C

ACH

E

PE

R

F

OR

MA

NCE OF PROGRAM

S

W

I

TH INTENSIVE

HEAP ALLOCA TION AND GENERA TIONAL GARBAGE

COLLECTION M a

r c e l o Jo

s

� ede

Re

ze

nde

Gon

� calvesA

D

I

SS E

R

T A TIO

N

PRESENTED

TO THE

F AC

U

L TY

OF PRINCETON UNIVERSITY

IN CANDIDACY FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

RECO

MMENDED FOR ACCEPT ANCEBY

THE DEP AR TMENT OF

COMPUTER SCIENCE May

1

99 5

c C o p y r i g h t by M arc e lo Jo s �e de Re ze nde Gon �cal ves 1 99 5

All Rights Reserved

T h i s diss e r t ati o n presents a st ud y o f cache perfor mance of pro grams with intensi ve heap a llo -

cation and generational gar bage collection , such as M L programs compiled by the S t a n da rd

M L o f N e w Jer se y compiler ( SML / N J ) . SML/NJ programs allocate ob jects dynamically in

the heap at a very fast rate, due to the allocation of function activation records (closures)

in the heap.

The memory reference patterns of a set of SML/NJ programs are studied, showing that

nearly all writes are for se quential allocation, and most reads are to recently allocated

ob jects. The cache performance of the programs is studied with di �erent cache parameters

varied : cache and bloc k si ze, associativity , and write-miss policy . The results con �rm the

�ndings of previous studies, that the write-miss policy has the most signi�cant e�ect on

the performance of these programs. Because of the way these programs reference memory

it is important that the cache allocates a block on writes, without fetching the block from

memory .

This dissertation also investigates the use of software alternatives to improve cache

performance, that have been suggested but not fully analyzed in previous studies, such as

�tting the allocation space in the cache. The trade-o�s between cache and garbage collection

overhead are quantitativ ely analyzed. The e�ects of other garbage collection parameters on

performance, such as the frequency of ma jor collections, and the algorithm to traverse the

graph of reachable ob jects are also considered.

The results of this study show that heap allocation, even intensive heap allocation of

closures, can have good cache performance, as long as the architecture uses a favorable

write-miss policy . On machines with an unfavorable write-miss policy there are alternatives

that can be applied, such as �tting the allocation space in the cache.

iii

I w o u l d li k e to th a nk m y advi so r

, Andrew Appel, not onlyfor his help during this research,but also for his support during the years I spent inPrinceton

.

I am indebted toLal

George for accepting to be a reader at short notice, and for many

suggestions to improve thequality of this text.

Thanks also toDoug

Clark for his comments

on both the�nal and early drafts of this thesis. AnneRogers also made many comments

to an early draft of this dissertation.E.

GunSirer wrote the reliable simulator used in this research, andJohn

H. Reppy

provided me with a prototype of the new SML

/

NJ garbage collector.Zhong Shao gave me

a lot of help with the SML/NJ system.Karin Petersen provided data on caches of various

machines.

The sta� of the Department of Computer Science at Princeton provided valuable help

throughout my years in Princeton. Especial thanks to Sharon Rodgers.

I would like also to thank my family for all of their support and encouragement.

This research was supported by the National Council for T echnological and Scienti�c

Development ofBra

zil

(CNPq

) Grant2

00 5

7 9/90.

8, and by the National ScienceF oundation

Grant CCR-9200790. iv

A b s t r a ct iii Ack

n o w l e d ge ments iv

1

Introduction 1

.1 M o t i v atio n

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :2

1.2Ov

e rvie w : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :4

2

Background 7

2.1Ca c he Architect ure s : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :7

2.1.1 Cachedesi gn issues : : : : : : : : : : : : : : : : : : : : : : : : : : : :9

2.1.2

W ritemiss policies : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

2.1.3 Cache architecture of current machines : : : : : : : : : : : : : : : : : 16

2.2Generational Garbage Collection : : : : : : : : : : : : : : : : : : : : : : : : 17

2.3The

SM

L

/ N J System : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

2.3.1

Heap

-allocated closures : : : : : : : : : : : : : : : : : : : : : : : : : 21

2.3.2

Data representation : : : : : : : : : : : : : : : : : : : : : : : : : : : 21

2.3.3 Allocation and garbage collection : : : : : : : : : : : : : : : : : : : : 223

Met hodolog y andT ools 26

3.1Benchmarks : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 26

3.2Performance Model : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29

3.3 Limitations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 32

3.4 T ools : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.4.1 The MIPS instruction level and cache simulators : : : : : : : : : : : 33

3.4.2 Garbage collector instrumentation : : : : : : : : : : : : : : : : : : : 35 v

1

C a c h e o r ga n i za tion of so me current machines and CP

Us .

: : : : : : : : : : : 16

2

Descri ption of thebenchmark programs. : : : : : : : : : : : : : : : : : : : : 27

3

Run time of the benchmark programs. : : : : : : : : : : : : : : : : : : : : : 274Instruction and memory reference counts for the benchmark programs : : : 28

5

Garbage collection instruction counts : : : : : : : : : : : : : : : : : : : : : : 29

6 Performance model evaluation. : : : : : : : : : : : : : : : : : : : : : : : : : 30

7 General allocation data. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 37

8Allocation by type. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 37

9 Allocation break-do wn by closures and user data. : : : : : : : : : : : : : : : 38

10Older objects pro�le : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42

11 Average size of older ob jects : : : : : : : : : : : : : : : : : : : : : : : : : : : 42

12 Distribution of allocation and non-allocation writes. : : : : : : : : : : : : : 43

13 Read references by type : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45

14Breakdown of references to recently allocated data. : : : : : : : : : : : : : : 46

15Survival rates for the young ob jects in �rst generation. : : : : : : : : : : : : 53

16 Survival rates of all ma jor collections. : : : : : : : : : : : : : : : : : : : : : 54

17 Run times on the DEC5000

/240 : : : : : : : : : : : : : : : : : : : : : : : : 103

18 Run times on the DEC3000/500 : : : : : : : : : : : : : : : : : : : : : : : : 104

19 Probabilities of ushing a partially �lled block : : : : : : : : : : : : : : : : 106 viii

1

C o p y i n g ga r bag e co llec tion

: : : : : : : : : : : : : : : : : : : : : : : : : : : 18

2

T he

S

M L

/ N J heap : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

3Ob

ject lifeti me s : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39

4 Minor collection sur

vival rates : : : : : : : : : : : : : : : : : : : : : : : : : : 40

5

User

- data and closure survival rates : : : : : : : : : : : : : : : : : : : : : : 416

Lexgen

write patterns : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 447

Read distribution : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46

8 Reads per generation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48

9 Lexgen read patterns : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48

10 Live ob jects distribution : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 51

11 Non-cumulative live ob jects distribution : : : : : : : : : : : : : : : : : : : : 52

12W ords copied on ma jor collections : : : : : : : : : : : : : : : : : : : : : : : 53

13 W rite miss ratios on direct-mapped fetch-on-write caches : : : : : : : : : : 58

14 Read miss ratios on direct-mapped fetch-on-write caches : : : : : : : : : : : 59

15 Read miss distribution : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 60

16 W rite miss ratios for each program : : : : : : : : : : : : : : : : : : : : : : : 62

17 Read miss ratios for each program : : : : : : : : : : : : : : : : : : : : : : : 62

18 Misses on fetch-on-write, write-around, and write-validate caches : : : : : : 63

19 Read miss ratios on associative caches : : : : : : : : : : : : : : : : : : : : : 65

20 W rite miss ratios on associative caches : : : : : : : : : : : : : : : : : : : : : 65

21Allocation space size and write misses, on associative caches : : : : : : : : : 66

22 Associativity and block size : : : : : : : : : : : : : : : : : : : : : : : : : : : 66

23Instruction cache miss ratios : : : : : : : : : : : : : : : : : : : : : : : : : : : 69

24 Instruction cache miss ratios and associativit y : : : : : : : : : : : : : : : : : 70

25 Uni�ed cache miss ratios : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 71 ix

26 F e t c h - o n- w r ite an d write-validate cache overhead: : : : : : : : : : : : : : :72

27In

str uction cache overhead : : : : : : : : : : : : : : : : : : : : : : : : : : : : 72

28

S plit and uni�ed cache overhead : : : : : : : : : : : : : : : : : : : : : : : : 73

29 Block size versus penalty trade-o�

, for direct-mapped data caches. : : : : : 76

30 Block size versus penalty trade-o�, for set-associative data caches. : : : : : 76

31

Miss ratios for SML

/ N J versus SP

E C92 : : : : : : : : : : : : : : : : : : : : 78

32Direct-mapped write miss ratios versus allocation space size : : : : : : : : : 82

33Associative write miss ratios versus allocation space size : : : : : : : : : : : 82

34 Direct-mapped read miss ratios versus allocation space size : : : : : : : : : 84

35 Associative read miss ratios versus allocation space size : : : : : : : : : : : 84

36Gar

ba ge collection read miss ratios versus allocation space size : : : : : : : 85

37 E�ects of major collection on miss ratios : : : : : : : : : : : : : : : : : : : : 86

38 E�ects of ma jor collection survival rates on miss ratios : : : : : : : : : : : : 87

39Read miss ratios versus allocation space size for Simple : : : : : : : : : : : 89

40 Garbage collection overhead : : : : : : : : : : : : : : : : : : : : : : : : : : : 92

41 CPUI for a 512K-byte fetch-on-write cache : : : : : : : : : : : : : : : : : : 93

42 CPUI for a 32K-byte fetch-on-write cache : : : : : : : : : : : : : : : : : : : 93

43 Break-even miss penalty : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95

44 Break-even miss penalty for uni�ed caches : : : : : : : : : : : : : : : : : : : 96

45 Breakeven miss penalty without ma jor collections : : : : : : : : : : : : : : : 97

46 CPUI for 512K-byte write-validate cache : : : : : : : : : : : : : : : : : : : : 98

47 Breadth-�rst, depth-�rst, and linearization on direct-mapped caches : : : : 99

48 Breadth-�rst, depth-�rst, and linearization on associative caches : : : : : : 100x

T h i s diss e r t ati o n presents a stud y of cache performance of programs with intensive heap

allocation and generational garbage collection, such asM

L programs compiled by theS t a n - da

rdM

L o f N e w Jer se y compiler (

SML /

N J

) [ 11 ]

.

ML is a strict, statically-type-checked language, with parametric polymorphism, that

encourages the use of amost

ly fun ct ional programming style[5

3, 56]. Most data structures

are immutable, that is, they are written only once, when they are created. The language also

provides reference variables that can be updated, but these variables must be distinguished

from immutable data structures, and their use is discouraged. ML provides higher order

functions, which can be treated like any other ordinary data structures, and can be stored,

passed as arguments, or returned as the result of other function calls.Data objects are

allocated dynamically , and there is no explicit deallocation.Implementations must provide

automatic deallocation, usually by agarbage col lector.

The SML/NJ implementation is based on continuation-passing style (C

PS) [8]. The

compiler uses heap-allocated closures to represent�rst class function values.A closure is a

data structure that contains the machine-code address and bindings for the free variables

of a function.Because of the use of heap-allocated closures, programs compiled by the

SML/NJ compiler (SML/NJ programs) tend to allocate ob jects in the heap at a very fast

rate: on aRISC machine, a typical program allocates about one word for every six machine

instructions. T o provide e�cient allocation, SML/NJ allocates sequentially from a contigu-

ous area, the al location space, and for e�cient deallocation, it uses a generational copying

garbage col lector [80]. 1

CH

A

P

T E

R 1

. I

NTR O

D

UCTION

2

1

.1

M o t i v atio n

W

i t h the r a pi d in crea se in processor speed, which is notbeing matched by a similar increase

in memory speed,c

ac h e s are becoming increasingly importantfor higher performance in

comp uter systems.

Caches can hold only a small subset of the instructions and data in

use by a program and they are e�ecti ve in improving performance only if programs have

good locality properties, that is, either the same locations are used many times(temporal

locality) or adjacent locations are used within a short interval (spatial locality)[

42 ].

Since good cache performance depends on the locality properties of programs, it is im-

portant that these properties be well understood both by hardware and software designers.A better understanding of a program’s locality properties can lead to the design of better

cache architectures that can make use of those properties to improve performance, or it can

help software designers modify their programs to match features provided by a particular

cache architecture.F unctional programs with dynamic heap allocation had been generally believed to have

poor cache locality , because of their use of large memory areas [8

3]. T o address this problem,

Wilson,

Lam, andMoher [83], andZorn [87] proposed the use of generational garbage

collection techniques to improve cache performance. They claim that cache performance

can be improved by keeping the allocation space (ory o u n ges t generation) in the cache

(that is, making the allocation space the size of the cache or smaller).But because making

the allocation space small makes garbage collections more frequent, and thus can increase

garbage collection overhead, this idea is practical only for\large

" caches, otherwise the extra

garbage collection overhead would o�set the lower cache miss overhead.On a di�erent path,Peng and Sohi [57] proposed new cache architecture features that could signi�cantly improve

the performance of programs with dynamic heap allocation. They observed that the memory

access characteristics of these programs, with most writes being to the allocation of a new

ob ject on the heap, can cause many write misses (al locationmisses), the number of which

tend to be inversely proportional to block size, and independent of cache size.In their study ,

Peng and Sohi showed that a cache allocate instruction, which allocates a word directly in

the cache without fetching it from memory , could eliminate most of these allocation misses.Koopman et al. [46], andDiwan et al. [28, 29] showed that programs with dynamic heap

allocation can have good cache performance if the cache has features that achieve an e�ect

similar to the allocate instruction described by Peng and Sohi. These features are related

CH

A

P

T E

R 1

. I

NTR O

D

UCTION

5 s

u mm a r i z es t he simp li � cati o ns and limitations of thiswork

. And

Section

3.

4 describes the

instruction level simulator and other tools used in this research.Chapter

4 presents an analysis of the memory reference patterns and object character-

istics of the benchmark programs.

This study begins with a pro�le of ob ject allocation,

which is presented in Section 4.1. The main results in this section are that closures account

for most of the allocation of the programs, but closures tend to have a short life, making

user ob jects the most common ob jects in older generations.User ob jects are small, two to

three words on average, while closures are about six words on average. Section 4.2 describes

the write references of the programs, and shows that nearly all writes are for allocation,

having a regular pattern. Section 4.3 analyses the read references, and shows that most

reads are to recently allocated ob jects, and that most of these references are to closures.Finally

, Section 4.4 analyses the memory references of minor and ma jor collections, which

can have a signi�cant e�ect in the performance of some programs.

Chapter 5 studies the cache performance of the benchmark programs on various cache

organizations. The e�ects of many design parameters are evaluated. Cache size is varied

from 1K to 4M bytes, block size from 16 to 256 bytes, and set size from 1 to 16.Read

and write miss ratios are studied independently , and the e�ects of three write miss policies

are analyzed. The chapter begins with the miss ratios of fetch-on-write caches. Section 5.2

compares the miss ratios of write-validate and write-around caches to the miss ratios of fetch-

on-write caches. Section 5.3 presents the miss ratios for set-associative caches. Section 5.4

presents the miss ratios of instruction caches, and Section 5.5 the miss ratios for uni�ed

caches. Section 5.6 shows the cache overhead for data, instruction, and uni�ed caches.

Finally , Section 5.7 compares the performance of the SML

/ N J programs to that of the

SP

EC 92 benchmarks, and to a benchmark of Scheme programs.

Chapter 6 considers the e�ects of garbage collection on cache performance. Two main

issues are considered, the frequency of minor and ma jor collections, and the algorithm to

traverse the graphs of live ob jects. Section 6.1 presents a study on the e�ects of the size of

the allocation space on cache performance. The benchmark programs are run with many

di�erent allocation space sizes, from 16K bytes to\in�nite

". Using the analytical model

introduced in Section 3.2 and empirical measurements, a quantitative analyses of the trade-

o�s between lower cache and higher garbage collection overhead is presented. The e�ects

of the traversal algorithm in cache performance is analyzed in Section 6.2, where three

di�erent algorithms are compared, the standard breadth-�rst search used by the SML/NJ

CH

A

P

T E

R 1

. I

NTR O

D

UCTION

6 c

o m p i l e r , a dep t h - �r st search, and a modi�edbreadth-�rst algorithm that linearizes lists.

Chapter

6 also presents two cases studies inSection 6.3.

2, where the e�ects of the size of the

allocation space in the performance of SM

L

/ N J programs in two machines with di�erent

cache organizations is analyzed.

Finally

, Chapter

7 reviews related work, and summarizes the main results and conclu-

sions of this research.

T h i s cha p t e r presents ano vervie w of cache architectures

, generationa l garbage collection,

and theS

M L

/ N J compiler and run-time system, introducing terminology and concepts that

will be used in subsequent chapters.

2

.

1 C a c h e

A rchi tect ure s This section brie y overviews the main issues related to cache architectures. More detailed

information can be found in Smith[

66 ],

Pr zybylski [5

8], or in standard computer architecture

textbooks [4

2, 74].A

c ac h e is a small and fast memory that sits between the processor and the main

memory . The cache contains a subset of the words in the address space of a program, which

is the set of memory words that can be addressed by a program.In general, the memory of

a computer system is organized as a hierarchy where the higher levels, which are closer to

the processor, contain a subset of the words of the lower levels of the hierarchy . The cache

is the�rst level of this hierarchy and the virtual memory the lowest. Multi-level caches

are becoming common on current machines, with a �rst, second, and possibly a third level

caches.Caches are e�ective in improving performance only if there is a high probability that

a word addressed by a program is found in the cache, avoiding a costly fetch from main

memory . Caches usually work well because most programs tend to have goodl ocali t y prop-

erties, that is, a few memory locations tend to be reused many times(te

m poral locality),

and adjacent memory locations tend be be referenced within a short time (spatial locality). 7

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

8

A

m em o r y refere n ce t h at i s foun d in the cache is called ac ac h e hi t , while a memory

reference that is not found in the cache and mustbe fetched from main memory is called a

cachemi

ss

.

The time to fetch a word from the cache is the hit time, and the time to fetch a

word from memory is the misspena lt y. The ratio of references that are misses to the total

cache references is the cache missratio

(or miss rate).

Performance (measured bypro gram

execution time) depends both on hit time, miss penalty , and miss ratio. The lower the hit

time, the miss penalty , and the miss ratio are, the better the performance is.

A cache consists of an array of�xed

-si ze blocks (or lines) that cankeep the contents of

one memory block. An auxiliary array of tags contains a directory of which memory block

is stored in each cache block.When the processor makes a memory reference (read or write)

the the tag array is searched to �nd whether the block that contains the address is present

in the cache.If the block is in the cache, then there is a cache hit, and the requested word is

returned to the processor (or written to the cache).Otherwise there is a miss and the block

that contains the requested word must be fetched from memory into the cache.Besides the

tag, the directory contains control bits that keep status information on each cache block,

such as if the block containsvalid data (vali d bit), or if its contents have been modi�ed

(dirty bit).

A cache isf

ul ly associative if a memory block can be placed in any block in the cache. In

this case, all entries in the tag array must be searched in parallel to �nd where the desired

block is. A cache is direct-mapped if a memory block can be found in exactly one cache

block. In this case, some mathematical function of the memory block address (usually the

modulus by the number of cache blocks) is used to compute the unique entry that can

contain a block. In general, the cache is organized as an array of �xed-size sets of blocks.

A memory block can be located anywhere within a set, but in exactly one set. A cache

is called n-way set associative (or n-way associative, or of degree n) if each set contains n

blocks. A direct-mapped cache is a particular case of an n-way associative cache where the

set size is one (1-way associative), and a fully associative cache withs blocks has only one

set of size s. A memory address is usually divided in three parts, the tag, the index, and

the block o�set, where the index is used to select the set and the block o�set selects a word

within a block.Cachemisses can be divided into three types. A compulsory miss occurs when an address

is referenced for the �rst time. A capacity miss occurs when a program makes references to

more blocks that can �t into the cache, and thus some blocks must be temporarily replaced.

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

9

A

c o n ic t m i ss o cc u rs w h e n moreb locks th at can�t into a set map to the same set, causing

some blocks in the set to be replaced. B y de�nition,fully associative caches do not have

con ict misses.Compulsory misses depend on the number of distinct blocks referenced by

a program. Capacity misses depend on the cache size, and tend to decrease as cache size

increases, while con ict misses depend on the degree of associativit y , and tend to decrease

as the degree of associativity increases.2

. 1.1 C a c h e de s i g n issues

The goal of cache design is to balance cost and performance[

4 2 ]. In general, the designer

seeks to obtain maximum performance while keeping cost at a reasonable level for a given

machine. The design of a cache involves the selection of a number of di�erent parameters,

such as cache size, block size, and set-associativity , and there are usually trade-o�s to be

made in these selections. This section describes the most common of these paramenters and

their relation to cost and performance.D

u a l /u n i � e d cac he s A cache is uni�ed if the same cache is used for both instructions and data.Having separate

caches for instructions and data allows instruction fetches and data reads and writes to be

processed in parallel. Both dual(or split) and uni�ed caches are commonly used.Dual

caches are common for small �rst level on-chip caches, and uni�ed caches are common for

large second level or o�-chip caches.Cache size

Typical cache sizes range from a few kilobytes to a few megabytes.Large caches have lower

miss ratios, but they may have higher access time, or they can require more area than what

is available for an on-chip implementation.Small on-chip caches, from8

K to32K bytes, are

common on current microprocessors. Caches from64K bytes to 4 megabytes are common

for second-level or single-level o�-chip caches.Bl

ock

(line

) size

Large blocks may make better use of spatial locality and thus reduce miss ratios. But given

a �xed cache size, increasing block size reduces the number of blocks in the cache, which can

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

1

2 c

o n t a in s th e most recent cop y of ab lock

, and aword in that block is read, causin g a cache

miss.

There are two alternatives: the bu�er must be ushed before the block can be read,

which may increase the miss penalty , or the block can be fetched from the bu�er, which

can increase the complexity of the bu�er hardware.2

. 1.2 W r i t e mi ss p o li cies

The write miss policy determines the action to be taken on a write miss.Unlike read misses,

where the usual action is to fetch the block containing the addressed word, there are many

alternative actions that can be taken on write misses.F or example, it is possible to fetch

a block,just like on a read miss, or to bypass the cache and write the word directly to

memory .Because of the sequential allocation writes that may cause many write misses,

the write miss policy is of great importance for the cache performance of programs with

intensive heap allocation. This section presents a discussion on write miss policies, following

the terminology ofJouppi

[

4 5 ]. The discussion below assumes that the architecture allows

only aligned word writes.Many architectures allow writes to bytes, half-words, or unaligned

writes, and some special action may be required in these cases.

The three main decisions that must be made on write misses are described below. 1.W

r i t e - a l lo catever s us nowrite-al locate: on a write-allocate cache, a block is allocated

for the word being written, while on a no-write-allocate cache, the word is written

only to memory and no cache block is allocated.

2.Fetch-on-write versus no-fetch-on-write: this policy determines if the block containing

the word being written is to be fetched or not.If the block size is one word, then there

is no need to fetch, since the word is going to be overwritten. But if the block size

is greater than one word and the decision is not to fetch, then the remaining words

in the block must be invalidated, and therefore the cache must have one valid bit per

word if this policy is used with a block size greater than one.3.

Writebefore-hit versus no-write-before-hit: this policy determines if the word is writ-

ten in parallel with the tag look-up(and the detection of hit or miss) or only after the

result of the look-up is decided.A write-before-hit policy can allow writes to be done

faster, but because the previous contents of the block are overwritten on a miss, this

policy can only be used with write-through caches.W rite-before-hit is used only with

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

1

3 d

i r e c t - m a pped cache s

, since on associative caches it is not possib le tokno w which

block in a set to write before directory look-up

.

Many combinations of these policies are possible(but not all combinations are mean-

ingful

), giving di�erent cache organizations.

In this work, three of these organizations will

be considered :

F

e t c h - o n- w r ite A cache is fetch-on-write if it uses a write-allocate and fetch-on-write

policy .W rite-v

a li date A cache is write-validate if it uses a write-allocate and no-fetch-on-write

policy .

W rite-aro und A cache is write-around if it uses a no-write-allocate, no-fetch-on-write,

and no-write-before-hit policy .F etch-on-write and write-validate caches may use either write-before-hit or no-write-

before-hit policies.One additional organization described byJouppi, write-invalidate, is

not considered in this work. A cache is write-invalidate if it uses no-write-allocate, no-

fetch-on-write, and write-before-hit.The write miss policy can a�ect the write miss penalty and the miss ratio. F etch-on-

write caches must fetch a block from memory and thus may cause a pipeline stall, unless

write misses are non-blocking.W rite-validate does not need to cause a stall, since there is

nothing to fetch from memory . W rite-around usually writes the word into a write bu�er,

and unless the bu�er is full it should not cause any delay . W rite-validate and write-around

eliminate all write misses, since there is no penalty .However, they can add more read

misses, even though the number of extra read misses is never greater than the number of

write misses eliminated. On write-validate caches, an extra read miss may occur only if any

invalidated word in the block that was not fetched on the write miss is read before being

written (when there is a read miss the block is fetched and thus all the words become valid,

and there is no extra miss). On write-around caches, an extra read miss occurs if any word

in the block that was not fetched (possibly the written word itself ) is read before being

written. W rite-around tends to add more read misses than write-validate, because the word

written is more likely to be read again soon than the other words in the block.

In general, write-validate caches perform better than write-around caches, and write-

around performs better than fetch-on-write. W rite-validate caches should be particularly

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

1

4 e

�e c t i vef o r pro gr a m s wit h writes to seq ue ntial addresses

, such as theS

M L

/ N J programs

studied in this work

. Studiesb y Peng and Sohi[

5 7 ], andDiwan,T arditi, and Moss [2

9],

which are con�rmed in this work(Section 5.2), show that write-validate caches are the best

type for programs with sequential heap allocation.Unfortunately

, there are many problems in the implementation of write-validate caches,

which may cause cache designers to avoid this organization [45].�

W rite-validate requires one valid bit per word. Moreover, if the architecture allows

byte writes or unaligned writes, then either one valid bit per byte, or di�erent policies

for word and byte/unaligned writes must be used.

� W rite-validate can make it more di�cult to keep cache consistency on multiprocessor

systems. Shared-bus multiprocessor systems have one cache per processor and use a

write-back policy to reduce tra�c on the shared bus.If the caches are write-validate,

then there may be a block with part of its contents in memory and parts in several

di�erent caches, a problem that must be dealt with by the consistency protocol (when

fetch-on-write or write-around are used only one cache or memory has a complete

valid copy of a block). Solving this problem may require additional transactions that,

beside the added complexity of the protocol, can increase tra�c in the bus, possibly

o�setting the bene�ts of write-validate.

The two important features of write-validate caches are: a cache block is allocated on a

write miss, and the block that contains the missing word is not fetched from memory . These

features are specially important for programs with sequential allocation and generational

garbage collection because these programs are likely to soon read the word that is written

(thus the importance of write-allocate) and they are likely to soon overwrite the other

words in the block (thus the importance of no-fetch-on-write). There are other ways of

providing these features, even if the cache is not write-validate, such as with instructions

that explicitly tell the cache to allocate and not fetch on a write miss. Many architectures

provide such instructions.

TheHP PrecisionArchitecture (HPP A) [24] uses a bit ag on store instructions to indi-

cates to the processor whether the block containing the address written should be fetched

on a cache miss. This feature should be easy to add to SML/NJ programs: all allocation

writes can set the store ag bit to indicate that the block never needs to be fetched. The

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

1

5 P

o w e rP C ar c h i tect ure has ma n y cache control instructions that allowpro grammers to con-

trol the cache[

25 ]

. A d a ta - cach e-a l locate-w ith- ze roes instruction canbe used to simulate

write-allocate with no-fetch-on-write.On machines with non-blocking reads it may also be

possible to simulate write-allocate by prefetching the block in advance [9

, 54].This would

probably cause a read miss, but since reads are non-blocking, there should be no extra stalls,

unless there is a limit on pending cache misses.Both the PowerPC allocate instruction and

the prefetch scheme have the disadvantage of requiring extra instructions to be added to a

program.

Jouppi [45] lists many problems with these alternative schemes:

1. the entire cache line must be known to be allocated at compile time;

2. block size is an implementation, not an architectural feature, and these schemes would

make programs implementation dependent;3.

a block that is only partially allocated may have to be written back to memory before

it can be fully allocated(for example, on a context switch) and destroy the old contents

of the block;

4. the extra allocate/prefetch instructions.

The�rst and third of these items are not real problems forS

M L/

NJ programs, since the

compiler knows which blocks are going to be allocated (all allocation-space blocks| see

Section 2.3), and any non-allocated word in these blocks contains garbage and is never read

before being written. The fourth item is not a serious problem, if the extra instructions

can save many stall cycles due to misses. The only real problem is the dependency on the

implementation, but there may be an alternative to this problem if the architecture provides

an instruction to get the block size (the PowerPC provides such an instruction).

Some caches with sub-block placement, or with one-word blocks and fetch size greater

than one, are similar to write-validate caches, since they have one valid bit per sub-block

or word. They should behave like a write-validate cache, except when the old contents of a

line are read before being written, which should not happen very often. Most of the results

which will be presented later for write-validate caches, should also apply to these caches.

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

1

6 2

. 1. 3

C a c h e archi tect ure o f currentmachines

T

a b l e 1de s c r ibest he basicfeat ures of the caches of some current machines.

It is often

not clear from the literaturewhether the caches are write-allocate or fetch-on-write.When

there is no ex

plicit description of what the cache does on a write miss, it is assumed that

read and write misses are treated in a similar way , that is, the cache allocates and fetches

a block on writes misses.

T able 1:

Cache organi zation of some current machines and CP

Us. M

a c h i n e / YearCache B l ockA ssoc.Write

-Fetch-

Comments/references CP

U size size alloc.

on-write D

EC 5

000/ 2

401

99064

Kb yte I

64K D

4 bytesd-m yes no

Fetches8 blocks(

32 bytes) on

a read miss.[2

7 ] IBM R

S6000 1990 8K I

64K D 64

128 2-way

4-way yes yes Cache reload bu

�er should be

able to handle reads to re-

cently written data without

stalls.

Has cache allocate in-

structions. [13, 47]

Alpha 21064 1992 8K I

8K D 32 d-m no noOn-chip�rst level cache, with

on-chip control for second level

cache. [26]

DEC3000/500 1992 8K I(L1)

8K D(L1)

512K (L2) 32 d-m noyes noyes Uses an Alpha 21064 CPU. [30,

31] HPPA-RISC 1992 4K{1M I

4K-4M D 32 d-m yes no On-chip support to dual o�-

chip caches. Cache size is sys-

tem dependen t. Fetch-on-write

can be selected by setting a bit

in the store instruction. [24, 35,

48]

SuperSPARC

1992

20K I

16K D

8

4

5-way

4-way yes no

On-chip �rst level cache. LRU

replacemen t. [34]

Pentium 1993 8K I

8K D 32 2-way yes yes On-chip �rst level cache. Pen-

tium systems usually have a

256K second level cache. [2, 55]

PowerPC 601 1993 32K 64 8-way yes yes On-chip �rst level cache. Uses

LRU

replacemen t policy. All Pow-

erPCs have cache-line-allocate-

with-zero instructions. [17]

PowerPC 603

1993

8K I

8K D

32

2-way yes yes

On-chip �rst level cache. Uses

LRU replacement. [18]

PowerPC 604

1994

16K I

16K D

32

4-way yes yes

On-chip �rst level cache. Uses

LRU replacement. [69]

Alpha 21164 1994 8K I (L1)

8K D (L1)

96K (L2) 32

32

32/64 d-m

d-m

3-way no no Random replacemen t for the

L2 cache. On-chip control

for a third level direct-mapped

cache. [32]

Intel P6 1995 8K I (L1)

8K D (L1)

256K (L2) 32 2-way

4-way

4-way? ? L2 cache on a separate die,

packaged with the CPU. [40] Notes

: I= instruction cache; D = data cache; d-m = direct-mapped cache; L1/L2 = �rst/second-level cache.

Root

Root

B C D E A Next

(a) before the collection

A D E B C from-space

(b) after the collection to-space Next

F

i g u r e 1:

C o p yi ng gar bage co llec tion collection

, but updating the counters can be costly and themethod is not able to handle

cycles in the object graph.

A copying collector compacts all live ob jects into one area, thus

avoiding memoryfragmentation, but it can use only half of the total memory available for

allocation. Mar

k

-and-s weep can use all the memory available, but it can lead to memory

fragmentation. Copying collection needs to trace only live ob jects, while mark-and-sweep

must scan the entire heap in the sweep phase.If few ob jects survive collections, then copying

collection has an advantage over mark-and-sweep, but mark-and-sweep would be better if

most ob jects survive the collection.One problem with these garbage collection schemes is that they always trace(and copy)

all live ob jects.Empirical measurements have shown that most ob jects usually tend to

have a shortl i f e (that is, the period from the time they are allocated to the time they

are no longer used by a program, and thus can be deallocated), and only few ob jects tend

to have a long life. F urthermore, if an ob ject survives one garbage collection, then it is

likely that it survives many garbage collections.This observation is called thege ne r a ti onal prin

ciple and it leads to an e�cient garbage collection scheme called generational garbage

col lection[

51, 80

]. Generationalgarbage collected systems divide the heap into several areas, or generations,

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

1

9 a

n d ea c h gene ra t i on contains ob jects of a certaina g e range(the age of an ob ject is the

time ela

psed since its allocation)

. The basic idea of generational collection is that not all

generations need to be collected at all garbage collections.Generations that containo l de r

ob jects,

which are likely to sur vive many garbage collections, are collected only occasionally ,

while generations that containyo u nger ob jects are collected more frequently .Ob jects are

allocated in one generation, usually called the al locat ion s pace, youngest generation, or

nursery. The allocation space is the most frequently collected generation, and usually only

a few ob jects in the allocation space survive a collection. Ob jects in a generation that survive

a certain number of collections are promoted to the next older generation. Generational

garbage collection is most commonly used with copying collection but it can also be used

with mark-and-sweep or a combination of the two schemes.A generational collector must be able to collect only some generations at a time, that is,

it should be able to trace live ob jects in some generations without having to trace the entire

heap.

Usually ob jects in one generation can have pointers into ob jects in any generation,

but an older ob ject can only point to a younger ob ject if the value of the older ob ject has

been updated since the allocation of the younger ob ject. Awrite barrier can be used to

track the (hopefully few) older ob jects that can point to younger ob jects, and thus only

these need to be traced during a collection of the younger generations.

The design of a generational collector involves the choice of values for many parameters,

such as the size of the allocation space, the number of generations, when to promote an

ob ject to an older generation, and how often to collect the older generations. Unfortunately ,

there are no general rules that can be applied, and these parameters are usually adjusted

empirically [1

6,

7

2, 73, 78, 79, 84, 85

]. A

ll o c a t io n

- s pac e size

The size of the allocation space determines the frequency of garbage collections.Increasing

the allocation space decreases the frequency and cost of garbage collections, since it gives

more time for ob jects to die between collections.Even though the frequency of collec-

tions decreases, the number of ob jects copied per collection usually increases. Interactive

applications usually use a smaller allocation space to minimize pause times. CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

2

0 P

r o mo t io n poli c y T

h e p r o mo t io n poli c y decide s when to promotean ob ject to an oldergeneration

.

In the

simplest case, an ob ject is promoted if it sur

vives a garbage collection of the generation

where it currently is. In general, an ob ject can be promoted if it survives a certain number

of collections, but if this number is greater than one, some form ofkeeping record of the\age

" of an ob jects(that is, the number of collections that it survived) is necessary , which

can add extra complexity to the collector.

The promotion policy can have a signi�cant e�ect on garbage collection performance.

If ob jects are promoted to soon, then they are likely to �ll up the older generations, forcing

frequent collections of those generations. If they are not promoted fast enough, they have

to be copied many times, increasing the cost of collections.N um b er of gener ation s The number of generations can vary from two, to an arbitrarily large number, but usu-

ally only few generations are used (two to eight).Having multiple generations should be

advantageous only if the program tends to have many ob jects with di�erent lifetimes.

The use of many generations introduces the problem of dividing the heap space among

the generations, that is, how much space to assign to each generation.A bad division of

the heap, for example, assigning to much space to one generation and too little to another,

can not only a�ect the cost of collections, but also cause a program to run out of memory .Collections of older generationsCollecting the older generations too frequently can increase garbage collection overhead, but

not collecting them frequently enough can result in memory being �lled with dead ob jects.2

.

3 T h e

S

M

L

/

N

J Sy s te m This section describes the data representation, memory allocation, and garbage collector

of theS

M L

/ N J system. More comprehensive descriptions of the SML/NJ compiler and

run-time system can be found in[

8, 11,62

].

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

2

1 2

. 3. 1

H e a p -a ll o ca te d clos u res T

h e S

M L

/ N J i m p leme n t ati on is base d onc o n t in u ation - passin g sty l e (

C PS

)

[

8 ] . Thecom

-

piler

uses heap-allocated closures to represent�rst classfunction values.

A closure is a data

structure that contains the machine-code address and bindings for the free variables of a

function.

The usual function call mechanism in the implementation of programming languages

involves the use of an activation record,

which contains the values needed by the invocation

of a function, such as space for the local variables of the function and pointers (static links)

to the values of the free variables of the function. Activation records are usually allocated

in a stack, with a stack frame being allocated when the function is invoked, and deallocated

when it returns.In

ML, functions are �rst-class values, and, because an activation record can contain the

free variables of a function that can be returned as the result of a function call and stored

in a data structure for later use, activation records can have inde�nite extent, and cannot

always be stack allocated.Because of the use of a continuation-passing style, where there is no need to explicitly

save the context on a function call, the SML/NJ designers decided to avoid activation

records completely , and use heap-allocated closures as the only mechanism for function

calls [8]. There are several motivations to this decision [3]

:

� the availability of e�cient generational garbage collectors that can automatically deal-

locate closures at little cost;

� heap-allocated closures permit a more e�cient data representation;

� heap-allocated closures are safer for space complexity;

� cal l/cc (call with current continuation) can be implemented more e�ciently , which

can enhance concurrent execution.

A major implication of the allocation of closures on the heap is that SML/NJ programs

allocate ob jects at a very fast rate.

2.3.2

Data representation

The SML/NJ compiler uses a single memory word to represent all ML data types. This word

can contain either an integer value (unboxe

d representation), or a pointer to another ob ject

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

22 t

h at c o ntain s the f u ll re presentation of thedata type( b o x e d representation)

. The low

-order bit of a word is used to distinguish between pointer and integervalues. (This representation

is used in version0.

9

3. More recent versions of the compiler usereprese n t at ion anal ysis and

represent some data types unboxed

[

6 5 ].) Data objects are allocated on the heap, and each ob ject is preceded by a one word

descriptor that contains the type and size of the ob ject. ML is a statically typed language

and ML programs usually do not need toknow the type and size of an ob ject at run-time,

except for polymorphic equality testing. The ob ject descriptor is used mainly by the garbage

collector.

Many di�erent types of ob jects are used to implement di�erent ML data types. The

use of di�erent types allows a fast identi�cation of ob jects that may contain pointers, or

ob jects that may contain mutable reference values.

The types of ob jects that are allocated on the heap are described below.R

e c o r d Records are used to represent most immutable ML data types such as tuples,

records, and also function closures (including activation records) that are generated

by the compiler.P a ir A pair is a record of size two.Pairs are distinguished from other records because

they are usually the most common ob jects used by ML programs, and it is possible

to optimize their representation (for example, eliminating the descriptor).Arra y Arrays of one or more mutable reference cells.Stri n g Immutable byte string or code ob jects.Byte

-array

Mutable byte strings.

Real

Floating-point values.

Real-array Array of oating-point values.2

. 3.3 A ll o c a t io n and ga r bag e collection

The �rst versions ofSML

/

N J used a simple two-generational copying garbage collector[5].

F uture releases will use a multi-generational collector written by John Reppy[62]. This

work uses an earlier prototype of the new run-time system and garbage collector, which is

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

2

3

Code

Limit pointer Allocation space

Generation 1

Generation 2

Generation 3

Generation 4

Generation 5

Store stack

Allocation pointer

Records Pairs Strings Arrays

F

i g u r e 2:

T he

S

M L

/ N J hea p , wi th

� ve generati on s

. des

cri bed in this section(since this work began,Repp y hasmade changes to the design of

the collector, and there are some di�erences between the collector described here and the

one that will be used on future SML/NJ releases).

The new SML/NJ run-time system divides the heap into two main areas, thea l lo cat io n s

pace, or youngest generation, and the older generations. The allocation space is a con-

tiguous, �xed-si ze memory area. The size of the allocation space can be set by a command

line argument.Allocation is controlled by two pointers, thef ree pointer, which points to

the next free position, and the limit pointer, which points to the end of the allocation area.

Figure 2 shows a picture of the SML/NJ heap organization.

The older generations can be divided in up to seven generations, named �rst through

seventh.Ob

jects in a higher numbered generation are always older than ob jects in a lower

numbered generation. Ob jects in a generation are further divided into two age groups,

called the younger and older ob jects of the generation.Each generation (but not the

allocation space) is composed of �ve arenas, one for each of �ve classes of ob jects: records,

pairs, strings, arrays, and code ob jects. Each arena contains ob jects of a certain type: the

record, pair, and array arenas contain records, pairs, and arrays; the string arena contains

CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

2

4 n

on - co d e s t r in gs

, b ytearrays, reals, and real-arrays; and the code strings are copied to the

string arena.

(

Reppy has since changed this representation, eliminating the code arena, and

adding a big-object area,where code strings and big ob jects are allocated.Big ob jects are

collected using mark-and-sweep collection.)

Most ob jects are allocated in the allocation space, the only exception being big ob jects

(greater than 2K bytes), which are allocated in the�rst generation.When the allocation

space �lls up, am

i n o r col lection is performed.

A minor collection traces live ob jects in

the allocation space, and copies them to the �rst generation.Since the collector does not

know in advance how many ob jects in the allocation space are live, or the type of these

ob jects, there must be at least enough space in each arena of the �rst generation to receive

all ob jects in the allocation space. When the space left in any arena of the �rst generation

is less than the allocation space size a ma jor col lection is performed. Ma jor collections

can collect from one to all of the older generations.On a ma jor collection, older ob jects

of generation i that survive the collection are promoted to generation i+

1, and younger

ob jects of generation i that survive the collection are promoted to older ob jects of the same

generation.

If generation i is being collected, then generation i + 1 must have at least enough

free space to receive all older ob jects in generation i, otherwise generation i + 1 must also

be collected. S

i z e o f ge ne r a tion s

The size of the allocation space can be set by a command line argument. (Because of the

way the check for exhaustion of the allocation space is done on some implementations, there

must be an unused area of 40

9 6 bytes at the end of the allocation space, so its actual size

is 4096 bytes less then the given size).

The sizes of the older generations changes dynamically during program execution.Each

arena of the �rst generation is initialized to be two times the size of the allocation space.

Every time generation i is collected, a new memory area is allocated for it, and its size is

determined based on the size of the older area of generation i� 1 (or the allocation space if

i is one), and the size of the younger area of generation i itself. In general, the size of each

generation depends on the size of younger generations. In particular, the size of the �rst

generational tends to be proportional to the size of the allocation space. CH

A

P

T E

R 2

. BACK

GR

O

U

N

D

2

5 W

r i t e b arrier F

o r e a c h u p da te to a refere nce cell thatma y contain a pointervalue, the compilergenerate s

code to record the updated address.

This address is added to a store list that is implemented

as a stack, on the higher area of the allocation space, having the limit pointer as the stack

pointer. Thus, the limit pointer is decrementedby oneword every time an entry is added

to the store stack. The store stack is used as part of the root set during minor collections.(

Reppy has since abandoned this representation in favor of a linked list kept in the allocation

space with other objects.

)

T

he

B

IB

O

P table

The heap is divided into units of6

4 K bytes each, and the allocation space and older gen-

erations are made of a contiguous number of those units. TheB

IB

O

P table[4

1

] contains

a mapping of which heap area is assigned to each unit.Given an address, by looking up

the appropriate entry in the table it is possible to�nd if that address is on the allocation

space or a speci�c arena of one of the older generations. On ma jor collections, the BIBOP

table is also used to determine if ob jects are inf

r o m - s p a c e orto-space. Given a pointer to

an ob ject, the use of the BIBOP table allows the collector toquickly determine the type

and location of the ob ject.

T h i s cha p t e r descri bes themeth odolo g y and toolsused in studying the cache performance of

a set ofM

L programs.

Studies of cache performance traditionally use computer simulation,

analytical models, or a combination of both[

5 8 ]. This study is based on simulation and

a simple analytical model.An instruction level simulator for the MI

PS architecture is

used to obtain accurate measurements of instruction counts and cache references. This

simulation technique is equivalent tot

r a c e - dr i ve n simulation, a commonly used method of

analy zing cache performance. The results of the simulations are used in combinationwith

the performance model to predict the overall performance of programs.

The chapter begins with a description of the benchmark suite of ML programs that

were used on this study . Section3.

2 presents the performance model used to predict the

overall performance of programs, and compares the predictions of this model with actual

measurements of program run time. Section 3.3 discuss the limitations of the this study ,

and�nally , Section 3.4 describe the tools used on the experiments.3

.

1 B e n c h m a r k s The benchmark suite of ten ML programs used in this study are described in T able 2. These

programs are part of a benchmark suite that have been used in other research that evaluates

the performance of SML/

N J programs[1

0, 64]. The programsKnuth-

Bendix, Lexgen, Life,

MLY ACC, Simple, andVLI

W have also been used in studies of cache performance and

object behavior of SML/NJ[29,

73].

F our of these programs, Barnes-Hut, Mandelbrot,Ray , and Simple, are oating-point 26

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

2

7 T

a b l e 2:

De s c r i p ti o n of the benchmar k programs

. ProgramLines

Description Barnes

-

H ut1

0 60

The Barnes-Hut

N-bod y simulation program[1

5

, 14

], translated

intoML byJohn H.Reppy .

Boyer910 An ML implementation of the Boyer theorem prover benchmark

[37]. Knuth-Bendi x 580 An implementation byGerard Huet of the Knuth-Bendix com-

pletion algorithm translated into ML byXavier Leroy , processing

geometry axioms.

Lexgen 1178 A lexical-analyzer generator,written by JamesS. Mattson and

David R. T arditi[12], processing the lexical description of Stan-

dard ML.

Life

140

Reade

’s implementation of the game of Life [59], running 50

generations of a glider gun.

Mandelbrot

60

A program to generate Mandelbrot sets, written by John H.

Reppy .

MLY ACC

7422

A LALR(1

) parser generator, written by David T arditi [76], pro-

cessing the grammar of Standard ML.

Ray

423

A ray tracer, written by Don Mitchell, and translated into ML

by John H. Reppy .

Simple

906

A spherical uid-dynamics program [23, 33], translated into ML

by Lal George. VL

I

W

3571

A VLIW instruction scheduler written by John Danskin, pro-

cessing a 97-instruction program.

T able 3: T otal, user, garbage collection, and system times in seconds for the benchmark

programs, measured on a DEC5000

/240 work-station, with an allocation space of 512K

bytes.

Program

Time (sec.)

T otalUser GC Sys.

Barnes-Hut

26.41

24.96

1.46

0.42

Boyer

2.14

1.32

0.82

0.18

Knuth-Bendix

12.49

9.25

3.24

0.70

Lexgen

10.87

9.97

0.89

0.25

Life

11.66

11.50

0.16

0.05

Mandelbrot

11.15

11.12

0.04

0.04

ML Y acc

4.50

3.52

0.98

0.33 Ray 22.34

22.21

0.12

0.71

Simple

37.69

29.14

8.55

1.39

VLIW

21.17

20.43

0.75

0.41

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

2

8 T

a b l e 4 : I n s t r u ct i on counts, number of reads andwrites for user code andgarbage collection.

The numbers insideparenthesis give the number of reads and writes as a percentage o� all

instructions.

Garbage collection counts are for an allocation space of5

12 K bytes.

All

numbers are in millions. P

r o gr a mU s erG

C i

ns tr

. readswrites instr.

reads writes Barnes

-

H ut 6

1 7. 5 179.

8 (

29.1 %

) 125.5 (20.

3%) 39.7

6.1 (15.4%)

4.7 (11.8%)

Boyer

42.9

9.5 (22.2)

9.0 (20.9)

27.1

5.0 (18.5)

3.7 (13.7) Knuth-Bend.

281.0

57.2 (20.4)

67.0 (23.8)

73.8

14.2 (19.2)

10.2 (13.8) Le

xgen

296.0

55.4 (18.7)

38.2 (12.9)

25.6

4.7 (18.4)

3.3 (12.9)

Life

422.9

50.0 (11.8)

38.3 (09.1) 4.9 0.9 (18.4)

0.6 (12.2) Mande

l brot

367.6

82.7 (22.5)

53.1 (14.4) 1.2 0.2 (16.7)

0.1 (08.3) MLY

ACC 97.8

21.3 (21.8)

18.7 (19.1)

32.1

5.8 (18.1)

4.3 (13.4) Ray

679.2

192.4 (22.8)

141.3 (17.0) 2.7 0.5 (18.5)

0.3 (11.1) Sim

ple 764.3

174.3 (28.3)

130.3 (20.8)

232.0

38.0 (16.4)

27.5 (11.8) VL

I

W 427.2

82.1 (19.2)

73.1 (17.1)

19.7

3.3 (16.8)

2.2 (11.2)

Arith. mean

(21.7%)

(17.5%)

(17.6%)

(12.0%) Total

3664.6

877.0 (23.9%)

694.4 (19.0%)

458.8

78.7 (17.2%)

56.9 (12.4%) intensive applications. The other programs use mostly integer instructions. T able3 shows

total run time of the programs when a 512K-byte allocation space is used, measured on aD

E

C5 000

/240 workstation

[2

7

], and the time breakdown by user, garbage collection, and

operating system time.Because there may be a di�erence on the reported time on di�erent

runs of the same program, each program was run many times, and the run with minimum

time taken(as recommended by theS

PEC benchmark consortium [21]). Garbage-collection

times may vary signi�cantly when a di�erent size for the allocation space is used.User time

can also vary , as the size of the allocation space can a�ect the cache and virtual memory

performance of the programs.

Garbage collection overhead (the fraction of total time spent on garbage collections)

can vary signi�cantly from one program to another. Boyer spends almost forty percent of

its time on garbage collections.M

L

Y ACC and Simple also have high garbage collection

overhead, more than twenty percent, but other programs, like Mandelbrot andRay , have

almost no overhead for garbage collection. System overhead, which includes the time spent

on system calls, is usually small, the highest being eight and a half percent for Boyer.

T able 4 shows the number of instructions executed, and read and write references made

by each program, broken down by user and garbage collection code. The garbage collection

numbers are for a 512K-byte allocation space. The number of garbage collection instructions

may vary signi�cantly if a di�erent allocation space size is used, but the number of user

instructions remains constant. T able 5 shows garbage collection instructions executed when

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

2

9 T

a b l e 5

: Ga rba ge c ollec t io n instr uction countsw hen di

�erent allocation space sizes are

used.

In millions. Program

GC instructions 1

6 K32K 64K 128K

256K

512K 1M 2M 4M 8M Barnes

-

Hut 193.7

116.6

90.1

55.8

44.8

39.8

36.4

35.3

32.6

28.4

Boyer

78.8

79.7

76.5

68.4

40.9

27.1

21.5

15.3

16.8

20.0

Knuth-Bend.

140.2

90.1

90.1

82.3

75.8

73.8

72.0

40.7

28.1

14.3 Le

xgen

69.6

50.1

48.8

36.2

28.5

25.6

24.0

15.4

11.8

11.6

Life

29.7

17.0

10.3 7.3 5.7 4.9 4.0 2.9 1.8 1.3 Mandelbrot

18.8 9.1 4.9 2.9 1.7 1.2 0.8 0.6 0.6 0.6 MLY

ACC 78.1

56.0

49.9

43.5

36.1

32.1

25.2

15.1

13.0

9.5 Ray

81.1

35.9

17.5 8.6 4.6 2.7 1.7 1.1 0.8 0.7 Simple

576.2

544.3

419.6

330.1

267.3

232.4

128.1

91.6

105.4

64.0 VLI

W 111.3

73.7

51.6

35.4

24.0

19.7

13.8

10.7 9.2 10.1 the programs are run with di�erent allocation space sizes, varying from 16K to 8M bytes.

The number of garbage collection instructions usually decreases as the allocation space

increases, but because major collections are sensitive to the placement of collection points,

sometimes the opposite happens(see, for example, the numbers for Simple for 2M and 4M

allocation spaces). This problem will be discussed in more detail in section 4.4.3

.

2 P e r f or m a n ce

Mo de l A simple analytical model is used to predict performance of the programs under di�erent

cache organizations. This model assumes a machine that can issue one instruction per cycle,

executed in a strictly sequential order, and no pipeline stalls, except for memory accesses

on cache misses. Loads and stores that hit the cache take one cycle, and cache misses take

a�xed number of cycles. Caches are not lockup-free, that is, the CPU stalls for a number

of cycles equal to the miss penalty .Di�erent read and write miss penalties are allowed.

The model does not consider the e�ects of writing dirty blocks, or words to memory (that

is, the machine has an ideal write bu�er), nor the e�ects of other features, such as TLB

misses or virtual memory . The total number of cycles of a program is given by:T o t a l C y cl e s =

I

+ Im i ss �

R p e n a l t y + R miss � R penalty +W miss � W penalty (1) where I is the instruction count, I miss the number of instruction fetch cache misses, R miss

the number of read misses, W miss the number of write misses, Rp e n a l t y the penalty for read

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

3

0 T

a b l e 6

: Mea s u re d t i me o n aD

E

Cstation

5000

/

2 40 com pared to the time predicted

by the simple machine model.

All times are in seconds. The size of the alloca-

tion space is 512

K bytes. Thevalue on the column labeledD i

� e ren ce isgiven by((

M e a s u red t i me =

P redicted time)

� 1)� 100: Program

Measured

Predicted

Di�erence time (sec.)

time (sec.) Barnes-

Hut 26.41

21.54 23% Boyer

2.14

2.17 -1% Knuth-Bendi x 12.49

10.63

17% Lexgen

10.87

10.65 2% Life

11.66

11.35 3% Mandelbrot

11.15

9.33 20% MLY acc

4.50

4.18

8% Ray

22.34

22.72

-2% Simple

37.69

32.76

15% VL

I

W 21.17

15.72 35% misses in cycles, andW

p e n a l t y the penalty forwrite misses in cycles.

This model assumes a machine with a fetch-on-write cache organization, in which the

fetch of a block on a write miss causes the pipeline to stall. Many real machines do allow the

pipeline to continue on write misses, while the block is fetched into the cache, but because

there is usually a limit on the number of pending cache transactions, the pipeline may stall

eventually on a subsequent instruction accesses that accesses the cache. This model can

also be applied to write-validate and write-around machines (for which there are no write

misses) by making the number of write misses to be zero.

Although this is a very simple model, it can still predict the performance of some

programs on some real machines with reasonable accuracy . T able 6 compares the run time

of each program, measured on a DEC5000/240 work-station[27

], with the time predicted by

the model. The DEC5000/240 has direct mapped, 64K-byte instruction and data caches,

with 4-byte (one 32-bit word) blocks.On a read miss, the machine loads 8 consecutive

blocks, aligned to an 8-block boundary , with a penalty of 29 cycles1 . On writes, the word is

written to the cache, with no fetches from memory , so there is no write miss penalty . The

cache is write through and has an eight word write bu�er that should handle most writes of 1

T h e re i s a n 8

- c yc le latency f or pa ge mo de memory reads,

4 0ns perword to load each entry of a readb

u �er, and 8 cycles to transfer the words from the bu�er to the cache[

2 7 ] . TheC

P U cycle time is 25ns.

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

3

1 S

M L

/ N J p r o gr a m s w i t h n eg ligi ble overhea d

[

2 9 ] . F or predicting the time on this machine

with the model, the cache organization was approximated by 32-byte block write-validate

cache, which should behaves similarly and give a close approximation of the actual miss

ratios on the machine.The numbers on T able6 show that for some programs, the predicted run times are close

to the measured run times.But there are some cases for which the di�erence can be high.

Most of the di�erence should be caused by the programs performing instructions that take

more than the one cycle assumed in the model.VL

I

W, the program with highest relative

error, executes many integer division instructions, which take many cycles to complete.

Barnes-

Hut, Mandelbrot, and Simple do many oating point instructions, which also may

take multiple cycles.Knuth-Bendix is the only case for which the high di�erence can not

be explained by multiple cycle instructions.E

v a l ua t i n g gar bag e c ollection overhea d

A common metric used to evaluate performance of programs is cycles per instruction, orC

PI.

Using

CPI, we can easily estimate the e�ects of cache misses on performance. In

this study , we are in interested in the e�ects of garbage collection and cache misses on the

performance of programs. But since changing garbage collection parameters, such as the

size of the allocation space, may change the total of instructions executed by a program, we

need a performance metric that takes this change into account. Since the number of user

instructions is kept constant even if garbage collection parameters are changed, the total

number of cycles can be divided by the number of user instructions giving a metric similar

to CPI that can be used to estimate the e�ects of both garbage collection and cache misses.

W e de�ne CPUI, or cycles per user instructions, as:

C

P

U

I

= T otalCycles

number of user instructions where T

o t a l C y cl e s is the total number of cycles computed by the formula given above, andn

u m ber of userinstructions is the total number of instructions minus garbage collection

instructions. Su mmari zing results

Results for all the benchmark programs are usually summarized by assuming a workload

where each benchmark has an equal weight. An unweighted arithmetic mean is always used

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

3

2 t

o s u mm a r i z e the di

�ere nt metrics used to anal yze the results, such as cache miss ratios,

orC

P

U I

. This use of arithmetic mean is consistent, since thequantitiesbeing averaged are

not normalized numbers[3

6,

Rule 3].

3

.3

L i mi t ati o n s This study makes many simpli

�cations, some ofwhich have already been described above.

The simulation results do not include the e�ects of operating system functions and

multiprogramming context switching.As shown in T able 3, operating system functions can

account for almost ten percent of total program run time.Operating system and context

switching tend to have a small e�ect on small caches, but can signi�cantly increase the miss

ratios on large caches [1].

Only simple cache architectures are considered.Many features common on caches of

current machines, such as write bu�ers, non-blocking misses, and multi-level cache hierar-

chies are not considered.(In the case of multi-level cache hierarchies, the miss ratios of a

single level cache can be used as a good approximation of the miss ratios of the second level

cache, if the �rst level cache is small and the second level cache is much larger than the

�rst [5

8, Section 5.3].) The performance model also ignores a number of factors that may

a�ect performance, multi-cycle instructions, memory bus tra�c delays, TL

B misses, out of

order execution, and virtual memory . The e�ects of memory bus tra�c delays should be

negligible if a deep enough write bu�er (four to six words) is used [29].

The study is restricted to a group of relatively small ML programs. Since di�erent

programs may have very di�erent behavior, the results and conclusions presented here may

not be valid for other programs. It is certainly not possible to study the behavior of all

programs, but if at least it could be claimed that this benchmark suite is a representative

sample of the whole class of ML programs, it would be reasonable to generalize the conclu-

sions of this study to all ML programs. But since this benchmark is limited in size, it may

not be truly representative of all ML programs.Nevertheless, it is possible to identify features on these benchmark programs that should

be common to most ML programs, like, for example, a cyclic allocation pattern and many

references to recently allocated data. Therefore, it is reasonable to expect that many of

the results of this study will be valid to most ML programs, and even to a broader class of

functional programs with intensive heap allocation and generational garbage collection.

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

33

3

.

4 T o ol s 3

. 4. 1

T h e M

I

P S i n s t r u cti on le velan d cache simulatorsM

I

P SI , a MIPS i n s t r u cti on l e vel simulatorwritten b y E

. G. Sirer, was used to collect data

on instruction counts, cache miss ratios, and memory reference patterns of the benchmark

programs. MIPSI can run most MIPS binary�les inU NI

X a

. o u t format. No modi�cations

to the binary �le are needed. System calls made by the simulator are intercepted by the

simulator, which makes an actual system call and sends back the results to the program.The simulator was ported to anOS

F

/ 1 environment, and the simulations were run on aDE

C

Alpha work-station.

Because the binary �les being simulated are for a MIPS/Ultrix

environment and there is a small di�erence in the argument format of some system calls, it

is necessary to translate arguments from Ultrix to OSF/1 format before making the actual

call, and then map the results back to Ultrix format, so that the programs will get the

correct results.

The simulator was extended with a cache simulator capable of simulating multiple cache

architectures, and with an interface to the SML/N

J run-time system, that permits the

collection of data speci�c to SML/NJ programs.C

a c h e s i m u la ti o ns Cache simulations are done\on the y

" without the explicit generation of address traces.

The cache simulator can produce miss rates for several caches in one pass. In general, miss

ratios for all cache sizes, for a �xed block size and write-allocate policy , are obtained in

one pass. F or direct-mapped fetch-on-write caches the technique offo r e st si mu latio n

[ 44 ] is

used to speed up simulation(when simulating multiple direct-mapped caches, if a reference

hits in a small cache, then it also hits in all bigger caches). F or associative fetch-on-write

caches a small direct-mapped cache is used to avoid looking up the references that hit on

the small cache[44,74] (if the reference hits in the direct-mapped cache, then it also hits in

the associative caches).

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

3

4 I

n t e r f a ce w it h theS

M L

/ N J run

-ti me s ystem T

h e ex per i me n t s that aredes cri bedlater in this thesiso ften req uire information that is

speci�c toS

M L

/ N J programs

, such as distinction between user and garbage collection in-

structions, and the classi�cation of memory references according to the heap area that con-

tains the address(that is, allocation space or older generations)

. T o collect these SML/NJ

speci�c data, MI

PSI was extended with an interface to the SML/NJ run-time system. The

extended MIPSI can access theBIB

OP table (see Section2.3.3) to �nd the arena and gener-

ation of a memory reference, and it can identify the beginning and end of minor and major

collections.

The simulator matches the instruction that begins a garbage collection to recognize the

point where a collection begins. On the MIPS machine, this instruction is

SL T r21, r23, r19

; which compares the contents of register 23, the allocation pointer, with register 19, the

limit pointer, and set register 21 to a non-zerovalue if the value of the allocation pointer is

less than the value of the limit pointer. If the value left in register 21 is zero, the simulator

assumes that a garbage collection begins with the next instruction.At the end of a garbage

collection, another SL T instruction is executed, producing a non-zero value on register 21.

Some minor collections may not begin with the sequence describe above.F or these

collections, a di�erent method is used, that is simply to wait for a JALR (jump and link

register) instruction to the entry point for garbage collection code.Garbage collection

terminates with a jump to the return address of the JALR instruction. The same technique

is used to determine the begin and end of ma jor collections.

There is a problem with the �rst method of detecting garbage collections. Since the

run-time system, and library functions, are written inC, it is possible that some C function

executes a SL T instruction that is identical to the one that begins garbage collections. But

it is possible to combine the two methods describe above, and thus �nd if this problem

happens in the benchmark programs. F alse garbage collection detection do not occur in

any of the benchmark programs.

An additional way of interfacing the simulator with the SML/NJ run-time system is

to use a special system call. This method is used, when necessary , to pass the starting

address of the allocation space (which is only available at run-time, unlike the addresses of

the BIBOP table and garbage collection entry points). The use of this method requires the

CH

A

P

T E

R 3

. METH

O

DO

LO

G

Y AND TOOLS

3

5 a

dd i ti o n of code to the r un -ti me s ystem to make the system call

, but this extra code should

have no e�ects on the results of the experiments.

3

. 4. 2

G a r ba g e c o llec tor i n str u mentation The

S

M L

/ N J garbage collector was instrumented to collect data on allocation by the bench-

mark programs.

Before each minor collection, and at the end of program execution, the

allocation space is scanned, and the type and size of each object is recorded. The�rst gen-

eration is also checked for the allocation of large ob jects and code strings.During garbage

collections, the size and type of each ob ject copied are also recorded to produce statistics

on ob ject survival rates.

Besides instrumenting the collector, the compiler itself was also modi�ed to generate a

special descriptor for closures, so that it is possible to distinguish between closures and user

data structures at run time. The modi�ed compiler and garbage collectors were used only

on experiments that require their use. Most experiments used the regular garbage collector

and compiler.

3.4.3

Running the b enchmark programs

T o run SML/NJ with the new run-time system, the �le that is executed by the operating

system is the run-time system itself. The run-time system then either loads an existing

heap image, or creates a new one, and then transfer control to the SML/NJ compiler.On

the simulations, each program is run in the following way .First, the programs is compiled

and a binary heap image of the entire heap is exported. Then, the simulator is used to

run the run-time system, which loads the saved heap image with the compiled code and

run the program.All default compiler parameters are used for compiling and running the

programs.

The experimental results do not include the compilation of the benchmark itself, but

to run each benchmark, a small expression that invokes the programs must be compiled

and evaluated. The compilation of this expression should have a negligible e�ect on the

performance of the programs.

T h i s cha p t e r descri bes theway the benchmar k pro grams use memory. This study will

be helpful to understand the results presented in later chapters. The memory references

made byS

M L

/ N J programs are divided in two groups, g a r bage c o l lect io n references anduser references, where user references are all references that are not garbage collection

references.

User references may be further divided intoM

L references, that are references

to the allocation space or an older generation, and run-ti me system references, that are

references to areas outside the ML heap, that are made byI/

O or other library functions,

or during system start-up and termination.

The chapter begins with a pro�le of allocation and an analysis of the lifetime of objects.

Ob jects in the heap can be divided into closures and user data ob jects, with closures being

the most common type. Ob jects tend to be small, but closures are about twice the size of

user ob jects on average. Most ob jects have a short life, but the lifetime of closures tends

to be shorter than user data ob jects, which results in user ob jects being predominant in

the older generations. Section4.

2 describes the write patterns, showing that most of the

writes are for allocation and follow a cyclic pattern. The patterns for reads are presented

in Section 4.3, where it is shown that all programs do many reads to recently allocated

ob jects.Finally , Section 4.4 describes the memory reference patterns for minor and ma jor

collections. 36

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

3

7 T

a b l e 7:

Ge ne ral allo ca t ion data on the benchmar k pro gram s: totalwords allocated; alloca-

tion rate(words allocated divided by

user instructions); average object size (including the

descriptor); percentage of words allocated that are descriptors; and the fraction of allocation

that is for big ob jects. ProgramW ordsAllocation

Average DescriptorsBig allocated rate ob j. size ob js.

Barnes-

Hut1

2 4 ,372, 070 0.201

4.25 words

23.52 % - Boyer8,802,8

92 0.205

5.40

18.52

- Knuth-Bendi x66,837,526

0.238

4.88

20.51

- Lexgen

33,024,745

0.112

5.48

18.26 - Life

38,104,988

0.090

4.66

21.46

- Mandelbrot

48,712,866

0.133

4.59

21.77 - MLY ACC

17,635,415

0.180

5.82

17.18

0.14% Ray

139,506,978

0.169

4.22

23.72

- Simple

129,215,742

0.205

4.26

23.49

0.23 VL

IW 67,076,487

0.157

5.01

19.98

0.07

Average

0.169

4.857

20.841 4

.

1 A ll o c a t io n and

O b j ect Be ha vio r

A

ll o c a t io n

P ro

�l e T able 7 gives general allocation data for the benchmark programs: total number of words

allocated, allocation rate, number of ob jects allocated, average ob ject size, and percentage

of allocated words that are descriptors. Thea l lo cat io n rate is the average number of words

allocated per user instruction, and is computed by dividing the number of user instructions

T able 8: Allocation by type.

Program

Record

Pair

Array

String

Byte-array

Real

Barnes-Hut

52.04%

15.76% - 0.15% - 32.04%

Boyer

76.23

23.66

0.10%

0.01 - - Knuth-Bendix

80.34

19.65

0.01 - - - Lexgen

80.92

18.01

0.15

0.93 - - Life

77.68

22.30

0.02 - - - Mandelbrot

60.69

0.09

0.02 - - 30.20

ML Y ACC

74.84

24.65

0.11

0.40

0.01% - Ray 57.68

7.93

0.01 - - 34.39

Simple

57.69

32.56

0.01 - - 9.75

VLIW

73.25

25.37

1.06

0.32 - -

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

3

8 T

a b l e 9

: All o ca t io n brea k

- do wn by clos ures and user data. Pro

gra mClosuresUser data alloc. words

Avg. size alloc. words

Avg. size Barnes-

Hut44.8

1

%7.81 words 55.19 %

3.10 words

Boyer

81.986.53

18.02

3.02 Knuth-Bendi

x 86.97

5.37

13.03

3.02 Lexgen

80.51

6.52

19.49

3.30

Life

77.83

5.53

22.17

3.00 Mandelbrot

60.68

7.00

39.32

3.00

MLY ACC

71.39

8.24

28.61

3.36 Ray

42.07

5.58

57.93

3.58 Sim

ple 60.88

5.78

39.12

3.02 VL

I

W 76.91

6.33

23.09

2.95

Average

68.40

6.47

31.60

3.13 (from

T able 4) by the number of words allocated by each program. All programs allocate at

a very fast rate: the lowest rate, for Life, is one word per 11 instructions, and the highest,

for Knuth-Bendix, is close to one word per four instructions.Ob

jects tend to be small, less than�ve words on average, including the one-word de-

scriptor that precedes the ob jects.Descriptors are used only by the garbage collector and

polymorphic equality testing, but since most ob jects do not survive a �rst garbage collection

and the polymorphic equality test is not frequently used, most descriptors are never used.

Descriptors account for a signi�cant fraction of the words allocated, about 20% on average.

Pairs that survive a garbage collection are copied to the pair arena without a descriptor.

Most ob jects are allocated in the allocation space. The only exceptions are code strings

and big ob jects (of size equal to two kilobytes or more), which are allocated in the �rst

generation. Code and big ob jects are a negligible fraction of the total allocation for the

programs in the benchmark suite.

T able 8 show the allocation break-down by the type of ob jects. Records and pairs are

by far the most common ob jects used by all programs, but oating point benchmarks also

make extensive use of real values.

Ob jects can be divided into two main groups: closures and user data. T able 9 shows

the distribution of allocation among those groups, and the average size of ob jects in each

group. In most programs, closures account for more than half of the total allocation. On

average, 68% of the allocation is for closures. Closure ob jects are typically much larger than

user data ob jects. Pairs (and reals in the oating point benchmarks) are the most common

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

3

9

1 2 4 8 16 32 64 256 1K 4K 16K 64K 256K 1M 4M 16M 64M Life time (in words allocated)

0.00

0.20

0.40

0.60

0.80

1.00

Objects boyer knuth-bendix lexgen life mandelbrot mlyacc vliw

F

i g u r e 3:

Li fe ti me in w or d s a llo cated

. ob

jects used to represent user data.O b j e c t l i feti me

Most ob jectsha

ve a very short life. Figure 3 shows the lifetime distribution of ob jects for

some programs of the benchmark suite, with time measured in words allocated.An ob ject

is live from the time of its allocation, to the time of the last read or write to any word

within the ob ject(with an\in

�nite

" heap, the lifetime of an ob ject is given by the value

of the allocation pointer at the time of the last reference to the ob ject, minus the o�set

of the descriptor from the allocation base). Most ob jects live for at most a few hundred

words of allocation.Some programs have many ob jects that are allocated but never used,

as happens withBoyer andKnuth-Bendi x (it is no surprise that Knuth-Bendix does not

read many of the ob jects it allocates, since the numbers inT able4 show that this program

does more writes than reads).

An alternative de�nition for the lifetime of an ob ject is to consider the ob ject live if

it survives a garbage collection, that is, the ob ject can be reached by traversing pointers

from a set of standard roots. Many ob jects may be reachable, even though they may never

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

4

0

16 32 64 128 256 512 1024 2048 4096 Allocation space (in Kbytes)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Survival rate barnes-hut boyer knuth-bendix lexgen life mandelbrot mlyacc ray simple vliw

4:

Sur viv a l rate

( fra cti o n of allocated words that surviveminor garbage collections)

as a function of the size of the allocation space

. be referenced again, so the set of reachable objects at a certain time is a superset of the

live ob jects according to the�rst de�nition.As an example, consider a program that uses

a large data structure, such as a dictionary .Depending on the inputs, the program may

reference only a few entries in this dictionary , but it can not beknown in advance which

entries will be used.Even if ob ject lifetime is de�ned by reachability , it is still true that most ob jects have

a very short lifetime. Figure 4 shows thes u r v iv a l rat e, the fraction of allocated words that

survive a minor garbage collection, for di�erent sizes of the allocation space. F or all pro-

grams the survival rate tends to decrease as the size of the allocation space increases, since

there is more time between collections (this may not always be the case, since the survival

rate may depend on the placement of collection points).But even when a small allocation

space is used, only a small fraction of all words allocated survive a minor collection.The

number of words that survive a minor collection can vary signi�cantly from one program

to another. The survival rate for Boyer andM

L

Y ACC, for example, can be several times

higher than that of other programs. The survival rate is directly related to the garbage

collection overhead of a program: the higher the survival rate is, the higher is garbage

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

4

1

16 32 64 128 256 512 1024 2048 4096 Allocation space (in Kbytes)

0.0001

0.0010

0.0100

0.1000

Survival rate barnes-hut boyer knuth-bendix lexgen life mandelbrot mlyacc ray simple vliw

user data closures rate o f user data and closures

.

(

Note the logarithmic scale.)

collection overhead.Closures and user ob

jects have di�erent lifetimes. Figure 5 shows the survival rates for

closures and user data.E xce pt for one program, the survival rates for closures are much

lower than the survival rates for user data, which means that the lifetime of closures tend

to be shorter than the lifetime of user data ob jects.As a result, very few closures are

ever promoted to the older generations.T able 10 shows the distribution of all ob jects that

are promoted to the�rst generation. Although most allocated ob jects are closures, most

ob jects copied on garbage collections are user ob jects. Since user data ob jects tend to be

small, ob jects in the older generations tend to be smaller than ob jects in the allocation

space. The fact that pairs in the older generations are not preceded by a descriptor also

contributes to make older ob jects smaller than younger ones. The distribution of ob jects

that are promoted to the �rst generation is likely to change if a di�erent-si ze allocation

space is used, but, in general, average ob ject size tends to be small, with a predominance

of user ob jects over closures. T able 11 show the average size of ob jects that are promoted

to older generations, for di�erent sizes of the allocation space. The size of ob jects tends to

decrease as the size of the allocation space increases, since more closures die before being

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

4

2 T

a b l e 1

0 : B rea k

- d o w n of data the s ur v iveminor collections

(

512 K-b yte allocation space

)

by closures and user data objects

, and average size (in words) of all surviving ob jects.

User

data ob jects are further divided according to type.Depending on their size, closures can

be either records or pairs (but most should be records). ProgramClosure

User dataAvg. Record

Pair

ArrayString

Byte-ar

Reals size

Barnes-

Hut7.74

% 26.20%3.63%

12.50%

0.00% - 49.93%

3.47

Boyer

2.80

1.08

95.60

0.49

0.03 - - 2.08

Knuth-Bendi x 25.73

1.02

72.78

0.47

0.00 - - 2.64 Lexgen

8.35

2.90

74.03

12.90

1.67

0.16% - 2.54

Life

12.38

4.15

81.43

1.91

0.13 - - 2.33 Mandelbrot

31.32

24.83

16.54

11.42

0.76 - 15.13

3.94

MLY ACC

5.97

8.98

79.31

2.39

3.18

0.17 - 2.27 Ray 46.84

16.97

6.62

3.47

0.24

0.46

25.39

4.29

Simple

9.45

0.41

10.37

0.22

0.01 - 79.53

3.13 VL

I

W 51.29

11.59

31.31

0.76

4.81

0.23

0.00

3.55

Average

20.19

9.81

47.16

4.65

1.08

0.10

17.00

3.02

T able 11: The average size of allocated ob jects and average size (in words) of ob jects that

are promoted to the older generations for di�erent sizes of the allocation space.

Program Ob j.

Avg. size of ob jects survivingGC size 16K 32K 64K 128K

256K

512K 1M 2M 4M Barnes-Hut

4.25

4.45

4.25

4.01

3.69

3.47

3.34

3.26

3.22

3.19

Boyer

5.40

2.49

2.28

2.18

2.11

2.08

2.05

2.04

2.03

2.03

Knuth-Bendix

4.88

4.16

3.67

3.26

2.89

2.64

2.46

2.35

2.28

2.23

Lexgen

5.48

3.67

3.21

2.87

2.65

2.54

2.52

2.61

2.72

2.85

Life

4.66

3.16

2.92

2.68

2.45

2.33

2.22

2.19

2.17

2.23

Mandelbrot

4.59

4.69

4.57

4.39

4.14

3.94

3.59

3.35

3.19

3.09

ML Y ACC

5.82

2.81

2.54

2.39

2.31

2.27

2.27

2.28

2.32

2.37 Ray 4.22

4.45

4.24

4.39

4.36

4.29

4.19

4.18

3.92

3.63

Simple

4.26

4.01

3.59

3.32

3.10

3.13

2.98

2.95

2.96

2.94

VLIW

5.01

4.55

4.13

3.95

3.94

3.55

3.55

3.31

3.15

3.04

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

4

3 T

a b l e 1

2 : D i s t rib uti o n of allocation and non-allocationwrites

. Pro

gra m AllocationNon-allocation M

L run-time Barnes-

Hut99.

0

7 % 0.71%

0.22%

Boyer

98.2

6 0.85

0.89 Knuth-Bendi

x 99.73

0.12

0.14

Lexgen

86.52

1.91

11.57

Life

99.59

0.19

0.22

Mandelbrot

91.81

8.04

0.15

MLY ACC

94.35

3.12

2.54 Ray

98.71

1.17

0.12 Sim

ple 99.41

0.53

0.07 VL

I

W 91.81

4.32

3.87

Average

95.93%

2.10%

1.98% promoted to older generations.4

.

2 U s e r Wri tes This section describe the user write patterns of the benchmark programs.Garbage collection

writes will be considered in Section 4.4.

Since the ML language encourages programmers to use a mostly functional programming

style, most objects in ML programs tend to be written only once, when they are�rst

allocated. W rites that initialize an ob ject in the allocation space are calleda l lo cat io n w rit e s

and all other writes are called non-al location writes. Non-allocation writes are divided into

ML writes, that are writes to the ML heap, to update a reference variable and the write

barrier

(writes to initialize a big ob ject or code string allocated in the �rst generation are

also classi�ed as non-allocation but, as T able 9 shows, there are very few of those), and

run-time system writes, that are all writes to areas outside the ML heap. Most writes in

the benchmark programs are allocation writes, as shown in T able 12. Most programs have

few non-allocation writes.

Since most writes are for allocation, and ob jects are allocated sequentially in the allo-

cation space, the writes have a sequential pattern, that repeats itself with a frequency that

depends only on the size of the allocation space (writes are not strictly sequential, because

ob jects may be initialized in reverse order of �elds, that is, the last �eld is initialized �rst.).

The program begins allocating at the �rst address of the allocation space and continues

CH

A

P

T E

R 4

. MEM

OR

Y REFERE

NCE P A TTERNS

44

1416642561K8K64K1M16M

256M Distance from alloc pointer in words

-0.000.100.200.300.400.500.600.700.800.901.00

Fraction of reads within distance barnes-hut boyer knuth-bendix lexgen life mandelbrot mlyacc ray simple vliw

Barnes Boyer Knuth Lexgen Life Mand MLYACC Ray Simple VLIW

0.00

0.20

0.40

0.60

0.80

1.00

Reads per generation

Alloc. Gen. 1 Gen. 2 Gen. 3 Gen. 4 Gen. 5 run-time

0

128

256

384

512

2000 2500 3000 3500 4000 4500 5000

Address written mod 512K bytes

Time (in K writes)

oldest youngest

Allocation space (1M byte)

-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of objects

Boyer

Allocation space (1M byte)

-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of objects

Lexgen

Allocation space (1M byte)

-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of objects

MLYACC

Allocation space (1M byte)

-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of objects

Simple

oldest youngest Allocation space (1M byte)

0.000

0.002

0.004

0.006

Fraction of objects

Boyer

Allocation space (1M byte)

-0.00

0.10

Fraction of objects

Lexgen

Allocation space (1M byte)

-0.00

0.10

Fraction of objects

MLYACC

Allocation space (1M byte)

-0.00

0.10

0.20

0.30

0.40

Fraction of objects

Simple

32 64 128 256 512 1024 2048 4096 Allocation space (in Kbytes) 512 1024

2048

4096

8192

16384

32768

65536

131072

262144

524288

1048576

2097152

4194304

8388608

Words copied barnes-hut boyer knuth-bendix lexgen life mandelbrot mlyacc ray simple vliw

12481632641282565121024

2048

4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

0.1000

Read miss ratio

16-byte block 32-byte block 64-byte block 128-byte block 256-byte block

1 2 4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of read misses

Allocation space Generation 1 Generation 2 Generation 3 Generation 4 Generation 5 GC Run-time system

1 2 4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

0.1000

Write miss ratio

Barnes-Hut Boyer Knuth-Bendix Lexgen Life Mandelbrot MLYACC Ray Simple VLIW Average

1 2 4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

0.1000

Read miss ratio

Barnes-Hut Boyer Knuth-Bendix Lexgen Life Mandelbrot MLYACC Ray Simple VLIW Average

4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.00

0.05

0.10

0.15

Miss ratio

Write-validate read misses Fetch-on-write read misses Write-around read misses Fetch-on-write read+write misses

4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

Read miss ratio dir. mapped 2-way assoc. 4-way assoc 8-way assoc. 16-way assoc.

256K

384K

512K

768K1M

Allocation space (in bytes)

0.001

0.010

0.100

Write miss ratio direct-mapped 2-way assoc. 4-way assoc.

4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

Read miss ratio

16-byte block 32-byte block 64-byte block 128-byte block 256-byte block

4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.00001

0.00010

0.00100

0.01000

Instruction miss ratio

16-bytes block 32-byte block 64-byte block 128-byte block 256-byte block

4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.00001

0.00010

0.00100

0.01000

Instruction miss ratio direct-mapped 2-way assoc. 4-way assoc. 8-way assoc. 16-way assoc.

1 2 4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

0.1000

Unified miss ratio

16-byte block 32-byte block 64-byte block 128-byte block 256-byte block

4 8 16 32 64 128 256 512 1024 2048 4096 Cache Size (KBytes)

0.001

0.010

0.100

1.000

Cache Overhead

5 cycles 10 cycles 20 cycles 40 cycles 80 cycles 160 cycles

read/write read only

481632641282565121024

2048

4096 Cache Size (in KBytes)

0.0010

0.0100

0.1000

1.0000

10.0000

Cache Overhead

5 cycles 10 cycles 20 cycles 40 cycles 80 cycles 160 cycles

unified cache dual caches

1 2 4 8 16 32 64 128 256 512 1024 2048 4096 Cache Size (in KBytes)

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

1.80

1.90

2.00

Penalty ratio write-validate fetch-on-write

Block sizes 32/16 64/32 128/64 256/128

DEC3000/500 64/32 128/64 256/128

4 8 16 32 64 128 256 512 1024 2048 4096 Cache Size (in KBytes)

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

1.80

1.90

2.00

Penalty ratio write-validate fetch-on-write

Block sizes 32/16 64/32 128/64 256/128

1 2 4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

0.1000

Data miss ratio

16-byte block 32-byte block 64-byte block 128-byte block 156-byte block

SML/NJ SPEC92

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.001

0.010

0.100

Write miss ratio

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.001

0.010

0.100

Write miss ratio

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB 2-way assoc. 4-way assoc.

16K32K64K

128K

256K

512K1M2M4M8MInf

Allocation space (in bytes)

0.0010

0.0100

Read miss ratio

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.001

0.010

GC read

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.001

0.010

Read miss ratio

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB with major GC no major GC

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.0001

0.0010

0.0100

Read miss ratio

(a) Barnes-Hut, Mandelbrot, Life, Ray

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB with major GC no major GC

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.0010

0.0100

Read miss ratio

(b) Boyer, Knuth-Bendix, Lexgen, MLYACC, Simple, VLIW

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB with major GC no major GC

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.001

0.010

0.100

Read miss ratio

Cache size 4KB 8KB 16KB 32KB 64KB 128KB 256KB 512KB 1024KB 2048KB 4096KB with major GC no major GC

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.10

0.20

CPUI

barnes-hut

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.50

1.00

CPUI

boyer

Allocation space (in bytes)

0.00

0.10

0.20

CPUI

knuth-bendix

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.05

0.10

0.15

CPUI

lexgen

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.02

0.04

0.06

CPUI

life

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.02

0.04

CPUI

mandelbrot

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.20

0.40

CPUI

mlyacc

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.05

0.10

CPUI

ray 16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.20

0.40

CPUI

simple

16K 64K 256K 1M 4M Inf

Allocation space (in bytes)

0.00

0.10

0.20

CPUI

vliw

Major collections Minor collections

16K32K64K

128K

256K

512K1M2M4M8MInf

Allocation space (in bytes)

1.001.101.201.301.401.501.601.70

CPUI

Data cache Instr. cache Major GC Minor GC

16 32 64 128 256 512 1024 2048 4096 Cache size (in K bytes) 1

10

100

Penalty

Barnes-Hut Boyer Knuth-Bendix Lexgen Life Mandelbrot MLYACC Ray Simple VLIW

16 32 64 128 256 512 1024 2048 4096 1

10

100

Penalty

Barnes-Hut Boyer Knuth-Bendix Lexgen Life Mandelbrot MLYACC Ray Simple VLIW

16 32 64 128 256 512 1024 2048 4096 Cache size (in K bytes) 1

10

Penalty

Barnes-Hut Boyer Knuth-Bendix Lexgen Life Mandelbrot MLYACC Ray Simple VLIW

16K 32K 64K 128K 256K 512K 1M 2M 4M 8M Inf Allocation space (in bytes)

0.00

0.10

0.20

0.30

0.40

0.50

CPUI

Data cache Instr. cache Major GC Minor GC

1 2 4 8 16 32 64 128 256 512 1024 2048 4096 Cache size (in Kbytes)

0.0001

0.0010

0.0100

0.1000

Read miss ratio breadth-first linearization depth-first all programs without Mandelbrot