuth-B

Simple

Mandel Lex VLIW

Yacc

Boyer

Total time GC time Total time with Hash-consing GC time with Hash-consing

Figure 5: Running time for the programs in the benchmark with and without the

use of hash-consing. For each program, times are normalized to the execution

time without hash-consing. 12

3 5 7 10 15 20 25 100 Heap Ratio 0 2 4 6 8 10 12

Time (sec)

Total time GC time Total time with Hash-consing GC time with Hash-consing

Figure 6: E�ect of di�erent heap ratios on the running time ofLex.

the frequency of collections and, thus, may have a great impact in the running

time of a program. The default value of �ve was used in the measurements of

Figure 5.

Figure 6 shows the impact of di�erent values for the heap ratio on the running

time of Lex. Since larger ratios lead to smaller collection time, a system whose

collector is slowed by hash-consing may have better overall performance with a

larger heap ratio.

Figure 7 shows the impact of hash-consing on heap usage by the programs

in the benchmark. The �rst column gives the total amount of data copied into

the older generation without hash-consing. The second column gives the same

measurement with the use of hash-consing. The numbers in the third column

give the amount of duplicate data found by the hash-consing collector. All

numbers are in megabytes. All programs, with the exception on Lex, have a

small reduction on their data size. In most cases, however, this reduction is

quite small, less than one percent.

The next measurements show the impact of di�erent hash table sizes on the

total running time of the programs. The size of the hash table as a function

of the heap size is a parameter that can be adjusted by the programmer in the

same way as the heap ratio. The results, presented in Figure 8, show that the

size of the hash table does not have a great impact in the performance of the

programs in the benchmark. 13

Without

With hash-consing hash-consing Program

Data

Data

Duplicates size(Mb) size(Mb) (Mb)

Boyer

153.0

130.2 3.340

Life

172.1

171.8 0.066

Knuth-B

181.6

178.5 0.354

Simple

406.3

404.1 0.452

Mandel

1482.8

1482.7 0.000 Lex 112.4

112.9 0.007

VLIW

235.2

234.9 0.008 Yacc

52.1

51.0 0.256

Figure 7: Heap Allocation and Duplicate Data

heap-size/16 heap-size/12 heap-size/8 heap-size/4 Hash-table size 0

10

20 30

Time (sec) ratio = 5 ratio = 10 ratio = 15

Figure 8: E�ect of varying the hash table size on the running time of Lex. 14

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Time (sec)

Life

Knuth-B

Simple

Mandel Lex VLIW

Yacc

Boyer

Total time breadth-first GC time breadth-first Total time depth-first GC time with depth-first

Figure 9: Performance comparison between the breadth-�rst and depth-�rst

search garbage collectors. For each program, times are normalized to the exe-

cution time for the breadth-�rst collector. 15

Finally, Figure 9 compares the performance of the breadth-�rst collector

and the depth-�rst collector, without hash-consing. The traversal algorithm

may have an impact on the locality of references of the collected data and thus

a�ect the performance of programs [19]. Our measurements do not show any

signi�cant di�erences. Perhaps this is because the DECstation’s four-word cache

blocks are too small to hold much more than one ob ject each (and our programs

exhibit minimal virtual-memory paging).8 FutureWork

Perhaps the real promise of hash-consing is that it can make function memoiza-

tion [8] possible. If a pure (side-e�ect free) functionf is applied to an argumentx yielding a resulty, then the next time f (x) is evaluated the same result will

obtain. (By side-e�ect free, we mean that reference cells are neither read nor

written.)

If the mapping (f ; x)7

! y is entered into a table, then the next time the

same function is applied to the same argument, the value y can be returned

without evaluating f . This is the essence of function memoization.

Without a hashing scheme, searching for (f ; x) in the table is nontrivial,

especially if x is a deeply structured value. With a hash-consing scheme, in

which the values f ; x already have been hashed to unique addresses, it should

be possible to do function memoization with very little overhead beyond what

is reported in this paper. To avoid hashing on all function calls ever performed,

the programmer should probably specify which functions are to be memoized.

Standard ML does have side e�ects, however, and these might cause the

memoizer to give semantically incorrect results. We propose a scheme to solve

that problem. A global counterS will be incremented on every read or write side

e�ect. When f (x) is �rst invoked, the tuple (f ; x; S ) will be recorded. When f

returns the result y, the current value of S will be compared with the original

value. If they are the same, then f (x) had no read or write side e�ects, and

f is guaranteed (at least on input x) to be a pure function. Thus, (f ; x) 7! y

can be entered in the memo table. No guarantee is implied that f is pure when

applied to other arguments, but none is needed.

Baker[5, 6, 7] has shown that memoization (in combination with hash-

consing) is extremely powerful in improving the performance of programs such

as the Boyer benchmark, which proves theorems by backtracking search.9 Conclusion

A hash-consing garbage collector is about a factor of two or three slower than

an ordinary collector; but garbage collection takes only about 5% of execution

time in a typical modern system, so the overall overhead of hash-consing may 16 be a�ordable for many applications.

The hash-consing collector was not di�cult to implement, and did not im-

pinge on any part of the compiler outside the runtime system.

The space savings in most of the benchmarks we measured was not very

impressive. The real utility of hash-consing may involve memoization, or other

ways to let programmers make use of the ability to hash structures to integers

e�ciently and in a general way.References

[1] Andrew Appel. Simple generational garbage collection and fast allocation.Software -Practice and Experience, 19(2):171{183, February 1989.

[2] Andrew Appel. A runtime system.Lisp and SymbolicComputation

:

AnInternational

Journal, 3:343{380, 1990.

[3] Andrew Appel and David MacQueen. A Standard ML compiler. In Gilles

Kahn, editor,

Functional Programming Languages and Computer Architec-

ture, pages 301{324. Springer-Verlag, 1987.

[4] Andrew W. Appel, James S. Mattson, and David R. Tarditi. A lexical

analyser. Distributed with Standard ML of New Jersey, December 1989.

[5] Henry Baker. The Boyer benchmark at warp speed. Lisp Pointers, 5(3):13{

14, July 1992.

[6] Henry Baker. The Gabriel‘Triangle’ benchmark at warp speed. Lisp

Pointers, 5(3), July 1992.

[7] Henry Baker. A tachy ‘TAK’. Lisp Pointers, 5(3), July 1992.

[8] Richard S. Bird. Tabulation techniques for recursive programs. ACM Com-

puting Surveys, 12(4):403{417, December 1980.

[9] W. P. Crowley, C. P. Hendrickson, and T. E. Rudy. The SIMPLE code.

Technical Report UCID 17715, Lawrence Livermore Laboratory, Livermore,

CA, February 1978.

[10] K. Ekanadham and Arvind. SIMPLE: An exercise in future scienti�c pro-

gramming. Technical Report Computation Structures Group Memo 273,

MIT, Cambridge, MA, July 1987. Simultaneously published as IBM/T.J.

Watson Research Center Research Report 12686, Yorktown Heights, NY.

[11] A. P. Ershov. On programming of arithmetic o

p e r a t i o n s . C AC M , 1 ( 8 ),

1 9 58.

1 7

[12

] Ri c har d

P.Ga brie l.

P e r f or m a n ce and

E va l ua t ion ofLi s p S ystems. M

I

T

Press, Ca

mbridge, MA, 1985.

[13]

Eiichi Goto. Monocopy and associative algorithms in extended lisp. Tech-

nical Report TR 74-

03,

University of Tokyo, 1974.

[14]Donald E.Kn

uth.

Fundamental Algorit hms, volume 1 ofThe Art of Com-

puter Programming. Addison-

Wesley, Reading, MA, 1973.

[15] Donald E. Knuth. Sorting and Searching, volume 3 of The Art of Computer

Programming. Addison-Wesley, Reading, MA, 1973.

[16] Chris Reade. Elements of Functional Programming. Addison-Wesley,

Reading, MA, 1989.

[17] David R. Tarditi and Andrew W. Appel. ML-

Yacc, version 2.0. Distributed

withStandard ML ofNew

Jersey, April 1990.

[18] David M. Ungar. TheDesign and Evaluation of aHigh Performance

Smal ltalk System. MIT Press, Cambrigde, MA, 1986.

[19] Paul R. Wilson, Michael S. Lam, and Thomas G. Moher. E�ective\static-

graph

" reorgani zation to improve locality in garbage-collected systems. In

Proc. ACM SIGPLA N

’ 9 1 Conf. on Prog. Lang. Design and Implementa-

tion, pages 177{191, June 1991. 18