Using Compile-Time Analysis and T ransformations to Reduce

F alse Sharing on Shared-Memory Multipro cessors

b y

T or E. Jeremiasse n

A dissertation submitted in partial ful�llmen t of

the requiremen ts for the degree of

Do ctor of Philosoph y

Univ ersit y of W ashington

1995

Appro v ed b y

(Chairp erson of Sup ervisory Committee)

Program Authorized

to O�er Degree

Date

In presen ting this dissertation in partial ful�llmen t of the requiremen ts for the Do c-

toral degree at the Univ ersit y of W ashington, I agree that the Library shall mak e

its copies freely a v ailable for insp ection. I further agree that extensiv e cop ying of

this dissertation is allo w able only for sc holarly purp oses, consisten t with \fair use"

as prescrib ed in the U.S. Cop yrigh t La w. Requests for cop ying or repro duction of

this dissertation ma y b e referred to Univ ersit y Micro�lms, 1490 Eisenho w e r Place,

P .O. Bo x 975, Ann Arb or, MI 48106, to whom the author has gran ted \the righ t

to repro duce and sell (a) copies of the man uscript in microform and/or (b) prin ted

copies of the man uscript made from microform."

Signature

Date

Univ ersit y of W ashington

Abstract

Using Compile-Time Analysis and T ransformations to Reduce F alse

Sharing on Shared Memory Multipro cess ors

b y T or E. Jeremiassen

Chairp erson of Sup ervisory Committee: Professor Susan J. Eggers

Departmen t of Computer Science

and Engineering

On bus-based, shared-memory m ultipro cess ors, m uc h of the \unnecess ary" bus tra�c,

i.e., that whic h could b e eliminated with b etter pro cessor lo calit y , is coherency o v er-

head caused b y false sharing. F alse sharing o ccurs when m ultiple pro cessors access

(b oth read and write) di�eren t w ords in the same cac he blo c k.

F alse sharing is caused b y a mismatc h b et w een the memory la y out of write-shared

data and the cross-pro cessor memory reference pattern to it. By c hanging the w a y

shared data is laid out in memory to b etter conform to the memory reference pattern,

false sharing can b e eliminated. Ho w ev e r, c hanging the data la y out ma y ha v e a

negativ e impact on spatial lo calit y that out w eighs the gain in pro cessor lo calit y .

Therefore, it is imp ortan t to carefully balance the tradeo� b et w ee n pro cessor and

spatial lo calit y so as to maximize program p erformance.

This dissertation presen ts a compiler-directe d approac h to eliminating false shar-

ing. A series of compiler algorithms and a suite of shared data transformations w ere

dev elop ed and incorp orated in to a source-to-source restructurer The algorithms an-

alyze explicitly parallel programs; they pro duce information ab out eac h pro cessor’s

memory reference patterns that iden ti�es data structures susce ptible to false sharing,

decide whether transforming them will pa y o� and then c ho ose appropriate transfor-

mations. The algorithms are ev aluated on the accuracy of their analysis, as w ell as

their run-time cost.

The e�ectiv e nes s of the compiler-directed approac h is ev aluated on a set of ten explicitly parallel programs. T race driv en sim ulation sho ws that the compile-time

analysis success fully iden ti�es the data structures resp onsible for most false sharing

misses , and mak es appropriate tradeo�s b et w ee n eliminating false sharing and reduc-

ing spatial lo calit y . The reduction in false sharing misse s p ositiv ely impacts b oth

execution time and program scalabilit y when executed on a KSR 2. Both factors

com bine to increase the maxim um ac hiev able sp eedup for all programs, more than

doubling it for sev e ral. Despite b eing able to only appro ximate actual in ter-pro cessor

memory accesse s, the compiler-directe d transformations outp erformed programmer

e�orts to eliminate false sharing in these programs.

T able of Con ten t s

List of Figures iv

List of T ables vi

Chapter 1: In tro duction 1

1.1 Motiv ation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.2 Organization of the Dissertation : : : : : : : : : : : : : : : : : : : : : 6

Chapter 2: Mo del of P arallel Programming 9

2.1 W orkload : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

2.1.1 Fmm : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13

2.1.2 Lo cusRoute : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

2.1.3 Max o w : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

2.1.4 Mp3d : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

2.1.5 Pthor : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15

2.1.6 Pv erify : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15

2.1.7 Radiosit y : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15

2.1.8 Ra ytrace : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16

2.1.9 T op opt : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

2.1.10 W ater : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

Chapter 3: Compile Time Analysis 18

3.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

3.2 Pro cess F amily Con trol Flo w Analysis : : : : : : : : : : : : : : : : : 19

3.2.1 In trapro cedural Con trol Flo w Analysis : : : : : : : : : : : : : 20

3.2.2 Iden tifying PDPs : : : : : : : : : : : : : : : : : : : : : : : : : 25

3.2.3 The In terpro cedural Case : : : : : : : : : : : : : : : : : : : : 28

3.2.4 T ermination, Correctnes s and Complexit y : : : : : : : : : : : 31

3.2.5 Ev aluation of the Pro cess F amily Con trol Flo w Analysis : : : 33

3.3 Barrier Sync hroniz ation-based Non-Concurrency Analysis : : : : : : : 35

3.3.1 Barrier Sync h ronization Graph : : : : : : : : : : : : : : : : : 36

3.3.2 Computing the Pro cess Segmen ts : : : : : : : : : : : : : : : : 39

3.3.3 P artitioning Pro cess Segmen ts in to Phases : : : : : : : : : : : 41

3.3.4 Marking the Program : : : : : : : : : : : : : : : : : : : : : : : 45

3.3.5 Exp erimen tal Results : : : : : : : : : : : : : : : : : : : : : : : 46

3.4 Summary Side-E�ect Analysis : : : : : : : : : : : : : : : : : : : : : : 51

3.4.1 Analyzing Arra y Acces ses : : : : : : : : : : : : : : : : : : : : 51

3.4.2 Heap-Allo cated Ob jects and P oin ters : : : : : : : : : : : : : : 56

3.4.3 Static Execution F requency Estimates : : : : : : : : : : : : : 57

3.5 Compilation Times : : : : : : : : : : : : : : : : : : : : : : : : : : : : 59

Chapter 4: Data T ransformations 61

4.1 Group & T ransp ose : : : : : : : : : : : : : : : : : : : : : : : : : : : : 61

4.2 Indirection : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 62

4.3 P ad and Align : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 65

4.4 Heuristics - Going from Side-E�ects to T ransformations : : : : : : : : 66

Chapter 5: Metho dology 69

5.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 69

5.2 Compiler : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 69

5.3 T race Driv en Sim ulation : : : : : : : : : : : : : : : : : : : : : : : : : 71

5.4 KSR 2 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 76

Chapter 6: Results 78

6.1 Compiler on Unoptimized Programs : : : : : : : : : : : : : : : : : : : 78

6.1.1 Sim ulation Results : : : : : : : : : : : : : : : : : : : : : : : : 78

6.1.2 Execution-Time Results : : : : : : : : : : : : : : : : : : : : : 87

6.2 Compiler v ersus Programmer Optimized Programs : : : : : : : : : : : 90

6.2.1 Sim ulation Results : : : : : : : : : : : : : : : : : : : : : : : : 91

6.2.2 Execution-Time Results : : : : : : : : : : : : : : : : : : : : : 98

6.3 Putting it All T ogether : : : : : : : : : : : : : : : : : : : : : : : : : : 102

Chapter 7: Related W ork 104

7.1 Reducing F alse Sharing : : : : : : : : : : : : : : : : : : : : : : : : : : 104

7.1.1 Reducing F alse Sharing Using Program T ransformations : : : 104

7.1.2 Hardw are Solutions to Reduce F alse Sharing : : : : : : : : : : 108

7.2 Program Sync hronization Analysis : : : : : : : : : : : : : : : : : : : 110

7.3 Applications : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 111

Chapter 8: Summary and Conclusions 113

Bibliograph y 117

List of Figures

1.1 Example of false sharing misses. : : : : : : : : : : : : : : : : : : : : : 3

2.1 Sample program co de. : : : : : : : : : : : : : : : : : : : : : : : : : : 9

3.1 Propagation of information in con trol o w graph. : : : : : : : : : : : 21

3.2 In trapro cedural p er-pro cess con trol o w. : : : : : : : : : : : : : : : : 24

3.3 Flo w graphs after correct PDP iden ti�c ation. : : : : : : : : : : : : : : 27

3.4 Flo w graphs when a PDP is not recognized. : : : : : : : : : : : : : : 28

3.5 Flo w graphs when the equi-partitioning of a PDP is not recognized. : 29

3.6 In terpro cedural p er-pro cess con trol o w. : : : : : : : : : : : : : : : : 30

3.7 Sample program with barrier sync h ronization. : : : : : : : : : : : : : 37

3.8 Barrier sync h ronization graph for program sho wn in Figure 3.7. : : : 38

3.9 Example of barrier sync hronization analysis : : : : : : : : : : : : : : 41

3.10 Algorithm to compute the set of phases from a set of pro cess segmen ts . 43

3.11 Barrier sync h ronization graphs for Fmm, Lo cusRoute and Max o w. : 47

3.12 Barrier sync h ronization graphs for Mp3d, Radiosit y and Ra ytrace. : : 48

3.13 Barrier sync h ronization graph for Pthor. : : : : : : : : : : : : : : : : 49

3.14 Barrier sync h ronization graphs for T op opt and W ater. : : : : : : : : : 50

3.15 Summarizing arra y references . : : : : : : : : : : : : : : : : : : : : : : 52

3.16 Lattice of subscript v ector elemen ts for a four elemen t v ector : : : : : 53

4.1 Illustration of the Group & T ransp ose transformation. : : : : : : : : : 62

4.2 Illustration of the Indirection transformation. : : : : : : : : : : : : : 63

4.3 Example application b efore applying indirection. : : : : : : : : : : : : 64

4.4 Example application after applying indirection. : : : : : : : : : : : : 65

4.5 Illustration of the P ad and Align transformation. : : : : : : : : : : : 66

5.1 Sim ulated Arc hitec ture. : : : : : : : : : : : : : : : : : : : : : : : : : 73

5.2 KSR 2 Arc hitecture . : : : : : : : : : : : : : : : : : : : : : : : : : : : 76

6.1 Miss rates { Fmm, compiler-optimized vs. unoptimized . : : : : : : : : 79

6.2 Miss rates { Max o w, compiler-optimized vs. unoptimized. : : : : : : 80

6.3 Miss rates { Pv erify

, compiler-optimized vs. unoptimized. : : : : : : : 81

6.4 Miss rates { Radiosit y , compiler-optimized vs. unoptimized. : : : : : 83

6.5 Miss rates { Ra ytrace, compiler-optimized vs. unoptimized. : : : : : : 84

6.6 Miss rates { T op opt, compiler-optimized vs. unoptimized. : : : : : : : 85

6.7 Sp eedup and scalabilit y { compiler-optimized w orkload. : : : : : : : : 88

6.8 Miss rates { Fmm, compiler-optimized vs. programmer-optimized. : : 90

6.9 Miss rates { Lo cusRoute, compiler-optimized vs. programmer-optimized. 91

6.10 Miss rates { Mp3d, compiler-optimized vs. programmer-optimized. : : 92

6.11 Miss rates { Pthor, compiler-optimized vs. programmer-optimized. : : 93

6.12 Miss rates { Radiosit y , compiler-optimized vs. programmer-optimized. 94

6.13 Miss rates { Ra ytrace, compiler-optimized vs. programmer-optimized. 95

6.14 Miss rates { T op opt, compiler-optimized vs. programmer-optimized : 96

6.15 Miss rates { W ater, compiler-optimize d vs. programmer-optimized : : 97

6.16 Sp eedup and scalabilit y { programmer optimized w orkload { part 1. : 98

6.17 Sp eedup and scalabilit y { programmer optimized w orkload { part 2. : 99

6.18 Sp eedup and scalabilit y { all v ersions . : : : : : : : : : : : : : : : : : : 103

List of T ables

2.1 W orkload used in this study

. : : : : : : : : : : : : : : : : : : : : : : : 13

3.1 Results of pro cess family con trol o w analysis. : : : : : : : : : : : : : 33

3.2 Liv e barrier sync hroniz ation calls. : : : : : : : : : : : : : : : : : : : : 40

3.3 Applying the barrier analysis algorithm to the w orkload. : : : : : : : 46

3.4 P arafrase-2 execution times { part 1. : : : : : : : : : : : : : : : : : : 58

3.5 P arafrase-2 execution times { part 2. : : : : : : : : : : : : : : : : : : 59

4.1 Heuristics for applying transformations. : : : : : : : : : : : : : : : : : 67

6.1 Av erage reduction in false sharing misse s b y transformation. : : : : : 86

6.2 Maxim um sp eedups { compiler and unoptimized v ersions . : : : : : : : 89

6.3 Maxim um sp eedups { compiler and programmer optimized v ersions. : 101

A CKNO

WLEDGMENTS

This dissertation w ould not ha v e come ab out had it not b een for the help of

man y p eople. First and foremost I w ould lik e to thank m y advisor, Susan

Eggers. Without her guidance, supp ort and great patience, I surely w ould

ha v e failed in this endea v or.

I am grateful to her, Jean-Loup Baer and Craig Cham b ers for servin g on

m y reading committee. They ga v e me v aluable feedbac k that greatly help ed

impro v e the �nal v ersion of this dissertation.

Craig Cham b ers also help ed shap e the compiler-related p ortion of m y re-

searc h, as w ell as reading and pro viding commen ts on n umerous drafts of earlier

pap ers. F or that I am grateful.

I w ould lik e to express m y appreciation to the departmen t’s lab sta�, in

particular P aul Barton-Da vis, Nancy Johnson Burr, Mark Murra y and Renee

Reed. They w ere instrumen tal in pro viding me with stable platforms for m y

researc h. Later, when our aging Sequen t Symmetry su�ered sev eral hardw are

failures at the end of its life cycle they exp ended m uc h time and energy to

resurrect it so that I could salv age m y results.

I am indebted to John Bennett of Rice Univ ersi t y for pro viding me with

the use of their Sequen t Symmetry when ours �nally died, enabling me to

complete m y studies.

My w ork w ould ha v e b een a lot harder had it not b een for the trace gen-

eration to ol dev elop ed b y fello w graduate studen ts Da vid Kepp el and Eric

Koldinger. My discuss ions with them as w ell as Dean T ullsen and Radhik a

Thekk ath pro vided me with m uc h v aluable advice and insigh ts.

I w ould also lik e to thank J. Scott P en b erth y for his friendship, supp ort

and inspiration.

I thank m y family

, in particular m y paren ts Else and T or Jeremiasse n, for their wholehearted supp ort whic h made the large geographical distances

separating us seem so insigni�can t.

Last, but not least, I wish to express m y most sincere gratitude to m y

wife, Kathleen Shipley Jeremiass en. Her lo v e and supp ort has k ept me going

through some of m y toughest times.

Dedicated to the memory of m y mother Else Jeremiasse n.

Chapter 1

INTR

ODUCTION

1.1 Motiv ation

Shared-memory m ultipro cess ors are considered b y man y to b e an e�cien t w a y of

obtaining the high p erformance p oten tial of parallel pro cessin g, while still k eeping

within the traditional programming paradigm. Man y of these mac hines are based

on a single bus and ha v e priv ate cac hes for eac h pro cessor. Since an y giv en datum

ma y b e presen t in m ultiple cac hes , m ultiple copies of the same w ord ma y b e up dated,

th us creating inconsisten cies b et w een the pro cessors with resp ect to the v alue of the

datum. This is the cac he coherency problem. T o solv e this problem shared-memory

m ultipro cess ors implemen t cac he coherency proto cols that guaran tee that writes are

p erformed atomically

, and that for eac h lo cation, the sequenc e of v alues is the same

for all the pro cessors.

F or m ultipro cessors with simple in terconnects, suc h as a single bus, the simplest

coherence solution lies in sno oping cac he coherency proto cols [AB86], t w o classes of

whic h are write-in v alidate and write-broadcast proto cols. W rite-in v alidate proto cols

main tain coherency b y requiring a writing pro cessor to obtain o wnership of the data

b y in v alidating all other cac hed copies, b efore up dating its o wn. A pro cessor that

rereferences in v alidated data incurs a cac he miss, called an invalidation miss , and

m ust obtain the most up to date cop y through a cac he-to-cac he transfer from the

most recen t writer of that data. In con trast, write-broadcast proto cols main tain

coherency b y requiring the writing pro cessor to broadcast shared writes, so that all

cac hes and memory are k ept curren t with the most up to date v alue.

One of the ma jor p erformance b ottlenec ks of parallel programs executing on these

mac hines is the o v erhead of main taining cac he coherency

, i.e., the additional bus

tra�c generated b y the proto cols. This o v erhead is largely determine d b y the pattern

of memory references to write-shared data. Sev eral studies ha v e do cumen te d that the pattern is bimo dal [A

G88, CGBG88, EK89b]: under pr o c essor lo c ality [A

G88] or

migratory sharing [W

G89], a single pro cessor mak es m ultiple, consecutiv e accesse s,

most imp ortan tly , writes, to the w ords within a cac he blo c k, unin terrupte d b y accesse s

from other pro cessors; in inter-pr o c essor c ontention , m ultiple pro cessors con tend for

one or more w ords within the blo c k, and the n um b er of p er-pro cessor seque n tial

writes is v ery lo w. Shared memory reference patterns ha v e a b earing on the c hoice of

coherency proto col [EK89b]. W rite-in v alidate proto cols p erform w ell when there is

go o d pro cessor lo calit y , b ecause a pro cessor need only p erform a single in v alidation

for a series of writes. Con v e rse ly

, write-broadcast do es w ell during p erio ds of in ter-

pro cessor con ten tion, since the n um b er of bus transactions is reduced.

Because of the increasing discrepancy b et w een pro cessor and memory sp eeds, re-

ducing the n um b e r of cac he misses and coherency o v erhead has b ecome paramoun t

to obtaining go o d p erformance. T o that end there is a trend in mo dern m ultipro ces -

sor design to use v ery large cac hes and large cac he blo c ks (for instance the KSR 2

[KSR92] has 32 MB second lev el cac hes with 128 b yte blo c ks). Large cac hes re-

duce the n um b er of cac he misse s b y reducing the n um b er of con ict and capacit y

misses . F or non-shared data and instructions, large cac he blo c ks exploit spatial

lo calit y b y prefetc hing data adjacen t to the address that w as referenced , thereb y

reducing �rst reference misse s. Some of this b ene�t is also realized on cac he co-

heren t, shared-memory m ultipro cessors . Ho w ev e r, the larger cac he blo c k sizes ma y

also in terfere with in ter-pro cessor access to data within them, since cac he coherency

is v ery often main tained on a cac he blo c k basis. Sev eral studies ha v e sho wn that

large cac he blo c ks ma y often increase coherency o v erhead, ev en to the p oin t where it

more than negates an y b ene�t of the prefetc hing pro vided b y the larger cac he blo c k

size [L

YL87, CGBG88, EK89a]. This additional coherency o v erhead is caused b y a

phenomenon kno wn as false sharing [TLH90, EJ91].

F alse sharing in m ultipro cessor cac hes o ccurs when the cac he blo c k is larger than

a single w ord, and di�eren t pro cessors access (read and write) di�eren t w ords in the

same cac he blo c k. It is called false sharing b ecause, although the w ords in the cac he

blo c k are not individually shared, the cac he blo c k as a whole is. Since cac he coherency

is main tained on a cac he blo c k basis, the same coherency transactions are incurred as

if the w ords had actually b een (true) shared. In a write-in v alidate coherency proto col

the o v erhe ad of false sharing tak es the form of additional in v alidations when a pro-

3

Operation:

Time

P0 P1 P2 P3

Initial P0 Writes P3 Reads P2 Reads P1 Writes

Invalidation

Invalidate Invalidation Invalidation

Miss + Invalidate

Miss

Miss Bus

CPU Operation:

Figure 1.1: Example of false sharing misses.

cessor dates data and v alidation misses when other cessors reread t)

data in the v alidated he k. us, instead of exploiting the spatial y ,

false sharing y cause a t loss in cessor y . In a write-broadcast

coherency col, the additional erhead is due to the additional broadcasts that

are erformed ecause the he k is (falsely) eled as shared. In this disserta-

tion I will trate on hitectures that utilize a v alidate he coherency col, as this is the h most commonly used in commercial hines .

F alse sharing is not t in y parallel program, coherency col, or ulcessor hitecture. Rather it is the artifact of a h een the out

of write-shared data in memory

, the cessor memory reference pattern to it,

and the memory subsy stem hitecture. Consider the example wn in Figure 1.1,

where four cessors are accessing t ords in the same he k in a ulcessor using a v alidate coherency col. Initially

, a y of the he k is t in the hes of all four cessors. Then, when cessor P0 er-

forms a write, all copies of the he k but its wn are v alidated. This causes

P3 and P2 to incur v alidation misses when they attempt to read t ords in

that he k. Lastly

, P1 incurs an v alidation miss efore v alidating the other

copies of the he k. All of these v alidations and v alidation misses are due

to false sharing. Not one is the duct of actual data sharing (true sharing) een

4

the cessors. If the data had een laid out tly

, so that data accesse d y one cessor had not eencated together with data accesse d y other cessors,

none of these v alidations or v alidation misses ould e ccurred.

The t of false sharing on a cessor v aries greatly ee n programs.

e r, in some coarse-grain, explicitly parallel applications, misses due to false

sharing e up een 40% and 90% of all he misse s er k sizes ranging

from 8 ytes to 256 ytes) and comprise 40% to 80% of total bus utilization [EJ91].

Eliminating false sharing from these programs holds promise for ving erfor-

mance in three ys. First, the reduction in he misses reduces running time, as less

time is t servicin g the misses . Second, ecause er misses are eing service d,

the utilization of the terconnec t is reduced. us the erformance of programs that

are unication bandwidth limited es. Third, the reduction in false sharing

es y , y enabling the use of larger he ks, so that

their hing ene�ts can e exploited, as on cessors.

ually hanging the t of data in coarse grained parallel programs to etter conform to the memory reference pattern (based on pro�les ed from trace-

en ulations) can reduce false sharing misses y up to 75% [TLH90, EJ91]. w-

er, ual restructuring requires that the programmer t the data structures

that su�er from false sharing in a particular memory he) hitecture. ulation

pro�les are generally not v ailable during the e t cycle.) T o tify these

data structures it is necessary to w their out in memory

, the memory reference pattern to them, as ell as details of the memory hitecture

and coherency col. All this is hard to determine; wledge of w h data

ob ject is shared is often e, and h application ust e tailored to the

particular memory hitecture of the system on h it is running.

F or these reasons the h in this dissertation es the h of automat-

ing the elimination of false sharing. A series of compile-time algorithms that analyze

coarse-grained, explicitly parallel programs e eened and ted

in a source-to-source restructure r [PGH

+

89]. The algorithms determine h data

structures are suscep tible to false sharing, where y y e ed , and h

transformations to apply at compile-time, y analyzing a program and computing an

ximation of the memory access pattern of h of its cesses. The com-

piler analysis e s three separate stages. The �rst determine s h sections

5

of de h cess executes y computing its trol w graph [JE92]. The

second erforms non-concurrency analysis [MR93] y examining the barrier syn-

hronization pattern of the program, delineating the phases that cannot execute in

parallel and computing the w of trol een them [JE94 ]. The third stage erforms an enhanced cedural, w-insens e, summary side-e�ect analysis

[Bar78, Ban79, e81a , CK88], with static estimates of execution frequencies , on a cess basis (based on the trol w determined in stage one) for h phase

(determined in stage o).

In order to eliminate or tly reduce the er of false sharing misse s,

data ust e restructured so that (1) data that is only

, or erwh elmin gly

, access ed y

one cessor is ed together, and (2) write shared data ob jects with no y do not share he lines. The data transformations eliminate false sharing y

grouping together data that are tly access ed y the same cessor, and

separating data that are access ed y t cessors. This is done in three ys.

First, the out of shared data structures in memory can e hanged y ysic ally

grouping data together. Second, elemen ts of shared data structures can e placed in eci�c ols of shared memory

, while ters to them are placed in their

old cations. Third, shared data ob jects can e placed in their wn he ks y

padding their size and aligning them on he koundaries.

The algorithms and transformations ere ev aluated on a coarse-grained, explic itly

parallel orkload using trace en ulation of a bus-based cessor with a

v alidate he coherency col, and direct execution on a KSR 2 ultipro-

cessor. The orkload tains o t sets of applications. One set is made up

of applications from the SPLASH and SPLASH2 hmarks [G91]. These are

programs that e undergone extensiv e hand-tuning to optimize he erformance.

As h they t the est case of programs that one can ect programmers

to duce. The remaining applications e not undergone the same optimization cess, or e had vious programmer optimizations undone, and are therefore

more ely to represe t the erage case parallel programming. The ulations and erformance tsduce e ral results. First, as could ected, the

t of false sharing v aries across the applications in the orkload, and is the

est for the hand-tuned programs. erthele ss , all programs exhibit false sharing

to the degree that it ts for at least 40% of all he misses for the largest he

6 k sizes . Second, no single algorithm nor transformation eliminates false sharing

in all applications. ev er, when used together they are more succes sful than the

programmer directed e�orts cited e. Regardless of the t of false sharing in

the applications, they eliminated on erage (across all k sizes and for the tire

orkload) 66% of the false sharing misses. F or o programs, one from h set, they

eliminated more than 90%. Third, the ulations w that en though some of the

transformations increase the data size of the programs, the e impact on spatial y as in all but one program less than the ene�ts e d y eliminating false

sharing misses. In fact, for o applications spatial y e d. F ourth, the

reduction in false sharing misses has o e�ects on run-time erformance as measured

on a KSR 2: reductions in execution time and ed program y

. Of the

o, e d y ettererformance with increasing ers of cessors)

is the decisiv e factor. Memory tion from false sharing in the transformed

programs ws more than linearly with the er of cessors. The compiler-

directed transformations alleviate this k , and extend y

, often to

the t where the um hiev able eedup more than doubles. Before the t at h the erformance of the unoptimized programs no longer scales, the

compiler-optimized programs still e er execu tion times, ranging from a dest

(2%) to a more sizable (58%) t.

1.2 Organization of the Dissertation

The remainder of this dissertation is organized as ws. Chapter 2 ts the del of parallel programming of our target orkload. It motiv ates the hoice of

coarse-grained, explicitly parallel programs, as osed to medium-grained programs,

h as those generated y parallelizing compilers. F urthermore, it describ es the

features of the del that the compile-time algorithms e adv tage of to e

the precision of the analysis.

Chapter 3 is the heart of the dissertation. It es the compile-time analysis,

the algorithms and their tation. The goal of the analysis is to ximate

the cessor memory reference pattern of a program, y computing h

data ob jects h cess y read and h it y write. This is done in three

stages of analysis. The �rst stage computes the ossible w of trol for h cess and groups cesses to families based on their trol w. The second

7

stage uses barrier h ronization ts to determine h ortions of a program

can execute in parallel and h cannot. The third stage ys a standard, cedural side-e�ect analysis with some di�cations to enhance the accuracy

of the �nal ximation of the memory reference pattern. Results that ev aluate the

accuracy of the algorithms are ted, as ell as an ev aluation of their run-time

cost.

Chapter 4 e s the set of data transformations used to restructure vulnera-

ble data structures to eliminate false sharing. There are three transformations: gr oup

and tr ansp ose , indir e ction , and p ad and align. The hapter details when h trans-

formation can e applied, w it hanges the data out to eliminate false sharing,

as ell as its impact on spatial y . This hapter also es the heuristics

that are used to determine h data structures are suscep tible to false sharing and

h transformations to apply .

Chapter 5 es the dology used to obtain the results ted in this

dissertation. The applications ere �rst analyzed y a source-to-source restructurer

in h the compile-time analysis algorithms had eenorated, and targeted

data structures ere transformed. The t of false sharing as measured using

trace en ulation. A cessor ulator as di�ed to eep k of

false sharing and t the er of resulting he misses . The run-time impact

of the transformation ere measured y direct execu tion on a KSR 2 cessor.

Chapter 6 ts results that ev aluate the e nes s of automatically elimi-

nating false sharing. The �rst set of results ws that the e�ect of the false sharing

problem v aries greatly from one program to another. erthe les s, for large he k sizes the er of false sharing misses e up out half of the total er

of he misses for all programs, and up to 90% for some. The second demonstrates

w e ly the compiler-directed restructuring eliminates false sharing misse s.

The results w that, regardless of the t of false sharing in the original pro-

gram, on erage across the orkload at least 60% of the false sharing misses ere

eliminated, and for some programs as h as 90% to 100%.

In order to ev aluate the e en es s and tribution of the individual

compile-time analysis algorithms and transformations in detecting and eliminating

false sharing, results are en wn y transformation and e nes s of the

static analysis. These results w that no single algorithm or transformation as

8

ersally applicable to all applications. Rather, it as their bination that re-

duced false sharing misses.

Since the transformations that eliminate false sharing also y enlarge the size of

the data in the program their impact on spatial y is also ti�ed. This es

the kground for examining the tradeo� of ving y at the cost

of spatial y .

In addition to the ulation studies the programs ere also run on a shared-

memory ces sor in order to gauge the erall run-time ene�t of transforming

data structures in the programs. Results are te d that w the eedups of the

o ersions efore and after transformations) on the KSR 2 [KSR92].

Chapter 7 discusse s related ork. It can e roughly divided up to o groups.

One is ork that ks the problem of false sharing, but es so using hes

t from ours. The other is ork on static analysis algorithms that is not

necess arily related to false sharing.

Chapter 8 concludes this dissertation. It summarize s the h tributions

as ell as discusse s the erformance impact of eliminating false sharing. ossible

future h directions are also outlined.

Chapter 2

MODEL OF P

ARALLEL OGRAMMING

The target orkload of our compile-time analysis algorithms and data transfor-

mations are coarse-grained, explicitly parallel programs for shared-memory ultipro-

cessors. The programs are written in traditional el languages, in this case C,

that use erating system calls to implemen t cess creation and hronization

es . Examples of h programs can e found in the Stanford SPLASH and

SPLASH 2 application suites [G91]. The programs e a v y of problems,

including dy and particle ulation, circuit out and circuit ulation. They

tly execute on small to medium scale, bus and ring based cess ors, oth

commercially (e.g., t Symmetry [L

T88], KSR 2 [KSR92]) and in h vi-

ts (e.g., ASH [LLG

+

92]). A new generation of these hines is emerging.

Examples are the SP ter 2000 [CS

+

93] and the SGI Challenge [GW94].

S2: S3:

. .

. .

shared barrier_t MyBarr1, MyBarr2, MyBarr3; private int pid;

shared int NumProcs;

exit(0);

error();

for ( pid = 1; pid < NumProcs; pid++) {

Work();

} MasterWork();

} else if (rc == -1)

if ((rc = fork()) == 0) {

S1:

Work() {

S6:

while (converged != 0) {

}

Wait_Barrier(&MyBarr1);

Wait_Barrier(&MyBarr2);

Wait_Barrier(&MyBarr3); }

SubPart1(pid);

SubPart2(pid);

MasterWork() { while (converged != 0) {

Wait_Barrier(&MyBarr1);

Wait_Barrier(&MyBarr2);

SubPart1(pid);

SubPart2(pid);

} Wait_Barrier(&MyBarr3); converged = TestConverged();

}

S4: S5:

Figure program de.

programs conform to an SPMD del of parallel cesses

e tical de, but they need not e the same paths through the program.

y or y not access t y of parallelism in these

is ery coarse, on the el of an tire

10

created inthe eginningoftheprogramanddonotrejointil close toprogram

h thread of trol execute sera large ortion of the program

and its trol w can e quite trasts to programs in the medium

parallel orld, y of h are written in a dialect of and are duct of parallelizing compilers. Here cesse s (or t t cesses ) are

automatically created and ed at ultiple places in the arallelism

tained within op nests, and the y of parallelism is on the order of

sets ofiterations.

the oses ofthe compile-time analysis, transformations andthe aluation

their en ess , eral simplifyin g assumptions are made out the del of

the general ters in C is restricted in the wing

three ys except for reference parameter ters

1

, ters can only t to cated data structures, they cannot t to named (2) a ter

only ts to data of its declared e; there is no ter arithmetic.

it is assumed that the cesses equals the

e�ect is that the memory reference pattern across the cessors is the same as the

reference pattern across the cesse it frees the compiler from

w the cess or memory reference pattern ould hange with cesscations, as ell as the problem of osing a dcation.

it is assumed that cesses do not migrate ee n cessors, as the he

e�ects from h migrations y mask coherency misses and erturb the results of

the erformance measureme ts whene e r a cess migrates to cessor the new he is the new cessor will initially

a er of compulsory misses to bring in the data set of that er,

of these misse s will e to data that is ely (falsely) shared and ould e as coherency misses (true or false sharing misses ) had the cess remained

on its original

There are e ral features of the coarse-grained del that the compile time anal-

ysis uses to facilitate and e the accuracy of ximating the memory reference cesses are created e.g., using a fork()

call (as illustrated in Figure indicates where parallelism egins, and

1

static analysis can detect a large subset of the cases when parameters of p teryp es actually

as reference .

11

furnishes thealgorithmswithastarting tfor theirallofthe

programs inourorkload, the cesses arecreated inasingle opthatiterates

er the er of the cesses.

the cesses alle the samenamespace, thatis, thesameariable cedure names arevisible toall cesse ev theaddressspaceof h is dividedto a shared and a partition, with only the shared parti-

tion eing eptt acrossthename maps to either

or shared partition,but ust map to the same partition for all the cesses. a programmer e, the only di�erences

aredueto tof (Figure 2.1 isan example

of h a or system calls that return cesseci�c cessti-

thatareteed toet across the cesses are

denoted o c (to h cess) y e

assignedtfort cesses ineral ys, threeofh can e

ythestaticisthat theycan e assigneda from thetioned system they can e assigned the of some

increasing global (or simple function insidea critical

section that is executed once y ery they can e assigned the alue

an induction in the cess creation op (as illustrated in Figure The

use these to tiate cesses based on di�erences in their

trol w, and to detect access of shared data structures , in particular

when shared ys are statically partitioned across the

Third, hronization is erformed using are used

in programs running on shared-memory cess ors as a ely) ense

hanism enforce large sets of data endencie s that otherwise

ould e to e enforced y a large er of the trol w of a hes a barrier, it ust ait til the other participating cesse s also

h that barrier is a function of the parameter in the barrier syn-

call; us the same barrier y e hed at t ts A

is global if all the in the program participate in the hronization

at that barrier.

Barriers are ypically ed via library or erating syste m bus-based cess they are commonly ted using a structure that tains

12

terthat tsupto the erofcesses participatinginthebarrier efore the cesses are ed to ue [BP89];

this structure is called the arrier hing the barrier, h cess ts the ter and aits

tilthe terhas hedthe presetlimithfor global barriersis equalto

the total of cesses), at h time the ter is reset and the cesses

ue execu barrier is ypically passed y reference in the barrier

hroniz ation if t sets of cesses in the same program ere to

t barrier for a global barrier hronization t, the e left spinning at the barrier, since neither ter ould h the limit

for this case no hroniz ation ould e place, and

program ould ed 2.1 ws an example of the use of barriers

a program.

Last, in our del (and in all the programs in the orkload) ks are only used

to enforce utual exclus ion, i.e., they serialize access to critical sections our false

sharing analysis accesses to ks are treated just e access es to the shared data they

other hroniz ation e s are used, in particular these programs

do not use t hronization ost, ait and clear).

orkload

orkload consists of ten parallel these programs, four cus-

Mp3d,

Pthor and are en from the Stanford

SPLASH hmark s

[G91and three

(Fmm

[SHHG93], y and ytrace

[SGL94]) from the

SPLASH2 hmarks are ell wn programs in h consider-

programming e�ort as ended to e data including eliminating

ere included in the orkload to see if the static analysis could on programmer e�orts to reduce false with other vily hand-

optimized programs, it as ected that the compiler ould �nd er ortunities

to apply transformations that e the of the results

w [Car88], erify

[WSV87 ] and

[DN87] the pro-

had made no attempt to e ecause of added y

of cess or) he-consc ious programming.

h of the SPLASH2 programs tained e ral easily ti�able data struc-

tures whose ts had organized y These

13

used inthis ersions are(U)nptimized,

or(P)rogrammer-optimized.

Program Descri ption Linesof ersions

Fmm F oledy) UCP cusRoute standardcellrouter P

w um inadirected graph U C

Mp3d uid w P

Pthor ulator P

erify eri�cation U C

y Equilibriu distribution of t U C P

ytrace of 3-dimensional scene U C P optoptimization U C P

ater molecular dynamics P

to duce unoptimized ersions of these programs; no other hanges ere

addition, as ually optimized to eliminate false sharing in

[EJ91]. ersion is included in the programmer-optimized orkload.

h application is discuss ed separately w.

Fmm

implemen ts a parallel e fast oled to ulate the teraction

a system of diesdy problem) with non-uniform h

of the algorithm, the program builds a hical tation of the set

of dies to simplify the calculation of teractions e en sets of t dies.

The main op of the program consists of six phases that are separated y global

barrier hronizations are used to tee utual exclusion to the cells

the hical represen tation, shared memory cation and input/output func-

tions.

The input consisted of o teracting galaxies with a total of 16K

14

ocusRoute is acommercial y standardcell routes wires based on a

cost function to minimize the out routing is done wice to reduce the

of the order in h the wires are circuit is divided to spatial

regions, h with a task queue and a preferred cess wires are then

across the regions according to their t of origin and The ewires o�theirpreferred taskqueue and ceed toroutethe

isthe cessy useothercessor’s preferred task queues . are used to tee utual exclusionto the task queues ,cost routes

single global barrier is used the o iterations.

The input to cusRoute as a circuit with

3817 wires.

Max ow

ts a parallel algorithm to �nd the um w from the distin-

source to the sink in a directed graph with edge algorithm

consists of o excess w is pushed along the estimated shortest paths

ards the sink remaining exces s w is e d at balanced des

y pushing it k ards the source

Six global barriers divide the program to en used to guar-

tee utual exclusion to the ertices of the graph, a global task queue, and a global

ter.

input to w as a directed graph with

2000 ertices and

6000 edges.

Mp3d es rare�ed w ulates em t of individual molecules ersoniceeds as they collide with h other, with the oundaries of the

domain, and with the deleing set of molecules

are partitioned across the cesses , meaning that the space they e through is

and tended for.

Global barriers are used to divide the main op to six use of ks

to tee utual exclus ion to t some minor race conditions is No erturbation of �nal result is ected if ks are not used;

e r,

15

study theprogramas compiledwith ks.

Allresults forMp3darefora10molecule problem.

Pthor

is a parallel, distributed time, e n ulator that uses a ersi on of

Chandy-Misra [CM81] distributed time algorithm to ulate the vior of a

digital logiccircuit,enadescriptionof thecircuitanditsinputs.

utilizesdistributed orkqueue tof acircuitisassigneda cessorkqueuewheninitialized, andisplacedon thatqueuewhenev er

e s anew inputen ccur whenev erall the orkqueue sare

this t,ak resolutionroutineis executed togeneratets to

morets.

are used to tee utual exclusion to h circuit t and cess

orkbarriers areused, but only during the resolution of

A circuit with 5circuit ts as used as the input.

Pverify

is a parallel circuit eri�er that reads in the logic description of o circuits

determines if they are functionally program orks in o phases.

one computes the sets ofinputs that generate outputs ofone or zero for the

circuit, using a depth �rst h of the graph tation of that circuit.

Inphaseoitulates thesecondcircuitusingtheinputs from the�rstphase,

comparing the outputs of the second circuit with those of the phases

a dynamic, k hedulin g he me (as osed to queue he duling).

No barriers areused in but ks areused toteeutual exclusion

toork queues and globalters.

o smallcircuits ereused as inputs, with one output and 32 One

of 63 gates, the other of 153.

adiosity

computes the global illumination in a scene taining di�usely re ecting

is,it computes the t of t that hits ery t of

16

asafunctionofthetre ected fromallothersurfaces intheThis

done y dividing hsurface tohes h thatthey ofhh is

uniform across its the y of h h is computed as a linear

bination ofthe remaining hes in the is eated tilthe global

solution erges minimize the er of terms in the linear bination, the

algorithm uses a hical d to divide hes, so that the largest size

that do not impact the accuracy of the solution is used in h pair of h

teractions.

is exploited y considering oth the set of teractions of a single h

ell as h h teraction to eossible parallel its wn task queue, h is initialized with a set of hes from the

the divisi ons necess ary for h h load balancing

is vided y wing cessors to steal tasks from other cessor’s task queues.

y uses global barriers to separate the iterations of the used to tee utual exclusion to h h as ell as a global ulator.

input to y as a scene with 174 input olygons.

aytr ac e

renders a three-dimens ional scene to a o-dimensional image plane using

y orks y �ring primary ys from the t to the

ys ter new ys are are re ected and

through the asappropriate, andre ected toh tsource to

itshical gridisused toerse thescene e .

isa�ordedacrosstain dloadbalancing, h pro-

impleme ts its wn task queue, butcan steal tasks o�the queues oftheother uses oneglobalbarriertohroniz e the cesses w-

taskqueue are used to tee utual exclusion to task

queues, ys and global memory free list.

The input to ytrace asa 10 MB scene of a car on a k oardor, with

a � pixel

17

op opt

T isa CADol thatesological compactionofMOSuses a

ulated annealing algorithm applied to gate and signal hange s to minimize

circuitiste d asanwithh cess vingat

wto thewsare dynamicand eacrossthe y in order

to increase the ossible logic gate hanges .

ks are used in the barriers are used to divide

the main op of the program to four separate of the cesse s is

designatedthemaster cessandk sfor erge ncewinghiteration of

the op.

Theinputto theprogram asa circuitwith561 gates.

Water

is a parallel dy ulatorthat asoriginally atialprogram writ-

ten in as part of the erfect Club hmark s [BCK

+

the

and tials among ater molecules in liquid molecules are stat-

ically partitioned across the cesses according to their cation in the shared data

structure (not in the ulated space).

main cessing op of the program is divided to six phases y global

while ks tee utual exclusi on to individual molecules as ell as a

set of global ul ators.

The input had a problem size of 343 molecules.

3

TIMEYSIS duction

hapter tainsthealgorithmictributionoftheh ed inthis

thedetailsof thecompileralgorithmsthat analyzeparallelpro-

grams to determine h data structures are suscep tible to false sharing and where y y e ed. It also tsresultsthat attest to the accuracy these

algorithms.

Thegoal of the compile-timeanalysisisto ximatethe cessormem-

ory referencepattern and determine whenit terfereswiththe outof shareddata

thereisonly one cessercessor, yassumption, this can e done y computing the memory reference pattern of h of the cesse s in the

particular, since false sharing is a duct of t cesse s accessing ortions of shared data, the analysis cuses on detecting di�erences in the

memory reference pattern the cesses .

The memory reference pattern is ximated y computing the set

of data ts that h p y read (S E

p and write ( D

p the fre-

quency with h they are accesse d, and when they are access ed in relation to the

and memory accesses of the other cesses. The compiler analysis e s

in three separate trol w non-concurrency

based on barrier hroniz ation, and an enhanced, cedural, w-

insensitiv side-e�ec t analysis.

references to shared data y ccur either as a result of the cesses

t de us accessi ng t ts of shared data) or y the

partitioning of ys across the cesses when they execute the same de.trol w analysis

(stage 1) detects the �rst case, and summary side-

analysis and tiating ariables

1

3) help detect the second.

1 tioned in hapter 2, pro cess tiating are that e

19

non-concurrencyanalysis(stage2) usesbarrier hronization tsto

h of a program can execu te in parallel and hIt

enables theanalysistoximatethememoryaccess patternof distinct

of a program barriers),and,more when the pattern

shifts.

coupled with static estimates of execution frequenc ies , it estimates the

t sharing pattern in the program and restructures for that pattern.

Theremainderofthishapterdetailsthe cesstrolwanalysis(Sec-

3.2), the non-concurrency analysis (Section 3.3), andthe side-e�ect analysis

3.4).

trolw Analysis

Inprogramswritten(or generatedyparallelizingcompilers) inamedium-grained, delof programming,theparallelismistainedwithinregular nests.

trol w withinh nest iserysimple and the cessordata

(andmemoryaccesspattern)can ecomputedasfunctionsof the

trast,as discuss edin

Chapter

2,the programs in our target

are written in a coarse-grained of parallel programming, wherethe

spanserylarge of the programsand neitherthememoryaccess

northetrolwofthe cesses issimpleandto

facilitate the ximation of the cessormemoryreferencepattern it is

�rst necess ary to recognize the trol w of h of the the

of the �rst stage of implemen ts a general hnique that recognizes,

and groups the according to their w trol er arbitrary

w graphs.

general, eral cesses y execu te the same piece of de, i.e., e the

same trol w graph, while still accessing t sections of shared Ex-

of this are programs that use a tral ork list that is access ed y ultiple erforming tical erations on t ts , and programs that use

in y subscript expres sions to access t sections of shared

h trol w graph duced y this algorithm is assumed to ond to a cesses;

only if it can e explicitly wn to only tain

that across the pro cesses and are throughout the lifetime of the pro pid in

2.1 is an are discussed in detail in Section

3.2.

20

single cess is it ed as cess families y execute large sections

tical e aslongasthey e atleast one det thatis

theyareconsidered to et cessfamilies.

ordertocomputethetrolwfor cess families, itisnecess ary tode-

o esof troltsinthe isthesetof cationsthat

initiates separate families, using a coarse-grainedof parallel programming with explic it cess creation, set trol ts

easily determined. The second is all ts in the program where the trol w

of families erges .

detect these of ergence , the algorithm ust tify h trol

ts

2 a o c e dic (for h the w-

ing o conditions there is at least one for h the predicate holds

and at least one for h it is false, i.e., the predicate is the hanis m y cesse s are tiated;(2) the truth of the predicate for a cess is

throughout its latter condition tees that the a family will ys e the same h at the trol t in

and the des dominated y trol t along the other h

can e eliminated from that cess family’s trol w ofthe

of the cessfamilyare thereforeconstrainedythe predicateand

the truth onding tothe cess family’s pathat the trol t.cessfamilytrolwalgorithmwill educedytingthe

thatcomputes the cess trolw apr o c e dur (globally),

thatthePDPs intheprograme already een ti�ed anded.

isedyanexplanationofwthePDPsare cedural

isthenextende d tothe ceduralcase, and�nallytheresults of

the tire trol w algorithmto the orkload are ted.

aprocedurFlow nalysis

The algorithm starts out with the assumption thatallthe

programyexecu te acrossthetire parallel ortionoftheprogramstartingat tsofcess all cesses initially elongtoasingle

2

The discussion assumes that a trolt has at most o paths leading from The

can easily b e extended to other cases, h as hts.

21

X-Set: {1}

Control Flow Graph

((pid % 2)==1) (pid > 5) 1ab

1a (pid > 5)

Process Family Tree

1

(pid <= 5) 1b

((pid % 2)!=1) ((pid % 2)!=1)

1ba 1bb

(pid <= 5) 1aa (pid > 5)

((pid % 2)==1) (pid <= 5)

X-Set: {1a}

(pid % 2)==1 E

G F

D

(pid > 5) A

B C F

T F X-Set: {1ab,1bb}

X-Set: {1b}

X-Set: {1a,1b}

X-Set: {1a,1b}

X-Set: {1aa,1ba}

T

ofwthetrolwanalysis algorithmpropagatesmation and tags des in the trol w no ts of ergen ce e een considered,the initial cess family

unconstrained y ypredicates initial cessfamilyispropagated the tofcesscreationalong theedgesof thetrolwgraph tilhesthe

�rst t of ergenc thecess family is unconstrained, it necess ary to assume that at least one cess will e the path that onds call it �, eing the remainder will e the path that to the PDP eing the cesses in the cess family no longer the same trol w, the cess family ust e split; the original cess partitioned to o cesses of one sub-family are assumed e the and � is added to its set of the other sub-family e the path, and it has < �al > added to set of the PDP consists of either a test for y or y a cess tiating one of the resulting cess families will a single cess, and is ed as o new cess families are propagated ard er the trol w graph starting at the des wing of ergence the remainder of the ts of ergence are te cess family is only split if it tains ultiple cesses and its ts the path that its cesses will e at these trol ts the of a cesscess family cannot e predicted at a t of ergence , ust ely that the cess family y e either and therefore propagates it ard along The y of cess families is represen ted using a binary tree

, where

de represen ts a cess family or a cess is split, new sub-families are added as hildren to the de in tree that tsfamilyeingcess families that are te d y leaf e split ev the sets of cess families ciated with in the trol w graph are not dated after h split of a cess these des y tain cess families that are y in the order to e t propagating or splitting these cess they are considered place-holders for the set of cess families represen ted y descend cess families are then propagated and/or split In addition to the ters neces sary to t the tree, h cess family

binary tree is t since, y assumption, no p t of ergence has more than o emanating from with odatastructures agthatindicates whether itts cessorultiple, andalistofts ontheof data structure ciated with h de w graph is a set of that execu te that set is denoted the X-Set

(for initially y for all des in the trol w graph, but at the conclusion of algorithm will tain the set of cess families that y execu te h starts y initializing the X-Set of the start de with a new, cess 3.1 will e used to illustrate the wsa ortion of a graph with o at de

A, the other atde theh de is tagged with the �nal

X-Set information computed y the The initial cess here denoted

(1), is propagated ard til it de AA tains an if t with a PDP and cess family (1) the cess family is split to o cess families, denoted

(1a)

(1b family

(1a) adds the t > 5)and is propagated the true h of the if t

(to de while cess

(1bthe t <= added, and is propagated along the false h cess families are then propagated ard along the des the trol w graph til they h the PDP at de neither of ts of the cess can predict the path en at othare split, resulting in a total of four cess families

((1aa),

(1ab),

(1ba),

(1bbappropriate ts are added to h cess (% == to (1aa) and (1ba), and % 2) != to (1ab) and (1bb families are propagated along the onding hes from

((1aa(1ba) to de and (1ab) and (1bb) to de

Gthe algorithm terminates, h de of the trol w graph is with the set of cess families that y execute de that is ed a cess family that is an ternal de in the cess tree is considered ed y that cess family’s leaf desce ts example, in Figure

X-Set of de the trol w graph is wn to e f1agthe ofde 1a in the cess family tree are 1aa and 1ab, the X-Set of considered to e f1aa,

1abg

tFunc;

=

X-Setsforallnodesin Gtoe)tosto anyX-Setoccureach nodeNinGindepth firstorder each r Mof N inG do (M ant with a =eachPFin))= teM.PDPwithue != (branch and e == PF toif(not branch andlue

=PFto/*M.PDPcouldnotbeeval’edwithsPFintoPFTrueand

>}+ = +

PFTrue to PFFalse to

)) to algorithm for computing trol w graphs on a

algorithm iswnin

Figure3.2 usesaneh, de of the w graph (line 5), eginning with the ot,eatedly til ccurs in the X-Set of y de (line h de visited the considers h of the de’s predeces sors (line are o the predece ss or is not a t of ergen ce, ery cess family that execute it can also execute the t all the cess ilies that are either leaf des in the cess family tree and ers of predecess or’s X-Set,orleaf ts (inthe cessfamilytree)of families that areersof the predeces sor’s X-Set are includedin the of the t de (line example, in Figure 3.1 de of dethe predeces sor is a t of ergence , i.e., it tains a trol a PDP (line 7), h cess family that can execute it ust e see if it can execu te the t de (line cess is in the predecess or de’s X-Set and is a leaf de in the cess tree, or that is a leaf desce t of a er of the predecess or de’s X-Set examined for addition to the t de’s the PDP is the text of the ts of the cess family (line PDP to true or false, and if the h (true/false) leading the t de hes the result of that (lines 12 and 14), it to the t de’s X-Set (line 13 and 15) (not illustrated in Figure the o PDPs , in des A and arethe casewhere ciatedwith the cess familyare t toitissplitinoasede(linesensfor1 at de A and cessfamilies1a and 1b G in Figure

The cess tiating predicates are ti�ed in the wing the �rst condition for a predicateto e a PDP requires that it to true cesses and false for only that can e t

less tn (no longer used) as describ ed

[ cesses areto e a predicate ust static analysis recognizes three cases of when that across the cesses. First, a y e from a system call that returns cesseci�ccess ti�e Second,hcess y e a assigned a of an for a op that creates cesses , one for h of the induction a can e assigned the of a shared h is te d or decreme ted , all inside of a critical section that es not tain trol tsand isexecutedonce for h shared not otherwisee de�ned in the parallel ortion second condition for PDPs is the truth e with ect thecesses theyerenot,the algorithm oulderroneouslyeliminate descessfamilytrolgraphs(whenthetruthofthepredicatesthe cesse s actually tee onlypredicates program

Vs ) are not rede�ne d after their

�rst use are considere Based on this, a PDP can e de�ned as a predicate on a set of where leastone isis not rede�ned after its�rst use,and hasa across the remainder of the are either tsor not rede�ned after their �rst an example, consider the trol w graph in Figure that Q are ts whose predicates are equi-partitioning PDPs, the same partition on the set of cesses, and that there are o sets of that execute G1and G3, and G2 and G4, e the algorithmwillthe o trol w graphs in Figure hing the list of ts for h cess family

(Figure

3.2, lines 12) the algorithm only testsfor tactic y een the

PDPand a t, wing a simple normalization of the order of erators and es sure that

PDPs that di�er only with ect to and relational erators are treated as if they are erands themsel e are not h normalization, predicates h as < and ould e treated as eing e predicates , h as > >= 6)remain algorithm es not attempt to determine in eral, ond what is ede, if o PDPs are qui-p

R

G4

G2

P

Q

if (Pid == 0) {

   statements;

} else {

   statements;

}

..

statement;

}

(a) (b)

if (Pid == 0) {

   statements;

} else {

   statements;

G3 G4

G2

G1

P

Q

R

Q

R

G1

G3

P

wgraphandw graphsfor cess families aftercorrectto the cesses , that is, they osethesamepartitionon thesetof cesses ouldrequirea er, somethingthat ould e ely Inaccuracies constructing thetrolw graphscan educed ino iswhen the algorithmfailstorecognize causes a more forthe trol w graphs ofthe a�ected cess families to e 3.4 ws the trol w graphs that ould e constructed from Figure thatthe algorithmcould recognize but not Qneither Q as PDPs, the resulting trol w graph will e thatof Figureerestimating the trol w graph for a cess family in ates the sets of that are read and written y its cesses, since de they will not execute duringside-e�ect results ina onding of cess tion, since tical data accesses w ear for eral consequenc e is that data that in y y not e shared as true ould en t y false sharing of these data structures

P

Q

R

G1

G3 G4

P

Q

R

..

G3 G4

G2

if (Pid == 0) {

   statements;

} else {

   statements;

}

if (is_equal(Pid,0)) {

   statements;

} else {

   statements;

}

statement;

graphsforthe cessfamilies when aPDP (Q)isnot eing detected,and therefore ytransformations that eliminatefalse sharing eThe second inaccuracyccurs when the algorithm fails to recognize that a PDP with another PDP that has already een considere d, and generates family that es not ond to y of the cesse s of the Figure 3.5 wsthe resultof the analysisif algorithm fails to detectthat are erestim the er of trol w graphs also increases the estimated cessor ghost cess the same data as other e families, us implying sharing that notccur in the real o c e dur cedural analysis e d in the previous section can e extended to case y using an extended trol w graph that treats as w e the size of the extended w graph renders this ensiv inoth time and I t an h that considers

Q

R

G1

P

G1

G3

G4

} else {

   statements;

}

statement;

..

if (Pid >= 1) {
if (Pid > 0) {

   statements;

}

   statements;

} else {

   statements;

G2

P

P

Q

G4

R

P

R

Q

Q

G3

R

G2

graphs forthe cess families when theequi-partitioning ofisnot cedureseparatelyincalling

foreachstronglydsccin thecallgraphallnodesin sccbyasingle

3.end/*theggraphinng)order4.foreachnodeN inthecallgraphinorder(N is not an scc t to each caller Cto Ntoartchangestoanyetoccureachn

FsccbyNt toeach caller

CtoFsccto

22.end algorithm for computing trol w graphs on a 3.6 depicts the cedural algorithm computing the trol graphs for the cess algorithm

�rst replaces y strongly of the call graph with a single placeholder de

(lines

1{3), h that graph is algorithm then erse s the di�ed call graph ological

(calling) a de ts a single function, the set of that y call the t function

(startset) is ulated (lines passed to the cedural analysis for the t function

(called at line a dets a strongly connected t, the same steps are to the functions that are ers of the strongly connecte d t, solution erges (lines

algorithm assumesthat all cesses in a cessfamily thatcall a return fromthatfunction, ossibly as ers oft cess sub-families, ed from the (original) calling cess means that no function that where the cesses ere created y y a e and of the trol w analysis relies on ounding the er of times cess families y e the er of PDPs in the ounded, and only cess families represe ted y leaf des in the cess ily tree can e split, it su�ces to w that if a cess family is split at a t with a none of its leaf de sub-families can e split at that or trol t taining the same In other ords, y cess te y aleaf de can e the result of atmost where of tPDPsin the Recallthatwhen a cess familyissplitatatrol twith aPDPthe onewsub-familiesare constrainedy� anda truth

(onesub-family�

>,the other y <�al >) in addition to the ts of the family (Figure3.2, lines 19and y of these new cess their leaf de sub-families, are propagated to a trol t with the the previously added t will e t them from eing will e propagated along the appropriate path as determined y the truth with the t (Figure 3.2, lines the er of isounded, and the algorithmthatPDPs are ti�e de (the analysisyto tify a predicate as a but will not erroneously tify one that isn’t), correctness the algorithm hinges on it not underestim ating the ossible trol y of the cesses in a erestim the w, or cess families leads to a safe, solution as ed T underestimate trol w of a en set of cesse s, they ust e a cess family h the algorithm propagates along the incorrect path a trol t S tains a there cannot e ycess family that the en set of cesses can e part of

tfor correctnessisdoneyunderestimateof trol w can only ccur if y of the wing three cases are �rst is the predicate of trol t is not a but has een wrongly is, the cesses in actually execute alongoth paths e this tradicts the en assumption that the ti�cation of PDPs e. second case is if the predicate of is a ay a split at if there as a split at then there exists familyduced y the split at call it Q, that is tical to to es the correct path from i.e., it has the correct trol is a cess family that the en set of cesse s can e a part of, and trol w is not third case is if the predicate of not a sub-family duced y a split at the path that is propagated along from determined y the set of ts ciated this path to e incorrect, the set of ts on e erroneous otherwise no cess can satisfy these ts and still e the other h t can only e added as the result of a split of a cess a trol t with a it ws that either e a sub-family of a sub-family that as split at a trol t with a predicate had een ti�ed as a e r, this has already een ere d in case there cannot exist y cesses for h the algorithm underestim trol w, and the algorithm is cedural algorithm

(Figure

3.2) is ted using e algorithm that has a orst case time y of (n executions the inner

op at line 9, where n is the er of basic ks in [Hec77set of ts considered in line 10 is ortionaler distinct

PDPs in the this er is smaller than ofcess families p, and the inner op at line 9 iterates er the cess families, the erall orst case time complexi y of the algorithm is than (n p ev most parallel programs exploit data y ving t

cesses erform the same erations on t results w that no program in the orkload had more than three cess in practice the er of cess families can eounded y a making the erall y no orse than (ne programs, thecedural algorithm (Figure 3.6) ecedural algorithmonce forhcedure inthe fortheerallorstcasey is(� n where n is the

basic ks across the recursiv the is(n

) due to the iteration er the

ts of the strongly of the o c Flow ofcess family trol w cess families

3

3

2

2

2

2

3

3

3

3

2

2

2

2

2

2

2

2

gauge the ene ss of the cessfamilytrol wanalysisalgorithm,as applied toh program in the y ofthe algorithm to and divide the cesses to cess families according totheir trolcompared tothatofually ecting the3.1ws theresults of applyingthe cesstrolwanalysis rithmto theprograms inthehprogramthe

PDPs, cess families, andthe cess families consisting ofonly cess detected y the algorithmand y ual ection are analysisasneces saryto detectand separatethetrol wthe cessfamilies in all programs with more than oneerimen tserify the cess trol w analysis algorithm withect to its accuracy in correctly tifyin g the cess tiating andximating theset of cess all the programs in the the algorithm correctly computed the cess families, and only did it fail to recognize a This indicates that the algorithmcan rately separate cesses correctly according to their trol w in the ghost cessfamilies erecreated,hindicatesthat the limited equi-partitioningof

PDPs is su�cie tto ethealence the earinthese the simple dyhPDPsiswnnot toea tsourceof only failure the PDP in question as cated inside acedure,one of whose acted as a cesstiatingas ed fromyo cessonecalla cesstiating as the parameter in question; at the other an teger t as parameter did in y e t for the t cesse algorithm failed to recognize this ecause of the di�erence in its een theresultedin a more estimatefor the graphsofthea�ectedcessfamilies, i.e.,largertrolwgraphs,asin

Figure

Most coarse-grained parallel programs are to a large t data parallel, in cesseserform the same erations t is either y partitioning ys across the cesses or dynamic he with ork queues Exce for y distinguishe d master or trol cess, oneectthat theerofcessfamilies theseprograms to e results for the programs in the orkload con�rm this;they w that theer of PDPs and the er of cess are of the cusRoute, w, ytrace,and only o cess families,the remaining three

(Fmm,Mp3d and Pthor) three.h ofthe programs only one cess family consists ofultiple cesse implies that most ofthe cesses in the programs are similar in that

the same de buton t all the programs also eonesinglecesscessfamilythat isdistinguishe dyitstrolwaccesse sshareddata tlyfrom theother cesses hronization-b ased Non-ConcurrencyAnalyzing a program based on data summarized er the whole program often recognize shifts in the referencepattern to shared data ee nt t) phases the barrier h ronization analysis addresses this problem y dividing the program to a set of tially delineated y barriers, and computing the w of trol een side e�ect analysis

(Section

3.4) to erformed in h phase, us a oralt to the summary side-e�ec t can e used in eral ys when trying to minimize false patterns are detected een barriers, shared data transformed (at time) or t coherency de that hes the access pattern phase can e as in the algorithms ed in this non-concurrency analysis can e used, along with static pro�ling, to detect a t sharing pattern in the program and restructure for that in the application the barrierhronization-based non-concurrency ealedthat shared structures ereaccessed on a distinct basis parts of the program excep tduring the �nal ergenc etherefore decided to transform the data y cess, according to its t er tire program ould e discouraged the the summary information ould not e re ected that the shared accesse to the data ere calized to only a short phase of the barrier hronization-based non-concurrency analysis algorithm canto obtain more detailed, er-phase summary information for shared data other than eliminating false example, in a parallel ture in h cessors e ultiple are texts

[ALKK90], it can e to hed ule threads across cessors to minimize terconnecterations caused accesse to shared a (single text) shared-memory hine, it can e to enablesimplerand moreaccuratedata he rs[TE93 barrierh ronizationanalysisalgorithm esnotusetheinformation

inthewanalysis stageoftheite that h cessy ey path through the es space, sincetheanalysis es not eto erformedin thetextof w h The barrierhroniz ationalgorithmhasthreetheis divided to a set of cess ts, h of h is delimited y barrier hronization cesstsare then ely mergedtogether phases, based on h ts y execute the the program are ed with h phases h elongs results of the barrier hroniz ation analysis algorithm to the orkload concludes the barrier hronization analysis a o c de�ned set of t seque nce s along all barrier-free paths in the trol w start at one barrier hronization call i using barrier � , S

and end at another ossibly the same) barrier hronization call S

j t is ti�ed y the barrier h ronization calls that delimit the ecess t ould e denoted (S

S

jan example, sider the sample program wn in Figure program has t barrier calls, ere d one through addition, a conceptual hroniz ation call, denoted is assumed to exist at the eginning of the the de�nition ede, the program divided to wing cess (SS

1); (S; S

5(S

1S

2(S

2S

3(S

2; S

4(S

3S

4(S

4S

1(S

5S

6(S

6S

7(S

6; S

8(S

7S

8(S

8S

5 need not e y erlap, i.e., o cess y start

(end) at t barrier hronization calls but end (start) at same call, us sharing the last

(�rst) ts on the trol w paths to that barrier hronization example is the cessts (S

2S

4(S

3S

4in Figure e one t cannot tain sincethis ouldviolate the tfor barrier-free a program is the set of cesststhat y execu te

                                         }

                                       }

1:    wait_barrier(&step);

2:    wait_barrier(&step);

                                           }

  }

                                         while(not converged) {

                                           comp_step1(pid);

                                           comp_step_2(pid);

4:    wait_barrier(&step);

                                           if (step % 2) {

        do_odd(pid);

                                             do_slave_odd(pid);

      iter++;

      if (step % 2) {

                                     5:    wait_barrier(&step);

                                     6:    wait_barrier(&step);

                                     8:    wait_barrier(&step);

3:      wait_barrier(&odd);

                                     7:      wait_barrier(&odd);

    }

  for (pid = 1; pid < NumProc; pid++)

  ..

  WorkStart(pid)

  int pid;

    if (fork() == 0) {

  WorkStart(pid);

  ..

    }

      exit(0);

      SlaveWork(pid);

  {

    while (not converged) do {

      comp_step_1(pid);

      comp_step_2(pid);

      }

      converged = TestConvergence();

    ..

                                         ..

                                       {

                                       int pid;

                                       SlaveWork(pid)

programwithbarrier o barrier sync hronization goal of thebarrieranalysistodivide the programto cess ts andthen group cess ts y execute tly together in the same algorithm relies on an ty of global barrier with ect to barrier same barrier ust e passed y for h global barrier hronization t, otherwise a k(Chapter us o cess ts that end at barrier sites that pass t barrier can execute tly in a of a program without causing

Process Segments:

Phases (indicated by dashed boxes):

step

(S,1) (S,5) (1,2) (5,6)

(2,4) (6,8) (2,3) (6,7)

(3,4) (7,8) (4,1) (8,5)

{(1,2) (6,7)}

{(S,1) (S,5)}

{(2,4) (6,8)} {(2,3) (6,7)}

{(3,4) (7,8)} {(4,1) (8,5)}

(S,1) (S,5)

(1,2) (5,6)

(2,4) (6,8)

(2,3) (6,7)

(3,4) (7,8)

(4,1) (8,5)

step step odd step step

step step odd step step

hroniz ationgraphforprogramwn inFigurehelpexplain thealgorithm, thenotionofaG

(V

E

foraprogramis isaoted, directed graph, de�ned asertexv

2 V

ts thesetof cesstsT

that thebarrierhronizationcallsitesandterminateat barrierhroniz calls thatpass thebarrier� ystart deot ertex)inserted to t to the ertice s that tain cess ts originating a conceptual barrier hroniz ation call at the eginning of the not but instead e that sections oftheprogramnotere d y cess ts e upaphase that ends inprogram this no deis not wnin yillustrationsofthe barrier tion

isa directededge(u

v

j2E

thereare cess(S

S

j2T

and (S

jS

k 2 T

jel the des in the graph t sets of t seque nce s of the gram that do not tain barrier hroniz ation calls cess ts), and represen t barrier hronization ts that transfer trol w from t tophasesof the programcan ete dasa oftheertice s, of whose ts can execute in w of the phases ws h ronization graph forthe sample program in Figure 3.7is wn ertice s of the hronization graph are wn in solid xes,xes enclose the cess ts that elong to the same isannotated withthe barrierthatterminates the cessts the y start de is not results ofthe barrierhroniz ation analysis are ots int phases, they cannotexecute tly e ers ynot etrue,i.e., ifo cesstsareinthesamephase, but need not,execute in the o c �rst stage of the barrier analysis algorithmdivides the programto a set ofcess ts h barrier h ronization call the other barrier calls that can e hed along barrier-free paths in the program are ceptually a ar

created for h barrier hroniz ation call S

(as osed to the barrier b that is passed as a parameter at S

barrier hronization call S

is treated as the use of its ar

y the de�nition of the ar

all problem reduces to that of computing h ar

e at the end of h hroniz ation that a is e at a t in a program if can e used efore it is rede�ned [ASU88 these conceptual e aliased, an cedural solution to this e is and tractable [e81a e barriers can e ulated as a simple data w analysis problem [KU76], for h t solutions are eed upcomputation, cedures thatdonottainybarrier nizationcalls andthatdonotdirectly orindirectly cally cedures barrier hronization calls can e summarized to single des in the w graph us oiding propagating information through h t these cedures) without a�ecting the accuracy of the the solution to the cedural e barrier problem, the ts computed y considering h barrier hroniz ation call in barrier S

jthat is e just after S

, the algorithm creates the cess (S

S

j3.2 summarize s the results of solving the cedural e barrier the program wn in Figure k mark in w i, column hroniz ation call e at barrier hroniz ation call ithe table ws that barrier hronization calls 1

and 5

are oth e at the algorithm creates cessts (S1

and (S5

full cess ts (again, without barrier annotations) for this program listed in Figure of barrier hroniz ation calls e at h barrier

Barrier h ronization

h

1

2

3

4

5

6

7

8

1

2

3

4

5

6

7

8

ocinto artitioning the cess ts to seque tially executing phases is done in stage of the barrier analysis egins with the optimistic that only cessts that start at the same barrier hroniz ation and end at barrier hronization calls that all pass the same barrier other ords, h barrier h ronization call S

es to f(S

S

j

); (S

; S

j

); ::; (S

; S

j

)gf(S

; S

k

); (S

; S

k

); ::; (S

; S

k

)f(S

S

l

); (S

; S

l

); ::; (S

; S

l

)gS

j

S

j

; ::; S

j

; S

k

; S

k

; ::; S

k

S

l

S

l

; ::; S

l

hroniz calls e at S

, and � :::; are barrier phases ond to the ertices of the barrier hroniz ation for the sample program in Figure 3.7 are illustrated y the solid xes

Phase B:

Phase C:

Phase D:

Phase E:

Phase F:

Phase G:

Phase H:

Phase I:

Phase J:

Phase K:

{(1,2)}

{(3,4)}

{(S,1),(S,5)}

{(2,3)}

{(2,4)}

{(4,1)}

{(5,6)}

{(6,8)}

{(6,7)}

{(7,8)}

{(8,5)}

Initially

{(3,4)}

{(S,1),(S,5)}

{(2,3)}

{(2,4)}

{(4,1)}

{(6,8)}

{(6,7)}

{(7,8)}

{(8,5)}

{(1,2),(5,6)}

Step 1

Phase A:

{(3,4)}

Final

{(S,1),(S,5)}

{(2,3)}

{(4,1)}

{(6,7)}

{(7,8)}

{(8,5)}

{(1,2),(5,6)}

{(2,4),(6,8)}

Step 2

{(3,4)}

{(S,1),(S,5)}

{(4,1)}

{(7,8)}

{(8,5)}

{(1,2),(5,6)}

{(2,4),(6,8)}

{(2,3),(6,7)}

Step 3 Step 4

{(S,1),(S,5)}

{(4,1)}

{(8,5)}

{(1,2),(5,6)}

{(2,4),(6,8)}

{(2,3),(6,7)}

{(3,4),(7,8)}

{(S,1),(S,5)}

{(1,2),(5,6)}

{(2,4),(6,8)}

{(2,3),(6,7)}

{(3,4),(7,8)}

{(4,1),(8,5)}

of w the algorithm partitions the set of cessthis starting t phases that y execute tly are merged til cessts that y execu te in parallel are tained in t The decision to merge o phases is based on the fact that, if o cessto the same phase and therefore y execute tly , h as (SS

1

(SS

5in Figure 3.8, then alltheir immediate success or cess ts atbarrierhroniz ation calls thatpass thesame barrieralso execute inthephasesthat tainthesesuccess or ts mergedtoonethat tain cesststerminate at barrier hroniz ationcalls that pass tbarrier merged, since k ould ccur if these ere executed 3.9 illustrateswthe algorithm orksfor thesample program in barrier e een omitted for reasons of has nine barrier h ronizationcalls t plus the start since not all the barrier are tical, the cessts are to 11 phases, A through only phase A is put on the queue, since it is the only phase that tains more than one cesst,ically the cessts

(Sand

(Scan e seen from the �gure, hroniz ation calls 1 and 5 are �rst ts of cessts in phasesand

G, ectiv ely they oth end at barrier hronizationcalls that same they are merged together in h is then added to presence of cess ts (1and

(5in causes

�rst phase phase e merged, and then phase

Dand ews til phase merged to duce the �nal set of stage of the algorithm, wn in Figure

3.10, is implemen ted using a queue using the e barrier information, the cessts computed and inserted to the initial set of phases

(lines phases P

tain ultiple cess ts are put on the ork queue

(lines 9 through phase P

on the queue is then examined in turn

(line h pair ts (S

jS

k ); (S

; S

2 P

,thealgorithm mergesallphaseseitherS

k orS

asthe�rstbarrierhroniz ationcallinyof tsand whosecesstsall end in barrier h ronizationthatpassthesamebarrier((lines17 throughresultingphase is added to the ork queue (lines ues til the ork queue after h the �nal set of phases

foreachbarriercallB1intheanybarrierliveatB1aphasePiforeachrcalls liveateach barrier callB2live atB1(B1,B2)intosandB1intoB2 passessame leas dwith eachPi that morethan one Pi on

13. end 14. while not e empty = empty each call Bj such that ) is in = set of phases Pk with Bj in each distinct le BV d phase in Pset phases in Pset with r variable |> 1 new phasePn withbarriereach phasePm in tPm withPm; /* removefrom eueif yPn on

32. end to compute the set of phases from a set of cesse and ofthe barrieranalysis algorithm (Figure3.10)threenomoremergescan erformedthanthereareinitiala phase is ed from the ork queue (line 15) in erythemain onlya phasethat istheresultof mergingoor more

23{27)can eaddedtotheorkqueue (line thesumof the phases intheprogramandthe er ofphases intheorkqueue decrease s eryiteration of the main op, and the algorithm ustresult of the algorithm is a set of phaseshthat a cesst in one phase cannot execute tly with y cesst in the algorithm is correct if it ysmerges phasesthat ts that y execute phases that tain ts that cannot execute tly duces a e that for o cess ts to execute it is neces t, that they oth start at barrier hronization calls that pass the and end at barrier h ronization calls that pass the same not, they could not execute in parallel without causing a t for correctness is done y that after the algorithm o cess ts x = (S

S

jand = (S

S

are in P

P e but y execu te tly in a correct execution of are o cases, ending on whether the o cess ts the same

(i.e., i = or t (i.e., i 6= barrier hroniz ation

�rst case, they cannot end at barrier hroniz ation calls that pass the barrier otherwise the algorithm ould e put them to the same initialization

(lines ev they end at barrier that pass t barrier they cannot execute tly k, us tradicting the initial the second case it assumed, without loss of that since x and y can execute there is a phase P

that directly precedes

P

and P

, i.e., w of trol directly from P

to P

and P

for P

and P

not to e merged at line either their cess ts end at barrier hroniz ation calls that pass or P

is er put on the ork former violates the that the o ts y execute tl latter only ccur if P

tains only one it ould e enqueu line 10 (if it initially tained more than one cesst) or line 28 (if the result of a e since P

directly precedes P

and P

, if P

only one t, call z = (S S

P

and P

ust tain

one cess t h thatstartsatbarrierh ronization callS

, ends at a barrier hroniz ation call that passes the barrier en, since the algorithm ould initially e put these cessinthesame phase(lines 5{8),andus P

xandy cannotandthealgorithmisrunningtimeof the initializationphaseisdeterminedy ofcesstsin a umer of cessexists when ery barrier is e at ery other this case time (b

), where b is the

er of barriers in the um er of initial phases that can e created is � where v the erof tbarrier passed at barrierhronizationcalls the um er of �nal phases is v (one for h the um er merges that can erformed in the main (line 25) is � v � fast union-�nd for set merges and okups, the orst case time y of main op is (� v � b, the case running time of the algorithm is (b the o gr order to ulate side-e�ect information y h of the phases of the it is neces sary

�rst to mark h t with the phases to h it

is done y computing h tselong to h cess t and phase tains h cessRecall that a cess t is the set of ts that y e executed barrier-free paths een o en barrier hronization calls, and that t ti�ed y the o barrier hronization calls that it. in order to determine h cess ts a t elongs to, it necess to w set of barrier hronization calls that are hable paths from the t and the set of barrier h ronization calls the t can e hed, also along barrier-free

�rst set when cess ts are ti�ed, namely when solving the e second set can e computed y solving a problem similar to de�nitions for

eised inasimilarytothat oftheebarrier hronizationcall iistreatedas antto non-aliased, conceptual ar

tlyfromtheproblemfor the t to ar

treated as if it all de�nitions of conceptual that h that assignmen can w e ed using wn hniq ues for e data w [ASU88en the sets of barriers that h and are e at a t S the sets of phases that include this t can e easily h B

hescompute the set of phases P

that includes cess(B

B

for y ihbarrierB

thatiseatcompute thesetof P

that includes cessts (B

B

for y setof phasesthat simply the terse ction of P

and P

T the barrier analysis algorithm to the

Phases

Phases y

W

T the ene ss of the barrier hroniz ation analysis algorithm phases and ts, it as applied to h hmark , except ify h did not tain y 3.3 summarize s these

(9,10) synch

(1,2) synch

Fmm Maxflow

(2,3) synch

(8.9)

(8,3)

(2,9) synch relabelFwd

(3,4)

(4,5) relabelBwd

(5,6)

initDistLabels

edgeLists

StartBarrier

(S,1) (S,2)

LocusRoute

(1,2) bfsLabels

(2,3)

(S,1)

(6,7) synch

synch

(7,8) synch

(5,8)

(5,6)

(4,5)

(S,1) start synch synch

(3,4) synch

hronization graphsforFmm, cusRouteandtains the erof static ccurrencesof barriers in h program, the erts in the program, phases computed y the algorithm

(excluding termination phase),and the phasesthat can e determinedy ecting the program(again, excluding the termination barrierhronization graphs for the hmarks , annotated with phases as computed y algorithm, are wn in Figures

3.11,

3.12,

3.13 and The barrier analysis algorithm computes the correct er of cessallhmark addition, it partitions these tserfectly butthreeof the hmarks thebarrierhronizationgraphs3.3wsthatthealgorithmdivides cusRoute(trivially), w, (trivially), and to a um er of for these programs the results are exact, not e.

results forFmm, Pthor andy e r, are �nding 10, 20 and 6 phases, e the algorithm only partitions the ts 5, 13 and 2 haracteristics shared y these three

barrier

(S,1)

Mp3d

(3,1)

Radiosity

Raytrace

(S,1) start barrier

barrier

(1,1) (1,2) (1,3) barrier

(2,1)

end_sync

(3,4) end_sync

(4,5) end_sync

(2,3)

(S,1) end_sync

(1,2) end_sync

(5,6) end_sync

(6,1) end_sync

hroniz ation graphsforMp3d,yandtocausethisthesamebarrierisusedatbarrier h ronization call sites that in y can e r execute tly , o barrier hronization that are on t paths

(/false from an if t,when the predicateof that if tis a run-time are cyclesof t lengths in the barrier h ronization graph of h The former links barriers y the storage used for the hroniz ation not theactual hroniz ation latterforces thealgorithm to taining cesststhat end at these instance, inthebarriersynchisusedat hofthetenbarrier hronizationcallin the program,en though noo ofthem are er executed inofo tlengthcycles (thesearef(3,4),(4,5),(5,6),(6,7),(7,8),(8,3)f(3,4), (4,5), (5,8),(8,3)g)means that thealgorithm ust e

(5,5) (5,7)

Deadsync

(7,5)

Deadsync

(6,7) (6,5)

Deadsync

(5,6)

ALDeadsync

(7,6)

ALDeadsync

(6,8)

Dead2sync

(S,2) (S,1)

sync

(2,3)

sync sync

(1,3)

(3,4)

sync

(4,6)

ALDeadsync

(4,7) (4,5)

Deadsync

(7,8)

Dead2sync

(5,8)

Dead2sync

(8,6)

ALDeadsync

Deadsync

(6,6)

ALDeadsync

(8,7) (8,5)

Pthor

hronization graphforthat cess ts (3,4), (5,6), (5,8), and (9,10) y execute in parallel, as (4,5),(6,7),(8,3)and

(4,5)

PotengBar

(3,4)

start

(6,2) start

(5,6)

InterfBar

(S,1)

Topopt

limbo start

(2,3) start

(1,2)

start

Water

start

(3,6)

alldone

(7,9) limbo

(6,7)

limbo

(5,8)

limbo

(9,1) alldone

(4,5)

(S,3) (S,4)

(S,1) (S,2)

alldone

(1,6)

alldone

(3,5)

(10,4)

(10,2) (10,3) alldone

(8,10)

limbo

hronization graphs for and useoft barrierandtheyofthealgorithmtotiate een them ere t in obtaining the d results for oth since the barrier at barrier h ronization calls 6 are t, the phases taining

(3,4) and (3,6) ere not tical or aliased, the algorithm ould e had to act e all but the o �rst phases to a single phase with a self Pthor, where all cess ts that succe ed

(4,5),

(4,7) and (4,6) in the hroniz ation graph ould e eened to a single phase with a self if ere not en to t during the

Side-E�ectthe�rstostagesof analysis, thetrolwof t cesseencomputed(stage1)andtheprogramhas eendivided tophases2). 3 uses this information to compute y di�erences in the memory ee n cess families in and across the phases of the y erforming an cedural, summary side-e�ect analysis er the of the h t is ed oth with h y execute it as ell as h phase(s) tain it, the side-e�ect easily ulated y phase for h cess family using only a single pass the The side-e�ect analysis computes the set of datah cess familyand writes in h phase of the data iseitheraglobalthat tsheap cateddata of a en structuresaretreatedasin theirwn ys, additional mation outthe index expres sions are tained in the formofe ecify the set of y ts accessed the hniques for side-e�ect analysis e een discuss ed extensiv ely [Bar78, e81b ,

CK88], this section will only ell on those areas of the analysisnewhniqu esor elapplications of ellwnhnique ccside-e�ectanalysises o it computesthedi�erences in memory reference pattern of thecesses that result from di�erences in their it vides the basis for ering di�erences in the reference pattern to the target del of parallel programming of shared ys is done y t cesses using in y index express ions for the same is ed y using tiating

(see

Chapter 2) as part of opounds or y index expres in order to determine if and w ys are partitioned, it is necess to compute the set of y ts that h cess access side-e�ect analysis accomplishe s this y using ounded regular section

[HK91] to e and summarize h sections of an y y e

I=( , )

I=((2:4),(3:6))

                  A[i,4]=..;
A[2,4] = ..; A[2,4] = ..;

                                 A[3,6] = ..;

I = (2,4) I=((1:7:2),4)

                   A[4,3] = ..;
                                  A[foo,bar] = ..;

for(i=1;i<8;i+=2)

ywritten atthe ts intheprogramwhere itisaccesse ounded descriptor is aector ofsubscript ositions (i

i

; ::; i

in h t i es the ortion oftheythatisaccess ed intheectort i

can einoneoffour ht is set to > ts the y index set, i.e., the y has not een accessed ie a single t or a simple expres sion of ts, cesstiatingthiscaseiteci�e sonlyonet inisillustratedythe�rstexampleinFigure i

can e the form of a triple

(l up;

stthat eci�es a range of tsin the thesame eof express ions describ ed e for their er ound and is illustrated y second and third examples y of these expres sions are wn or they are ?, for orst case for that express ion ust then e assumed , e.g., eround express ion as wn, the um eround ould e eusedthe i

itself can e wn (?), h ts the either the index express ion is ocomplex to t in the ork, or the expres sions (l up; stare wn this case all the ts of dimension are implicitly eci�e fourthexample inFigure 3.15In order to summarize the accesse s to an individual it is necessary to regular section descrip tors,generated at h t in the program where y is accesse d, to a single ounded regular section

0 1 2 3

0:2:2 0:3:3 1:3:2

0:1 1:2 2:3

0:2 1:3

0:3

One element

Two element ranges

Three element ranges

Four element range

Unknown

No information

ofsubsc ript ector ts forafourt merged y pairwise merging theelemen ts ofthe ector ofsubscript merging the descriptors for h result ofmerging o ector ts is an t that es the smallest section of the y in thatencompasse s othsections ed y the o original The subscriptector ts are partially ordered within a semi-lattice thesizeof theysectionthatthey ecify(asanexample,Figure3.16 the lattice of all ossible t try subscri pt ector ts for a four this lattice, the merge of o subscrip t ector ts is de�ned the meet, or greatest er ound, of those ts in the the access es to an y in a single ounded regular section e s the ose determining side-e�ects of cedures for endenc e the ose of the analysis ted in this hapter is to tect ercess access to shared data regular section as ede y terfere with this ecause of the loss of accuracy that the meet instance, consider an y in h the partitioned statically across the cesses usingcess tiating all y accesses exce pt during a e rgence testing phase, when all the ts the regular section descriptors for the access es in ergenc testing part of the program are merged with those for the access es in of the program, the meet

(greatest er ound) of the ts of ust e not all of the regular section descriptors tiating as part of the ts in the subscript ectors, merged regular section descriptor will not eliminates information partitioning of the y and es the y ear shared;

consequ tly of the y to reduce false sharing is solution to this problem is to use ultiple ounded regular section h y together with lazy and selectiv e ounded descriptors e a more precise ximation of cess y accesses parts of the program, since t access patterns need not ethe same with static estimation of execution frequencie (Section

3.4.3) it ws the system to disregard those descrip tors that access patterns that ccur seldom and do not tially tribute to

are,ev er, problemswithwingultipleregularsectionfor h y to exist in the summary side-e�ect of all, accesse are no longer summarized , but the space requireme is tly increased the more regular section descriptors there are, e y analysis that uses them it is necess ary a tradeo� ee n the er of descrip tors that is ed and the of the resulting is ed y setting a small limit on the of descrip tors for h y (the results te d in this dissertation are based using a limit of ten regular section descriptors for h y) and using a olicy lazy and eolicy of lazy and e merging seeks to minimize the loss of y merging o regular section o descrip tors for the are tical, they are not merged til the limit on regular section for that y is the limit is hed, a descriptor is selec ted so it is merged with the new descriptor the least t of information is instance, if there already is a descriptor for an y that tains ottom (?the result of merging the new descriptor with y other descriptor for that result in a descriptor that tains ottom, the descrip tor that already is hosen to e merged with the new Once the side-e�ect analysis has eenerformed, the partitioning of ys cesses can e detected y examining the regular section descrip tors of h algorithm can conclude that t ts of an y are accesse d y t cesses , en within a cess in o if the subscrip t is not a range, but a cess tiating h cess accesse a t y t in that if the subscript ector is a range and the �rsttof the range is a cesstiatingthe stride is equal to the erofcesses,the cesses accesst ofthe yinthatdimensi on inane d othaccess ere detectedintheorkload,the�rstcase aloneassu�cie t todetectallt casesof false sharing in the orkload causedythe static partitioning of acrossthe cesses cateandIn order to erformstatic analysis on programswritten in alanguagewith e data structures made up of cated hasC,thereo separate, but related, issue s that need to e to deal with y ters and w to treat (and summarize) accesses to ter-induce aliasing of named data exceptfor tersusedtot reference parameters, not handled in the side-e�ec t analysis describ ed the t side-e�ect analysis ks ter alias analysis, it wn that h analysis can e included to vide ery accurate results at e w cost

[ev the e�ect of including h analysis on the results ould e negligible for programs in orkload in this the programs use the full y of ters in C. Most them conform to listed w, the remainder e eendi�ed to do so ing three ts on

ter usage hold across the except reference parameter ters, no terts to a named but tscated data structures a ter only ts to data the same data e as that ciated with it in its there is ter arithmetic cated data t a problem in the side-e�ec t analysis in are nameless, their lifespans are not ery ell de�ned, and their er ter-connectivi y is w n at can e up arbitrarily complex data e since y parallel programs e use of cated data structures, it is necess ary to tegrate them to the e�ect analysis to maximize the t of false sharing that can e to ts on ter usage listed e,eral hniqu es aim e ring the structure and connectiv y of cated data structures and can e used to analyze the access es to them

[ei80LH88,

RM88,

HPR89,

HN90

This as primarily done ytacticallyhanging p ter accesses to y tsto accesses with subscript ams,h as Cholesky and Hut from the SPLASH b hmarks,ere sidered for inclusion in the d, but ere ultimately rejected, as they failed to meet withoutt m mo

CWZ90e dueto their timeand spacecost,a simplerhis usedofattemptingtotiate een individual catedthe same datae, e create a for the data eand summarizeaccesse s to cated of that data e as if they ere accesse s to other side analysis e treat all accesses of y en data e as if they had ccurred to a static on this analysis, the algorithm can detect cess accesse to t data es, and to ts of of the same data algorithm cannot determine whether t cess families of the same it ust ely of a en data e are shared across all the r e erformance impact false sharing that ccurs in a particular data directly related to w tly that data structure is accessed more is accesse d in a pattern that causes false sharing, the more false sharing misses ccur.

e the results of standard summary side-e�ect analysis are sets of data that y e read or written when a cedure is execu No information out w tly that cedure y access the data h an analysis ould fail discern the t (most executed memory reference means that y decision to transform structure based on summary side-e�ect information alone ould not necess result in t erformance emen transformations ould in the cases where data structures are accesse d in memory patterns in true sharing as ell as false sharing, en though the latter y this reason static estimation of execution frequenc ies has een included in static estimation eighs ts inside a op more vily than of the factor of ten is common and is also used in the this ts conditionals y e ted less than conditionals either y a t factor or a y assigned y heuristic e this has not een implemen ted t ersion of the

theestimated execution frequencie s inplace, theside-e�ect analysis, of just computing the sets of ts accesse d, computes sets of tuples that the dataandaccess adataisaccess ed inots, the execution frequenc y of h t is added to the access frequenc the tuple taining the data side-e�ect information is cedure calls, the access frequencie s of the side-e�ects the called ultiplie d y the execu tion frequency of the call tly not impleme ted , an alternate h ould e and pro�le programs, and then feed the pro�ling information k to compiler and use it instead of the static pro�ling information during a second h ould vide more accurate information than ossible compile-time, vided the pro�ling runs of the program are on represen e inputs [T time (in seconds ) to erform t analyses in arafrase-2 callgraph wgraph

openden ce t other

(parsing fraction of

cess barrier fraction of

time (inseconds ) to erformt analyses inarafrase-2

erify

W wgraph

opendenc e t other(parsing fractionof

barrier fractionof

3.4 and 3.5 w the total time for arafrase-2 to compile h program, ell as the time

t on the most t individual passes. The tson a DEC 3000 orkstation with 128 MBytes of ysic al of the individual passes indicate the order in h they are threews w the time to erform thecess trol w analysis,hronization-based non-concurrency analysis, and thesummary analysis, the results indicate that the passes of analysis describ ed in this ter e ery little compile-time cusRoute, w, Mp3d, and the three passes t for an erage of 5% of tal Fmm, Pthor, and y the cess trol w non-concurrency analysis e less than 2% of the time of the erall e the summary side-e�ect analysis es up an inordinate t of

reasonforthis isthatthememory t forthecompilerforthese grams increase sto causepagingyh in atestherunningtimeof the of exces siv e memory use is in part due to a memory leak t folding and propagation more ys ical or a economical compiler, the running time of the side-e�ect analysis should e

Tthecompile-time analysis detailedinChapter 3has eenerformed, areused todetermine h datastructures arevulnerable tofalse sharingtransformationsshould eappliedtohof thesedatastructuresto or tly reduce the er offalse sharing misses. The transformations false sharing y restructuring the data so that(1)data thatareerwhelm accessed y one cessor are ed together, and (2) with little or no cessory do not share he transformations, and ansp and e [EJ91], address item

(1);andisaimedat itemsimplifyelopme tandexplorationof theuristics , theheuristics ereappliedy& &ose (asillustrated inFigure4.1)ysically regroups datatogether their out in groups together ectors thatare cated ically in h t ts are ys or tly access ed y and then oses the e�ect, it hanges a group of ectors ector of records, in h h �eld onds to a ector elemen the ts that are accesse d y the same cess are cess’s data is less than the he k size, it y e padded, so that cesses ’ data share a he

Group & ose eliminates false sharing, since data that are accessed y t cesses no longer reside in the same he it e spatial despite the additional space created y padding, since the data cessed h cess is no longer spread er y he ks, but in a few (or only one as in Figure

typeA Vect1[N]

typeB Vect2[N]

typeC Vect3[N]

typeD Vect4[N]

typeD Vect4;

typeC Vect3;

typeB Vect2;

typeA Vect1;

Cache Blocks gt_pad1 Padding;

} GTVect[N];

. . .

struct {

. . .

. . .

. . .

. . .

oftheGroup& data structures where the er of dataand their cations are compile-time,group & osecannot e applied,sincethereis no staticstructure to case ccurs, for example, when the a�ected data structure is edde d to ts of cated data structures , h ed lists or a t transformation, called indirection, is to tiguously cate ts of a data structure that are accesse d y the

. . .

Buffer0

. . .

Buffer1 BufferN

Buffer2

oftheIndirection

Indirection, wn in Figure

4.2, es elemen ts of a data structure that are tly accessed y the same cess to a bu�er cated for that Atertohelemen t’s new cationinthebu�erisputtotheoriginal of the t. This is e d in three the e de�nitions of the ts of the cess data structure is hanged to ters,and another el is added to the references to thesedata in the is inserted to create a large bu�er in shared memory at run-time for h inthedeisinsertedafter htthat catesof thea�ecteddata decates spacein the cess thetargetts and initializes the tersinthehangeddata structures t to example of program de from the application efore afterthistransformationiswn inFigures4.3and4.4 e

net intintintintintinti

TR} *NET NET np = tnet *) malloct= ]= application efore applying Inadata structure that su�ersfromfalsesharing ecauseof cessaccesse (including writes) to its elemen ts, indirection eliminates the false sharing ecause ts the data that is accessed y t cesses from residing in the he k, and cates data that is accessed y the same group & ose, it carries oth a cost in time as ell as cost results from the extra memory access to reference the restructured data, the space cost is due to the additional erthe les indirection vides the memory access to the ter as ell as the indirection itare ely to e he hits, while the memory reference tothe t in the structure as ely to e a he miss ecause of the false discrepancy ee n cessorand memory eedsthat exist y (and is ely w),trading o� a hemiss for o hehits is quite on the KSR 2 o he hits e four cycles in the �rst e l (40{48 cycles for the second el he),while a false sharing miss h in the second el he) can e up to 600 y loss in y t on y the additional ters is more than ensated for eme t in cessory that results from the

structnetintintintintintint*

TR}*NETNET(13np= tnet*)malloctfor(i=0; i<13;i]=)i]=)[i]=i)[i]=i)]= =applicationafter applyingandy data structures that su�er from false sharing in the short term are true shared y e ral, if not all, the cessors er the of these data structures to the he k size and aligning them on he oundaries eliminates all false sharing, since it results in only one data e the extra space increases the dataset size, andy con ictandy misses, asellasreducespatial ywhen thetiresharedee�ectsof padding can e oidedapplying it order for spatial y to ene�t write-shared data,

. . .

Cache Blocks

. . .

typeA MyVect1[N] ofthead andAlign eymous with cessor i.e.,acessor ust access the er a short d of it es not, other cessors will the efore it can e referenced pad and align can ene�cially applied structures that k cessori.e., where the ossible loss of is t e to the vings in coherency -

Going from

Side-E�ects to all stages of the static analysis e eenerformed, e use a er of to detect h data structures are susceptible to false sharing and h should e applied to eliminate factors used in the e the transformation decisions are the e

(read/write,wn/unk wn ) and frequency of access to the ts of a data actual transformation applied ends on the e of data structure that is e heuristics are detailed in & ose and indirection are only applied to e of its er space and execution time costs, group

& ose is the is only applied in its place if the er of ectors

for applying

Data

&

pad & writefrequency

1000; 00

& writefrequency

1000; 00

acce ssespatial calit

part ofreplicated

group & er of cess writes

1000er of non cess

eno spatial ofcesswrites1000 er of non cessofcess writes 10 cesswrites ccur

in of the cess writes ccur in

the

e no spatial ofcess writes 10

in of the the cesstransformed cannot e determined at compile-time, e.g., if they are cated data structures order to apply either group & ose to a data structure, the pattern of writes to the data structure ust cess (less so if the ccur alone in at least the phases) and the pattern of reads either cess or without spatial the pattern of reads is read-shared with the data structure is only if the er of cess writes exce ed the cess y at least an order of is done so that the reduction in false will excee d y erformance loss from reduced spatial

& aligny eappliedto kandscalarasellas yspadded; scalarsarepaddediftheyarebusy; andectorts areand alignedon he koundarieswhentheyare busyand oth thethewritesexhibitsharingwithoutspatial heuristic sere edand tunedin an ecessbasedon of theerof false sharing misses incurredy h data structure statically determine dreferenceereusedto determinedistribution of false sharing misses across the address space of h ol tables from the execu tables,as ell as information out addressesof malloc’e d data

(gathered during the tracing run), the false sharing misse ereattributedto individualdata structures on the cess heuristicsere edto tifyand ose transformations for structures that incurred the most false applied according to the heuristics, and the result using that either duced false es , failed to indicate data structures tial t of false sharing,or led to transformations that caused degradation

(e.g., y indicating pad & align o often) ere cess as eated til the set of heuristics duced the largest erall in false sharing misses, while eepin g the e impact on spatial ythe merits ofe n shared datarestructuring requires that collected andforh ofthet partsoftheanalysis, asthesystem asatime cost and accuracyof the compiler measuredytimingtherunsof thecompileron theprograms inthecomparingtheoutputofthealgorithmstothatofually ecting the erof falsesharing misse sthe programs inthe orkloadincur, and aftertransformations, aremeasured onaulator that dels abus-based cess e s to magnitude of problem false sharing misses in the original programs, as ell as to measure he e�ects of the compile-time analysis and y erformance e ts t out y the reduction in false misses measured y examining the erformance of directly execu ting the the orkload, efore and after transformations, on a KSR 2 cess The next section es the arafrase-2 source to source restructurer, in compile-time analysis algorithms e een5.3 describ the ces sor ulator and the ulation dology used to measure of false sharing misses, while the last section es the KSR 2 [PGH

89] is a source-to-source restructurer

ed at the ofIllinoisatersionof arafrase-2 I usedconsistsof a end (scanner, parser tic analyzer) and a set of selectablepassesonthetermediate represen tation builtythettermed

tation is aparse tree-based, highel represe tation thates namespace andprogramconstructs ofthesource program,sothatitcan eeratedwithy compiler-generated termed iate is ersed , added to, or transformed y the seque nce of passes eci�ed when compiler isok falsesharinganalysis addedtoarafrase-2consistsofof theoriginal passesere di�ed and enhancedfor of results, language completenes s and run-time erformance t of these di�cations arameters that in practice ed as reference parameters ere parameter alias analysis as ed and include side-e�ect as expande d to fully include

C. cedural ysis as e d and ort for recursiv e programs as ort for cedural analysis as added to the endence case assumptions ere ed for cedure calls and ter accesse endenc analysis as made more accurate y ving ossible"endenc graph construction as ed up tly (up to a factor of y ducing tests detect earlier when no enden ces set passes e d to analyze the cess memory access pattern explicitly parallel programs includes h of the analysis that is part of most timizing compilers, in addition to the passes added to impleme t the false seque nce of analysis is ed�rst pass is a \�xup" pass that insures the y of the y making links ee n t structures of the termed iate that ere not made during the parsing of the source and side-e�ect information out library functions and separately

arereadinandaddedto the ol tableandthetermedi aterepresen tation istheonlypassthatreadsinysourceprogramThe remaining passes erse the termed iate tation, analyzing the and building and annotating additional data structures �rst of these a call ultigraph

, where h edge is

eled y its onding in the is ed y a pass that computes reference parameter parameters are passed y in C, it is necessary

�rst to h parameters function as reference is done y detecting tain addresses and are not rede�ned within the dy of the parameter alias analysis of is then erformed as ed in [CK89After the reference parameter alias analysis the trol w graph of h is constructed and dominators is ed y op nest endence graph construction, cedural summary side-e�ect analysis ted (also as ed in [CK88]), t propagation andinduction remainder ofthe passes are eci�c to the analysis ofdetecting consist of ercess trol w analysis, barrier analysis, ercessstaticpro�ling, and cesssummary side-e�ecttion. These are ed atlength in Chapter en ofthe he metrics orted in this disse rtation ere obtained using hoice as made due to the oftracing olsecause memory reference traces vide adetailed picture ofthe memory of h cess,henablesthe cessorulator to accuratelydetect hemisse section es wthetracesere duced, ofthe ulator, as ell asthe ulated hitecture they of theulationresults with ecttorealorldhitectures discuss a discuss ion on the ene�ts and ks of en see [

The side-e�ect information as pro duced y other runs of

, or if no source co de itas pro duced y hand based on man-page information added y A ultigraph is a graph where ultiple edges y exist b een the same pair of

memory referencetracesere generatedona20 cessor t delB[T88using a aretracing syste mfor parallel programs called[EKKL90usesa hniq uecalled\inline tracing", whereprogramsto ejustenoughinformation whentheprogramisrunto h cess’sequenc eof memoryare generated in a blyde the original program is analyzed and annotated generation de ya cessing ol,and thenbled and edexecutable information out program,has theaddresses intheexec alsoed to facilitatethecomplete reconstructionthememoryreferencetracefrom the information e dat from stage one is run on its normal input; the added de, together customized time system ,collects and writes trace data to a cessor uses the information ed in stage one and the trace generated in stage o to reconstruct the sequen ce of memory reference s for memory reference is ed in a trace addition to the trace record also tains information that eci�es whether a reference is or instruction reference is further categorized as either a a k instruction, a king sequenc e instruction, an k barrier try instruction, or a barrier exit references are either reads or writes to or shared data, and whether the data is a k or kthat instructions executed while busy aiting ks or barriers are not included in the ulator dels all and inserts aiting instructions and data references as In order to limit the size of the �les taining the trace records, the traces run through a he �lter and also compress ed

[Egg89he

�lter is used runlength de seque nce s of trace records for instructions and data that hit in a ery small, direct ed these sequenc es of will hit y larger size he and, ecause they do not reference and will not a�ect nor e a�ected y y coherency transactions, h sequenc e can e replaced y a single trace record that eci�es theer and data reference

Cache

Shared Bus RISC CPU Infinite

hitec Theulator isa di�cation of Charlie[Egg89], hulatesa simpleshared-memory ces sor as depicted in

Figure ulator ulate up to e e cessors execu te h a single cessor has a he connected to a shared

Timing of the bus as similar to the SPURbus

[Gib88 accesses to bus ere arbitrated in a round robin order instead of that of the NuBus es preference to the higher y he he used in the ulations as the eley Ownership col

[KEW

85

col h he k y e in one of four or y he that has a he k in state y or the wner of that the case where a he k is not wned y main memory is the transfer wnership to the he of writing cessor, while replaceme ts transfer wnership to main except if the target he k is wned in state writing e a read miss ccurs, the wner the target k is onsible for supplying the requestor with the reques ted he he needs to replace a he k that it wns, it is onsible for writing ts that k k to main ulator is te d as a set of t t tasks that unicate message queues and a global shared memory

[uj83are o sets of ks global k indicates the erall time of the ulated while kscal h task are used to time h particular function, heduli of tasks is done according to increasing calkcessortaskreadsintracerecordsoneata timefromatrace�leandmemory references toitshe trollercase ofhe misses orwrites shareddata,thehetroller taskyinitiatebustransactionsthat are the bus the time to complete the request and y bus has passed, the he troller task replies tothe cessor task, h ws progress of h of the ulated cesses is only constrained ulated time it es to service the memory requests (including tending bus and cycles lost when the cessor is ed out of the he due to and y hroniz ation

As tioned e, the memory reference traces y tain trace records either kerations orglobalbarrier h ronization ts used ythe ulator to ulatethe same utual exclusionand thatccurred in the execu tionof the original program,but with the ythe ulatedisdoneyvingtheulatorand tain the states ofbarriers and k a k data is tered, the ulator �rst oks up the status of the k in a table address of the memory reference as the the status re ects that no has that k, the ulation of the kingcessor is ed to its the other hand, another cessor already has attained the ulator injects busy aiting references to the memory the kingcessor til the status of the k this t the sequenc is though busy instruction and data references thes ize y the ulator and not consumed from the actual memory they are ted for when computing execution cycles for the Global barrier hronization ts are ulated similarly to ks that y consume y references from the trace after the barrier til the all the ulated cessors e k ed to the goal of the ulations in this h are to measure the erformance due to sharing the ene�t of eliminating it,particularly in el hes (on the order of eral that end all assume an in�nite k sizes ere from 4 to 256 a cold start ximately o million references ere ulated for in h ulation, and most ulations ere done for elv e

ulatoras di�edtodetectfalsesharingytingthehea tagforhordinery he kandkingsignalsWhenev a he k is the reference d ord he k is ed shared in all hes; the remaining ords are ed writes to other ords in the he k are ed F sharing misses ccur whenev e r there is an miss on a he the referencedord is ede�ortse eenmadeto etheresultsof the ulationsasaccurate there are eral ximations that cause the results to deviate from real computer system the traces where collected on a Seque t with tel 386 while the ulator is assumed to ulate cess with

RISC yle of the ecialose and of the register set on the tel 386, it ould presumably access memory and therefore the traces ould ected to tain more memory than if a dern

RISC cessor had eenecause the compiler not determine when the of shared data y edated, it ust e that shared data y e hanged y y cess at y data needs to e treated as olatile, and can therefore not ecated registers across ultiple the increase in memory reference s should restricted to (to the cess) this h cuses of shared data, and ecause data cannot replace shared data in�nite hes, no measurable erturbation of results other than increased should while the ulator assumes single-cycle execution of ery are instructions that e longer, h as oating t that bus utilization is eres er, he miss rates remain and us so es false while using an in�nite he y reduce the erall he miss rate what is realizable with real hes , they e een wn to ximate ery el hes ell [the use of an in�nite he and con ict misses , h are direct functions of the he ossible coherency misses , and false sharing misses in particular, are since there are no con ict misses , the application of data

separate I&D Ring 1

Ring 0 Ring 0

64 byte blocks 128 byte blocks set associative 32 MB, 16 way

256KB, 2 way CPU 40 MHz custum

2hitectu eliminate false sharing cannot generate or e y mapping con icts to a en he organization that otherwise could e obscured their The KSR 2 [KSR92] is a allhe, cess or madey Square 5.2 ws the hitecture of the KSR 2 custom dual issue, erscalar cessors connected toaring-based, o hicalterconnec base el ringcantainupto32 cessors, second el ringcan econnectedtoasy as32basee lused in this study had 56 cessors divided to rings of 32 and 24 cessorhas separate256

KByte, �rst el, yset einstructionhese2

KByte heksh of his dividedto ks. The hek es as the cation unit, while data is

the unitofa allks need e t in y particular second el he isuni�ed, 16y set e, andtains dividedto16

KByte cation units, hconsistingof128 ytehe coherency is tained at the subpage el,h is also the unit of he coherencycol is with explic it subpage subpage y e in the wing wned exclusiv e atomic states are only used for h Misse to a subpage are ys service d y the wning the case of is and wnership is transferred to the requesting he in exclus the case of reads, the wning he supplies the reques tor with a of the subpage, and hanges the state of the subpage to wned cause excep t when the subpage is wned in exclus e state he of the writing latency for he hits is 2 cycles for the he, and 20-24 cycles for the second el el he misse e a latency of 175 cycles if they can e serviced within the same ring, and cycles In addition to measuring program execution time, the KSR 2 ces sorer of are erformance ters that w a greater of metrics e collected for h particular terest for this h are the he misses at h el and the total t of time t aiting for accesse

hapterts talresultsthat demonstratetheimpact of compile-timeanalysisandtransformationsontheresultsattest yof theanalysisto tifydata structures that incurfalsesharing misse the e nes s of the transformations in eliminating them; and impact on run-time erformance

Theresultsaredividedtothreesections. Section6.1ts theresultsthecompiler tothesetofunoptimized programs, while Section6.2 erformanceof thecompilerwiththatof programmersummarizes theresultsfor theprogramsfor h allthreeersions ereprogrammer-optimizedand compiler-optimize �rst o sections are structured results from ulations are te ulations measure the er of he misse haracterize them either as false sharing or non-false sharing-related misse miss rates of the programs are compared efore and after transformations w ell they eliminated false e tribution of is also te the erformance impact of the transformations on the orkload on KSR 2 are measured y comparing the e eedup of the programs efore after applying the on Unoptimized false sharing is a duct of the out data in shared memory and the reference pattern to it, the er of false sharing misse s naturally from one program to ev for all programs, as the this section con�rm, the false sharing miss rate increases with the he k

compiler-directedshareddata transformationsere einreducinginallprogramsforall ksizes, regardless ofthesize ofthe originalsharing miss greateste reductions ere ed forFmm, the greatest absolute reductions forw, erify and

Faretheresults andanalysis oftheulations forh ofthein the

F m m

0 . 0 0 %

0 . 2 0 %

0 . 4 0 %

0 . 6 0 %

0 . 8 0 %

1 . 0 0 %

1 . 2 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

M a x f l o w

0 . 0 0 %

0 . 2 0 %

0 . 4 0 %

0 . 6 0 %

0 . 8 0 %

1 . 0 0 %

1 . 2 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

P v e r i f y

0 . 0 0 %

0 . 1 0 %

0 . 2 0 %

0 . 3 0 %

0 . 4 0 %

0 . 5 0 %

0 . 6 0 %

0 . 7 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

R a d i o s i t y

0 . 0 0 %

0 . 0 5 %

0 . 1 0 %

0 . 1 5 %

0 . 2 0 %

0 . 2 5 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

R a y t r a c e

0 . 0 0 %

0 . 0 2 %

0 . 0 4 %

0 . 0 6 %

0 . 0 8 %

0 . 1 0 %

0 . 1 2 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

T o p o p t

0 . 0 0 %

0 . 1 0 %

0 . 2 0 %

0 . 3 0 %

0 . 4 0 %

0 . 5 0 %

0 . 6 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

F m m

0

5

1 0

1 5

2 0

2 5

3 0

3 5

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

M a x f l o w

0

1

2

3

4

5

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

P v e r i f y

0

1

2

3

4

5

6

7

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

R a d i o s i t y

0

5

1 0

1 5

2 0

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

R a y t r a c e

0

2

4

6

8

1 0

1 2

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

T o p o p t

0

2

4

6

8

1 0

1 2

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

O r i g i n a l C o m p i l e r

F m m

0 . 0 0 %

0 . 2 0 %

0 . 4 0 %

0 . 6 0 %

0 . 8 0 %

1 . 0 0 %

1 . 2 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

L o c u s R o u t e

0 . 0 0 %

0 . 1 0 %

0 . 2 0 %

0 . 3 0 %

0 . 4 0 %

0 . 5 0 %

0 . 6 0 %

0 . 7 0 %

0 . 8 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

M p 3 d

0 . 0 0 %

0 . 5 0 %

1 . 0 0 %

1 . 5 0 %

2 . 0 0 %

2 . 5 0 %

3 . 0 0 %

3 . 5 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

P t h o r

0 . 0 0 %

0 . 1 0 %

0 . 2 0 %

0 . 3 0 %

0 . 4 0 %

0 . 5 0 %

0 . 6 0 %

0 . 7 0 %

0 . 8 0 %

0 . 9 0 %

1 . 0 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

R a d i o s i t y

0 . 0 5 %

0 . 1 0 %

0 . 1 5 %

0 . 2 0 %

0 . 2 5 %

R a y t r a c e

0 . 0 0 %

0 . 0 2 %

0 . 0 4 %

0 . 0 6 %

0 . 0 8 %

0 . 1 0 %

0 . 1 2 %

0 . 1 4 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

T o p o p t

0 . 0 0 %

0 . 0 5 %

0 . 1 0 %

0 . 1 5 %

0 . 2 0 %

0 . 2 5 %

0 . 3 0 %

0 . 3 5 %

0 . 4 0 %

0 . 4 5 %

0 . 5 0 %

4 8 1 6 3 2 6 4 1 2 8 2 5 6

B l o c k S i z e ( b y t e s )

M i s s R a t e

N o n F a l s e S h a r i n g F a l s e S h a r i n g

W a t e r

0 . 0 5 %

0 . 1 0 %

0 . 1 5 %

0 . 2 0 %

0 . 2 5 %

0 . 3 0 %

F m m

0

5

1 0

1 5

2 0

2 5

3 0

3 5

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

L o c u s R o u t e

0

2

4

6

8

1 0

1 2

1 4

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

M p 3 d

0

0 . 5

1

1 . 5

2

2 . 5

3

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

P t h o r

0

0 . 5

1

1 . 5

2

2 . 5

3

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

P r o g r a m m e r C o m p i l e r

R a y t r a c e

0

2

4

6

8

1 0

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

T o p o p t

0

2

4

6

8

1 0

1 2

2 8

1 6 2 4 3 2 4 0 4 8

N u m b e r o f P r o c e s s o r s

S p e e d u p

P r o g r a m m e r C o m p i l e r

R a d i o s i t y

0

5

1 0

1 5

2 0

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

W a t e r

0

2

4

6

8

1 0

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

F m m

0

5

1 0

1 5

2 0

2 5

3 0

3 5

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

R a d i o s i t y

0

5

1 0

1 5

2 0

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

R a y t r a c e

0

2

4

6

8

1 0

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

T o p o p t

0

2

4

6

8

1 0

1 2

1 4

1 2 2 0 2 8 3 6 4 4

N u m b e r o f P r o c e s s o r s

S p e e d u p

P r o g r a m m e r

C o m p i l e r

O r i g i n a l