A n

d r e w W

. Appel

� Pr in

ce

t

on Uni

versit

y

C

S

- T R-

1

4 2- 88

M arc

h 1988

A b

s t r a ct M a

n y m

o d e rn pro

gramm

ing environmen

t

s use tagbits at runtime to

distinguis h obje cts of di�erent types.

This is particularly common in sys-

tems with garbage collection, since the garbage collector must be able to

distinguish pointers from non-pointers, and to learn the length of records

pointed to.

The use of tag bits leads to ine�ciency.In addition to the obvious

space overhead(tag bits and record descriptors occupy memory space),

there is a time overhead: tag bits must be stripped o� of data before

arithmetic operations are performed, and re-attached to the data when it

is stored into memory. This takes either extra instructions at runtime, or

special tag-handling hardware, or both.

This paper shows how the use of tag bits, record descriptor words,

explicit type parameters, and the like can be avoided in languages (like

ML) with static polymorphic typechecking. Though a form of tag will still

be required for user-de�ned variant records, all other type information can

be encoded once|in the program| rather than replicated many times in

the data. This can lead to savings both in space and time. �

Su pp o

r t e d i n part

b

y NS F

GrantD

C R - 8 6 0 3 4 53 and by a Digita

l

E quip ment Corp. FacultyIncentive

Grant1

1 D e te r m i nin g t y p e s at r untime

I n an y sys t e m w it h a ut omati c ga r bage co llection , the garbage collector must be

able to determine some in formation about the ty pes of ob jects at runtime . A

pointer must be tra versed by the collector ; but an integer or other \leaf " does

not re quire any further processing. The garbage collector will need to know the

si ze of each record, and which of the �elds are pointers.

These problems have been solved in two di �erent ways. In the earliest LI S P

systems, one area of memory was reserved for c o n s cells, and another area was

reserved for integers. Thus, a machine word containing the address of a cons

cell is distinguishable from a word containing the address of an integer by the

numerical value of the address. All cons cells are the same size, so the size of a

cell is always known. Encoding types by address ranges has been generalized in

the BIB OP (Big Bag of Pages ) scheme, in which a table maps address ranges

to types.

Pure address -range schemes have the disadvantage that integers now require

two words for their storage : one word for the pointer into the \integer area,"

and one word within that area for the integer itself. Not only does this take

e xtra space, but now an extra fetch is required whenever arithmetic is to be

performed on the integer. This scheme was reasonable in early implementations

where pointers were half the size of integers, but it is less attractive now.

Another approach is to reserve one or more bits in each word of memory as a

\tag," indicating the type of the word. For example, there might be one bit that

distinguishes pointers from integers. Using a \tag bit" has two disadvantages:

1. The representable range of addresses and integers is restricted.

2. Addresses and integers now require special handling at runtime to remove

tag bits before operations are performed on them, and to apply tag bits

before they are stored into memory.

Tag-bits can be handled by special hardware; but special hardware is more

expensive and tends to be available in slower realizations than general-purpose

machines with larger markets.

Ungar [1 0 ] has a good survey of tagging schemes.

2 Stati ca lly -typ e d languages

Many programming languages have static (compile-time) type checking. In such

languages, tags are not necess ary for normal execution of the program. However,

in some implementations of statically-typed languages with garbage collection

[ 8] a descriptor is attached to the beginning of each record for use by the garbage

collector. The descriptor speci�es the length of the record, and identi�es which

�elds are pointers and which are not.

I t i s n ot n e cess a r y to p ut a descriptor on eac h record in an A l gol -li ke

statically-typed language . Instead , a digested version o f the user ’s type de �-

nitions, along with a static su mmary of the type of each varia ble and procedure

parameter, can be provided to the garbage collector [ 4 ]. Because this information

is derived from the program and is independent of the data that the program

manipulates, it is of a � xed (small ) si ze and re quires no runtime overhead for

its manipulation.

When the garbage collector is invoked, it searches the stack for reference s into

the heap. From the return-address information on the stack, it can determine

which procedure is associated with each stack frame. From the saved type

information, the garbage collector can determine the type and value of each

local variable on the stack, as well as the types and values of global variables.

The garbage collector then traverses the heap, starting from the roots it

�nds in global variables and on the stack. As it makes its traversal, it keeps

track of the type of each pointer. When following a pointer in the collection

algorithm, the collector also makes the appropriate traversal of the type infor-

mation associated with each pointer. For example, when examining the third

�eld of the record pointed to by P , the collector will examine the (static) type

information of P to determine the type of the third �eld pointed to.

Variant records pose a slight problem. In many languages (like Pascal and

M L), variant records have a user-access ible �eld that determines the type of the

record. Consider the Pascal record

T Y P E v e h i c le = RE C OR D

C A SE ki n d : (c a r , tr uck )

O F car : ( pa ssen gers : integer) ;

truck: ( weight : integer)

E ND

This record requires the kind �eld to distinguish whether it is a car or a truck.

The garbage collector must examine the variant �eld to determine which

variant has been instantiated ; it will then use this value to �nd the appropriate

type in the static type information. 1

The variant �eld associated with variant records are not strictly comparable

with tags as described in section 1. Most records are not variant, and thus

won’t need a variant �eld. Furthermore, they serve as user data as well as type

information. For these reasons, we will represent them explicitly and still claim

to have no \tag " storage.

1 T h e v a r ia n t ta g m u st be present in the data stru cture , h o wever . In Pasca l ( for e xample )

a variant record ma y have an un -named tag �eld that in some (unchec ked) implementations

can be omitted from the run-time represen tation of the record ; but for this garbage collection

algorithm the compiler must insert and initiali ze the �eld even though the user can ’t access

it.

3G a r ba g e c o llec t io n cost v s . exec ution costT

h e p re v i o u s sec tio n

( an d reference

[

4 ] ) describe a runtime system forPascal

that has no tags except for variant records and represe nts integers in their

natural (tagless) represe ntation; call this systemA

. Let us compare its cost to

a (hypothetical) Pascal system,

B, that uses tags to tell the garbage collector

about the types of objects; and to a conventional Pascal system,C, without

garbage collection that uses thed

i s p os e command to do explicit deallocation.We will assume that there is a performance penalty in system B ofb

% for

manipulating tag bits at run-time and for creating the record tag words. We

will also assume that program C eventually disposes of each cell, with a cost ofc instructions per cell.2

Finally, we suppose that system A’s garbage collector

isa times as slow as system B’s, since it has to interpret the type map as well

as traverse the heap.No matter what the values of a, b, and c, it turns out that systemA will be

faster in the limit of large memory size. LetL be the number of live records in

the heap; this is independent of the program and of the compiler. LetM be the

size of memory, andk be the time to copy and scan one record. Letg be the

amortized cost of garbage collection: that is the total cost of garbage collection

divided by the number of cells allocated. Then g is g= cost of copying

cells freed = kL M

2� L which approaches zero3 as M increases[ 1].

We can now calculate the theoretical performance of the three systems A,B ,

andC , assuming the program executesR instructions and allocatesS records:T

A = R+ S ag! R TB = R(1 + b) + S g ! R(1 + b)

TC = R + S c ! R + S cSince g !0, it is clear that T A must be the smallest of thesequantities. So

it appears that tagless garbage collection is a good thing.4

Poly mor p hic typ e checking

Tagless type checking serves Pascal very well.However, the strict type system of

Pascal (and similar languages) constrains the style of programming. To do list

processing in Pascal, for example, it is necess ary to re-implement the same set 2

W e w i ll ig n o re t he very signi � c ant, b ut harder tomeasure, programming overhead of using

a system without automatic garbage collection.

3

The cost approacheszero even faster if a generational garbage collector[

5 ][ 9] is used.3

of p ro c e d ure s

( c o n s , h e a d, ta i l, ma p, append, etc

.

) for eac h data type ofwh

ich it is desired to havelists.

I n contrast, the language

LI

S

P hasjust one set

of list primitives which are applicable to lists of any type.This simpli�es and

clari�es programs, and permits a more abstract programming style.

Languages likeML

[

6 ] have a static type system that allows functions (like

cons) to be polymorphic[7]. That is, the language is type-checked at compile

time, but the cons function can be used to build lists of any type of ob ject.For example, the simplest polymorphic function is the identity function,

(�

x :x), which has the type8

�:(�

! �). The function-composition function

(�(f

; g):�x:f (gx)) has the type 8�8� 8 :((� ! )� (� ! � )) ! (� ! )).Consider thec o n s function that attaches an integer to the beginning of a

list of integers, or a string to the beginning of a list of strings. In general, cons

takes an argument of type � and an argument of type � list, and returns a

result of type � list, for any type �. Formally, we write the type of cons as

8�:(� � �list ! � list).

The empty list, nil, is also polymorphic; it is simultaneously an empty list of

integers, and empty list of strings, etc. Its type is 8�:� list. Then the following

expressions have the noted types:

cons(

5,nil

) int list

cons(

"s",nil) string list

cons(

8,cons(5,nil)) int list

cons(cons(5,nil),cons(

6,nil),nil) (int list) list

cons(nil,nil) 8�:(� list)list

cons("s",cons(5,nil)) illegal

To make a list containing ob jects of di�erent types, one would use a union

type (like a variant record in Pascal).

In ML (as in Lisp), the same piece of machine code implements the cons

function for integers and the cons function for strings.All ob jects, whether in-

tegers or pointers, take exactly one word to represe nt, and the cons function just

combines the two one-word arguments into a record. In general, a polymorphic

function needs only one implementation.Other operations (like plus) are ov e r lo a ded, not polymorphic; their imple-

mentation depends on the type of the operand. In ML (but not in Lisp), the

compiler determines the argument type at compile-time, and no tag-checking is

required at run-time.No runtime operations except garbage collection depend on the tags in an

ML system. If garbage collection could be done without tags, then the tags

could be eliminated entirely.5

P o l y mo r p h i c g ar bag e collectio n witho ut tags

Section

3 describes an algorithm for garbage collection of statically-typed, non-

polymorphic languages without tags.We would like to extend this scheme to4

Th e t a g le ss gar bage c ollector w ill nee d toknow the ty pe of the older cell(and

, in particular, of the newer cell it points to)

. The older cellmust have

been copied during a previous collection, however, and the garbage collector

knew its type at that time.We could arrange that each copied cell keeps its

type-pointer (as described in the last section).Keeping the type-pointers of all copied cells becomes expensive, however|it

will take as much space4 as an implementation with explicit descriptors every-

where. In

M

L, however, the compiler can identify the cells that may be stored

into; such cells are marked by the programmer asr e f variables. The garbage

collector can attach type-pointer to ref cells when it copies them, and omit the

type-pointer from other cells.8

E s t i m ati n g th e p er f orman ce Though this algorithm has not been implemented, we can estimate its perfor-

mance relative to ordinary (tagged) garbage collection. We will make some

arbitrary guesses about the cost of various operations, and calculate the result-

ing impact on time and space of an executing program.

We will use theStandard ML ofNew

Jersey compiler[

3 ] for comparison.

The code generated by this compiler uses a low-order tag bit on each (4-byte)

word to distinguish pointers from integers, and uses a one-word descriptor on

each record to communicate its type to the garbage collector. The tag bits and

descriptor words are used only by the garbage collector.5

To measure the overhead of record-descr iptors, we ran a large benchmark in

this system (the compiler compiling itself;500 seconds of execution on aV

A X

8550, or approximately 1

:4 � 109 V AX instructions). We used a generational

garbage collector; the cost of garbage collection decreases as one increases the

memory limit, but our typical overhead in large memories is one or two percent.

The benchmark allocated 31.4 million records of average size

2.

9 words.

This means that there were 91.1 million words of data and 31.4 million words

of descriptors, so the space overhead of the descriptors is about 26

%. On the

average, one record is allocated every 45 instructions; so the time overhead of

thes

t o r e instructions to create the descriptors is about 1/45 or 2.2%.

It is harder to estimate the time cost of the tag bits. Some compilers reserve

the low-order bit of each word to distinguish integers from pointers. If all our

pointers point to word-aligned objects on a byte-addressable machine, then the

low-order bit of every pointer is always 0. We can tag integers with a low-

order bit of 1 so the garbage collector can tell pointers apart from integers. The

hardware arithmetic instructions don’t know about this tag, however, so we must

remove it before adding or subtracting: this requires a one-instruction correction

to one of the arguments of an add or subtract, and three extra instructions to 4

B u t n ot a s muc h tim e

, because most cells becomega rbage and never get copied

.

5 and by the polymorphic equalityfeature,which is dispensible.7

co rr ec t a m u lt i pl y

. A dditio n orsu btraction of a constant, ho wever, can be

corrected at compile-time, and comparison operations require no correction.Some implementations use a low-order tag of0 for integers, then integer

addition can then be done with the ordinary machine add instruction, and no

shifting or correction will be necessary(since

2 x + 2y

= 2(x + y)).

This requires

that pointers have a tag of1

; but pointer-fetches can be done with odd o�sets

to compensate.We chose not to do this in StandardM

L ofNew

Jersey.

We measured the dynamic frequency of tagged arithmetic instructions exe-

cuted by a large Standard ML program (the Standard ML of New JerseyCom-

piler). Arithmetic operations, not counting comparisons, comprised 1.04

% of

all instructions; the average tag-removal and tag-insertion overhead was 1.61

instructions for each operation. Thus, there was a 1.65% total overhead for

tag handling on integers.On programs that are not so heavily symbolic as a

compiler, we might expect a higher proportion of arithmetic instructions.Ungar

[10

] measured the dynamic frequency of tagged arithmetic instructions

in Smalltal k and found them to be approximately 12% of all instructions. This

included the comparison instructions and the\load class" instruction, however,

and the SOAR machine Ungar was compiling for did not have a multiply in-

struction. The tagged add, subtract, and logical operations comprised 2.06% of

instructions; this is comparable to the ML measurement.

The space overhead from tagging is 1 bit for every integer or pointer stored.

Thus, we will estimate a space overhead of 1/

32 (or 3.1%) for the tag bits. This

can only be an estimate, for when a small integer is represe nted, that bit isn’t

needed anyway. When a full 32-bit integer is needed, then itjust won’t�t; this

is an unquanti�able inconvenience. And when a pointer is represented, then

the extra bit isn’t needed unless the address space is �lled to more than half of

capacity, in which case it will always be needed.In total, the overhead of descriptors and tag bits is about 28% in space and

4% in time.By using BIBOP schemes, we can reduce the space overhead but

not the time, as allocating a record then becomes more complicated.

In contrast, let us estimate the overhead of tagless garbage collection. The

garbage collector must do an extra traversal of the stack to determine the in-

stantiations of polymorphic types; but this is trivial in comparison with the

amount of data to be copied. Copying might become slower by a factor of two

or three, since the type system must be traversed at the same time. There is no

other time cost; so the overhead would increase by an amount equal to perhaps

twice the current cost of garbage collection, i.e. 2{4%.

There is a space cost of tagless garbage collection, too. The machine code

for each function must be annotated with descriptions of the types of its local

variables and of the functions it calls. This might be half the size of the ex-

ecutable code. In our benchmark, code was usually just under half of all live

data at any time, so the e�ective space overhead of tagless collection might be

on the order of 25%.For programs that have much more data than code (and

such programs are common), or for timesharing environments where re-entrant 8

co d e i s sh a red b y ma nyusers

, the space overhead vanishes.

So

we�nd that the cost of tag less collection would probably be about equal

to the cost of conventional garbage collection, in the given benchmark.

For ma-

chines with more memory(where the overhead of garbage collection decrease s),

and for programs with much more data than code, the cost of tagless collection

will begin to win.9

C o n c l u s ion Run-time tags are not necessary for statically-typed polymorphic languages.The performance of a system without type tags will probably be comparable

the the performance of a conventional system.Programming language features

(e.g. the polymorphic equality feature of StandardM

L) that require runtime

tags should not be thrown into the language\because the tags have to be there

anyway;

" the tags don’t have to be there.Ac

kno wl e d ge men t Thanks to TrevorJim for many useful comments on the manuscript.Re

fe rences

[

1 ] Andrew

W. Appel.Garbage collection can be faster than stack allocation.In f o r m a t ion Proc e ssin g

Letters, 2

5( 4)

:2

75

{27

9, 1987.

[2] Andrew W. Appel, John R.Ellis, andKai Li.Real

-time

Conc urrent Col lec-

tion onStock

Multi processors. Technical ReportCSL-TR-1

33-88, PrincetonUniversity,

1988.

[3] Andrew W. Appel andDavidB. MacQueen. A Standard ML compiler.In

Gilles Kahn, editor,Functional Programming Languages and ComputerArchitecture(L

NCS

2

7 4 ), pages 301{324, Springer{Verlag, 1987.

[4] Dianne E. Britton.Heap Storage Management for the Programming Lan-

guage Pascal. Master’s thesis, University of Arizona, 1975.

[5]Henry Lieberman and Carl Hewitt. A real-time garbage collector based

on the lifetimes of objects. Communications of the ACM, 23(6):419{429,

1983.

[6] Robin Milner. A proposal for Standard ML. In ACM Symposium on LISP

and Functional Programming, pages 184{197, 1984. 9

[7 ] R o b i n Mi ln e r . A t heor y of type polymorphi sm in progr amming.

J o u r n a l

of

Co m pu t er and

S y stem Sc iences,

17 :

3 4 8 {37 5, 1978.

[8]Paul Rovner, RoyLevin, and

John

Wi c k. On

E xtendin g

Modula-

2 ForBuilding

Large,

Integrated

Systems.

Technical Report Research Report 3,D

E

C Systems

Research Center, Palo Alto, CA, 1985.

[9] DavidUngar.

Generation scavenging: a non-disruptive high performance

storage reclamation algorithm.In SIG

PL

A

N Notices(Proc. ACM SIG-

SOFT

/SIGPLAN Software Eng. Symp. on Practical SoftwareDe velopment

Environments

), pages 157{167, 1984.

[10] David M. Ungar. The Design and Evaluation of aHigh Performance

Smal ltalk System. MIT Press, Cambridge, Mass., 1986. 10