Impro ving P erformance of Bus-Based Multipro cessors

b y

Craig S. Anderson

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

Impro ving P erformance of Bus-based Multipro cessors

b y Craig S. Anderson

Chairp erson of Sup ervisory Committee: Professor Jean-Loup Baer

Departmen t of Computer Science

and Engineering

Pro cessors ha v e b ecome b oth c heap er and faster in recen t y ears, to the p oin t where

it has b ecome practical to use m ultiple pro cessors in a single syste m. An imp ortan t

asp ect of suc h syste ms is ho w pro cessors are connected to eac h other and to main

memory

. The simplest design uses a single, common bus. The main problem with

single bus m ultipro cess ors is the lac k of bus bandwidth, whic h limits the n um b er of

pro cessors that can b e connected e�ectiv e ly

. This dissertation addresse s this prob-

lem b y examining proto col impro v eme n ts for single-bus m ultipro cess ors as w ell as

in v es tigating the use of clustering to increase the n um b er of pro cessors that can b e

connected together e�ectiv el y .

W e dev elop ed a subblo c k cac he coherency proto col to enable programs to tak e

adv an tage of a program’s spatial lo calit y , while a v oiding false sharing. In addition,

the use of read broadcasting is in v es tigated. In nearly all cases, the subblo c k proto col

alone p erformed as w ell or b etter than the b est execution of a standard in v alidate

proto col. Sim ulation results also sho w that using read broadcast substan tially re-

duces the n um b er of blo c k re-reads due to in v alidation when false sharing is presen t.

Using read broadcast with the subblo c k proto col further increases the proto col’s p er-

formance.

This dissertation also prop oses and ev aluates a cac he coherenc e proto col that

dynamically c ho oses either an up date or in v alidate-based coherence sc hem e on a

blo c k-b y-blo c k basis based on the application’s write patterns. The h ybrid adaptiv e

sc heme p erforms as w ell as or sup erior to the b etter of the t w o standard proto cols.

The second part of this disse rtation concerns the use of pro cessor clustering to

increase the n um b er of pro cessors that can b e connected together e�ectiv e ly . A

detailed in v alidation-based hierarc hical bus proto col is presen ted . Next, the b ene�ts

of mo ving main memory in to the clusters and allo cating data there are tested using

sim ulation. The results sho w that cluster allo cation had mixed results, impro ving

p erformance for some applications while sho wing no b ene�t for others. The subblo c k

proto col men tioned ab o v e is extende d to the hierarc hical bus system . Sim ulation

results sho w that the b ene�ts of using the subblo c k proto col are nearly as go o d as

those obtained on the single bus arc hitecture.

T able of Con ten t s

List of Figures v

List of T ables x

Chapter 1: In tro duction 1

Chapter 2: Metho dology 5

2.1 Ev aluation strategies : : : : : : : : : : : : : : : : : : : : : : : : : : : 5

2.1.1 Analytical mo deling : : : : : : : : : : : : : : : : : : : : : : : 5

2.1.2 Hardw are protot yp es : : : : : : : : : : : : : : : : : : : : : : : 6

2.1.3 Sim ulation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6

2.2 Our ev aluation metho dology : : : : : : : : : : : : : : : : : : : : : : 9

2.2.1 W orkings of the sim ulator : : : : : : : : : : : : : : : : : : : : 10

2.2.2 Proto col correctness : : : : : : : : : : : : : : : : : : : : : : : 11

2.3 Benc hmarks : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

I Single Bus Impro v emen ts 19

Chapter 3: Read Broadcast and the Subblo c k Proto col 23

3.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

3.2 Arc hitectural mo del : : : : : : : : : : : : : : : : : : : : : : : : : : : 24

3.3 The subblo c k proto col : : : : : : : : : : : : : : : : : : : : : : : : : : 24

3.3.1 Subblo c k proto col : : : : : : : : : : : : : : : : : : : : : : : : : 24

3.3.2 Related w ork : : : : : : : : : : : : : : : : : : : : : : : : : : : 28

3.4 Snar�ng : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30

3.5 Metho dology : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 32

3.5.1 Benc hmarks : : : : : : : : : : : : : : : : : : : : : : : : : : : 32

3.5.2 Metrics : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.6 Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.6.1 Results summary : : : : : : : : : : : : : : : : : : : : : : : : : 44

3.7 Conclusion : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46

Chapter 4: Adaptiv e Hybrid Cac he Proto cols 48

4.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48

4.2 Tw o dynamic h ybrid proto cols : : : : : : : : : : : : : : : : : : : : : : 50

4.2.1 Random W alk : : : : : : : : : : : : : : : : : : : : : : : : : : : 51

4.2.2 Last three samples : : : : : : : : : : : : : : : : : : : : : : : : 52

4.2.3 Metho dology : : : : : : : : : : : : : : : : : : : : : : : : : : : 54

4.3 Computed costs of the sc hem es : : : : : : : : : : : : : : : : : : : : : 55

4.3.1 Ev aluating theoretical costs : : : : : : : : : : : : : : : : : : : 56

4.4 W rite runs : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 58

4.5 Results summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 66

4.6 P erformance with Snar�ng : : : : : : : : : : : : : : : : : : : : : : : : 70

4.7 Results without snar�ng : : : : : : : : : : : : : : : : : : : : : : : : : 84

I I Hierarc hical Bus Impro v emen ts 94

Chapter 5: The Hierarc hical Proto col 95

5.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95

5.2 Our researc h : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 100

5.3 The arc hitecture : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 100

5.4 Ov erview of the proto col : : : : : : : : : : : : : : : : : : : : : : : : 102

5.4.1 Proto col states : : : : : : : : : : : : : : : : : : : : : : : : : : 103

5.4.2 Bus request t yp es : : : : : : : : : : : : : : : : : : : : : : : : : 104

5.4.3 Pro cessor cac he actions : : : : : : : : : : : : : : : : : : : : : : 105

5.4.4 Bus cac he actions : : : : : : : : : : : : : : : : : : : : : : : : : 106

5.4.5 Need for transitional states : : : : : : : : : : : : : : : : : : : 107

5.4.6 The transitional states : : : : : : : : : : : : : : : : : : : : : : 108

5.4.7 Replacing a blo c k : : : : : : : : : : : : : : : : : : : : : : : : : 108

5.5 Illustrations of the proto col in action : : : : : : : : : : : : : : : : : : 109

5.5.1 W rite request example : : : : : : : : : : : : : : : : : : : : : : 109

5.5.2 W rite bac k example : : : : : : : : : : : : : : : : : : : : : : : 113

Chapter 6: Hierarc hical Subblo c k Proto col 117

6.1 Subblo c k proto col for t w o lev el arc hitecture : : : : : : : : : : : : : : 117

6.1.1 Upp er lev el proto col : : : : : : : : : : : : : : : : : : : : : : : 118

6.2 Ev aluation of the hierarc hic al arc hitecture : : : : : : : : : : : : : : : 120

6.3 Results summary and Conclusions : : : : : : : : : : : : : : : : : : : : 151

Chapter 7: Data Placemen t in Hierarc hical Arc hitectures 155

7.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 155

7.2 Cluster Memory and Memory Allo cation : : : : : : : : : : : : : : : : 155

7.3 Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 157

7.3.1 Results summary : : : : : : : : : : : : : : : : : : : : : : : : : 171

7.4 Previous w ork : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 171

7.5 Conclusion : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172

Chapter 8: Conclusion 173

8.1 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 173

8.1.1 Single bus arc hitecture s : : : : : : : : : : : : : : : : : : : : : 173

8.1.2 Cluster Arc hitectures : : : : : : : : : : : : : : : : : : : : : : : 175

8.2 F uture w ork : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 176

App endix A: Single Bus Subblo c k Proto col Sp eci�cation 178

App endix B: Hybrid adaptiv e graphs 184

App endix C: Hierarc hical Bus Proto col Sp eci�cation 195

App endix D: Hierarc hical Bus Subblo c k Proto col Sp eci�cation 205

Bibliograph y 213

List of Figures

2.1 Sim ulator o w : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

3.1 Blo c k Proto col : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 26

3.2 Subblo c k Proto col : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 26

3.3 Subblo c k Proto col Example : : : : : : : : : : : : : : : : : : : : : : : 29

3.4 Sp eedup (L) and Bytes T ransferred (R) for Barnes (128K Cac hes ) : : 35

3.5 Bus T ransactions (L) and Bus Utilization (R) for Barnes (128K Cac hes) 35

3.6 Sp eedup (L) and Bytes T ransferred (R) for Gauss (128K Cac hes) : : 37

3.7 Bus T ransactions (L) and Bus Utilization (R) for Gauss (128K Cac hes) 37

3.8 Sp eedup (L) and Bytes T ransferred (R) for Cholesk y (128K Cac hes) : 39

3.9 Bus T ransactions (L) and Bus Utilization (R) for Cholesk y (128K Cac hes) 39

3.10 Sp eedup (L) and Bytes T ransferred (R) for MP3D (128K Cac hes ) : : 41

3.11 Bus T ransactions (L) and Bus Utilization (R) for MP3D (128K Cac hes ) 41

3.12 Sp eedup (L) and Bytes T ransferred (R) for Pv erify (128K Cac hes ) : : 43

3.13 Bus T ransactions (L) and Bus Utilization (R) for Pv erify (128K Cac hes) 43

3.14 Sp eedup (L) and Bytes T ransferred (R) for T op opt (128K Cac hes ) : : 45

3.15 Bus T ransactions (L) and Bus Utilization (R) for T op opt (128K Cac hes) 45

4.1 W rite trace example : : : : : : : : : : : : : : : : : : : : : : : : : : : 59

4.2 W rite run lengths for Barnes : : : : : : : : : : : : : : : : : : : : : : : 60

4.3 W rite run lengths for Gauss : : : : : : : : : : : : : : : : : : : : : : : 62

4.4 W rite run lengths for Badgauss : : : : : : : : : : : : : : : : : : : : : 62

4.5 W rite run lengths for Cholesky

, 4 pro cessors : : : : : : : : : : : : : : 64

4.6 W rite run lengths for Cholesky

, 32 pro cessors : : : : : : : : : : : : : 64

4.7 W rite run lengths for MP3D : : : : : : : : : : : : : : : : : : : : : : : 65

4.8 W rite run lengths for Pv erify : : : : : : : : : : : : : : : : : : : : : : : 65

4.9 W rite run lengths for T op opt, 4 pro cessors : : : : : : : : : : : : : : : 67

4.10 W rite run lengths for T op opt, 32 pro cessors : : : : : : : : : : : : : : 67

4.11 Results Summary: 128K Cac hes, 32 Pro cessors, Snar�ng : : : : : : : 68

4.12 Sp eedups(L) and Read Misses (R) for Badgauss : : : : : : : : : : : : 71

4.13 Bus transactions(L) and Bytes T ransferred(R) for Badgauss : : : : : 71

4.14 Sp eedups for Barnes (with snar�ng) : : : : : : : : : : : : : : : : : : 72

4.15 Bus transactions (L) and Bytes T ransferred for Barnes (with snar�ng) 72

4.16 Sp eedups for Gauss (with snar�ng) : : : : : : : : : : : : : : : : : : : 75

4.17 Bus transactions and Bytes T ransferred for Gauss (with snar�ng) : : 75

4.18 Sp eedups for Cholesky (with snar�ng) : : : : : : : : : : : : : : : : : 77

4.19 Bus transactions and Bytes T ransferred for Cholesky (with snar�ng) 77

4.20 Sp eedups for MP3D (with snar�ng) : : : : : : : : : : : : : : : : : : 79

4.21 Bus transactions and Bytes transferred for MP3D (with snar�ng) : : 79

4.22 Sp eedups for Pv erify (with snar�ng) : : : : : : : : : : : : : : : : : : 81

4.23 Bus transactions and Bytes T ransferred for Pv erify (with snar�ng) : 81

4.24 Sp eedups for T op opt (with snar�ng) : : : : : : : : : : : : : : : : : : 83

4.25 Bus transactions and Bytes T ransferred for T op opt (with snar�ng) : 83

4.26 Sp eedups for Barnes (without snar�ng) : : : : : : : : : : : : : : : : 86

4.27 Bus transactions and Bytes transferred for Barnes (without snar�ng) 86

4.28 Sp eedups for Cholesky (without snar�ng) : : : : : : : : : : : : : : : 88

4.29 Bus transactions and Bytes transferred for Cholesky (without snar�ng) 88

4.30 Sp eedups for MP3D (without snar�ng) : : : : : : : : : : : : : : : : : 90

4.31 Bus transactions and Bytes transferred for MP3D (without snar�ng) 90

4.32 Sp eedups for Pv erify (without snar�ng) : : : : : : : : : : : : : : : : 91

4.33 Bus transactions and Bytes transferred for Pv erify (without snar�ng) 91

4.34 Sp eedups for T op opt (without snar�ng) : : : : : : : : : : : : : : : : 93

4.35 Bus transactions and Bytes transferred for T op opt (without snar�ng) 93

5.1 Mac hine Arc hitecture : : : : : : : : : : : : : : : : : : : : : : : : : : : 102

5.2 Initial State for W rite Example : : : : : : : : : : : : : : : : : : : : : 109

5.3 W rite Reques t: Step One : : : : : : : : : : : : : : : : : : : : : : : : : 111

5.4 W rite Reques t: Step Tw o : : : : : : : : : : : : : : : : : : : : : : : : 112

5.5 W rite Reques t: Step Three : : : : : : : : : : : : : : : : : : : : : : : : 113

5.6 W rite Reques t: Final Con�guration : : : : : : : : : : : : : : : : : : : 114

6.1 Proto col Example #1, Remote Read to Dirt y-Shared Subblo c k : : : 121

6.2 Proto col Example #2, Remote W rite to Dirt y Shared Subblo c k : : : 121

6.3 Proto col Example #3, W rite Bac k of a Dirt y Shared Subblo c k : : : : 122

6.4 Proto col Example #4, Read of a Dirt y Owned Subblo c k : : : : : : : 122

6.5 Barnes sp eedups , 128K bus cac hes : : : : : : : : : : : : : : : : : : : : 125

6.6 Upp er Bus T ransactions for Barnes : : : : : : : : : : : : : : : : : : : 125

6.7 Upp er Bus Bytes T ransferred for Barnes : : : : : : : : : : : : : : : : 126

6.8 Upp er Bus Utilization for Barnes : : : : : : : : : : : : : : : : : : : : 126

6.9 Gauss sp eedups : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 129

6.10 Upp er Bus T ransactions for Gauss : : : : : : : : : : : : : : : : : : : : 129

6.11 Upp er Bus Bytes T ransferred for Gauss : : : : : : : : : : : : : : : : : 130

6.12 Upp er Bus Utilization for Gauss : : : : : : : : : : : : : : : : : : : : : 130

6.13 Cholesky sp eedup s, 128K bus cac hes : : : : : : : : : : : : : : : : : : 133

6.14 Upp er Bus T ransactions for Cholesky : : : : : : : : : : : : : : : : : : 133

6.15 Upp er Bus Bytes T ransferred for Cholesky : : : : : : : : : : : : : : : 134

6.16 Upp er Bus Utilization for Cholesky : : : : : : : : : : : : : : : : : : : 134

6.17 MP3D sp eedups , 128K bus cac hes : : : : : : : : : : : : : : : : : : : : 137

6.18 Upp er Bus T ransactions for MP3D : : : : : : : : : : : : : : : : : : : 137

6.19 Upp er Bus Bytes T ransferred for MP3D : : : : : : : : : : : : : : : : 138

6.20 Upp er Bus Utilization for MP3D : : : : : : : : : : : : : : : : : : : : 138

6.21 Pv erify sp eedups , 32K bus cac hes : : : : : : : : : : : : : : : : : : : : 142

6.22 Pv erify sp eedups , 128K bus cac hes : : : : : : : : : : : : : : : : : : : 142

6.23 Upp er Bus T ransactions for Pv erify : : : : : : : : : : : : : : : : : : : 143

6.24 Upp er Bus Bytes T ransferred for Pv erify : : : : : : : : : : : : : : : : 143

6.25 Upp er Bus Utilization for Pv erify : : : : : : : : : : : : : : : : : : : : 144

6.26 T op opt sp eedups , 128K bus cac hes : : : : : : : : : : : : : : : : : : : 148

6.27 Upp er Bus T ransactions for T op opt : : : : : : : : : : : : : : : : : : : 148

6.28 Upp er Bus Bytes T ransferred for T op opt : : : : : : : : : : : : : : : : 149

6.29 Upp er Bus Utilization for T op opt : : : : : : : : : : : : : : : : : : : : 149

6.30 Results summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 154

6.31 Results summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 154

7.1 Cluster Arc hitecture : : : : : : : : : : : : : : : : : : : : : : : : : : : 156

7.2 Original Cac he Index F unction : : : : : : : : : : : : : : : : : : : : : : 157

7.3 Mo di�ed Cac he Index F unction : : : : : : : : : : : : : : : : : : : : : 158

7.4 Gauss Sp eedup : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 160

7.5 Upp er Bus T ransactions for Gauss : : : : : : : : : : : : : : : : : : : 160

7.6 Upp er Bus Bytes T ransferred for Gauss : : : : : : : : : : : : : : : : 161

7.7 Upp er Bus Utilization for Gauss : : : : : : : : : : : : : : : : : : : : 161

7.8 Relax Sp eedup : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 165

7.9 Upp er Bus T ransactions for Relax : : : : : : : : : : : : : : : : : : : 165

7.10 Upp er Bus Bytes T ransferred for Relax : : : : : : : : : : : : : : : : 166

7.11 Upp er Bus Utilization for Relax : : : : : : : : : : : : : : : : : : : : 166

7.12 MP3D Sp eedup : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 168

7.13 Upp er Bus T ransactions for MP3D : : : : : : : : : : : : : : : : : : : 168

7.14 Upp er Bus Bytes T ransferred for MP3D : : : : : : : : : : : : : : : : 169

7.15 Upp er Bus Utilization for MP3D : : : : : : : : : : : : : : : : : : : : 169

B.1 Read miss rates for Barnes (with snar�ng) : : : : : : : : : : : : : : : 184

B.2 Bus transactions (L) and Bytes T ransferred for Barnes (with snar�ng) 184

B.3 Read miss rates for Gauss (with snar�ng) : : : : : : : : : : : : : : : 185

B.4 Bus transactions and Bytes transferred for Gauss (with snar�ng) : : 185

B.5 Read miss rates for Cholesky (with snar�ng) : : : : : : : : : : : : : 186

B.6 Bus transactions and Bytes transferred for Cholesk y (with snar�ng) : 186

B.7 Read miss rates for MP3D (with snar�ng) : : : : : : : : : : : : : : : 187

B.8 Bus transactions and Bytes transferred for MP3D (with snar�ng) : : 187

B.9 Read miss rates for Pv erify (with snar�ng) : : : : : : : : : : : : : : 188

B.10 Bus transactions and Bytes transferred for Pv erify (with snar�ng) : : 188

B.11 Read miss rates for T op opt (with snar�ng) : : : : : : : : : : : : : : 189

B.12 Bus transactions and Bytes transferred for T op opt (with snar�ng) : : 189

B.13 Read miss rates for Barnes (without snar�ng) : : : : : : : : : : : : : 190

B.14 Bus transactions and Bytes transferred for Barnes (without snar�ng) 190

B.15 Read miss rates for Cholesky (without snar�ng) : : : : : : : : : : : : 191

B.16 Bus transactions and Bytes transferred for Cholesky (without snar�ng) 191

B.17 Read miss rates for MP3D (without snar�ng) : : : : : : : : : : : : : 192

B.18 Bus transactions and Bytes transferred for MP3D (without snar�ng) 192

B.19 Read miss rates for Pv erify (without snar�ng) : : : : : : : : : : : : : 193

B.20 Bus transactions and Bytes transferred for Pv erify (without snar�ng) 193

B.21 Read miss rates for T op opt (without snar�ng) : : : : : : : : : : : : : 194

B.22 Bus transactions and Bytes transferred for T op opt (without snar�ng) 194

List of T ables

2.1 W orking set size for Gauss : : : : : : : : : : : : : : : : : : : : : : : : 14

2.2 W orking set size for Relax : : : : : : : : : : : : : : : : : : : : : : : : 15

3.1 Allo w able states for subblo c ks : : : : : : : : : : : : : : : : : : : : : : 27

3.2 Relativ e sp eedups for 32 Pro cessors : : : : : : : : : : : : : : : : : : : 47

5.1 Hierarc hical System s : : : : : : : : : : : : : : : : : : : : : : : : : : : 99

6.1 Allo w able states for cluster subblo c k : : : : : : : : : : : : : : : : : : 119

7.1 Ev aluated Arc hitectures : : : : : : : : : : : : : : : : : : : : : : : : : 159

A.1 Direct Pro cessor Actions : : : : : : : : : : : : : : : : : : : : : : : : : 179

A.2 Induced Pro cessor Cac he Actions : : : : : : : : : : : : : : : : : : : : 180

A.3 Induced Pro cessor Cac he Actions (con tin ued) : : : : : : : : : : : : : 181

A.4 Pro cessor cac he resp onse to succe ssful request : : : : : : : : : : : : : 182

A.5 Pro cessor cac he resp onse to succe ssful request (con tin ued) : : : : : : 183

C.1 Direct Pro cessor Actions : : : : : : : : : : : : : : : : : : : : : : : : : 195

C.2 Induced Pro cessor Cac he Actions - Lev el 1 : : : : : : : : : : : : : : : 196

C.3 Induced Pro cessor Cac he Actions - Lev el 2 : : : : : : : : : : : : : : : 197

C.4 Induced Pro cessor Cac he Actions - Lev el 2 (Con tin ued ) : : : : : : : : 198

C.5 Non-Pro cessor Cac he Actions - F rom Lev el 1 : : : : : : : : : : : : : : 199

C.6 Non-Pro cessor Cac he Actions - F rom Lev el 2 : : : : : : : : : : : : : : 200

C.7 Non-Pro cessor Cac he Actions - F rom Lev el 3 : : : : : : : : : : : : : : 201

C.8 Pro cessor Cac he Action in Resp onse to Handled Bus Request : : : : 202

C.9 Non-Pro cessor Cac he Action in Resp onse to Handled Bus Request : : 203

C.10 Non-Pro cessor Cac he Purge Actions : : : : : : : : : : : : : : : : : : 204

D.1 Induced Pro cessor Cac he Actions : : : : : : : : : : : : : : : : : : : : 206

D.2 Induced Pro cessor Cac he Actions - (Lev el 2) : : : : : : : : : : : : : : 207

D.3 Induced Pro cessor Cac he Actions - Lev el 2 (Con tin ued ) : : : : : : : : 208

D.4 Non-Pro cessor Cac he Actions - F rom Lev el 1 : : : : : : : : : : : : : : 209

D.5 Non-Pro cessor Cac he Actions (F rom Lev el 2) : : : : : : : : : : : : : : 210

D.6 Non-Pro cessor Cac he Action in Resp onse to Handled Bus Request : : 211

D.7 Non-Pro cessor Cac he Purge Actions : : : : : : : : : : : : : : : : : : 212

A CKNO

WLEDGMENTS

F oremost, I w ould lik e to thank m y advisor, Jean-Loup Baer. I appreciate v ery

m uc h his diligence and patience in assisting and guiding me to w ards the com-

pletion of m y studies at the Univ ers it y of W ashington. I v alue his willingness

to read through man y drafts of this do cumen t. I’m also grateful that he w as

alw a ys accessible , ev en when on his hard-earned sabbatical. Without his help,

I w ould not ha v e completed m y w ork at the Univ ersi t y . Gaetano Borriello also

pro vided early guidance to m y w ork here.

I w ould lik e to thank the sta� of the computing lab oratory at the Uni-

v ersit y of W ashington. Their e�orts to answ er m y man y questions sp eedily

and to supp ort the computational requireme n ts of m y researc h are noted. The

researc h in this dissertation required a massiv e amoun t of CPU time. A small

(but imp ortan t) fraction of that time w as obtained on mac hines donated b y

In tel Corp oration. The lion’s share of time, ho w ev er, w as obtained b y using

idle cycles on other users’ mac hines . My colleagues’ tolerance of m y use of

their resources is appreciated.

My undergraduate y ears w ere sp en t at a large, imp ersonal public univ ersit y .

It w as a deligh tful surprise to �nd suc h a helpful o�ce sta� in the Departmen t

of Computer Science and Engineering. F ranky e Jones in particular w as alw a ys

there with practical advice, useful information, and skilled action in dealing

with the univ ersit y’s bureaucracy

. Her adv o cacy for the departmen t’s graduate

studen ts is commendable.

Graduate sc ho ol tak es a sizable c h unk of one’s life, and is an exp erien ce

m uc h broader than researc hin g and writing a dissertation.

| Susan Eggers

One do es not attend graduate sc ho ol in a v acuum. Man y friends and colleagues pro vided me with go o d tec hnical advice and encouraged me to p ersist,

b oth when times w ere easy and esp ecially when they w ere not. They include:

Rob ert Bedic he k, Bob Ben w a y , Lauren Bric k er, Donald Chinn, Da vid Cohn,

Susie Hashisaki, Da vid Kepp el, Alex Klaib er, Neil Mc k enz ie, Dylan McNamee,

Elizab eth Seamans, and Ric k Zuc k er. I’m esp ecially grateful to those who

help ed broaden m y exp erienc es , b oth inside and outside of sc ho ol.

I w ould lik e to thank T ekla Haasl, who in man y w a ys made the mon ths

leading up to the completion of this do cumen t more b earable.

Finally

, I w ould lik e to thank m y family for encouraging me throughout

m y man y y ears in sc ho ol.

INTR

ODUCTION

In the quest for reducing the time required to execu te computationally in tensiv e

programs, computer arc hitects ha v e turned to using m ultiple pro cessors in a single

computer system . In theory

, running a CPU-b ound job on an n pro cessor system

with n parallel threads will result in the job executing n times faster than if it is

run on an equiv alen t unipro cessor. In practice, ho w ev er, applications often fail to

ac hiev e suc h line ar sp eedup s. One reason is that the problem itself ma y not ha v e

enough inheren t parallelism to k eep all a v ailable pro cessors busy

. But ev en if an

application has a great deal of p ossible parallelism, another reason for non-linear

sp eedups is the dela y imp osed b y a m ultipro cessor’s memory system , whic h is used

not only to connect pro cessors to memory

, but also for in terpro cessor comm unication

(w e include sync hroniz ation in the comm unication comp onen t). Th us, a great deal

of e�ort has gone in to reducing latency and increasing bandwidth in m ultipro cessor

memory systems .

There are man y c hoices to b e made when designing a m ultipro cessor memory

system. One of the most imp ortan t c hoices is the t yp e of ph ysic al in terconnect

that links pro cessors to other pro cessors and to memory

. The t yp e of in terconnect,

whether it b e a bus, h yp ercub e, crossbar, or some other arc hitecture , in uences the

other c hoices a memory arc hitect faces. Some of those c hoices are [HP90]:

Uniform vs. Non-Uniform Memory Access In a Uniform Memory Access ma-

c hine (UMA), all of ph ysic al memory is lo cated in the same lo cation, hence

access to it incurs a uniform time cost regardless of whic h part of ph ysical ad-

dress space is b eing accessed

1

. In con trast, in a Non-Uniform Memory Acces s

arc hitecture ph ysic al memory is distributed around the mac hine, whic h means

that some p ortion of ph ysic al memory is closer to a giv en pro cessor than other

1

Dela ys caused b y con ten tion for resources can cause v ariabilit y in memory access times.

parts of the address space. Since it usually requires more time to access ph ys i-

cally distan t memory mo dules, memory access times v ary dep ending on whic h

address is b eing accesse d. In order to minimize comm unication, an application’s

data should b e placed so that a pro cessor access es lo cal (as opp osed to remote)

memory as m uc h as p ossible. This data la y out problem creates additional w ork

for the programmer or compiler. NUMA mac hines are often called distributed

memory mac hines .

Load/store vs. message-p ass ing

Comm unication to and from remote pro cessors/mem ory mo dules can b e made

implicit to the programmer via normal loads and stores, or can b e made via

explicit calls to message-passing routines that send and receiv e data. Message-

passing arc hitectures are usually more di�cult to use, b ecause the programmer

m ust directly manage data comm unic ation. In a load/store arc hitecture , the

hardw are p erforms whatev er actions are necessary to access the prop er data

storage, pro viding a homogeneous view of memory

. While this sa v es w ork b y

the programmer, it also conceals the real cost of a memory reference , whic h can

mak e it di�cult to get optimal program p erformance.

Coheren t vs. non-coheren t memory Most m ultipro cessors cac he data to de-

crease memory latency and load on the in terconnect. If data is comm unicated

via load and stores, writes done to shared lo cations can cause other copies to

b ecome out of date. An arc hitecture can pro vide the programmer with a co-

heren t view of memory

, so that pro cessors observ e c hanges to data made b y

other pro cessors. Coherence ma y b e enforced using hardw are, soft w are, or a

com bination of the t w o. While pro viding a coheren t view of memory mak es the

programmer’s job easier, it complicates the implemen tation of an arc hitecture.

Because writing m ultipro cessor applications is more di�cult than writing serial

co de, arc hitecture s that mak e the programmer’s job easier, i.e., those arc hitecture s

that presen t a homogeneous, coheren t view of memory (using loads and stores) ha v e

gained a great deal of p opularit y . Suc h arc hitectures are called shar e d-memory ma-

c hines. Though shared memory has b een implemen te d using rings (e.g. KSR [FIR93])

and meshes (D

ASH [SJGH93], Alewife [ABC

+

95]), busses are a common c hoice b ecause of their simplicit y . In addition, busses ha v e an inheren t broadcast capabilit y

whic h mak es it easier to impleme n t coheren t memory through sno op y proto cols.

This thesis presen ts sev eral tec hniq ues for impro ving p erformance of shared-

memory mac hines based on bus in terconne cts. W e �rst presen t our ev aluation

metho dology

, plus a brief o v ervie w of arc hitectural ev aluation strategies in Chap-

ter 2. W e follo w with P art I of the thesis, whic h examines impro v e men ts to single bus

m ultipro cess ors. In Chapter 3 w e ev aluate t w o tec hniq ues , called subblo c king and

read snar�ng, to impro v e the p erformance of sno op y cac he coherence proto cols. The

subblo c k proto col addresse s the problem that the b est size for cac he blo c ks v aries

from application to application. Read snar�ng reduces the cost of k eeping data co-

heren t b y taking adv an tage of busses’ abilit y to do inexp ensiv e broadcast. The t w o

tec hnique s are studied b oth separately and in com bination.

Chapter 4 describ e s and assess es t w o algorithms that adapt their strategy for

main taining cac he coherence based on the application’s reference b eha vior. The t w o

strategies alternate b et w ee n up dating and in v alidating remote copies of cac he blo c ks,

dep ending on the past reference b eha vior for eac h blo c k to pic k the correct strategy .

In P art I I of the thesis, w e examine hierarc hical bus systems . Hierarc hical system s

tak e adv an tage of the fact that often data is shared b et w een only a few pro cessors.

Hierarc hical bus systems exploit this prop ert y (called comm unic ation lo calit y) to

increase the n um b er of pro cessors that can b e e�ectiv e ly connected together. In a

hierarc hical system, pro cessors are group ed in to clusters. Eac h cluster has its o wn

bus to whic h pro cessors are connected. In turn, clusters are connected to eac h other

via an in ter-cluste r bus. In a three (or more) lev el system, groups of clusters are

connected via a higher lev el bus. Connection b et w ee n t w o bus lev els is made using

a com bination bus cac he/connec tor whic h not only connects the part of the system

b elo w the connector to the rest of the mac hine, but also pro vides additional cac he

space for the elemen ts b elo w.

In Chapter 5, w e presen t a cac he coherence proto col for a hierarc hical bus system.

Suc h a proto col is more complicated than one for a single bus, since there is no single

serializing resource as there is in a single bus mac hine. In Chapter 6 w e ev aluate the

t w o-lev el hierarc hical arc hitecture running our coherence proto col. W e also extend the

subblo c k proto col and read snar�ng to the hierarc hical arc hitecture, and assess what

e�ects they ha v e on system p erformance when compared against the base coherence proto col.

Chapter 7 examines the problem of data placemen t in a hierarc hical syste m in

whic h main memory is distributed among the system’ s clusters. W e in v es tigate the

e�cacy of giving the programmer con trol o v er where data is allo cated in the system.

W e then ev aluate programmer-con trolled data allo cation against essen tially random

allo cation, and also compare the p erformance of the distributed memory arc hitecture

against the base arc hitecture as detailed in Chapter 5.

Finally

, in Chapter 8, w e summarize the results of this dissertation and state our

researc h con tributions.

Chapter 2

METHODOLOGY

2.1 Ev aluation strategies

Ev aluating new arc hitectures , esp ecially m ultipro ces sor arc hitectures is di�cult. Mul-

tipro cessor arc hitectures are m uc h more complex than single pro cessor syste ms. Mul-

tipro cessors often include features lik e cac he coherence, complicated in terconnec ts,

and resource con ten tion that are not usually found in unipro cessors. Because of this,

ev aluating m ultipro cess ors requires more complicated mo dels or sim ulators than sin-

gle pro cessor system s. Before in tro ducing the metho dology used in this thesis, w e

will brie y examine general ev aluation strategies.

2.1.1 Analytical mo deling

P erhaps the fastest w a y to ev aluate a new system is to use an analytical mo del, in

whic h mathematical equations are used to generate arc hitectural p erformance esti-

mates. A common metho dology used to generate suc h equations is queueing network

mo dels [LZGS84]. In the con text of ev aluating m ultipro cessors systems , a mo del’s

service cen ters represen t the v arious comp onen ts of the m ultipro cess or, and queueing

theory is used to solv e for the dela ys imp osed b y these service cen ters . The great

adv an tage of mo deling is sp eed | most analytic mo dels require no more than a few

min utes to iterativ ely solv e a mo del’s equations. Unfortunately

, there are dra wbac k s

to mo deling that limit its usefulness . One of the problems is determining what input

v alues should b e used. Mo del input v alues t ypically include pro cessor request and

cac he miss rates, prop ortion of writes v ersus reads and the fraction of accesse s that

are to shared v ariables. Estimating what input v alues should b e used is a di�cult

problem. Another problem with mo dels is that in order to mak e them simple enough

to b e ev aluated analytically

, man y hardw are elemen ts , suc h as cac he size, asso cia-

tivit y , blo c k size, and proto col t yp e m ust b e abstracted a w a y . Since v arying these

elemen ts often dramatically a�ects system p erformance, analytical mo dels cannot b e used to ev aluate the p erformance e�ects of c hanging suc h hardw are elemen ts .

Despite suc h dra wbac k s, analytical mo dels are useful at quic kl y pro viding initial

p erformance estimates for simpli�e d systems .

2.1.2 Hardw are protot yp es

Another approac h is to use actual hardw are to ev aluate a prop osed arc hitecture, as in

[LLJ

+

92]. Protot yp es ha v e a distinct adv an tage o v er using sim ulation or analytical

mo dels; namely that applications and the underlying op erating system run at full

sp eed with no inaccuracies in the p erformance results due to the use of simpli�ed

mo dels. In con trast, b oth analytical mo dels and sim ulators ha v e b een criticized for

b eing either slo w or of questionable v alidit y (or b oth). Building a protot yp e also can

exp ose design problems that aren’t found when using a sim ulator.

Regrettably

, there are ma jor dra wbac k s in building a protot yp e. First, building

a protot yp e mac hine requires m uc h e�ort (t ypically tens of man-y ears). Second,

once the hardw are is built it is di�cult to c hange it, whic h limits the exploration of

alternativ e designs. Third, monitoring the p erformance of the hardw are requires that

extra hardw are b e used | for the D

ASH protot yp e, 20% of the directory b oard is

dev oted to p erformance monitoring hardw are. Lastly

, not all arc hitectural parameters

can b e measured on the hardw are. F or example, the �rst lev el cac he hit rate and

pro cessor utilization cannot b e measured in the D

ASH protot yp e.

2.1.3 Sim ulation

A m uc h more widely used tec hniq ue is arc hitectural sim ulation. Sim ulation has sev-

eral adv an tages o v er b oth analytical mo dels and actually building hardw are. First,

a sim ulator can mo del v ery detailed w orkings of the target system , alb eit at a cost

in b oth programming e�ort and sp eed of sim ulator execu tion. Sim ulators usually

don’t require estimates of cac he miss rates or w orkload c haracteristics that analytical

mo dels require. It is also relativ ely easy to c hange v arious target arc hitectural pa-

rameters, suc h as cac he size and asso ciativit y , in terconnec t size and sp eed, and other

v ariables, whic h is v ery di�cult to do in hardw are. Sim ulators also can b e used to

ev aluate future or idealized hardw are, whic h is imp ossible to build.

Unfortunately

, the exibilit y of sim ulation comes at a price. Sim ulators often are

complicated to write and debug. In addition, sim ulations often require large amoun ts of resources in order to pro duce meaningful results. What resources are required

dep ends on the t yp e of sim ulation p erformed. Tw o ma jor t yp es of sim ulation are

tr ac e-driven and exe cution-driven (instruction-lev el) sim ulation.

T race Driv en Sim ulation

T race driv en sim ulation is often used when ev aluating memory syste ms [SJF91]. In

trace driv en sim ulation, a list, or trace, of memory references is gathered from an

program, usually while it is executing on real hardw are. The trace is stored on disk,

and is then read b y the sim ulator. One dra wbac k of trace-driv en sim ulation is that

the trace �les are often v ery large, whic h means that storing traces is sometimes a

problem.

Gathering accurate traces is often di�cult. Gathering a trace using dedicated

hardw are has the adv an tage that the tracing activit y minimally disturbs the sys-

tem as a whole; unfortunately

, suc h hardw are is often exp ens iv e , non-p ortable, and

sometimes cannot observ e all memory ev en ts, esp ecially if the pro cessor has on-c hip

cac hes. T races generated using soft w are tec hniques a v oid the problems of hardw are

generated tracing, but ha v e their o wn problems, including time and memory dilation.

Time dilation refers to the slo wdo wn in the traced application b ecause of the execu -

tion of tracing instructions. A large slo wdo wn can drastically c hange the b eha vior of

a program, b ecause the time sp en t in trace generation o v erwhelm s the normal tim-

ing di�erences b et w ee n the execution of di�eren t instructions on di�eren t pro cessors

[KKEL90]. Koldinger et al. examine d the problem of trace dilation, and concluded

that there w as little di�erence in aggregate b eha vior of course-grained programs when

their tracing to ol’s time dilation w as arti�cially increased from 2 to 250 [KEL91].

Ho w ev e r, they caution that dilation ma y b e more imp ortan t with medium or �ne-

grain programs, and that ev en a dilation factor of 2 ma y b e enough to signi�can tly

a�ect the v alidit y of a trace.

Memory dilation is another source of inaccuracy in traces that include op erating

system references [BLR

C94 ]. Memory dilation o ccurs when the traced program puts

an additional load on the virtual memory system b ecause it is larger than the original

un traced program. One w a y around this problem is to collect the trace on a mac hine

with a large amoun t of ph ysic al memory (to a v oid paging), and to sim ulate, rather

than trace translation-lo ok aside bu�er b eha vior.

Another problem with traces in general is that a particular trace records a par-

ticular order of memory reference ev en ts . Unlik e the case for unipro cessors , c hanging

hardw are parameters can c hange b oth the t yp e and order of memory ev en ts . Unfor-

tunately

, this c hange in program b eha vior will not b e re ected in the trace.

Execution-Driv en Sim ulation

An alternativ e to trace-driv en sim ulation is execution-driv en sim ulation, in whic h the

sim ulation is p erformed as the target program execute s. This allo ws the memory

system sim ulator to con trol when the target program runs, b ecause the pro cessor can

b e stalled un til the memory reference completes (according to the memory consistenc y

mo del). In this w a y , the e�ect of memory system b eha vior on pro cessor execution

can b e mo deled. Another adv an tage of execution-driv en sim ulation o v er using traces

is that since the memory reference stream is generated and consumed at the same

time, no need for large amoun ts of storage for traces is needed. The do wnside to

these adv an tages is that the memory reference stream m ust b e generated eac h time

a sim ulation is run, whic h costs additional time o v er that needed b y the memory

sim ulator.

There are a wide v ariet y of metho ds used to sim ulate program execu tion [CK94].

Some metho ds used, along with m ultipro cessor sim ulators that use the metho d are:

Deco de and Dispatc h In terpreter The target pro cessor is sim ulated b y fetc h-

ing, deco ding, and execu ting eac h instruction as it is encoun te red (Cerb erus

[BAD89], Cac heMire [BDNS93 ]).

Pre-deco de in terpreter T arget instructions are pre-deco ded in to an in termediate

represen tation that execute more quic k ly than undeco ded form. The predeco ded

instructions are usually cac hed for reuse (T alisman [Bed95], MINT [VF94a]).

Note: The ab o v e tec hniq ues are often classi�e d as program-driv en sim ulators.

Program-driv en sim ulators in terpret the instructions of the target mac hine. While

this can b e more costly than direct execu tion, program-driv en sim ulators can run on

a v ariet y of host arc hitectures , and can sim ulate arc hitectures whic h ha v en’t b een

implemen ted in hardw are.

Direct execution with annotated binaries This tec hniq ue can b e used when the

host and target instruction sets are the same. The target binary is instrumen ted

so that references to shared memory lo cations call the memory sim ulator (Pro-

teus [BDCW91 ], T ango Lite [Her93]).

Direct execution using traps Instead of augmen ting the target binary to call the

memory sim ulator, the host hardw are traps to the memory sim ulator when nec-

essary

, usually on a sim ulated cac he miss (Wisconsi n Wind T unnel [RHL

+

93]).

Other asp ects of v arious sim ulators include whether or not the sim ulator can run

system-lev el co de; whether it will handle program-generated signals correctly; and

whether the sim ulator is robust in the face of program errors lik e dividing b y zero

[CK94]. Some m ultipro cessor sim ulators can tak e adv an tage of m ultiple host pro ces-

sors to sp eed up the sim ulation pro cess. Unfortunately

, parallel arc hitecture sim ula-

tors usually ha v e a great deal of in terpro cess or comm unic ation and sync hronization

whic h limit the sp eedup of the sim ulator [F uj90].

2.2 Our ev aluation metho dology

W e c hose a program-driv en sim ulator, Cerb erus [BAD89 ], for our arc hitectural re-

searc h. Cerb erus w as already b eing used b y another studen t in the departmen t,

whic h made it easy to learn ab out the to ol. Though Cerb erus is an old sim ulator

that lac ks features and time-sa ving optimizations common to curren t sim ulators, it

has b een a v aluable to ol for p erforming arc hitectural researc h.

The original Cerb erus , as w ell as its enhancemen ts to accommo date v arious

memory consistency mo dels [ZB92], sim ulates a shared-memory m ultipro ces sor with

pro cessor-cac he pairs connected to shared-memory mo dules via a m ulti-stage in ter-

connection net w ork. W e retained the pro cessor sim ulation comp onen t of Cerb erus

and replaced the cac he, in terconnec tion net w ork, and memory mo dule pac k ages. Re-

placing the in terconnec tion net w ork had the added b ene�t of sp eeding up sim ulations

b y an order of magnitude, b ecause sim ulating ev en a hierarc h y of busses is m uc h faster

than sim ulating an in terconnection net w ork cycle b y cycle. The em ulated pro cessor is

similar to a Ridge-32, a RISC-lik e pro cessor whic h only uses loads and stores to access

memory [Rid]. The sim ulator execu tes Ridge binaries whic h are pro duced using a C

compiler included in the sim ulator pac k age.

The pro cessor mo dule sim ulates (at a crude lev el) the pip eline dela ys of a RISC

pro cessor. Simple instructions, lik e in teger addition, logical op erations, and register-

to-register mo v es require one cycle . In teger m ultiplies and oating p oin t additions

require 2 cycles , as do branc hes that are incorrectly predicted b y the compiler (branc h

instructions include a static-prediction bit). Floating p oin t m ultiplies and in teger

divides require 4 cycle s, while oating p oin t divides require 10 cycles to complete.

All instruction references are assumed to hit in the instruction cac he with no

additional dela y . All load and stores to non-shared data are assumed to hit in a

separate, priv ate cac he and tak e one cycle to complete. Shared reference s that hit in

the sim ulated cac he and require no further action b y the memory system also require

a single cycle to �nish. If a shared reference requires the use of the memory system,

the dela y is determined b y sim ulating the memory system . Cac hes are assumed to

ha v e dual-p orted tag structures so that sno oping accesses don’t in terfere with the

pro cessor’s cac he access.

All busses in our sim ulations are split-transaction on non cac he-to-cac he trans-

actions. Arbitration for bus access is done on a round-robin basis, and requires one

cycle. W e assume the bus has separate address lines so that addressing information

ma y b e transmitted at the same time as data for the same transaction. The width

of the bus is a parameter to the sim ulator; in our sim ulations, w e used 32 or 64 bit

data busses .

Main memory is assumed to require 10 cycles to pro duce the �rst w ord, plus an

additional cycle for ev ery w ord (or doublew ord, dep ending on the sim ulation param-

eters). The n um b er of indep ende n t memory banks is another sim ulation parameter,

but in most cases w e used 4 memory banks.

2.2.1 W orkings of the sim ulator

After the sim ulator completes its initialization, either the �rst CPU or all CPUs

(dep ending on a command-line ag) b egin executing co de from the co de �le (Figure

2.1). Eac h CPU execute s some n um b er of instructions and incremen ts its o wn clo c k

un til it executes a load or store instruction. Since the e�ect of a load or store is

visible to the rest of the sim ulated system, a CPU ma y not pro ceed with suc h an

instruction un til the global sim ulation clo c k (whic h is the true system time) catc hes

up to the CPU’s clo c k time. If the load/store is to a non-shared lo cation, or hits in

11

the sim ulated cac he (and the blo c k is in the appropriate state), the CPU will complete

the memory op eration and con tin ue executin g un til the next load/store instruction.

Ho w ev e r, if the memory instruction requires action b y the memory system, a bus

request will b e formed and sen t to the bus mo dule. The bus mo dule is resp onsible for

satisfying all bus requests , and mo dels dela ys due to arbitrating for the bus, c hec king

other pro cessor’s cac hes, and the transmission of bus reques ts and replies. If the bus

request cannot b e satis�ed b y the other cac hes attac hed to the bus, the request is

sen t either to the memory mo dule in a single-bus system, or to the cac he on the next

highest lev el in a hierarc hical system . After a bus transaction success fully returns

from the bus mo dule, the cac he blo c k is up dated, and the pro cessor is restarted. If

a request is unsucce ss ful, the request is returned to the originating cac he, and the

load/store is retried.

Cpu Module

Cache Module

Bus Module

Memory

Module

Code File

New Bus

Transactions

Load/Store

Instructions

Successful Bus

Transactions

Memory requests

Program

Instructions

Requested

Data

Memory replies

Figure 2.1: ulator w

2.2.2 Proto col correctness

Designing a he coherence proto col that orks correctly in all circumstance s can b e

a di�cult task. Not only ust a proto col correctly enforce the appropriate memory

consistenc mo del, but also it oid deadlo k and elo k conditions. One y

debugging and erifyin g a coherence proto col is to use an automatic proto col

12

eri�er, h as Mur’ [DDHY92 ]. Unfortunately

, time demands and the y of

correctly sp ecifying a non-trivial proto col to a eri�er precluded us from using h

to ol. er, the to ol t not b e capable enough to handle the more complex

proto cols elop ed in this dissertation. Instead, e used the ulator itself to �nd

errors not only in the proto col, but also in the tation of the design in the

co de. The �rst hniq e used to ok adv tage of the fact that e used

a en ulator in our studies. The ulated CPUs used the data v alues

returned y the ulated memory system to p erform the program’s computations.

Therefore, proto col errors h returned the wrong data to the pro cessor often

up as incorrect program results. This as e red when the of

the ulated program compared against the results pro duced y running the

program on a unipro

orkstation.

Since proto col errors don’t ys manifest themselv es in a program’s �nal results,

e te d a �ner-grain hec e inside the ulator. The �ne-grain k er

allo a w y of main memory at start-up. When a pro cessor

completes a store instruction to a lo cation, the data v alue is t not only to

the ulated memory system also directly to the w memory

. On ery

completed load, the k eri�es that the data returned from the ulated memory

system hes that y the w memory .

Lastly

, e inserted co de to the ulator to hec conditions, h as

he lines that are exclus iv in one he but are also t in another he, or

of inclusion in upp er el hes . When a k is violated, the ulation run

is ab orted. Though these measures don’t tee correctness , do e us a

go o d degree of that the proto cols elop ed ork correctly .

2.3 Benc hmarks

In our e used 7 applications to test and ev aluate our prop osed design. W e

hose these b hmarks b ecause together they exhibit a wide v y of reference

patterns. In all cases, e gathered statistics only for the parallel section of the

program.

The Gauss, Relax, and Cholesky b hmarks all e go o d spatial lo y and

high hit rates. MP3D exhibits a great deal of sharing, and as written

to oid false sharing. Both the T op opt and erify applications exhibit b oth true

13

and false sharing, en using mo derate (32 blo k sizes . Lastly

, Barnes

application do es ely few accesses . In the wing paragraphs, e brie y

describ e h application.

Gauss

The Gaussian elimination program es without oting the system of linear equa-

tions A � x = b. This computation lends itself ell to parallelism [Dar88]. h

pro cessor is (statically) a of

ws, and triangularization pro ceeds column

y column. Computation for a new column cannot pro ceed til all for

the previous column e b een completed. The t of p erformed y h

pro cessor v aries tly dep ending on the dimension of the A matrix. The second

phase of the pro cedure is a classic al k substitution and h less time than

the triangularization. k substitution es place in parallel as h elemen t in the

solution ector is computed and substitute to the equations for the other solution

ts .

main data in Gauss are the A matrix and the b ector. Both shared

structures are allo cated using the general purp ose memory allo cator. The

A matrix is as a one y of p ters, h p ting to a

single dimension y of precision oating p t b ytes ). Because

the allo up allo cation requests to the next higher p er of o,

succes siv e ws of the matrix will ely not b e laid out to one another

in memory

. Hence it ely that ts from o t ws of the A matrix

will end up in the same he blo k. This is imp t, b ecause ws are statically

in a round-robin fashion to pro cessors. As the triangularization pro cess

pro ceeds, h w is written some b er y the same pro cessor, without

y enin g reads or writes y another pro cessor. Once on a w is �nished,

is read one time y all the pro cessors. Subseq uen tly , the w is not written y y

pro cessor. Because this data access there is ery little true or false sharing

olving the elemen ts of the A matrix.

The b ector is tiguously allo cated. Because h succes siv e t b

ector is assigned to a t pro cessor, false sharing will o ccur when the line size

is greater than the a b (8 ytes). ev er, since b ector elemen ts are

accesse a small t of time, the e�ect of the false sharing is minimal.

14

erall, Gauss exhibits a large lo y and a w degree of true

and false sharing (for hoices of blo k size).

A Gaussian elimination problem of NxN will require storage of 8

* (N * (N + 1)) ytes. F or our tests e used a 250 250

h orks out

to b e ab out 490K. ximate he size where there on’t b e y y

misses , for a b er of pro is:

T able 2.1: W orking set size for Gauss

# of pro cessors p er pro cessor

1 490K

2 245K

4 122K

8 61K

16 31K

24 20K

32 15K

Due to data out, Gauss application su�ers from con ict misse s. These

con ict misses are t en when 32 128K set asso hes are used.

On a pro cessor, Gauss running with a 250 y 250 requires ab out 161

instructions to complete.

Relax

The Relax program the success iv e er-relaxation er a matrix of b ers.

F or h iteration, the new v alue of a matrix elemen t is computed based on the

v alue of the t itself, plus its t nearest b ors. W e ran the application

a predetermined b of iterations, though in practice, the program ould b e

run til the matrix v alues erge. In the parallel ersion of the h

pro cessor is statically assigned to a p ortion of the matrix.

Relax’s matrix is a NxN y of double precision oating p t b ers . A single

pro cessor allo cates and initializes the original y

. h pro cessor then allo cates a

smaller y of single precision oats (4 that holds its results.

15

The program then b egins the �rst iteration. h iteration pro ceeds in phases: in

the �rst phase, h pro cessor reads the appropriate v alues from the main y and

calculates its results to its lo cal submatrix. In the second phase, pro cessor

its results from its k to the main matrix. Barriers are used to

hroniz b ee n phases and iterations.

erall, Relax go o lo y

. Since a pro cessor computes from the same

sub-matrix iteration after reuse is common, assuming that the pro-

cessor he is large enough to oid ts . In addition, Relax’s pattern of

accessing elemen nearest b ors also tends to pro high he hit rates.

e r, b ecause matrix ts on the b oundary b een o are

accesse d y o (or more) pro Relax do es exhibit some true sharing. In ad-

dition, the application is susce ptible to a small degree of false sharing, since a large

he blo k y tain ts from o t sub-matrices.

As stated ab e, reuse in Relax will b e high, as long as he y is

su�cien t for the data set. F or h t a pro is resp onsible for, 12 ytes

of storage are needed (8 for the main for the lo cal

y). In

addition, space is needed for b ts. F or a 256x256 y

, h is what

used in our Figure 2.2 roughly w big a he ould e to

b e to oid most y misses .

T able 2.2: W orking set size for Relax

# of pro cessors size

1 776K

2 388K

4 194K

8 97K

16 50K

24 37K

32 25K

Despite these �gures, still su�ers from a non-trivial b e r of y

misses en when a yte he is used with a single pro cessor. e Gauss

16

e r, do es not su�er from a t of con ict misses when

hes with asso y of o are used.

unipro cessor run of Relax on a 256x256 matrix requires er 62 million instruc-

tions.

Cholesky

Cholesky a b hmark from the SPLASH suite used for sparse matrix factorization.

The principal data is the represen tation of sparse matrix,

h is stored

y columns. Columns of the matrix are group ed to sup erno des to obtain adequate

y . Asso ciated with h sup erno de is a of w y mo di�cations

are to b e done to the columns that sup erno de. When the t drops to that

sup erno de is placed on the global task list. h free pro cessor es a sup erno de

the task list and mo di�es the appropriate parts of the main matrix. Pro cessors

terfere with one another attempting to e ork o� when

making mo di�cations to the same destination column. The non-zero elemen the

matrix are stored tiguously y column in a single-dimens ional y

. Because

Cholesky accesses the matrix in sup erno de unk s, it exhibits go o lo y .

Because of time ts, used a ely small input matrix, BCSSTK14,

h limited sp eedups due to the k of v ailable concurrency

. Pro cessing the

BCSSTK14 matrix required 65 million instructions on a single pro cessor. Cholesk y

has a fairly large orking set | factored requires 1.4 ytes of storage.

Because of the large size of the matrix, con ict misses ere h less imp t in

runs than y misses.

T op opt

T op opt p erforms top ological optimization on VLSI circuits using a parallel ulated

annealing algorithm [DN87]. The circuit is te d in the form of an y , h

the algorithm rep eatedly folds to minimize the area. Because the t

of ork to pro cessors hanges dynamically

, gates and signals are b een

pro cessors, T op opt a great deal of sharing [Egg89]. In addition, T op opt also

exhibits false sharing larger line sizes are used [EJ91]. A notable feature of

T op opt is that it has 4 barriers in its inner orking lo op. F or all but the master

pro cessor, t of ork p erformed b een succe ss e barriers is the same.

17

This leads to tion for the lo k guarding the barrier try co de, and (dep ending

on the impleme tation) the v ariables used to implemen the barrier.

In our exp erimen ts, used the cpla1.lomim input �le. A single pro cessor execute s

ab out 1.7 billion instructions in the (measured) parallel of the program. In

unipro cessor runs, T op opt’s orking set size is ab out 128K. ev er, using a he

with asso y of 2 will incur con ict misses unless it is at least 256K size.

erify

erify is a eri�cation program compares o circuits and rep orts if are

equiv alen t [Egg89] [

WS87 ]. The program consists of o phases. In

the �rst the program h input binations pro duce an output

of one (or zero) for �rst using a depth �rst h of the graph

tation. In the second phase, the second circuit is ulated using the input

used in the �rst phase. The outputs of the second circuit are eri�ed

against the outputs of the �rst circuit [Jer95]. In the b oth of the algorithm,

ork is assigned dynamically to threads. erify exhibits a great deal of false sharing,

t when mo blo ks are [EJ91 ]. W e ran erify on the circuits

C880.21.b erk1 and C880.21.b erk2 h used ab out 1 billion instructions on a single

pro cessor.

Using the ab e input �les, erify ’s unipro cessor orking set size is ab out 256K.

e r, he con ict misses still o ccur in a 256K when w asso ciativities

e 2) are though they disapp ear when a y 512K he is used.

MP3D

MP3D is a molecule ulator from the SPLASH suite [G92]. The

program ev aluates the p ositions and elo cities of molecules a seque nce of time

steps. The o principal data in are o ys, one for the

molecules, another h stores the prop erties of the space cell. W ork is par-

titioned y molecules h are assigned to pro in groups to oid

false-sharing problems. h time step, pro cessors e the b o dies assigned to them,

then k for with other and the b oundaries. Although it app ears

that the program is ell suited for parallelization, sp eed-ups are hamp y hanges

in lo calities when molecules e from one \space" hed in one pro cessor to an-

18

other. h of the shared data in MP3D migrates from one pro cessor to another as

the program pro [GW92]. us the b er of v alidates do es not tially

increase as the b er of pro cessors increases. F or our b runs, e ulated

20,000 for 100 time

h requires instructions y a single

pro cessor. The unipro cessor orking set requires b een 512K and 1024K of he.

Most of static data is o ccupied y large ys of particles and data spaces.

h particle requires 36 p er cell, while h space cell requires 40 ytes.

Barnes

Barnes is another b hmark from the SPLASH suite. It ulates the e�ect of

y on a system of b o dies. The main data structure is the Barnes-Hut tree, h

ts the hical division of the b o dies in space. As the algorithm pro ceeds,

the t of done on b ehalf of particle is and used as an estimate

of w h ork will b e required for that particle for the next time step. The tree’s

terior no des record the t of ork required for its hildren. The tree is then

tly partitioned and assigned to pro cessors for the computation phase. The

partitioning algorithm es to tain cost balance and tree y , h

in most cases preserv es data lo y

. Because of the go o d algorithm,

Barnes exhibits a w coherence miss rate, en when 64 pro are used.

Conseque tly

, the application exhibits near linear sp eedup on most shared-memory

hitectures . In order to ulation time e ran Barnes with only 128

b o h million execu on a single pro cessor. The

size of the orking set is ery small | than 128K ytes.

P art I

Single Bus Impro v emen ts

19

20

In tro duction

Because of their y and w cost, single bus shared-memory ultipro cess ors

e e d a great deal of commercial succes s. hine s e the Sequen t Sym-

metry [L

T88], [GW94], SP

Ccen ter [CYS

+

93all

use commo y pro cessors and bus hnology reduce design complexit y while still

hieving go o d p erformance. h designs erage the es tmen t made in unipro-

cessors to eep costs wn.

e unipro cessors , single-bus ultipro cessors generally use p er-pro cessor (or pri-

v ate) in order to reduce memory latency and bus tra�c. h hes are ery

e in increasing system p erformance. Unfortunately

, priv ate hes tro duce

a problem when data that is t in hes is mo di�ed y a pro cessor.

The problem of viding all pro a view of memory is called the

c ache c onsistency problem. There are solutions to problem. The sim-

solution is to hing of all write-shared data in a program [WB72].

A disadv tage of this solution is that the compiler ust conserv e ly determine

h blo ks t b e write shared. A bigger k is that the additional bus

tra�c generated y accesse s to data reduces system p er-

formance. If shared-writable data is ed in priv ate hes , some hanism ust

exist to vide pro cessors a view of memory

. In general, the hanis m

can b e vided are, or some bination of b oth.

One are strategy is to tain coherence information with ery memory

blo k in structures called directories [Lil93]. When a miss o ccurs, the directory

consulted and the appropriate action en to coherence. Directory-based

coherence proto cols don’t rely on inexp ens iv broadcast

hanis ms, so they are often

a go o d proto col for non-bus based system s.

F or bus e r, a heap er are hanis called sno opy

c aching generally used. In a sno y he coherence proto col, e

(sno op on) bus transactions and e action to eep he consiste t. States are

asso ciated with h he blo k. The o ma jor yp of sno y proto cols are write-

invalidate and write-up date. Under a v alidate hem pro cessor p erforming

a write to a blo h is shared ust �rst or v alidate all other

copies of blo k. Under write-up the writing pro cessor broadcasts the new

data v alue, h other pro cessors that tly e the blo k v alid in their he

21

then read to their he consisten t. Because a write-up date p olicy up dates,

rather than v alidates he data, a ultipro cess or ying write-up date usually

has er miss rates than one using v alidate, but often at a cost of increased

bus tra�c.

eral examples of b oth yp es of proto col exist. A go o d example of a write-

up (WU) proto col is the Dragon proto col [McC84 ]. A feature of this proto col

the addition of a line. When a pro cessor p erforms an up date transaction

the

hes signal that they read the data y raising the sharing line.

If no other pro cessor tly shares the the writing pro cessor will e

that the sharing line is not asserted and will cease sending up dates til the blo k

b ecomes shared again. This optimization e s bus bandwidth and decrease s

write latency .

o examples of v alidate proto cols are the Illinois proto col [PP84 ] and the

eley proto col [KEW

+

85]. Both proto cols feature transfers on read

misses and three common he blo k states v alid, Clean-Shared, y). The

Illinois proto col di�ers from the ele y proto col in that it assumes that a he can

determine the source (memory or another he) of a blo k that has b een read. This

information used to if the V

ALID

CLUSIVE state can b e h

ws pro cessors to write to clean blo ks without a transaction. The ele y

proto col its fourth state to enco de a DIR

TY SHARED state, h oids writing

mo di�ed he blo ks k to memory unless they are replaced. Because the Illinois

proto col is the more common of the o proto cols, e will b e it as our standard

v alidate proto col.

Cho the b est p olicy b ee n up date and v alidate proto col is di�cult, b e-

cause the b est proto col dep ends not only on the application, also on the hine’s

are con�guration. Chapter 4 addresse the issue ho the b est proto col.

Among the o p olicies, v alidate has b een the orite among b oth re-

hers are designers. One design hoice in an v alidate-based system

that can drastically a�ect p erformance is the size he blo k. In most system s,

the blo k size determines w h transferred on a read and also w

h v alidated when pro cessor do es a write. A problem with using a

single blo k size is that applications p erform b est with a large blo k size, while

other do b etter using a small blo k size. Chapter 3 examine the problem of using the

22

b est blo k size for h application. It also ev aluates a hnique called r e ad snar�ng,

h reduces the b er of a blo is re-read wing an v alidation.

Chapter 3

READ ADCAST AND THE SUBBLOCK

OTOCOL

3.1 In tro duction

In this hapter e es tigate o hnique s to memory tra�c in a bus,

he t shared-memory ultipro cessor hitecture. F or the �rst hniqu e,

e fo cus on relationship b een the coherence proto col and the he blo k size.

While some applications run b etter when small he blo k sizes are used b ecause

of presence of migratory data or b ecause false sharing is others execute

k with larger blo k sizes b ecause they exhibit go o lo y

. Most

often, an hitecture is te d with the same blo k size used for b oth transfer

(memory to he or he to he) and coherence . Our hnique is a sno y he

coherence proto the subblo k proto that t blo k sizes for

transfer and coherence. The of the subblo k proto to obtain the adv tages

of large blo sizes those programs that e go o d spatial lo y while

oiding y unneces sary v alidations that result from migratory data and false

sharing. The subblo k proto p is compared to that of an v alidate

proto col, the Illinois proto col.

The other hniq e ev aluate is read snar�ng. Read snar�ng is an enhanceme t

to sno he coherence proto cols that es adv tage of the t broadcast

nature of busses. In a syste with read snar�ng, hes sno the bus not only

for coherence but also for p tially useful data that is b eing read y

another pro cessor. In this hapter, e ev aluate the impact that snar�ng has on the

p erformance of the Illinois proto col and on our e lop ed subblo k proto col.

In Section 3.2 e t our mo del in particular a he or-

ganization that subblo ks . Sections and 3.4 describ e the o hnique s,

subblo k proto col and read snar�ng, in more detail. Section 3.5 our ev alua-

tion metho dology for this particular study

, with Section 3.6 giving ulation results.

Suggestions for eme and further study are in the concluding section.

24

3.2 Arc hitectural mo del

Our hitecture is a single, bus, t ultipro cessor. W e

consider o yp es of hes:\us ual" hes and \sector" hes. Usual hes e

a y C , blo size L, and an asso k . Corresp onding sector hes

the same (C ; L; k ) haracteristic s but in addition the blo ks are to

subblo ks of size b. The units of and transfer are the same for usual

namely L, while these units can b e L or b dep ending on sp proto in

case of sector hes. In the sector b blo and subblo k e states.

A sector (C ; L; k ; b) will therefore require 2L=b extra state bits/blo assuming

that subblo ks a of 4 states. us an (C ; L=2; k ) he and a

(C ; L; k ; b) sector he require ximately the same b er of tag and state bits

for L b ee n 32 and 128 ytes and = 8 ytes. Note also that a he with

L = b requires more memory than a he with L and b as ab e [Sez94 ].

Systems with sector hes also require more bus lines to transmit bitmasks corre-

sp onding to the status of the subblo k s in a particular blo k. ev er, the b er of

additional lines will b e ely small, since the b er lines required

is equal to L=b, the b er of subblo ks in a blo k.

As stated in Section 2.2, e assume hes with dual p orted tags. This is par-

ticularly imp t when snar�ng is te d so that read snar�ng sno op k s

terfere with a pro access to the he.

3.3 The subblo c k proto col

3.3.1 Subblo k proto col

The motiv ation b sector is to a coherence proto col that es

adv tage of applications’ spatial lo y y hing large blo ks while oiding

v alidations and migrations of falsely shared data ving a smaller coherence unit,

namely a subblo k. The proto col is sno [AB86]. It incorp orates features

from the Illinois proto col [PP84] and from proto cols or write p olicies with subblo k

(in)v alidations [CD93 , Jou93].

The basic y b ehind the proto col is as ws. As h as p ossible, e

to transfers. On read misses e transfer as y v alid subblo k s

25

in the blo k as p ossible. If the subblo k is in another pro cessor’s he, that

he sends along not only the hed subblo k , but all other read-shared subblo k s

(i.e., subblo ks in states Cle an Shar e d and Shar e d, see b w) in that blo k.

In trast with the Illinois proto col, y subblo ks that are transferred on read

misses not to memory (hence the Shar e d state for

wnersh ip). On

the other hand, the subblo k is lo cated only in main memory

, then memory will

resp ond with the requested subblo k, y subblo k s h not tly

hed. The information ab out subblo ks are tly hed is determined

when the reques t go es out er the bus. On writes to clean subblo ks and write

misses , e v alidate only the subblo k to b e written. W e do this in order to oid

p erformance p enalties asso ciated with false sharing.

T o t our proto col, e used 4 blo k states, plus 4 subblo states. The

blo k states are useful when there is only one he that tains a y of the blo k

(state V

ALID CLUSIVEoiding v alidations, all subblo ks in

the blo k are either clean { and not { or v alid (state CLEAN SHARED),

us oiding k up on replaceme t. The blo k states are as ws:

INV ALID All subblo ks are Invalid.

V ALID CLUSIVE All v alid subblo ks in this blo k are not t in y other

he. All subblo are Cle an Shar e d y b e written without a bus

transaction. Note that (or p ossibly subblo k s in the blo k y b e

Invalid. There also y b e Dirty blo ks h ust b e written k up on

t.

CLEAN SHARED The blo k tains subblo k s that are either Cle an Shar e d or

Invalid. The blo k can b e without a transaction.

DIR TY SHARED The subblo ks in this blo k y b e in y state. There y

b e Dirty blo h ust b e written k on replacemen t.

subblo k states are as ws:

Invalid The subblo k is not v alid.

26

Dirty Shared Valid Exclusive

Invalid Clean Shared

Replacement-

Write dirty subblocks back

Replacement

Read Subblock (From cache)

Write Subblock

Read/ Write Subblock

(From memory)

Bus Induced

State

Changes

Processor

Induced State

Changes

Read Subblock

Read/Write

Subblock

Read/Write

Subblock

Write

Subblock

(from

cache)

Read Subblock (from cache)

Read Subblock (snarfed)

Read (non-Invalid) Subblock

Replacement-

Write dirty

subblocks

back

To Invalid State

Figure 3.1: Blo k Proto col

Write Subblock

Bus Induced

State

Changes

Processor

Induced State

Changes

Invalid Clean Shared

Dirty Shared Dirty

Read (or Snarf) Subblock

Invalidate Subblock

Write Subblock

Replacment - Write back

Replacement

Replacment -

Write back

Read Subblock

Write Subblock

READ EX or

INVALIDATE

Subblock

READ EX or

INVALIDATE

Subblock

To INVALID state

Read Subblock

Read/Write

Subblock

Read Subblock

Figure 3.2: Subblo k Proto col

27

T able 3.1: able states for subblo ks

Blo k Subblo Status

Status Invalid Cle an Shar e d Dirty Shar e d Dirty

INV ALID OK Error Error Error

V ALID CLUSIVE OK OK Error OK

CLEAN SHARED OK OK Error Error

DIR TY SHARED OK OK OK OK

Cle an Shar e d A read access to the subblo k will succeed . Unless the blo k that the

subblo k is a part of is in the V

ALID CLUSIVE state, write to the

subblo k will force an v alidation transaction on the bus.

Shar e d The subblo k is treated Cle an Shar e d subblo k, except that it

b e written k on replaceme t. t most one he will e a en

subblo k in either the Shar e d or Dirty state.

Dirty The subblo k is exclus iv e to this he. It b e

k on replaceme t.

Read and write access es to this subblo k hit with no bus transactions.

T able 3.1 ws the states a subblo k y b e in en a particular blo k status.

Figure 3.1 es the state transitions for blo including transitions in-

duced y read snar�ng (see Section 3.4). Note that there is only one transition (from

V ALID CLUSIVE to DIR

TY SHARED) that is induced y reques ts from

other pro that the he es . All other bus induced state hanges hange

subblo states only

. Figure 3.2 ws the state at the subblo el. F or a

complete description of the proto col, App endix A.

T o illustrate the proto col, e e an of its orkings on a particular he

blo k. In Figure 3.3 e w the status of a blo k, y L, h tains 4

subblo ks . The subblo ks will b e referred to as a through a + 3. Initially

, the blo k

is v alid in all three hes of the pro cessors P1, P2 and P3.

t step one, P1 reads subblo k a + 2. Since no other has the blo the

request go es to memory

. Memory returns all subblo k in the blo k. The state of the

28

blo k is V

ALID CLUSIVE, h signi�es that all v alid blo ks in L exist only

in this he. The four subblo k are loaded in the Cle an Shar e d state.

t step subblo k a + 1. A bination v alidate message

t er the bus, h v alidates only subblo k a + 1 in P1’s he. Note that

remains V

ALID CLUSIVE b all of its remaining subblo ks are still

to it.

On the third reads subblo k a. P1 supplies subblo a as ell as all

other v alid, y subblo ks it p ossesse s. The state of the blo k in P1’s he is

hanged to DIR

TY SHARED b ecause other of Lsubblo

ks exist in the

system. Note that he snarfs the 3 v alid blo ks.

The next op eration is a write to subblo a + 3 y P1. This op eration v alidates

the subblo k in P2’s and P3’s hes.

F wing this op eration, let us assume that a from P1 induces a replace-

t of in P1’s he. A bitmask is transmitted with the write k request so

that only subblo k a + 3 is up dated in memory .

In the �nal op eration, P3 subblo k a + 3. When the request is broadcast

er the h he resp onds with a bitmask indicating h subblo ks of L

(if y) it has stored in a v alid state. These bit-masks are OR’ed together to e a

view of subblo ks of this particular blo are { and v alid { in

the system. Because no other has the subblo k a + 3, the request ust go to

memory

. The memory unit returns the tire blo k, but only those subblo ks h

are not hed elsew here in the system are ed v alid in the reques ter’s he (in

addition to subblo ks, a and a + 2 that already v alid). This is to

t stale data from from b eing ed v alid in a he. In our example,

the a + 1 blo is not ed v alid in P3’s he, b ecause it is hed and y in

P2.

3.3.2 Related ork

Go o dman tro duced the concept of a c oher enc e blo k h can b e t in size

from either an blo k (the t of storage asso ciated with a he address

tag) or a transfer blo k, h is the t of data transferred from memory on

a [Go o87

]. Go o dman o cates using a large coherence blo k to

reduce the b er of op erations that ust b e done to read or write a

29

Processor 1 (P1) Processor 2 (P2) Processor 3 (P3)

VE INVDINV INV

DS

CS CS CS CS

DS

D DS CS CS INV CS CS

DS

CS CS CS INV

VE

CS CS CS INV

CS CS D

INV D INV

DS CS CS INV CS INV

D INV

DS CS CS INV CS INV

D DS CS CS INV CS CS

(1)

(2)

(3)

(4)

(5)

(6)

Read a+2

Write a+1

Read a

Write a+3

Replace Line

Read a+3

D = Dirty

CS = Clean Shared

INV = Invalid

VE = VALID EXCLUSIVE

DS = DIRTY SHARED

CS = CLEAN SHARED

LINE STATES

Subblock States

Step

CS CS CS

CS CS

CS CS

CS CS INV

Figure 3.3: Subblo k Proto col Example

30

en t of data. ev er, some p t increased tra�c from false sharing

misses will cause an erall increase in latency and tra�c.

Other authors

e prop osed dir e ctory based hem es in h the unit of coher-

ence is smaller than an address blo k. Chen and Dub ois [CD93] describ an extension

to a full-map directory proto col in a v alid bit is asso with v alida-

tion blo k. They w a decrease in b oth miss rates and memory tra�c

when partial v alidations are used. Dubnic ki and LeBlanc [DL92] prop ose adjustable

blo k size hes where the of an address blo k dynamically ws or in

a buddy-sys tem e fashion, in resp to v arious patterns of write sharing. e

Chen’s proto col, k i’s proto col is not adaptable to non-directory based

coherence proto cols. T oma � � c and � c [TM91] o cate a W ord v alidate

Proto col (WIP) that uses p ord v alid bits and additional blo k states to reduce

the \p ollution" of v alid blo ks with v alid ords. Using a thetic b hmark to

ev aluate their proto col, they found that the WIP proto col erall p erformed tly

b etter than the write-up date Dragon proto col for their parameters.

3.4 Snar�ng

Read snar�ng is an enhancemen t to sno coherence proto cols that es

adv tage of the broadcast nature of the bus. Under read snar�ng, the

he sno op hani of he, and not only of the reques ting he, k s

the address asso ciated with all read op erations on the bus. If the address

of the data in the he, the state of the blo k (subblo k) is v alid,

the he will read the v alue of the blo k from the bus, set the state of the

blo k (subblo k) to clean shared. The main b ene�t of read snar�ng is that it reduces

the b er of read misses for blo that v alidated b ecause of coherence

actions. The �rst pro cessor to reload a blo b ecause of an v alidation miss will

el y supply the blo k to other pro cessors whose blo ks ere v alidated in the

past, assuming that the v alidated blo ks ere not erwritten y other data.

W e exp ect that read snar�ng will enhance the erall p erformance of the system

(reduction in elapsed execu tion time and in utilization). Note e r that

snar�ng can pro duce an \anomaly", namely an increase in the miss rate (this actually

happ ened in o of b hmarks discuss ed later). T o see w this can happ en,

a system that uses test and test and set (TTS) lo ks. The co de for TTS

31

lo ks is as ws:

L1: (1) Load L (L is the lo k lo cation)

(2) If L != 0, goto L1

(3) Load 1 to a register

(4) ap L with register

(5) If register != 0, goto L1

(Lo k succee ds)

T o unlo k the lo k, the holder simply aps a 0 to the lo k lo cation.

h time a lo k is released and acquired, v alue of the lo k transitions from

to then k to 1. A pro cessor unsucc ess fully tending lo k ould see

2 misses | one for h transition. One miss ould b e a read miss at (1)

h is y the transition from 1 to 0, and the other ould b e a (write)

miss at (4) the pro cessor success ful in getting the lo

k ould e

v alidated all other copies. This is the case when bus and lo tion are w.

ev er, when bus tion is high, it t e a long time for load that

results from the �rst to b e completed. The load could b e ed so long that

the v alue loaded is 1, not 0. The pro cessor ould only tally one miss (a read miss),

not as a result of the lo k b eing and acquired.

snar�ng is the pro cessor’s read request is satis�ed k ly

, since one

of the tending reads succe eds en under high bus loading. Because the

pro cessor will tally more misse s under snar�ng. It tallies more write misses since

all pro cessors tending for the lo k fall through to t (5), e the case

when there is no snar�ng and high tion. It also more read misse s,

b ecause under snar�ng, all pro cessors tending for the lo k h at

ab out same time. The �rst tending pro cessor to get the bus will succee d in

the lo k; others will fail. The �rst pro cessor to fail (call it A) will h

k to L1, where it spins. The second pro cessor to fail will then execute t

(4), v alidating the y in A’s he, h causes a read miss. Dep ending on the

ving of requests on the bus, pro cessor A y exp erienc e one or more read

misses to failed attempts to the lo k. This undesirable b vior could b e

oided y using a lo k h orks ell under b oth vy and t tion.

32

Despite the additional misses y snar�ng, using it can reduce erall exe-

cution time and bus loading, b ecause most of the extra misses incurred do not require

a access to them; the v alue of the lo

k is reloaded through snar�ng.

Read snar�ng as discusse d in previous ork y Rudolph [SR84], Go o dman

[GW88], and Eggers [EK89]. Of only Eggers ev aluated the p erformance b ene-

�ts of read snar�ng. Under a single-p tag assumption she found that

although read snar�ng resulted in a decrease in v alidation misses and bus utilization

for most applications, total executi time due to pro lo k-out from

the he and the need for to wled that they e completed a sno op.

With our assumption of dual-p orted tag the pro cessor lo k-out problem is

no longer t.

3.5 Metho dology

W e mo di�ed the Cerb erus ulator to ev aluate b oth the sector he proto col and

snar�ng. The basis for (with usual hes) is the Illinois proto col. The

width of the bus in all as 64 bits. The other ulation parameters are

as en in Section 2.2.

Our exp ts ulated b oth and

hes. In all exp erimen the

subblo k size b as 8 and hes y set-asso e (k 2). In order

to ulation time, e only ulated ely large (C = 128K ).

Previous ork [AB94] indicates that using a he size do es not tly

the results. The blo k size as either 8 or 64 ytes. F or the usual hes e

used the Illinois proto col. F or the sector hes e ulated the proto col describ ed

previously there as no ulation of sector hes with a blo k size of 8

ytes).

Finally

, e ulated the applications on systems with 1, 4, 16, and 32 pro cessors.

3.5.1 hmarks

W e hose six applications to ev aluate our proto col. As stated in Section 2.3, the

applications’ reference b viors fall to four categories:

� An application that e few shared accesses , so the hoice of blo k size is less

imp t (Barnes)

33

� Applications that go o d spatial lo y and exhibit high he hit rates,

and do with large blo k sizes (Gauss, Cholesk y)

� An application h mostly true sharing, and p erforms somewhat

b etter with large blo sizes (MP3D)

� Applications that exhibit b true and false sharing, that p erform b etter with

small blo k sizes erify , T op opt)

3.5.2 Metrics

The principal metric e used to ev aluate the proto cols execution time in u-

lated clo k ks. F or all programs, all measuremen ts ere done only on the parallel

section of the application; for the programs the execution time of the serial

section of the co de is negligible compared to the time sp t in the parallel section.

W e also gathered other p erformance metrics that ed us to terpret the sim-

ulation results. o most imp t are the b er of data ytes

during execution, the b er of bus transactions needed. These met-

rics are imp t not only b ecause they w us to understand y one proto col

p erforms b etter than others, but also b ecause they can b e used to pro ject w h-

nology adv ances will a�ect our results. F or e could pro ject the impact of

faster pro cessors or of busse s y expres sing the total elapsed time as the sum

of \computational cycles " and of \bus cycles", with di�ering v alues for these

\cycles" and a factor for v arying bus

tion.

3.6 Results

W e rep ort our results in four groups, corresp onding to the classi�cation used in section

3.5.1. First, e t results for the three applications (Gauss, Cholesky

, and

that do ell using large blo k sizes . Next, t for the o

applications (T op opt, erify) that p erform b etter using smaller blo k sizes.

Finally

, e rep ort on our results running Barnes, h hoice blo k size is

not ery imp t. Note that in the wing discus \8I proto col" refers to the

Illinois proto col used with an 8 blo k size; similarly

, proto col" refers to the

Illinois proto col and a 64 blo k size.

34

Barnes

erall, the Barnes-Hut application exhibits go o d lo y

, primarily b ecause it do es

ely few shared read (10-15%) and shared write references (.1%). Because of

this, v arying the blo k size, or using the subblo k proto col or snar�ng had little

e�ect on erall sp eedup (Figure 3.4(L)). ev er, if lo ok at the b of ytes

transferred (Figure 3.4(R)), and b er of transactions (Figure 3.5(L)), then

e do see di�erences b een the con�gurations. Since the orking set for the

application �ts in a single 128K most of the bus tra�c is due to v alidations

and the subseque t misses due to v alidations. As e can see in Figure 3.4(R), using

the 64I proto col in er 5 times more ytes transferred than the 8I proto col.

While using the 64I proto col did reduce the b er of transactions y ab out

25%, the large b er of ytes transferred under the 64I proto col resulted in h

higher bus utilization than the 8I proto col.

The subblo k proto col p ell on the Barnes application. It tially

reduced the b er of transferred er the 64I proto col, hing the p er-

formance of the 8I proto col. It used er bus transactions than either the 64I or 8I

proto cols. And its bus utilization as er than either of the o Illinois proto cols.

Snar�ng pro duced large b for all three proto cols studied. Using snar�ng

with the 64I proto col reduced the b er of transferred to nearly the el of

the 8I proto col h did not use snar�ng. Adding snar�ng to the 8I proto col reduced

the b ytes transferred y ab out 75% for the 16 and 32 pro system s.

Snar�ng also the

b er of bus transactions. F or 32 pro cessors, snar�ng

reduced the b y ab out 70% for b oth the 8I and 64I proto cols,

and y 57% for the subblo k proto col. Snar�ng dramatically reduced bus utilization

for the 8I (from 17% to 4% for 32 pro as ell as that of the 64I proto col (from

31% to 7%) and the subblo k proto col (14% to 4%).

Gauss

The Gaussian elimination application has little write-shared data, and go o d spatial

lo y

. Therefore, using a large blo k size vides imp t p erformance b ene�ts

Figure 3.6(L)). Running Gauss on the 64I proto col results in linear sp eedup up

to 16 pro cessors, a sp of ab out 21 on 32 pro cessors. In the 8I

proto col p eaks at a sp ab out 10 using 16 pro cessors. The reason for this is

35 � � 64 byte subblocks/No Snarfing

� � 64 byte subblocks/Snarfing

� � 64 byte Illinois/No Snarfing

� � 64 byte Illinois/Snarfing

8 byte Illinois/No Snarfing

8 byte Illinois/Snarfing | 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

4

|

8

|

12

|

16

|

20

|

24

|

28

|

32

Processors

Speedup vs. 1 processor Illinois

� �

�

�

� �

�

�

� �

�

�

� �

�

�

| 0 | 4 | 8 | | | | | |

|

0

|

3

|

6

|

9

|

12

|

15

|

18

|

21

Bytes Transferred (in millions)

� �

�

�

� � � � �

�

�

�

� � � �

Figure 3.4: Sp eedup (L) and Bytes T ransferred (R) for Barnes (128K hes )

| 0 | 4 | 8 | | | | | |

|

0

|

60

|

120

|

180

|

240

|

300

|

360

|

420

|

480

Bus Transactions (in thousands)

�

�

�

�

� � � �

�

�

�

�

� � � �

| 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

4

|

8

| | | | | |

Bus Utilization (%)

� �

�

�

� �

� �

�

�

�

�

3.5: Bus T ransactions (L) and Bus Utilization (R) for

hes )

36

that the 8I proto col generates er 7 as y bus reques ts as the 64I proto col,

b oth for and large b ers of pro (Figure 3.7(L)). more than

es

up for the small reduction (from 7% to 13%) in the b er of ytes transferred when

using the 8I proto col (Figure 3.6(R)).

The 64 subblo k proto col outp erformed en the 64I proto col on the Gaussian

application. Because the subblo proto as h of a he blo k as

p ossible when satisfying read requests , to ok adv tage of the spatial lo y in

Gauss, h reduced the b er of bus transactions needed. t the time, the

subblo k proto col the b e r of transferred when compared to the 64I

proto col, to a el in b een that of the 64I and 8I proto col.

Snar�ng had a but b ene�cial impact on program p erformance, mostly for

the 32 pro con�guration. Snar�ng the b er of ytes transferred for

the 64I con�guration y con�gurations, the �gure is smaller. This is

not en the limited b er of opp ortunities v ailable for snar�ng.

Cholesky

While linear sp eedup as not hed in Cholesky

, this application actually exhibits

go o d spatial and pro cessor lo y; the k of sp eedup is due to the small example

that ulated (Figure 3.8(L)). of its go o d lo y

, there as little dif-

in erall sp eedup b een the v arious proto cols ulated. The 64I proto col

did run tly faster than the 8I proto col, primarily due to the er bus transac-

tions needed y the 64I proto col (Figure 3.9(L)). 8I proto col required ab out 5

times more bus transactions than the 64I proto col to the program, whether

for 1 pro cessor or 32 pro cessors. These additional bus transactions caused bus uti-

lization to roughly double for the 8I proto col, the fact that using a smaller

blo size reduced the b er of transferred y at least 33% using 4 or

more pro cessors (Figure 3.8(R)).

The subblo k proto col p erformance as closer to that of the 8I proto col than to

that of 64I proto col. The reason for this is the large b er of bus transactions

required y the subblo k proto col: 20% less 8I proto col but up to 4 times

more than the 64I proto col. The subblo k proto required y more v alidations

than the 64I proto col, v alidations ere done on the (smaller) subblo k el.

also required more read reques ts than the 64I proto col. These reques ts

37 � � 64 byte subblocks/No Snarfing

� � 64 byte subblocks/Snarfing

� � 64 byte Illinois/No Snarfing

� � 64 byte Illinois/Snarfing

8 byte Illinois/No Snarfing

8 byte Illinois/Snarfing | 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

3

|

6

|

9

|

12

|

15

|

18

|

21

|

24

Processors

Speedup vs. 1 processor Illinois

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

| 0 | 4 | 8 | | | | | |

|

75

|

78

|

81

|

84

|

87

|

90

|

93

|

96

|

99

Bytes Transferred (in millions)

� �

�

�

� �

� � �

�

�

�

�

�

� �

Figure 3.6: Sp eedup (L) and T ransferred (R) for Gauss (128K hes)

| 0 | 4 | 8 | | | | | |

|

0

|

2

|

4

|

6

|

8

|

10

|

12

|

14

|

16

Bus Transactions (in millions)

� � � �

| 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

20

|

40

|

60

|

80

|

100

Bus Utilization (%)

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Figure 3.7: Bus T ransactions (L) and Bus Utilization (R) for Gauss (128K hes)

38

ere needed on he to he transfers, despite the fact that when a he supplies a

subblo k in resp to a read request, it along all other read-shared subblo k s.

F rom this e can infer that a great y of the subblo ks in he ere wned

y that he, necessitating a read request for h subblo k needed.

erall, snar�ng vided ely small b ene�t to this application. It did reduce

the b er of ytes y all three proto cols, but only y 13% in the b est

case. It tly reduced the b transactions, and had a ery small impact

on utilization (Figure 3.9(L)).

MP3D

As discusse d in Section 2.3, MP3D has a great deal of true sharing. h sharing

to limit sp eedups as more pro are to the problem. Because of

this, the sp eedup on our runs as ab out 17 32 pro cessors.

the same time, MP3D as structured to oid false sharing, h tends to or

large blo sizes. As seen in Figure 3.10(L), the 64I proto col outp erformed the

8I proto col. Using the larger blo k size had b oth an adv tage and disadv tage er

using the 8I proto col. The adv tage of using the 64I proto col is that tially

reduced (compared to the 8I proto col) b er of transactions required to

complete the program. The reason for this is MP3D’s o main data structures

span ultiple 8 yte blo ks, h required ultiple read or v alidate transactions

in order to read or write h structure. The 64I proto col needed ab out 50% er

v alidations, and ab out 60% reads than the 8I proto col. The bined e�ect of

these reductions can b e seen in Figure 3.11(L), ws the total b of bus

required y h proto col. The disadv tage of 64I proto col er the

proto col is that it transferred more data than the program required; 64

yte transfer size as, in this case, to big. This e�ect b ecame orse as the b er

of pro as increased. When a single pro cessor as used, 64I proto col

transferred 23% more ytes than the 8I proto 4 pro cessors, increase as

147%, and at 32 pro it as 239%. The additional time required to transfer

the unneede d ytes o�set to a large degree 64I’s p erformance adv tage gained y

reducing the b er of bus transactions.

The subblo k proto col erall p erformed nearly as ell as the 64I proto col, and

b etter than the 8I proto col. F or b oth the bus transaction and transferred

39 � � 64 byte subblocks/No Snarfing

� � 64 byte subblocks/Snarfing

� � 64 byte Illinois/No Snarfing

� � 64 byte Illinois/Snarfing

8 byte Illinois/No Snarfing

8 byte Illinois/Snarfing | 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

2

|

4

|

6

|

8

|

10

|

12

|

14

|

16

|

18

Processors

Speedup vs. 1 processor Illinois

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

| 0 | 4 | 8 | | | | | |

|

6

|

8

|

10

|

12

|

14

|

16

|

Bytes Transferred (in millions)

� �

�

�

�

�

�

�

� �

�

�

� �

�

�

Figure 3.8: Sp eedup (L) and Bytes T ransferred (R) for Cholesky (128K hes )

| 0 | 4 | 8 | | | | | |

|

0

|

300

|

600

|

900

|

1200

|

1500

|

1800

|

2100

|

2400

Bus Transactions (in thousands)

�

�

�

�

�

�

�

�

� � � � � �

| 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

7

|

14

|

21

|

28

|

35

|

42

|

49

|

56

|

63

Bus Utilization (%)

� �

�

�

� �

�

�

� �

�

�

� �

�

�

Figure 3.9: Bus T ransactions (L) and Bus Utilization (R) for Cholesk y hes)

40

metrics, subblo ks proto col p erformed in b een that of the 64I and 8I proto cols.

Because the subblo proto col attempts to as

a blo k as p ossible, it

reduced the b er of read transactions er the 8I proto col, though not as h as

the 64I proto col. t the same time, the subblo k proto col did not transfer as h

unneeded information as did the 64I proto though again it did not the go o d

p erformance of the 8I proto col.

Snar�ng had little e�ect on MP3D, exce pt on the 64I proto col when using 16 or 32

pro cessors. Snar�ng increased 64I’s sp y 6% on 16 pro cessors, and y 22% on

32 pro cessors. The p erformance increase as due to a reduction in transferred

under 64I (11% for 16 pro cessors, 20% for 32 pro cessors), and smaller decreases in

the b er of bus transactions. Snar�ng had little e�ect on either the b er

of bus transactions or transferred for either the 8I or subblo proto cols.

erify

erify has great deal of sharing, en mo blo ks sizes [EJ91]. It is not

surprising, therefore, using a large blo k size tially degrades p erformance,

as can b e seen in Figure 3.12(L). In trast, using a small blo k size leads to near-

linear sp eedup. The p o p erformance of the 64I proto col is due to the increased

b er of v alidations, and the bus tra�c needed to satisfy the read misses h

result from the v alidations. As can b e seen in Figure 3.12(R), using the 64I proto col

(without snar�ng) transfers er 16 as data as the corresp onding 8I

proto col 32 pro are used. Using a large blo k size also increases the

b er of bus transactions y 76% for 32 pro cessors) required to complete the

application (Figure 3.13(L)).

Using the subblo k proto col ed the p erformance of erify

compared to the 64I proto col, nearly hing the 8I proto col sp eedup. The

reason for this can b e seen in Figures 3.12(R) and 3.13(L), the subblo k pro-

to col b oth the b er of transferred y 65% and b er of bus

transactions y 29% (for 32 pro cessors) when compared to the 64I proto col. One

teresting asp ect to Figure 3.12(R) the drop in the b er of transferred

under the subblo k proto col as the b pro cessors increases. This is due to the

fact that as the total t of in the system increases, y and con ict

misses decrease necess itating er reads from memory

. While this phenomenon also

41 � � 64 byte subblocks/No Snarfing

� � 64 byte subblocks/Snarfing

� � 64 byte Illinois/No Snarfing

� � 64 byte Illinois/Snarfing

8 byte Illinois/No Snarfing

8 byte Illinois/Snarfing | 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

2

|

4

|

6

|

8

|

10

|

12

|

14

|

16

|

18

Processors

Speedup vs. 1 processor Illinois

�

�

�

�

�

�

� �

�

�

� �

�

�

�

�

| 0 | 4 | 8 | | | | | |

|

0

|

80

|

160

|

240

|

320

|

400

|

480

|

560

|

640

|

720

Bytes Transferred (in millions)

�

� � �

�

� � �

�

�

� �

�

� � �

Figure 3.10: Sp eedup (L) and T ransferred (R) for

hes )

| 0 | 4 | 8 | | | | | |

|

0

|

5

|

10

|

15

|

20

|

25

|

30

|

35

|

40

|

45

Bus Transactions (in millions)

�

�

� �

�

�

� �

�

� � �

�

� � �

| 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

20

|

40

|

60

|

80

|

100

Bus Utilization (%)

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Figure 3.11: Bus T ransactions (L) and Bus Utilization (R) for MP3D (128K hes)

42

o ccurs under the 8I and 64I proto cols, the e�ects are y the in reads

due to v alidation misse s.

Snar�ng as a large b ene�t to the 64I proto col, while it as only a small b ene�t

for the 8I proto col. F or 16 pro cessors or less, the sp eedup b ene�t as small for all

proto (at most 10%). e r, at 32 pro cessors, ed the sp eedup

of the 64I proto col 67%, h as still not enough to the 64I proto col

comp e with the other proto cols. The em en t as due to large reduc-

tions in b oth the b er of transferred, the b er of transactions.

reduced the

b er ytes transferred y 35% for 16 pro cessors, 43%

for 32 pro cessors. eme ts for the b er transactions as smaller: 24%

for 16 pro cessors, and 33% for 32 pro cessors. Gains for the 8I proto col h

smaller. There as little di�erence in sp eedup, except for 32 pro (6%). Snarf-

did e the b er of ytes transferred for the 32 pro cessor case y 24%,

and the b er y 20%. W e ed an anomaly in our results

when e lo ed at under the subblo k proto col. trary to what e ex-

p ected, tly decrease d p erformance in all categories of sp eedup,

transferred, and bus transactions. This o ccurred b ecause snar�ng increased

the erage b er of v alid subblo ks in blo k. Because the snarfed subblo k s

ere they ere t along with the requested subblo k when a re-

sp to a read request. Unfortunately

, for this application most of additional

subblo ks ere not needed . This increased bus tra�c, led to decreased

program p erformance.

T optopt

The T op opt exhibits b oth true and false sharing. Because of this, using

an 8 blo k size resulted in h b etter sp eedup p erformance than using a 64

blo k size (see Figure 3.14(L)). a small blo k size resulted in near-linear

sp eedup, while using a large blo k size e d a sp only 10 on 16 pro cessors,

and 17 on 32 pro cessors. The e�ect of false sharing can b e seen in graphs that w

the b er of ytes (Figure 3.14(R)), the b er of bus transactions

(Figure 3.15(L)). The 64I proto col transferred from 15 to 18 times more data than the

8I proto col more than 1 pro as used. The 64I proto col also nearly

wice as y bus transactions than the 8I proto col. The decrease in the b er

43 � � 64 byte subblocks/No Snarfing

� � 64 byte subblocks/Snarfing

� � 64 byte Illinois/No Snarfing

� � 64 byte Illinois/Snarfing

8 byte Illinois/No Snarfing

8 byte Illinois/Snarfing | 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

4

|

8

|

12

|

16

|

20

|

24

|

28

|

32

Processors

Speedup vs. 1 processor Illinois

� �

�

�

� �

�

�

� �

� �

� �

�

�

| 0 | 4 | 8 | | | | | |

|

0

|

200

|

400

|

600

|

800

|

1000

Bytes Transferred (in millions)

�

� � � �

� � �

�

�

�

�

�

� � �

Figure 3.12: Sp eedup (L) and Bytes T ransferred (R) for erify (128K hes )

| 0 | 4 | 8 | | | | | |

|

2

|

4

|

6

|

8

|

10

|

12

|

14

|

16

|

18

|

20

|

22

Bus Transactions (in millions)

�

� � �

�

� � �

�

�

�

�

�

� � �

| 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

20

|

40

|

60

|

80

|

100

Bus Utilization (%)

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

3.13: Bus T ransactions (L) and Bus Utilization (R) for erify (128K hes)

44

of transferred (and bus transactions) 64I proto col when 32 pro cessors

ere used as due to the decrease in y/con ic misses b ecause increase

total

space in the system .

The p erformance of the subblo proto on T op opt medio cre. Without

snar�ng, the subblo k proto col outp erformed only the 64I proto col (without snar�ng)

on sp eedup. The subblo k proto col also transferred far more data and incurred more

bus transactions than the 8I proto col, though it did p erform b etter than 64I proto col

in measures. art of the reason y the subblo k proto col p erformed p o orly in

the absence of snar�ng is its p olicy of transferring additional subblo k on he-to-

he reads in addition to the requested subblo k.

The addition of snar�ng to the 64I proto col as e in wing the p er-

gap b the 64I and 8I proto cols. Snar�ng increased the sp eedup for

the 32 pro 64I from 17 to 28. Snar�ng cut the

b er of ytes transferred

y a factor of 2 for 16 pro cessors, y a factor of 3 for 32 pro cessors. It also

tly reduced the b er of bus transactions needed . Snar�ng the

tal e�ect sharing on the p erformance of the 64I proto col. In con-

trast, snar�ng had e�ect on the 8I proto col. Snar�ng ed the

p erformance of the subblo k proto col. With snar�ng, the subblo k proto col �nished

faster than either the 8I or 64I proto cols. The subblo k proto col also did nearly as

ell as 8I proto col minimizing the b er ytes transferred, and had bus

transactions than the other proto cols.

3.6.1 Results summary

erall, the subblo proto p erformed ell. On e of six applications (Gauss,

Cholesky

, erify

, and it ab as fast (or faster than)

the b etter of o blo k sizes used with the Illinois proto col. The other application

(T optopt) p erformed b etter using the small blo k size. ev er, on T op opt the

subblo k proto col used with snar�ng as faster than all other con�gurations tested.

On ery application, the subblo k proto col transferred er ytes than the 64I

proto col, but more than the 8I proto col. Similarly

, for bus transactions, the subblo k

proto usually p erformed in b een that of the b est hoice of blo size to reduce

bus transactions (64I for Gauss, Cholesky

, and MP3D; 8I for the v arying for

T op opt) and the orst hoice; for it outp erformed b oth.

45 � � 64 byte subblocks/No Snarfing

� � 64 byte subblocks/Snarfing

� � 64 byte Illinois/No Snarfing

� � 64 byte Illinois/Snarfing

8 byte Illinois/No Snarfing

8 byte Illinois/Snarfing | 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

4

|

8

|

12

|

16

|

20

|

24

|

28

|

32

Processors

Speedup vs. 1 processor Illinois

� �

�

�

� �

�

�

� �

�

�

� �

�

�

| 0 | 4 | 8 | | | | | |

|

0

|

200

|

400

|

600

|

800

|

1000

Bytes Transferred (in millions)

�

�

� �

�

� � � �

�

�

�

�

� �

�

Figure 3.14: Sp eedup (L) and Bytes T ransferred (R) for T op opt (128K hes )

| 0 | 4 | 8 | | | | | |

|

0

|

3

|

6

|

9

|

12

|

15

|

18

|

21

Bus Transactions (in millions)

�

�

� �

�

� �

�

�

�

�

�

�

� �

�

| 0 | 4 | 8 | 12 | 16 | 20 | 24 | 28 | 32

|

0

|

8

|

16

|

24

|

32

|

40

|

48

|

56

|

64

|

72

Bus Utilization (%)

� �

�

�

� �

� �

�

�

�

�

�

�

� �

3.15: Bus T ransactions (L) and Bus Utilization (R) for T op opt (128K hes)

46

Generally sp eaking, is an e�ectiv e hniq ue to reduce the t of

data transferred and the b er of bus to e time,

esp ecially when the application do es not exhibit go o spatial lo y

. Snar�ng greatly

ed the p erformance of 64I proto col on those application with a great deal

of sharing (T op opt, erify). Snar�ng also sharply reduced the t of data

transferred, the b er of transactions, and bus utilization for Barnes.

T able 3.2 summarize our for 32 pro cessors. F or

h application, the

sp eedup as normalized to the b est hoice of blo k size without snar�ng. F rom the

table, e can see that neither the small nor large blo size vides the b est

p erformance in all cases. In trast, subblo ks with snar�ng had the b est

p erformance in three of the applications, came in for the other three.

The subblo k proto col p erformed more consisten a �xed blo k for

some of the tested applications, using the wrong �xed blo k size caused p erformance

to drop 40% or more.

3.7 Conclusion

In this hapter, e e te d o hnique s application p erfor-

mance on bus ultipro cessors. The �rst hniq ue as the use of a subblo k

he coherency proto col that es adv tage of the spatial lo y found in y

programs using a large sized blo k for while oiding the p erformance

caused y false sharing y using a smaller sized subblo k for v alidations.

The second hnique as read snar�ng t is to reduce the b er read

misses caused y previous coherence actions.

subblo k proto col p erformed as or b etter than the proto col using

the b est blo k size (64 ytes on those applications with go o d spatial lo y

. The

subblo k proto col also p erformed ell on the applications that exhibited a great deal

and false sharing. F or these applications, it as ys b etter than the Illinois

proto col with large blo k size and as close to the Illinois proto col with small blo k

size. When the subblo k proto not do as ell as the Illinois proto col (when

a small blo k size), the problem as due to the subblo k proto col’s use of a

transfer blo k. Our exp erience ws the y of creating a e

he coherency proto col that ell with all applications. The p olicy of using a

large transfer size in our subblo proto col that help ed us get go o d p in

47

T able 3.2: e sp eedups for 32 Pro cessors

No snar�ng With snar�ng

Program Small Large Subblo ks Small Large Subblo ks

Blo ks Blo ks Blo ks Blo ks

Gauss .47 1.00 1.05 .48 1.03 1.07

Cholesky .92 1.00 .93 .92 1.01 .94

MP3D .97 1.00 1.17 .97 1.22 1.17

T op opt 1.00 .58 .70 .99 .94 1.04

erify 1.00 .42 .96 1.06 .71 .96

Barnes 1.00 .93 .98 1.00 .99 1.00

The sp eedup for application running on 32 pro cessors is normalized to the b est

of blo k size for that application when running under the standard v alidate

proto col. F or example, Gauss execu b est with the large blo k so its sp eedup s

to the no snar�ng, large blo

sp eedup.

the Gauss application urts p erformance in T op opt. erall, ev er, the subblo k

proto as either b est or to the b est of all proto cols.

W e also esti gated the e�ects of read snar�ng, and found that it is an e

hnique in ving application p erformance on bus-based hines , esp ecially

when large blo k sizes are used and the program exhibits a great deal of false sharing.

Snar�ng is e�ectiv e in reducing the t of data transferred and b er of

bus transactions, h in turn leads to er bus utilization and higher application

sp eedups .

The bination of the subblo k proto col and snar�ng pro duced the b est results

in 2 out of 6 cases; it in a close second in the other 4 cases.

Chapter 4

APTIVE HYBRID CHE OTOCOLS

4.1 In tro duction

Applications exhibit a wide v y of reference patterns. It is ell wn that de-

p ending on the either v alidate (WI) or write-up date (WU) p er-

forms b est [EK88]. Indeed, within v arious forms of sharing b e-

vior exist: for example, write-shared data e lo ks), largely read-only

data, and migratory data [CF93, SBS93]. Because of t sharing patterns,

v arying the proto col as the application executes has the p tial to increase applica-

tion p erformance y decreasing b oth the b er of transactions and the b er

of ytes er the leading to decrease bus

tion and reduced

latency for memory op erations.

A concept in ho osing b een WI and WU is that of the run [EK88].

Eggers de�nes a write run as a sequenc of write references y one pro cessor to

a addr ess, terrupted y y accesse s y other pro cessors. W e will use

a t de�nition of a write run in our discus sions . Our are

motiv ated y the observ ation that in practice, writes to t addresse s in the

same he blo k e the same e�ect on the memory coherence syste m as writes to

the same address. In addition, replacing a blo k e�ectiv ely ends a write run.

Therefore, e de�ne a write run as a seque nce of references to a blo ck, terrupted y either an y another pro cessor, or r eplac ement of the blo ck.

The length of a run, then, is the b er of p erformed in the run. By

de�nition, all writes in a en write run are done y only one pro cessor. Note that

reduces to when using in�nite hes and blo size of 1.

The y in ho osing b een WI and WU o ccurs b ecause erage write run

lengths v ary from blo to blo k and application to application. If blo k access es w

long write runs, then WI is b est, b ecause only the �rst write incurs the bus tra�c

p of an v alidation (and subsequ en t reread y at least one other pro cessor)

49

1

; all subseq ue writes in the write run hit in the he with no proto col action

required. On the other hand, if write runs are short, WU is b since the cost of a

single up date is heap er than the cost of an v alidate.

The y

, then, is ho osing the prop er strategy

. An o�-line optimal p olicy

examines the future b vior of the program to whether to use WI or WU

for write run of a particular blo k. Since lo oking to the future is imp ossible,

v arious metho exist to try to ximate the b vior of the optimal algorithm.

h strategies usually consist of using WU on a line, h ing to

WI after b er of to the blo k. Hybrid strategies can b e divided

to o classes: those in the sender of up dates (i.e. the writing pro cessor)

decides when to h from WU to WI, and those in h the r e c eiver(s) of the

up e ly) es the decision. A helps to ho the strategy y

deciding whether to retain or v alidate a blo k for h receiv es an up date. If

all e blo k v alidate their then the sender hanges the blo k’s

state to exclus iv e, up dates are no longer t. In the wing three heme s,

the e rs of the blo k decide when to hange to a WI strategy .

Karlin et prop osed an algorithm as ed to b e within a factor of

2 of the optimal o� strategy [KMRS86]. The algorithm y asso ciating a

ter with h he blo k. On an up date transaction, a er of the up date (a

he h tly shares the blo k) is hosen at and its asso ciated blo k

ter is decremen ted. When a blo ter hes 0, the blo k is v alidated.

When all shared a blo k e b een v alidated, up dates are no longer t,

and the blo k in the writer’s he b ecomes exclusiv e . The initial v alue of a ter

is called the invalidate thr eshold (T ). A ter is reset to v alidate threshold

whenev the blo k is read the pro cessor.

A simpler heme, called \Sno y Reading" h do esn’t require ho osing a

he at random) olv es decremen ting the ts for all of the shared blo k.

This results in the writer’s blo k b ecoming exclus iv e faster, since hes sharing the

blo k decreme t their ts on write, rather than just one [EK89]. In addition,

blo k ters are reset to the v alidate threshold if a write up date is ed from a

pro cessor h is t from the one that issued the previous write to the blo k.

1

F or rest of the c hapter, invalida tion will refer to the cost of an in v alidation transaction,

plus all blo c k rereads to the in v alidation.

50

This is done so that a blo k h is b eing y more than one pro cessor

will ue to b e since the blo k is b eing shared. Unfortunately

, this

requires some are hanis m to determine when writes originate from t

pro cessors.

hibald tro duced an e d proto col in h a blo k is not automatically

v alidated when its t hes [Arc88 ]. Instead, he simply do esn’t raise

the shared line if the relev t blo k’s t is 0. If he whose blo k t is

not 0 that it is eep ing the blo k y raising the shared line, then no he

v alidates its blo k. The blo k is v alidated in the sharing hes only all

ts for the blo k are 0. This heme also has the adv tage that a succes si on of

single writes from t pro cessors will not cause other copies to b e deleted. It

do es this without y additional are required.

Eggers and Katz ev aluated the \sno y reading" he against a pure up date

heme [EK89]. Using a v alue of 3 for the threshold, they found that the

ybrid heme reduced the b er of up dates for all 4 b hm used, of

the four executed er than WU while using the e heme . The

b hmarks ran b ecause the time and bus tra�c ed y doing up dates

ere eighed y the tra�c y the v alidations.

eenstra and F wler ev aluated the he coherence proto col y the DEC

Alpha [TCS92], h uses the Sno y Reading hem with an v alidate threshold

of 2 [VF94b]. They rep orted that using a threshold of 2 resulted in shared blo ks

b eing v alidated to o kly

, us applications did not gain from selectiv e up dating.

Increasing the v alidate threshold in order to get more up dating b vior do es e

ks , ev er. A pro cessor executing mo or long run will

to

y for unnecess ary up dates b efore it can v alidate. This is a problem with

using a static v alue for the v alidate threshold.

4.2 Tw o dynamic h ybrid proto cols

In this e describ e o dynamic ybrid proto cols. Both proto cols are adapted

from comp e thread-spinning algorithms found in the pap er y Karlin et al.

[KLMO91]. In the pap er, the algorithms decide when to h b spinning

a thread while aiting for a lo | an inexp ens iv e op eration that can b e rep eated

y times | and blo king a thread, h is an exp ensiv e op eration that is done

51

only once. In our algorithms, WU is analogous to spinning, while WI is analogous

to blo king. One y in adapting these algorithms to coherence proto cols

is that e the case for blo king or spinning a thread, the cost of an v alidation

dep ends on the b a is re-read due to

v alidation. Dep endin g on

the stream of references the b could v ary b e 0 and n-1, where

n is the b er of pro cessors. ev er, if read snar�ng (as de�ned in the previous

hapter) is �rst re-read all other of the

v alidated blo k, making

it easier to the cost of an v alidation. In the e ust

estimate the b er of re-reads done. Previous ork y Gupta et has that

most blo ks are not widely shared [GWM90]. Therefore, in our exp erimen ts where

e did not read e estimated a small b er of re-reads for ery line.

It is imp t to the cost of an v alidation b used to calculate

the invalidation r atio. The v alidation ratio (R ) is the ratio b the cost in bus

cycles an v alidate and some b er of rereads of the blo k due to the v alidation,

and the cost of an up date. If a static ybrid proto col the v alidate for the

v alidate it will do no orse than wice the cost of the optimal algorithm

[KMRS86]; ev er it is p do b etter if v alue of the threshold is v aried

as the program runs. The wing o algorithms v ary the from 0 up to

the v alue of the v alidate ratio in order to e p erformance. In

e the discusse d e strategies, the decision to h

to v alidate is made y a blo writer, not the e the up date.

4.2.1 Random W alk

In the Random W alk algorithm, a v ariable v alidate threshold is asso-

ciated with h blo k of main memory

. When the length of a pro write run

exceeds the t WI proto col is used. The threshold is adjusted as

ws: if the length of a pro write run exceeds the v alidate ratio, then the

t threshold v alue is decreased y 1, til it hes 0. If the pro cessor’s write

run is less than or equal to the v alidate ratio, then the threshold is increased y

til it hes the v alidate ratio. By this hanis blo h e

long runs will so oner or later e their thresholds reduced 0, means

blo k will b e v alidated immediately

, no asted up dates. Similarly ,

if a blo k has short write then the threshold will b e adjusted ards , so that

52

the blo k will not b e v alidated when it is b eing ely shared.

F or assume that the v alidate ratio is 5, and the threshold for

a particular blo k is 3. A pro cessor then b egins a write run for the blo k. If the

pro cessor only the blo k 4 times b efore it is accesse d y another pro cessor,

then the threshold will b e increased y 1 (to 4). On the other if the blo k is

10 b efore b eing accesse d y another pro cessor, then the threshold will

b e decreased to 2.

The Random W alk algorithm requires additional memory to store the t

threshold. e r, since the threshold er excee ds the v alidate ratio, addi-

tion of 3 to 5 bits p er memory blo k is not a large erhead. en a 64 yte blo k,

the additional t of storage en for 5 bits is 1%. Also, e assumed

bus lines exist to transmit threshold v alues to and from pro cessors and

memory .

4.2.2 Last three samples

The last three samples (L

TS) algorithm uses the length of the last three write runs for

a blo k to set the v alidate threshold. The algorithm the distribution of

run blo k y assuming that h of the three previous samples

ts one-third of real distribution. A static table is that,

en

the v alues of the last 3 write runs, returns h of the three v alues (or 0) es the

um cost when used as the v alidate threshold.

T o explain w the table is e �rst discus s w the threshold ould b e

hosen if the tire write length distribution for the blo k ere wn. First, e

e the observ ation that if the write threshold is ithen a pro executing a

write run of will p erform w up date transactions, if w � i. If w i, then i

up dates will b e p erformed, plus an v alidate transaction and some b er of blo k

rereads due to the v alidation. If, for y en blo k e knew the complete run

length y e could ho ose the threshold (i) h minimized

the b er of bus busy cycles . T o do this, e ould �nd the exp ected cost of using

i as a write threshold (E C (i)) for all p v alues of i, then hose the v alue h

minimizes (E C (i)). en our observ ations ab e ab out the of using a en

53

write threshold, the equation for (E C (i)) is:

E C (i) = j �i

X

j =1

P r (w = j ) � j +

1

X

j >i

P r (w = j ) � (i + R ) (4:1)

where:

w is the length of the write run,

P r (w = j ) is the y that the write run of length j , and

R is the v alidate ratio.

In the ab e equation, the costs are normalized y the cost of an up date. us, the

of an up date b 1, and the cost of an v alidate b ecomes R since R =

v alidate cost /up date cost. w let i, j , and b the v alues of the last three write

and let � i � j � � 2R . Using equation (4.1), and our ab out

y distribution, e obtain:

E C (0) = R

E C (i) =

1

3 i +

2

3

(i + R )

E C (j ) =

1

3 i +

1

3 j +

1

3

(j + R )

E C (k ) =

1

3

(i + j + k ) (4.2)

The v alue h es the est cost is used as the threshold. Note that limited

the v alues of ij , and k (2 � R ) to eep the size of the table in

limiting the v alues further to ould not e a�ected the actual threshold

v alues determine d y the algorithm.

When no write history is v ailable for a blo k, e used 0 as the threshold. When a

blo had only 1 or 2 write the thresholds ere determined y deriving equations

similar to Equation 4.2 under the assumption that the distribution is determined y

1 or 2 samples, rather than 3.

The erhe ad for the L

TS algorithm is tially higher than that of the Ran-

dom W alk algorithm. Though the L

TS do esn’t store the t threshold, it do es

store the lengths of last three write runs for ery memory blo k. Additional stor-

age is needed for the threshold lo okup table. The additional storage es

L TS a practical algorithm than Random W alk.

54

4.2.3 Metho dology

Using the Cerb ulator, e ulated b oth e as ell as a WI

and WU proto col. The WI proto col used is the Illinois proto col [PP84while

WU proto col

e used is the Dragon proto col [McC84 ]. An imp t asp ect

to note ab out Dragon proto col that it uses a shared line to if a blo k

b eing up dated is b eing ely shared. If the blo k is not b eing shared y y other

pro it is ed as exclusi e in the he, and no further up dates are

done for the length of the write run. us, an application h exhibits long write

need not e p o p erformance under WU, as long as the blo k is not shared

y another pro cessor. The e proto cols also use the shared line to stop up dates

when the blo k is not ely shared.

Because the b hm e used ored WU, e constructed a b that

ould do p o orly with WU. W e mo di�ed the Gauss b so that all pro cessors

access the tire y b efore starting the w reduction op erations. This is done so

that tire y is shared in y pro cessors, forcing an up date proto col to do

an up date transaction for write. W e then ran the mo di�ed ersion of Gauss

a large so that the tire y y t during the parallel

section of the program. W e call this program Badgauss.

Except for the Badgauss b hmark (where e used a large he e

ulated b 32K and 128K pro hes. W e used a small bus size

of 32 bits so that the cost of an v alidate ould b e tly higher from that

of an up date. The ely small bus es it more exp ensiv e an tire

blo k than to up the part of the blo k h has b een written. Using an

e heme is appropriate when there is a di�erence b een

the total of v alidating and up dating. The blo k size ulated as 64 ytes.

en these cost of an v alidate transaction (i) as 2 cycle s, the

cost of reading a he blo k from another he (r ) 19 cycles , and the cost of

an up date (u) 4 cycles .

An imp t input to the e algorithms is the v alidate ratio, h is

the ratio b the price of the high cost op eration v alidation) ers the cost of

the w cost op eration (up date). When read snar�ng as used the b er of blo k

re-reads due to a en v alidation (n) is 1. Using our ula for v alidate

ratio (found ab e found that the v alidate ratio as 5. Without snar�ng, e

55

estimated the ratio to b e 18.

F or Random W alk algorithm, the initial v alue of

v alidate threshold as

set at 0 v alidate immediately ). Similarly

, threshold used for the L

TS when

ere no prior samples as 0. V arying the initial v alue ed no appreciable

on the results of the e proto cols.

4.3 Computed costs of the sc hemes

A ma jor reason y programs fail to exp erience linear sp eedup on ulti-

pro cessors is bus tion. us it is imp t to the b busy

cycles where p ossible. In this section, e discuss the bus-cycle costs of h coherence

heme . W e use the wing v ariables in our discussion:

i The cost of an v alidate transaction.

n The b er of a blo k is re-read due to a particular v alidation.

r The cost of reading a blo k.

u The cost of a write up date transaction.

w The length of a write run.

us, en the ab e notation, the v alidate ratio R is (i + n � r )=u.

F or a standard v alidate proto col, the cost of coherence for a par-

ticular write run do esn’t dep end on the length of the run. en the ab e notation,

cost C

i is:

C

i

= i + n � r

While i and are �xed tities, the v alue of n can v ary b and one less

than the b er of pro cessors. If read snar�ng is used, n ys 1.

F or a up date proto col, an up date transaction ust b e done for ery

write to a blo k. Therefore, the cost C

w is:

C

w

= u � w

56

An o�-line algorithm able to lo ok to the future to see w long a en write

run will b e. An optimal o�-line p olicy will use up date if the length of write

run will b e less than the v alidate ratio (R ); it is greater, then the blo k will b e

v alidated immediately

, with no up dates used. F ormally

, the cost C

o is:

C

o

=

8

<

:

u � w if w � R

i + n � r if w > R

Though the optimal o�-line p is not it is useful as a

b ound on

p erformance of coherence p olicies.

Because b oth of the dynamic ybrid p olicies di�er only in w they compute the

t threshold T , the metho d used to compute the cost of the o heme s is the

same. Under b oth p a blo k is up dated til the write run length hes the

t threshold; on the next write, the blo k is v alidated. us the cost for b oth

the Random W alk (C

r

) and L

TS (C

l

) hem es is:

C

r

= C

l

=

8

<

:

u � w if � T

(u � T ) + (i + n � r ) if T

Because of in b oth the v alidate (Illinois) and up date (Dragon)

proto studied, ab e equations erstate costs to some degree. In the case

of the Illinois proto col, blo ks read from main memory y b e written without an

v alidate transaction. F or Dragon proto col, if a pro cessor sends an up date for a

blo k h is no longer t in y other he, the pro cessor will no longer send

out up dates. us in lo oking at write runs lengths only es a partial view

of a program’s write b vior.

T o ev aluate the theoretical costs of the v arious coherence hem es , e gathered

data ab out write run lengths for our b hmarks as ell as information ab out

v alidate thresholds ers us write run lengths for the e ybrid proto cols. Un-

fortunately

, information not su�cie to ev aluate the 4 on-line proto cols

against the optimal proto col, as e will see in the next section.

4.3.1 Ev aluating theoretical costs

Ideally

, ould e to ev aluate the bus costs of the four proto cols against the

oracle p olicy

. The ev aluation ould tell us w close h came to the um

57

cost of enforcing he coherence . Unfortunately

, b ecause the oracle p olicy requires

wledge of the future, it b e computationally ery exp ensiv e to ulate it.

In addition, since the threads of an application teract with h other to alter

memory access orderings, rolling k a ulation to hange the p olicy

for a blo k could hange the access ordering y other threads to other blo ks in

a program, p hanging the length of those blo k’s write runs and causing

previously optimal decisions to b ecome non-optimal.

Another y of determining the optimal cost ould b e to use a trace record of

the write run lengths for h blo k. The trace could then b e pro cessed, and the bus

costs determined y using the ab e equations. Regrettably

, this metho d also has

problems. The main y is that a trace for a program, generated

using one proto col can wildly incorrect cost v alues when used to the

of using another proto col.

Assume that

use a write trace generated when using the W rite v alidate

proto col to the cost of the W rite Up date proto col. A metho d for

computing WU’s cost for a en write run ould b e to assume that an up date ould

b t for write to the blo k. ev er, this ould in y cases eres timate

the cost of WU, b ecause the Dragon proto col (our WU proto col) only sends out

up if the blo k is t in other hes. T o try to correct this a

notation in the trace could b e made for those situations where blo is not shared

at time of the v alidation, and us WU ould not b e harged for up dates

(b ond the �rst) in that write run. erthel ess , are circumstanc when

using an up date proto col in blo is shared at the b eginning of a write run,

but b ecomes exclusiv e of the y through run b the blo k has b een

in the other hes sharing a blo k. This situation could not b e re ected in

a trace gathered using an v alidate proto col.

An e ould b e to WU to gather the trace, h ould then b e

used to the cost of WI, the proto cols, and the optimal p olicy .

Regrettably

, there are with using this metho d to the cost of using v alidate transactions to tain coherency

. Under a certain seque nce of read and

write a blo k ept t using a WU proto col will end up in a shared

state, while the same blo k will end up in a non-shared (V alid Exclus iv e) state when

v alidate transactions are used. The problem is that if e are using WU to generate

58

the write run trace, the trace will indicate that the blo k in question is shared, h

is incorrect when the trace is used to ev aluate the cost of WI.

4.1 an of this phenomenon.

t time T0, blo k X is t

in o hes . t time T1, pro cessor 1 writes to blo k X, up dates pro cessor

he under WU, but v alidates pro cessor 2’s y under WI. In steps 2 and 3,

blo k X replaced and then re-read y pro cessor 1. t this p the blo k is shared

under WU, but it is exclus iv under WI. The subse que t write to X at T4 a

bus transaction under WU, but no transaction under WI. If a write trace is gathered

using WU and to ev aluate the cost of WI, the WI proto col will b e incorrectly harged for cost of an v alidate at (and subseq uen t re-read of the data), us

erstating the cost of using WI. This sequenc e of op erations o ccurs quite tly

in the Gauss application. It often arises in applications when one thread initializes

all of the shared data in an application.

It is unfortunate that are unable to ev aluate the four proto cols against the

optimal strategy

. er, situation do es p t out the adv tage of instruction-

el ulation er trace ulation | namely

, the actions of hanging the

he coherence proto col, or en hanging the size of a can e a large impact

on yp e and order of ts in the h will not b e re ected in

the trace.

4.4 W rite runs

In this section e presen t data for lengths of write runs for the b hmark e

selected. W e the same bus and he parameters as for ulation runs

where e ev aluated the p erformance of the four proto cols. The graphs are for runs

read snar�ng. While read snar�ng do esn’t directly a�ect the length of write

runs, it sometimes do es hange the timing of v arious load/store en ts, h can

e an e�ect on write run lengths. W e w write run length graphs when using

128K hes; those cases where the run lengths are tly 32K

hes, e w those as ell.

59

Write Update Write Invalidate

Read Shared X Read Shared X

Read Shared X

Read Shared X

Read Shared X

State Contents

T1: Processor 1: Write X -> Update T1: Processor 1: Write X -> Invalidate

T2: Processor 1: Read Y (Replace X) T2: Processor 1: Read Y (Replace X)

Dirty Shared X X

Read Shared X Dirty Invalid

Read Shared Read Shared

Read Shared X

Y_{Invalid} Y

Read Shared X X

Read Shared X Invalid

Valid Excl.

T3: Processor 1: Read X (Replace Y) T3: Processor 1: Read X (Replace Y)

T4: Processor 1: Write X -> Update T4: Processor 1: Write X (No transaction) X X Read Shared X Invalid

Dirty

Dirty Shared

Processor 1 Processor 2 Processor 1 Processor 2

T0: Initial Configuration T0: Initial Configuration

Cache Block:

Figure 4.1: W rite trace example

60

Barnes

The Barnes-Hut application has a distribution of runs (Figure 4.2).

four pro are ab 49% of all runs are of length 2 or less,

et 25%

are longer than 21. When the b er of pro is increased, total b er

runs increased dramatically

, a higher prop ortion of short write runs.

The use of additional pro cessors caused data to b e more widely shared, h caused

single long runs to split to y shorter write runs. There ere t

di�erence in the distributions when hes ere used, since the orking set is

small.

en the exp ect that an up date proto col p erform

b est on esp ecially if the long write run blo ks ere exclusiv e in the writing

pro he, h oids the p o or b vior (i.e. y up date transactions) of

up date proto cols. e r, en that Barnes has ely w ts of sharing,

the hoice of proto col will e a small e�ect on erall p erformance.

Write Run Length 0

5

10

Frequency, in thousands

Barnes - 4 processors, 128K caches

1 2 3 4 5 6 7 8 9 10 11-20 21-99 100+ 0

50

100

150

Frequency, in thousands

Barnes - 32 processors, 128K caches

Figure 4.2: W rite run lengths for Barnes

61

Gauss

The most noticeable feature of the Gauss data is the large e at a write length of

8 (Figure 4.3). The e is exp ected due to the access patterns in the program. As

h pro cessor mo di�es its ws, it writes ery elemen t to the t of the t

column. Since ery 64 he blo k can tain 8 precision oating p t

v alues, most write runs are 8 long. As discusse d in Section 2.3, the orking set for

Gauss �ts in less than 512K; ev er, en with 32 128K hes, con ict misses still

blo ks taining some matrix ts to b e evicted on h iteration. us

there are not write runs of length greater than 8.

In the absence of a sharing a WU proto col

ould p erform orse than WI

on Gauss, since the v ast ma y of exceed the ev en p t v alidate

ratio) of 5. As e shall see, e r, the presence of the sharing line WU to

p erform as ell as WI.

Badgauss

The Badgauss b hmark as run with larger hes (512K) and greater asso y

(32) than the Gauss b hmark. Since con ict and y misses ere all but

eliminated, the distribution of write run lengths shifted from Gauss’s y runs

of 8 to runs of length greater than 100 (Figure 4.4). In since y

design) the algorithm es the tire y ely shared, under WU the sharing

line will b e activ ated on ery write to the y

. us under WU all to blo ks

taining y elemen will incur a write up date transaction. This should cause a

drop in p erformance ersu s WI, esp ecially when large b of pro are

used. The e algorithms should do ell on since the long write runs

will cause blo ks to b e v alidated t y .

Cholesky

e Gauss, Cholesky has a e at runs of length 8 (Figures 4.5 and

4.6). e r, e Gauss, Cholesk y also has y write runs of other than

8. When 4 pro ere used with 32K hes, Cholesky had a distribution

of write runs, a large b er of runs in the 11{20 and 21{99 range. When

128K hes ere used, the length of write runs (except those of 100 or

62

Write Run Length 0

200

400

600

Frequency, in thousands

Gauss - 4 processors, 128K caches

1 2 3 4 5 6 7 8 9 10 11-20 21-99 100+ 0

200

400

600

Gauss - 32 processors, 128K caches

Figure 4.3: W rite run for Gauss

0

10

20

30

40

Frequency, in thousands

Badgauss - 4 processors, 512K caches 0

50

100

150

Badgauss - 32 processors, 512K caches

Figure 4.4: W rite run lengths for Badgauss

63

greater) increased. When 32 pro cessors ere used the b of 1 and

increased, ere still a non-trivial

b er of longer write

runs. e the 4 pro case, there ere few di�erence s b een the 32K and

128K he runs.

Cholesk y’s long write runs ould tend to or an v alidate proto col an

up date proto col. ev er, since the WU proto col e hose do es not up dates

for blo that are not tly shared, it is di�cult to from just the write run

data if the WU proto col b e able to do as ell as the WI proto col.

MP3D

MP3D exhibits a great deal of true sharing in one of its o main data structures,

therefore it is not surprising that it has a large b er short write runs, esp ecially

of length 1 (Figure 4.7). When 4 pro cessors ere used, there ere also a resp ectable

b er of runs (800,000) of length 11{20, and 146,000 of length b een 21

and 99. When the b er of pro as increased to write runs in general

in length. The b er of runs of length 1 increased y nearly 50%, while

the b er of runs of length 11{20 decreased to 235,000 and the b er of runs

of length 21-99 decreased to 29,000. The write run lengths decreased b ecause the

additional pro cessors shared data to a higher degree.

Because MP3D has a large b er of short write up date-based proto cols

should p erform b than v alidate proto esp ecially when larger b ers of

pro are used. ev er, MP3D do es e a t b er of longer write

runs, h an up date proto col to out a large b of up if

the blo ks b eing written are t in o or more hes.

erify

Because of large ts of b oth false and true sharing, the v ast ma y of write

runs in erify are short | 1 or 2 b efore the blo k is referenced y another

pro cessor. h write patterns vily or up date-based proto cols. As Figure 4.8

ws, increasing the b er of pro to 32 increased the b of

write runs of length one, while hanging the he size had little e�ect on write run

distributions for either 4 or 32 pro cessors.

64

Write Run Length 0

10

20

30

Frequency, in thousands

Cholesky - 4 processors, 32K caches

1 2 3 4 5 6 7 8 9 10 11-20 21-99 100+ 0 Cholesky - 4 processors, 128K caches

Figure 4.5: W rite run lengths for Cholesky

4 pro cessors

0

50

100

Frequency, in thousands

Cholesky - 32 processors, 32K caches 0 Cholesky - 32 processors, 128K caches

Figure 4.6: W rite run lengths for Cholesk y

, 32 pro cessors

65

Write Run Length 0

2

4

6

Frequency, in millions

Mp3d - 4 processors, 128K caches

1 2 3 4 5 6 7 8 9 10 11-20 21-99 100+ 0

2

4

6

Mp3d - 32 processors, 128K caches

1 2 3 4 5 6 7 8 9 10 11-20 21-99 100+

Figure 4.7: W rite run lengths for MP3D

0

5

10

Frequency, in millions

Pverify - 4 processors, 128K caches 0

5

10

Pverify - 32 processors, 128K caches

Figure 4.8: W rite run lengths for erify

66

T op opt

T op opt, e erify

, a t t of sharing, and false sharing when

blo

k sizes are used. us, it is not surprising that when using a large or small

b er of pro cessors with large or small hes , write runs are of 1.

e r, are di�erences b ee n the write run distribution for 4 pro cessors

(Figure 4.9) ersu s pro cessors (Figure 4.10). When 4 pro cessors are used, there

are a t b e r of run of length greater than 10. There are en a non-

b er of of length greater than 100, esp when 128K hes are

used. In trast, when 32 pro are the b er of write runs of length 1

jump ed dramatically

, while the b er of long write runs dropp ed. Still, en with

and 32 pro T op opt had runs of length greater

than 10 | 100,000 of of greater than 100. When 128K are used, er half a runs ere longer than 10, and er 250,000 of length 100 or

greater. Despite these long

ould exp ect that b ecause of large

b of write runs of length 1, an v alidate proto col not p erform ell in

the snar�ng. An up date proto col that did not use a sharing line ould

lose p erformance on the tial b er of long write runs in the program.

4.5 Results summary

In this section, summarize the results that e presen t in more detail in a later

section. W e also graphs detailing the p erformance of the four proto cols using

snar�ng, 128K hes 32 pro cessors (Figure 4.11). F or comparison purp oses, e

also ran the Sno y Reading proto col, h is a exp ensiv e e proto col.

F or our Sno y Reading runs, a blo k as dropp ed from the if 3 up ere

e without an e access y the pro cessor.

The e proto esp ecially W alk, p erformed ell compared to

WI and WU. Considering �rst the results with snar�ng, b proto cols

p erformed b etter than either WI or WU on MP3D and T op opt, while Random W alk

p erformed b etter than the other three proto cols on Gauss. On Cholesk and Barnes

the e proto cols p erformed as ell as the b etter of the o standard proto cols.

And on the Badgauss program, the e proto cols oided the p o or b vior

of WU, and p erformed b etter than WI. Only on did b oth of the

67

Write Run Length 0

2

4

6

Frequency, in millions

Topopt - 4 processors, 32K caches

1 2 3 4 5 6 7 8 9 10 11-20 21-99 100+ 0

2

4

6

Topopt - 4 processors, 128K caches

Figure 4.9: W rite run lengths for T op opt, 4 pro cessors

0

5

10

15

20

Frequency, in millions

Topopt - 32 processors, 32K caches

1 2 3 4 5 6 7 8 9 10 11-20 21-99 100+ 0

5

20

Topopt - 32 processors, 128K caches

Figure 4.10: W rite run lengths for T op opt, 32 pro cessors

68

Invalidate Update Random Walk LTS Snoopy Reading

Barnes Gauss Badgauss Cholesky

Program 0 5 10 15 20 25

Speedup vs. 1 processor Invalidate

1.00

1.05

1.05

1.05

1.00

1.00

0.97

1.03

1.00

0.98

1.00

0.65

1.04

1.04

1.02

1.00

0.90

1.00

1.01

0.98

MP3D Pverify Topopt 0

10

20

30

1.00

1.09

1.24

1.27

1.03

1.00

1.74

1.70

1.70

1.34

1.00

1.14

1.27

1.14

0.75

Figure 4.11: Results Summary: 128K 32 Pro cessors, Snar�ng

proto cols p erform tly b w that of b est standard proto col (WU).

The Sno y Reading proto col did not do nearly as ell as the dynamic e

proto cols. F or those programs WI b etter than WU (Barnes, Gauss,

Badgauss, and Cholesky it generally did ab out as

as WI. F or applications

that tly b etter using WU erify , T op opt), the Sno y Reading

proto col did ely p o orly

. On it did tly b etter than WI, while the

dynamic proto cols p erformed 25% b etter. It not near the p erformance of

the e proto cols (or WU) on erify

, actually p erformed than all

proto cols on T op opt.

Without snar�ng, Random W alk still p erformed as ell or b etter than the stan-

dard proto cols on nearly ery b hmark and while L

TS often did not

p erform nearly as ell. The reason y L

TS often did not as ell as R

W is that

it often decided to h to using v alidate on a blo so oner than R

W. us it

69 as on those applications where WU ed b etter than WI that L

TS often did not p erform as ell as R

W. Random W alk outp erformed all others on T op opt, and did as a bit b etter than) as the b etter of WI or WU on Gauss, Cholesk y , and MP3D. Only on some con�gurations of erify did R

W not do as ell as WU.

the surface, it y b e surprising that WU did ell on so y of selected b hmarks . One reason is that the p erformance of degrades less than WI in the presens e of false sharing, since only those p ortions of blo

k h are written are er the bus, than the tire blo k h is the case with

WI. In addition, our ulation assumptions ored WU er WI, e assumed b oth a large blo k size and a fast e to the sp eed of the pro cessors. Since

WU usually required more bus transactions than WI, increasing the cost of initiating a bus transaction ould a�ect WU more than WI. In addition, y of the b hmarks the application’s orking set did not �t in h caused blo ks that ere b eing ely used in a he to b e replaced. This tended to increase the b er of blo that are found in only one he, i.e. blo ks that y b e written without an up date transaction. In systems with large e l) hes, replacemen t y y b e minimal or t. In this case, a blo h is written exclus iv ely y a pro cessor, but as referenced at one time y another pro cessor (p erhaps in the algorithm’s initialization phase) ould still e up dates t for ery write. Note that Badgauss b hmark as constructed exhibit this kind of b vior. Applications exhibit this sort of b p erform p o orly under WU, but the proto cols handle the situation ell y recognizing the long run(s) and v alidating the blo k immediately .

One remaining issue is whether the cost of e hem es is justi�ed y the increase in p erformance gained y using them. en that L

TS has a are cost than R

W, and in most cases did not p erform b etter than R

W, it is hard to justify using L

TS R

W. In our test programs, R

W did not outp erform the b etter of WU or WI, except instances of MP3D and T op opt. In most of other cases, R

W did as ell or tly b etter than the b est hoice of WI or WU for a particular application. In the �nal one needs to the b ene�t of using an e proto col and obtaining p erformance equal to the b etter of WI and

WU ersus the additional and are needed y the e proto cols.

70

4.6 P erformance with Snar�ng

Badgauss

In this section, e w the results for our arti�cial b hmark on h WU p erforms p o orly . W e used hes so that the tire y ould remain hed in all pro cessors, WU to do an up date transaction on ery write. As exp ected,

WU did p o orly on Badgauss, though the e�ect of y up date transactions did not a�ect p erformance h til 32 pro ere used (Figure 4.12). The reason for this is that a high t of computation is done for ery store in the program. us it is only when the cost of an up date b high (due to tion) that the additional bus load y the large b of up dates b ecame a factor.

WU times more bus transactions than v alidate, and transferred 8{

13 the data (Figure 4.13). The imp t p ab out results is that the

e ybrid strategies oided the p o or b vior of WU immediately v alidating when writing to blo that up the y

. The e strategies v alidated immediately b ecause the initial v alidate threshold as 0. In addition, write runs ere h) longer than the v alidate ratio, us v alidate threshold did not (in general) increase ab e 0.

Barnes

Because of the w degree of sharing in v arying the coherence proto col had a ely small impact on p erformance. Since the sp eedup as close to linear in all the di�erences b ee n the four proto cols necessarily minimal. Using the up date proto col or the o dynamic heme s with 32K increased p erformance v alidate y 1% using 16 pro and 5% using 32 pro (cf. Figure

4.14). The

em en ts ere the same for the 128K con�guration.

The di�erence s b een the four proto cols is more pronounced when other p erformance metrics are considere d. The v alidate proto col h higher miss rates, b oth for reads and writes, the other three proto cols (see Figure B.1). F or all the WU proto col had the est miss rates, ed y the Random

W alk and the L

TS proto cols. The reductions in miss rates ere ti al; example, the 16 pro 32K con�guration, using WU cut the read miss rate y 92%, while the L

TS proto col cut the miss rate y 78%. In addition, the

71

1 4 16 32

Number of Processors 0 5 10 15 20 25

Speedup vs. 1 processor Invalidate

Badgauss - 512K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

0.96

1.00

1.00

1.00

0.98

1.02

1.02

1.00

0.65

1.04

1.04

0.00

0.05

0.10

0.15

Proc Read Miss Rate (%)

1.00

0.00

0.00

0.00

1.00

0.00

0.08

0.17

1.00

0.00

0.12

0.12

1.00

0.06

0.19

0.25

Figure 4.12: Sp eedups(L) and Read Misse for Badgauss

0 1 2 3 4 5

Bus Transactions, in millions

1.00

1.00

1.00

1.00

53.45

0.80

0.85

1.00

40.51

0.64

0.64

1.00

43.37

0.69

0.69

0

10

20

30

40

Bus Bytes Transferred, in millions

1.00

13.31

0.28

0.38

1.00

8.90

0.24

0.25

1.00

8.82

0.25

0.26

Figure 4.13: Bus transactions(L) and Bytes T ransferred(R) for Badgauss

72

1 4 16 32

Number of Processors 0 5 10 15 20 25

Speedup vs. 1 processor Invalidate

Barnes - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.01

1.01

1.01

1.00

1.05

1.06

1.05

0 5

Barnes - 128K Cache

1.00

1.05

Figure 4.14: Sp eedups for (with snar�ng)

0 20 40 60 80 100

Bus Transactions, in thousands

1.00

1.00

1.00

1.00

1.00

1.68

1.17

1.09

1.00

1.35

1.01

0.98

1.00

1.11

0.86

0.83

0

1

2

3

4

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.47

0.52

0.58

1.00

0.39

0.42

0.49

1.00

0.31

0.33

0.38

Figure 4.15: Bus transactions (L) and Bytes T ransferred for (with snar�ng)

73 v alidate proto cols reduced write miss rates y a t.

Although using an up date proto col did reduce miss rates, often an increase in the b transactions due to additional up date transactions.

This as the case for WU proto for all it required more bus transactions than the WI proto col (Figure 4.15). The increase

as greatest when

4 pro cessors ere used 68% when 32K hes ere 80% with 128K hes. When 32 pro ere used, the increase as h less 11% and 17% for 32K and 128K resp ectiv ely . In trast with the WU proto col, the o ybrid proto cols didn’t su�er a large increase in the b er of transactions. F or

4 pro cessors, R

W used ab out 20% more transactions, while L

TS used ab out 9% additional transactions. When 32 pro cessors ere used, b oth e proto cols used fewer transactions en than WI. The decrease ranged from 11% for R

W and 128K hes to 17% for L

TS and 32K hes. Because the e strategies ere able to adjust their coherence strategy on a blo y-blo basis, they ere able to obtain most of the reduction in rates obtained y the WU proto col without a large increase in the b er of bus transactions.

While the three non-WI proto cols sometimes increased the b er of bus transactions, in all cases they tly reduced the b transferred er WI.

The greatest reductions o ccurred when using WU, but the o strategies ere not far b ehind. Reductions ranged from 42% for the 4 pro cessor, 32K L TS run to 72% for WU when using 128K and 32 pro cessors. It is these reductions, along with the reductions in miss rate that are resp p erformance increases of the three non-WI proto cols. The large decreases in rates and

ytes did not lead to large in p erformance b ecause bus

tion did not program p erformance en when the WI proto col as used; en the orst WI con�guration, bus utilization did not exceed 15%. Despite the k of large p erformance increases for the e heme b read and write miss rates and the b er of transferred without the large increases in the b er of bus transactions that o ccurred with the WU proto col.

Gauss erall, four proto cols (WI, WU, R

W, and L

TS) p erformed roughly the same on the Gauss b hm ark. The p o or sp eedup of Gauss on 32 pro

as

74 due to bus saturation, hie y caused y reads and k due to con ict misse s.

Increasing the bandwidth to memory y doubling the bus width ould e the p of all hemes (cf. 3.

While nearly all write runs ere long enough to WI er WU, WU oided doing an up for ery write to the matrix. Because ws are statically allo cated to pro a en w in the matrix as usually t only in the he of the pro cessor that as mo difying it. Because the sharing as not raised on writes to ts , the WU proto col oided sending out an up date for ery matrix written.

F or the 32K he case, b oth WU and R

W p erformed ab out 3% b etter than WI for 16 and 32 pro (Figure 4.16). The hief reason for this is the tly er miss rate y 5%{10%) for WU and R

W (Figure B.3). Both the y of ags to h succes siv e iterations of the lo op, as ell as access es to the b ector b ene�ted from up since b oth are extens iv ely write shared. The use of up dating led to small decreases in b oth the b er of bus transactions and the b er of transferred (Figure 4.17). Last Three Samples p erformed ab out the as WI, though it did manage ery small reductions (1{3%) in the b er of bus transactions and the b er of ytes transferred, and somewhat larger in read miss rate (5{7%) in the miss rate.

When larger

ere used (128K), WU p erformed tly orse (2%) than

WI, while R

W p erformed tly b etter (3%) than WI (Figure 4.16). Though WU and R

W b oth had er miss rates 8% to 15%), the gains

y miss rates of the WU proto col did not o�set its larger b of transactions ersus the WI proto col, as seen in Figure B.4. The e proto cols, on the other hand, 1%{2% transactions than en the WI proto except for L TS when using 32 pro cessors. Last Three Samples again p erformed ab out same as

WI

erall, but had er read miss rates (5{8%) than WI as ell as small in bus transactions (0{2%) and transferred (2{3%).

Cholesky

Because of the b er of long WI proto col p b etter than WU on 4.18). The

o e proto cols p erformed ab out the same as

WI, v arying in p erformance no than 1% for all con�gurations. WU p erformed

75

1 4 16 32

Number of Processors 0

5

10

Speedup vs. 1 processor Invalidate

Gauss - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.03

1.03

1.00

1.00

1.02

1.03

1.00

0

5

10

Gauss - 128K Cache

1.00

1.00

1.00

1.00

1.00

0.98

1.03

1.01

0.97

1.00

Figure 4.16: Sp eedups for Gauss (with snar�ng)

0

1

2

Bus Transactions, in millions

1.00

1.00

1.00

1.00

1.00

1.00

0.99

0.99

1.00

0.99

0.98

0.98

1.00

0.99

0.99

0.99

0

20

40

60

80

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.98

0.98

0.98

0.97

0.97

0.97

1.00

0.97

0.97

0.98

Figure 4.17: Bus transactions and Bytes T ransferred for Gauss (with snar�ng)

76 the orst of the 4 proto cols. F or b he sizes , WU p erformed 5% using 16 pro cessors, and ab out 10% using 32 pro cessors. These p erformance decrease o ccurred despite the reductions in b oth read and write miss rates under WU. WU reduced read misses for the 32K con�guration y ab out 12% for 4 and 16 pro cessors,

50% for 32 pro (Figure B.5). The reductions ere en greater when 128K hes ere used. The e proto cols also the read and write miss rates er WI | though in most cases not as h as WU. The exceptions ere for 32K hes and b oth 16 and 32 pro where R

W did b etter than WU.

The reason for p erformance under WU can b e seen in the graphs of

b er of transactions and the b er of ytes transferred (Figure 4.19).

The WU proto col consisten tly used a great deal of additional bus transactions as compared to the WI proto col. When 32K ere used, the increase ranged from

1.7 times as y transactions for 4 pro to 2.9 32 pro cessors. The increase

as en orse for 128K hes, where the increase ranged from 3.2 to 3.6 times that of WI (Figure B.6). The b er transactions did not increase ery h when going from 32K to 128K hes but the b er of transactions for WI decreased when the size as increased leading to the greater in the b er of bus transactions. The increase in the b of transferred as not as ere | it ranged from 11% to 33% for 32K hes from 34% to 45% for

128K. The additional load on the bus

y the y up date transactions lead to the decreased p erformance of WU when compared to WI. The p erformance impact of WU ersus WI ould b een en greater if the erall bus utilization of application had b een greater.

the e proto cols also increased bus transactions for the e proto cols, but not to degree that did. The increase in bus transactions ranged from 5{24% for 32K

hes, and from 14% to 33% for 128K hes . The increase of R

W in general higher than that of L

TS. Exce pt 4 pro cessor,

128K case, the e proto cols the b er of transferred b ew of WI. The decrease ranged from 1%{5% for 4 and 16 pro cessors to ab out 10% for 32 pro cessors.

the e proto cols did fairly on Cholesky

. They p erformed ab out as ell as the b etter of the o standard proto cols (WI), while decreasing the miss without a increase in the b er of bus transactions, and in most cases

77

1 4 16 32

Number of Processors 0

5

10

Speedup vs. 1 processor Invalidate

Cholesky - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

0.97

0.98

0.98

1.00

0.95

1.00

1.00

1.00

0.89

1.01

1.01

0

5

10

Cholesky - 128K Cache

0.99

1.00

0.95

1.00

1.00

0.90

1.00

Figure 4.18: Sp eedups for Cholesky (with snar�ng)

0.0

0.5

1.0

Bus Transactions, in millions

1.00

1.00

1.00

1.00

1.70

1.09

1.05

1.00

2.82

1.23

1.14

1.00

2.88

1.24

1.12

0 5 10 15 20

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

1.11

0.99

0.99

1.00

1.33

0.97

0.97

1.00

1.31

0.91

0.90

Figure 4.19: Bus transactions and T ransferred for Cholesky (with snar�ng)

78 transferring less data than the WI proto col.

MP3D

Because of the large t of sharing in MP3D, it had p o or sp on all four proto cols. When using 32 pro with 128K

hes, sp eedup as less than 13 en with the b est hoice of proto col. Still, there ere p erformance di�erences b een the 4 proto cols for b oth of pro

he tested.

When 32K ere used, b of the e proto cols p erformed b etter than either WI or WU (Figure 4.20). Last Three Samples p erformed the b est using 16 pro cessors with an 18% p erformance increase er WI. It also outp erformed the other

3 proto cols when using 32 pro with an 20% e men er WI. Random

W alk as just b ehind L

TS in p erformance with eme ts of 14% and 16% for 16 and 32 pro resp e ly

. These e men ts are due to the reduction in bus y the e proto cols. Though the WU proto col did not p erform as ell as the e proto cols, it had the est read (cf. Figure B.7) and write miss rates of of the 4 proto cols. While the e proto cols the miss rate y ab out

31{38% for 4, 16 and 32 pro the WU proto col the rate

y ab out

57%. The problem with WU as that it used a great deal more bus transactions than either WI or the e proto cols, h e up bus tra�c (Figure 4.21). Using

W rite Up date increased the b er of transactions er WI y 82% for 4 pro cessors to 91% for 32 pro cessors. The increase in transactions as far for

e proto cols. While WU had far more bus transactions than the other 3 proto cols, it transferred er ytes than the other proto cols (Figure 4.21). The di�erence b een

WU and the e proto cols as small (3 p tage p ts) when 4 pro cessors ere used, grew larger as more pro ere used. Despite the fact that transferred er ytes than e proto cols, large b er bus transactions it ered its p erformance b w that of the e proto cols.

e the case when using 32K pro cessors, the e proto cols outp erformed b oth WI and WU when using hes (Figure 4.20). Last Samples again outp erformed all others with a 21% e men er WI using 16 pro cessors and a

27% eme when using 32 pro cessors. Random W alk as only er than L

TS, with WU b ehind with a 10% p erformance increase er WI at 16 and

32 pro cessors. W rite Up date decrease d the read rate er WI en more with

79

1 4 16 32

Number of Processors 0 2 4 6 8 10

Speedup vs. 1 processor Invalidate

Mp3d - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.00

1.03

1.03

1.00

1.04

1.14

1.18

1.00

1.06

1.16

1.20

0

5

10

Mp3d - 128K Cache

1.00

1.00

1.00

1.00

1.00

1.02

1.03

1.03

1.00

1.10

1.18

1.21

1.00

1.09

1.24

1.27

Figure 4.20: Sp eedups for MP3D (with snar�ng)

0 5 10 15 20 25

Bus Transactions, in millions

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.82

1.09

0.98

1.00

1.86

1.26

1.08

1.00

1.91

1.35

1.13

0 100 200 300 400 500

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.72

0.73

0.75

1.00

0.64

0.71

0.74

1.00

0.61

0.70

0.73

Figure 4.21: Bus transactions and Bytes transferred for MP3D (with snar�ng)

80

128K hes, nearly 80% of the WI misses (Figure B.7). The e proto cols ab out 40% of misse s, et they did so without the dramatic rise bus transactions that o ccurred when using WU. W rite Up date used ab out wice bus transactions that WI did, while the proto cols ab 10{38% more bus transactions (Figure B.8). W rite Up date did transfer ab out half the

ytes that WI but the reductions hiev ed y the e proto cols (29{38%) ere far b ehind.

Both e proto cols did ell on MP3D. They selectiv ely used an up date p olicy where needed, reducing the miss rate and the b er of ytes transferred without drastically increasing the b er of bus transactions.

erify

As discuss ed in 2.3, has a great deal of true and false sharing, h led to a large b ery short write runs. Therefore, e ould exp ect that an up date strategy ould ork b etter than v alidate.

When 32K ere h of the tra�c on the as due to reads k due to and con ict misses . Because of this, WU or e heme er WI did not dramatically the p o or sp eedup the application (Figure 4.22). F or 16 pro cessors, R

W increase p erformance y

19%, with WU and R

W close b ehind at 18% and 17% resp ectiv ely . F or 32 pro cessors,

WU as b est with a 19% eme t, while R

W and L

TS b oth p ab out

15% b etter. The em en ts ere tirely due to the reduction in bus tra�c, since bus as completely saturated when 16 or 32 pro cessors are used. The three nonv alidate heme s reduced the read rate y ab out 20% for all con�gurations

(Figure B.9). The write miss rate as cut y all three y more than 80%. The reduction in misses help ed to reduce the b er of bus transactions y 7{10% and the b er of transferred y 12{19% (Figure 4.23).

The di�erences b een using WI and WU or an e strategy ere h larger when 128K hes are used. W rite Up date, R

W, and L

TS increased p erformance y 20% 16 pro cessors ere used. F or 32 pro using WU increased p erformance y 74%, with R

W and L

TS b ehind at 70%. Read misses ere cut y ab out 60% for 4 and 16 pro using WU and R

W, and less for L TS

(Figure B.9). All three proto cols cut misses y ab out 50% 32 pro

ere

81

1 4 16 32

Number of Processors 0

2

4

6

8

Speedup vs. 1 processor Invalidate

Pverify - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.03

1.02

1.02

1.00

1.18

1.19

1.17

1.00

1.19

1.15

1.16

0

5

10

15

20

Speedup vs. 1 processor Invalidate

Pverify - 128K Cache

1.00

1.00

1.00

1.00

1.00

1.03

1.03

1.03

1.00

1.20

1.20

1.20

1.00

1.74

1.70

1.70

Figure 4.22: Sp eedups for (with snar�ng)

0

5

10

15

20

Bus Transactions, in millions

1.00

1.00

1.00

1.00

1.00

0.93

0.93

0.94

1.00

0.91

0.90

0.90

1.00

0.90

0.92

0.91

0 200 400 600 800 1000

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.84

0.84

0.86

1.00

0.81

0.81

0.82

1.00

0.81

0.84

0.83

Figure 4.23: Bus transactions and Bytes T ransferred for erify (with snar�ng)

82 used. W rite misses ere also y ab out 88% for L

TS, and y 95% or more for

R W and WU. Because of the reduced b er of misses, transactions ere cut y ab out 20% for con�gurations. The reduction in b er of bus transactions, plus the fact that up only transferred 8 ytes , while re-reads due to v alidates transferred 64 (most of ere usually not used in erify) resulted in a drop in the b of transferred y for all three v alidate proto cols

WI.

These results are not en the p o or b of when using large blo k sizes [AB95]. While false sharing urts p erformance under b oth WI and WU, it orse under WI, the tire he blo k is \ping-p onging" b een the false sharing hes rather than just the v alues actually b eing written.

The e proto cols p erformed quite ell, hing WU’s p erformance.

Because nearly all of erify ’s write runs ere short, the e proto cols used the up strategy nearly all the time.

T op opt

As discus se d T op opt

y short write runs due to true and false sharing. It also do es a great deal of barrier sync h ersel y a�ects p erformance, esp ecially when read snar�ng is not used. us it not that the

v alidate strategies p erformed ell. ev er, despite the y short write runs, WI with snar�ng also did ely ell on T op opt, b ecause as discus sed ab e,

T op opt also has a b er of longer write runs.

32K pro cessor hes ere used, WI did hieving a sp eedup of ab out

19 when using 32 pro cessors (Figure 4.24). WU did b etter than WI, p erforming 13% b etter than WI at 16 pro cessors, 10% b etter at 32 pro cessors. The o e heme s also did using 16 pro cessors. Random W alk ed er WI 14%, while L

TS’s emen t as 11%. The sp eedups ere similar at 32 pro cessors, where Random W alk ed sp eedup y 12%, with the other o close b ehind at

10%. The three v alidate heme s cut the b er of read misses y ab out 45% for 4 pro to 84% for 32 pro (see Figure B.11). W rite misses

ere reduced y ab out 40% for all con�gurations. One b een WU and the e strategies can b e seen in Figure 4.25. While WU used more transactions than WI for 4 and 16 pro cessors, the o e hem es used er transactions

83

1 4 16 32

Number of Processors 0

5

10

15

20

Speedup vs. 1 processor Invalidate

Topopt - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.03

1.03

1.03

1.00

1.13

1.14

1.10

1.00

1.10

1.12

1.13

0

10

20

30

Topopt - 128K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.03

1.04

1.04

1.00

1.17

1.18

1.17

1.00

1.14

1.27

1.14

Figure 4.24: Sp eedups for T op opt (with snar�ng)

0 5 10 15 20

Bus Transactions, in millions

1.00

1.00

1.00

1.00

1.00

1.30

0.98

0.91

1.00

1.06

0.96

0.96

1.00

1.00

0.85

0.83

0

200

400

600

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.62

0.63

0.68

1.00

0.60

0.59

0.65

1.00

0.49

0.49

0.54

Figure 4.25: Bus transactions and Bytes T ransferred for T op opt (with snar�ng)

84 than WI for 4, 16, and 32 pro cessors. The three v alidate heme s reduced the b er of transferred er WI y 15{20%.

The e proto cols p erformed en b etter when the large size as used.

Using 16 pro cessors, W alk p erformed 18% b etter than WI, and b oth L TS and WU p erformed 17% b etter than WI. Random W alk p erformed b etter than either

WU or WI when 32 pro ere used. Random W alk ed sp eedup er WI y 27%, L

TS and WU had a 14% em t. W rite Up date had the est read miss rate of y of the four proto cols | it as er 95% less than that of WI for the three ultipro cessor runs. Random W alk hed WU’s read miss p erformance at 16 and 32 pro cessors. L

TS’s miss rate ab out 7 higher than that of

WU, but still

as h reduced er that of WI. The di�erence b ee n WU and the e proto cols is eviden t when one lo oks at the b er of transactions

(Figure B.12). While WU used more bus transactions than WI for 4 and 16 pro cessors, the e proto cols ys used er transactions than WI. The v alidate proto cols cut the b of transferred y ab out 70{85% er WI, with the biggest reductions e d y R

W and WU.

The o e proto cols p erformed ell on T op opt. Random W alk p erformed b etter than the o standard proto cols on sp eedup. It hiev ed the miss reductions of WU without increasing the b transactions as WU did.

Though L

TS did not p erform as as R

W, it did do as ell as WU using 32K hes, and tly b etter when using 128K hes .

4.7 Results without snar�ng

W e w turn to the results of our ulation runs without snar�ng. In the wing sections e compare the our ulations without snar�ng to the results with snar�ng en ab e. Graphs will b e wn only for cases where the b hmark’s p erformance di�ered tly from snar�ng as not used.

Badgauss

As will b e discusse d shortly

, turning o� snar�ng had little e�ect on the p erformance of Gauss. Since Badgauss as ed Gauss, e exp ect that the k of snar�ng ould not a�ect Badgauss’s results.

85

Barnes

T urning read snar�ng o� did not erall p erformance of proto col when

16 or er pro cessors ere used, did a t e e�ect on the p erformance of when 32 pro

ere used (Figure 4.26). The p erformance of

R W and WU ere not a�ected y the k of snar�ng; e r L

TS’s p erformance a�ected, since it v alidation more often than either R

W or L

TS. e the case with snar�ng, WU had the est read rate of four proto (Figure

B.13). The absence of caused the miss rates for the

e proto cols to increase, esp ecially at 16 and 32 pro cessors. As seen in Figure 4.27, the increased

b er of misses caused the e proto cols to more bus transactions than

WU, excep t when 4 pro cessors ere used. And e the case with read snar�ng, WU transferred the es t b er of ytes among the four proto cols.

Because WU had a er miss rate, and er bus transactions and transferred than the other the e proto cols, one t exp ect that its erall p erformance ould b e b etter than that of the e proto cols. e r, since bus as w for the v alidate proto cols, the increased bus tra�c of the proto cols did not a large e�ect on p erformance.

Gauss ving snar�ng had little e�ect on the erall execution time of y of the four proto cols. This is not surprising, since there is little e sharing in the application, us there ere few opp ortunities for snar�ng to e a di�erence. The b er of bus transactions and transferred did increase tly for 16 and 32 pro cessors for v alidate proto col ersu s the snar�ng case, but it as not enough to a�ect results to a large degree.

Cholesky

T urning snar�ng o� had little e�ect on the erall p erformance of of the four proto cols. The p erformance of WU did increase e to the other 3 proto cols to the p t it p erformed only 2{5% orse than WI, rather than 5{10% (Figure

4.28). Read rates ere not a�ected y the k of but the use a higher v alidate ratio with the e proto cols caused them to the up date

86

1 4 16 32

Number of Processors 0 5 10 15 20 25

Speedup vs. 1 processor Invalidate

Barnes - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.05

1.05

1.04

1.00

1.34

1.34

1.29

0 5

Barnes - 128K Cache

1.28

Figure 4.26: Sp eedups for Barnes (without snar�ng)

0

100

200

300

400

Bus Transactions, in thousands

1.00

1.00

1.00

1.00

1.25

1.05

1.04

1.00

0.48

0.51

0.61

1.00

0.29

0.34

0.46

0 5 10 15 20

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.29

0.33

0.47

1.00

0.10

0.19

0.36

0.06

0.14

0.29

Figure 4.27: Bus transactions and Bytes transferred for Barnes (without snar�ng)

87 strategy more often than when snar�ng as turned on. This caused the b bus transactions for the e proto cols to rise sharply in comparison to snar�ng as used (Figures 4.29 and B.16), though still had more transactions than the three proto cols. While the e proto cols transferred er ytes than WI or when snar�ng as on, without snar�ng the e proto cols transferred more ytes than WI (but er than WU) when 4 or 16 pro ere used. Again, this as a conseq uenc of using a larger v alue for

v alidate ratio, h tended or the use of the up date er the v alidate strategy .

MP3D

T urning o� ersely a�ected all 4 proto cols

2

. The k of a�ected the p erformance e to WI) of b oth WU and L

TS | it the e p of WU to the p t that it p erformed almost as ell as R

W, while it decreased the e p erformance of L

TS to ab out 5{10% ab e that of WI (Figure

4.30).

Because an v alidate ratio of 18 as used with the e proto cols, up dating as used more often in the e proto cols than when snar�ng as turned on. The higher ratio t that Random W alk he d to v alidate ery rarely

, h means that its p erformance as ab out the as WU, esp ecially when 32K ere used. With 128K hes R

W outp erformed WU y 2 p tage p ts when using

16 pro cessors, and 7 p with 32 pro cessors. Random W alk and WU had similar read rates and

b e ytes transferred. They di�ered in the b er of bus transactions when 128K ere used | R

W had ab out 70% more transactions than WI, while WU had ab out 80% more transactions. These additional transactions caused the t loss in p erformance of WU to R W.

In trast with R

W, L

TS used v alidation quite often, h led to a e decrease in p erformance. L

TS’s miss rate as higher than either WU or R

W, and that of WI at 32 pro (Figure B.17). L

TS used ab out the same

b er of bus transactions as R

W (Figure 4.31), but transferred more than

2

Snar�ng w orks b supplying data to cac hes that ha v e in v alid blo c ks. Though the write up date proto col do es not create in v alid blo c ks through in v alidate transactions, suc h blo c ks are created when pro cessors issue sim ultaneous requests. In the case of sim ultaneous read requests, snar�ng the blo c k to all requesting pro cessors than one whose request succeeded.

88

1 4 16 32

Number of Processors 0

5

10

Speedup vs. 1 processor Invalidate

Cholesky - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

0.98

0.99

0.98

1.00

0.97

0.99

0.99

1.00

0.95

1.00

1.00

0

5

10

Cholesky - 128K Cache

1.00

0.98

1.02

1.02

1.00

0.96

0.98

0.98

1.00

1.01

1.00

Figure 4.28: Sp eedups for Cholesk (without snar�ng)

0.0

0.5

1.0

Bus Transactions, in millions

1.00

1.01

1.01

1.01

1.00

1.71

1.36

1.29

1.00

2.74

2.10

2.10

1.00

2.56

2.05

2.06

0 5 10 15 20

Bus Bytes Transferred, in millions

1.00

1.01

1.01

1.01

1.00

1.11

1.04

1.04

1.00

1.26

1.12

1.15

1.00

1.05

0.93

0.98

4.29: Bus transactions and transferred for Cholesk (without snar�ng)

89 either R

W or L

TS. The additional data that transferred directly led to the wn of the program under L TS.

In summary , R W p erformed the b est of the four proto cols, b oth and without snar�ng. With snar�ng, R

W p erformed nearly as ell as L

TS, and b etter than WU and WI. Without R

W or exceed the p erformance of all other proto cols on all con�gurations.

erify

As exp ected, turning read snar�ng o� had a erse e�ect on WI b ecause of erify’s large t of false sharing. erformance for WI without snar�ng dropp ed 18% for 32 pro cessors and 32K hes; for 128K hes, p erformance drop as 37% (cf. Figure 4.32). The k of snar�ng also caused increases the read and write miss rate for WI, as ell as increases in the b er of transactions and ytes transferred (Figure 4.33). The p tage increases ere orse when 128K hes ere used, a greater p ortion of misses and tra�c are due to actions when larger

are used. In trast, the k of snar�ng little e�ect on erall p erformance of WU and R

W, it did e a small e e�ect on L

TS. The biggest p erformance drop (26%) for L

TS happ ened when using 32 pro cessors and 128K hes. The p erformance of L

TS dropp ed more than

R W b it tended to switc to

v alidate more often than the Random W alk proto col. The only category in h there as a large when snar�ng as turned o� for e proto cols as in the write miss rate; fortunately

, only 2% of all data accesses ere shared writes.

T op opt

T urning snar�ng o� had a e p erformance impact on WI (Figure 4.34). Where WI e d sp eedups of 20 or larger 32 pro cessors with 32K hes and snar�ng turned on, without snar�ng T op opt under WI managed a sp eedup of only 7. Of the e proto cols, Random W alk as not y the k of snar�ng, but it did e a e�ect on L

TS when 16 or 32 pro cessors ere used. An anomalous result o ccurred with WU in that T op opt without snar�ng ran faster using b oth 16

32 pro and 128K hes than the ersion with snar�ng. This despite the fact that latencies read and up date op erations ere er using snar�ng. It is

90

1 4 16 32

Number of Processors 0

2

4

6

8

Speedup vs. 1 processor Invalidate

Mp3d - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.01

1.01

1.00

1.00

1.22

1.22

1.05

1.00

1.35

1.36

1.09

0 2 4 6 8 10

Speedup vs. 1 processor Invalidate

Mp3d - 128K Cache

1.00

1.00

1.00

1.00

1.00

1.02

1.02

1.01

1.00

1.31

1.33

1.05

1.00

1.42

1.49

1.09

Figure 4.30: Sp eedups for (without snar�ng)

0 5 10 15 20 25

Bus Transactions, in millions

1.00

1.00

1.00

1.00

1.00

1.78

1.76

1.68

1.00

1.66

1.66

1.66

1.00

1.63

1.62

1.65

0

200

400

600

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.69

0.70

0.77

1.00

0.53

0.54

0.71

1.00

0.47

0.47

0.69

Figure 4.31: Bus transactions and transferred for MP3D (without snar�ng)

91

1 4 16 32

Number of Processors 0

2

4

6

8

Speedup vs. 1 processor Invalidate

Pverify - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.03

1.03

1.03

1.00

1.31

1.33

1.28

1.00

1.44

1.44

1.37

0

5

10

15

20

Speedup vs. 1 processor Invalidate

Pverify - 128K Cache

1.00

1.00

1.00

1.00

1.00

1.05

1.05

1.04

1.00

1.60

1.59

1.52

1.00

2.61

2.42

2.10

Figure 4.32: Sp eedups for eri (without snar�ng)

0 5 10 15 20 25

Bus Transactions, in millions

1.00

1.00

1.00

1.00

1.00

0.90

0.90

0.92

1.00

0.84

0.83

0.85

1.00

0.77

0.77

0.79

0

500

1000

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.81

0.81

0.84

1.00

0.73

0.72

0.75

0.67

0.66

0.70

Figure 4.33: Bus transactions and transferred for (without snar�ng)

92 ely that turning o� snar�ng decreased tion for the lo k guarding the barrier co de, h led to increased p erformance.

The b vior without snar�ng ed some surprisin g results in the areas of read miss rates and bus tra�c metrics. T urning snar�ng o� actually decreased b oth the read and write miss rate, while it increased the b er of transactions and the b er of ytes transferred. The increases ere ely small for 4 pro cessors, but ery large pro cessors ere used. The main reason this o ccurred is that there are e barriers in the inner lo op of the ulated annealing co de.

Since barriers ere te d using a algorithm and test and test and set

(TTS) lo ks, there as a great deal of for the lo k guarding the critical of the barrier co de. This tion increased bus h made lo k releases e longer than if read snar�ng ere used. Since lo ks ere e ly held longer when snar�ng as not pro cessors spun longer on the v alue of the lo k v ariable, h increased the b er of hits. In b ecause bus latencies without snar�ng

h higher b ecause of additional reread tra�c, the terv al b ee n succe ss iv e memory op erations y a en pro cessor increased.

This decreased the degree of sharing in the program; in the

b er of v alidations dropp ed y 40% and the b read misse s dropp ed y 16% when as turned o�. er, these drops small in comparison to the large increase in the b er of bus read transactions.

In trast with WI, turning o� snar�ng had a small e) e�ect on b oth

R W and WU with regard to the read miss the b er of transactions, and the b ytes transferred. The hange had more of an e�ect on the L TS proto col, since it tended to ho ose v alidate more often than R

W did. T urning o� caused an 11% drop in L

TS’s p erformance for 16 pro cessors and b oth he sizes, and for 32 pro and 128K hes. The largest p erformance drop (24%) happ ened with 32 pro cessors and 32K hes. F or con�guration, the read miss rate increased 17%, bus transactions increased y 45%, and the b er of ytes transferred increased y 120%. The bus tion caused y the increased tra�c led to the sp eedup drop exp erienc ed y L TS.

While L

TS did not p erform snar�ng as it did with snar�ng, Random

W alk’s p erformance as barely a�ected y the k of snar�ng. It still equaled or exceede d the p erformance of WU (and WI) on all con�gurations.

93

1 4 16 32

Number of Processors 0

5

10

15

20

Speedup vs. 1 processor Invalidate

Topopt - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00

1.00

1.00

1.00

1.05

1.06

1.05

1.00

1.62

1.63

1.47

1.00

2.66

3.37

2.46

0

10

20

30

Topopt - 128K Cache

1.00

1.00

1.00

1.00

1.00

1.06

1.07

1.06

1.00

1.80

1.80

1.61

1.00

4.75

4.83

3.85

Figure 4.34: Sp eedups for T op opt (without snar�ng)

0 5 10 15 20

Bus Transactions, in millions

1.00

1.00

1.00

1.00

1.00

1.17

1.05

0.94

1.00

0.66

0.63

0.68

1.00

0.37

0.26

0.37

0

500

1000

Bus Bytes Transferred, in millions

1.00

1.00

1.00

1.00

1.00

0.53

0.52

0.60

1.00

0.33

0.33

0.45

1.00

0.15

0.12

0.25

Figure 4.35: Bus transactions and transferred for T op opt (without snar�ng)

P art I I

Hierarc hical Bus Impro v emen ts

94

Chapter 5

THE CHICAL OTOCOL

5.1 In tro duction

Though single-bus ultipro cessors e y adv tages, it is di�cult to e ly connect a large b of pro to a single bus b ecause the bus bandwidth is

kly exhausted. One solution is to a hier ar chic al ar chite ctur e, h scales to more pro cessors than a bus system . The term hical" is used b ethese system s are analogous to the memory

y in unipro cessor systems : t els of storage exist in the system h with its wn p erformance haracteristics . Multipro cess or hical designs usually ble the pro at the es. Pro cessors are group ed to clusters (or hies of clusters), h with its wn terconnec t, so the hitecture can exploit unication lo y y limiting data hanges to the cluster that tains b oth unicating tities. This tly reduces memory latency compared to bus systems , h increases p erformance. It also reduces broadcast tra�c on the terconnect, h ws the memory system to accommo date additional pro cessors. An additional feature of hical system s is that data y b e or replicated in the syste m so that it is close to the pro cessors that are using it.

hical hitecture classi�cation is a ery broad and encompasse s y t yp es of syste ms. T able 5.1 some hical syste ms and their imp t features. In the few paragraphs, e examine those features and their tradeo�s.

One of the most imp t features of a hic system is the yp e of terconnect used. Cho osing the terconnec t not only determines the latency and bandwidth v ailable to pro cessors (and clusters ), also in uences what, y coherence proto col b e used. Among the hoices for terconnec are:

Busses An terconnect commonly found in unipro cess ors, busses also b e used in

96 ultipro cessors . Busses are ely simple structures that w latency when tly loaded. By their nature, busse s vide w-cost broadcasting capabilities. The ma jor k busses is limited bandwidth | busse s normally w only one mo dule to transmit at a time, and bus length limits w fast the bus can cycle . Chapter 2 of Rob ert he k’s [Bed94] has go o d discus sion of the trade-o�s in high-p erformance busses . Some high p erformance busses used in ultipro cessors include the XDBus [G

+

93]

(used in the SP

Ccen ter the WERpath-2 (used in the SGI

Challenge).

Rings Rings address the limited bandwidth problem of busses y using only p tto-p t b een hes/clus ters . Because there is only one sender and one receiv on a en link, the distance b e en them is (presumably) short, links can b e clo ed at higher sp eeds than busses . Dep endi ng on its size, a ring y e ultiple transactions in t at y one time, h increases um bandwidth (though this complicates coherence t).

Rings also vide w-cost since hes or can

e information as it y on the ring. One wn side of is that latency increases linearly with the ys ical size of the ring, as ell with as the b er of ts hed to it.

Meshes In a o-dimensi onal mesh, terconnect bandwidth is further increased er that of a ring y viding h pro cessing t with 4 p t-to-p t links to other elemen ts. e a ring, ultiple transactions y b e in progress at the same time on the mesh. In addition, are paths in a mesh b een a sender and receiv er. The existen ce of paths means that terconnect latency can remain w en when there is other tra�c on the mesh.

A ma jor b een meshes and rings or busses is that broadcasting information to all elemen is an exp ens e op eration. Because of sno y he proto cols are not in mesh hitecture s.

Crossbars Crossbars are another high-bandwidth terconne ct in h h processor or has its wn dedicated connection, as do the memory mo dules.

97 hes at the tersections trol h pro cessor is connected to h memory mo dule at y en time. Crossbars o�er high bandwidth, can b e costly

, since the b er of hi ng elemen ts ws as the square of the b er of ts connected.

The hanis m used to enforce he coherence is another imp t feature of a ultipro ces sor. Ensuring coherence in are can b e a di�cult problem, so h so that hines rely on are to coherence. Here are some are metho ds for viding he coherence :

Sno y In a sno he coherence proto col (as describ ed in art I of thesis), h he is resp onsible for eepin g itself t y observing memory transactions on the terconne ct. Because h he h y b e a�ected y a memory transaction ust e the sno y proto cols are usually te d on system h e inexp ens iv e broadcast capabilities.

Sno proto cols are usually heap er and complicated than other coherence strategies.

Directory Directory-based coherence proto cols record h hes share a en blo k in a try

, h is asso ciated with the blo k in main memory .

When a is done to a blo k, directory is consulted, up date or v alidate messages are to the appropriate hes. The simples t directory heme is the full-map directory [CF78], in h h directory try consists of one bit for h elemen t h t he the blo plus one additional to indicate if the blo

k has b een mo di�ed with resp ect to memory

. The

ASH system uses a full-map directory . T o e directory bits, limited directory proto cols can b e used. An example of a proto col is the LimitLESS proto col

[CKA91], h uses a small b er of are p ters for h memory blo k. If the b er of p is insu�cien t to the blo k’s sharing list, then a full-map proto col is ulated in are to eep the blo k t.

SCI The Scalable Coherence terface includes not only a he-coheren proto col, but also sp eci�e a standard for

ysic al and logical connections [Gus92]. The

SCI he coherence proto of a ed sharing list of hes

98 h e the blo k. With h he blo k is stored p previous next

he on the sharing list. The p ter to the head of sharing list

(if is stored with the memory blo k. The adv tage of er sno y proto is that it do esn’t need a heap broadcast hanism. The SCI proto col also scales ely ell with an increase in the b er of hes or the t of memory in a syste m. The t of storage required is o p ters for ery blo k, and a p ter and some state bits for ery memory blo k. The ks are that v alidations or up require time prop orto the b hes sharing the blo and that the proto col itself fairly complicated, since it distributed mo di�cations to a distributed data without the use of a global lo

k.

Another design feature is that of a shared, cluster he. h a he can e o purp oses. First, if the cluster he tains [BW92with regard to hes b w it, then the cluster he can �lter requests from the upp er el(s) of the system to the er (cluster el ), since the cluster he tains directory information for all blo ks hed b w it. Second, cluster he tains data blo can satisfy requests h miss in the cluster’s hes, reducing b oth erall memory latency and tra�c on the upp er terconnec t.

last feature will discus s is that of main memory organization. The alteres are:

Uniform Memory Access (UMA) Main is at the top of the y , or ro ot of the tree.

Non-Uniform Memory Access (NUMA) Main memory is to sections, usually with one section p er pro cessor or cluster. An terestin g problem h arises from this hoice is the placemen t of data in memory so that data is lo cated close to the pro cessor(s) that are most vily using it.

he-Only Memory hitecture (COMA) A COMA hine has no main instead, large Main hes (called ttraction Memories in [HLH92]) e the role of main memory

. Because blo ks are stored only in ttraction

Memories, data asso ciated with a address has no home lo cation.

99

Since the t lo cation of a en data blo k is not made wn to all pro cessors all of the e�cien t means of hing for a blo are neces sary . T o do this ely

, the terconnect in a COMA should supp ort e�cien t broadcast, wing all hes on a en el to b e examined in parallel. Both COMA hines in T able 5.1 supp ort e�cien t broadcast. COMA hines also require more tag storage bits, since h blo k in large ttraction Memory requires one.

T able 5.1: hical System s hitect ure

F eature Wilson DDM KSR Stanford Galacti ca ex Hecto r

ASH Net Exemplar

Cluster Bus Bus Ring Bus Bus 5X5 Bus ter- Crossbar connect

T op T ree T ree T ree Mesh Mesh F our o ter- of of of Rings el connect Busses Busses Rings Ring

Cluster Sno y Sno y Sno y Sno y Sno y Directo ry Sno y he

Coherence

T op Sno y Sno y Sno y Direc- Hybrid SCI None he tory

Coherence

Cluster Y es Dir.y Dir.y Y es Y esz Y es No he?

Inclusion? Y es Y es Y es No N/A Y es N/A

Memory UMA COMA COMA NUMA NUMA NUMA NUMA

Organizatio n

Reference [Wil87 ] [HLH92 ] [FIR93 ] [LLJ

+

92] [WTP

+

92 ] [Con94] [VSL

W91 ] yDir.: Only directory tries are hed, not data.

zh cluster shares a p ortion of main memory

, can b e used a he of other clusters’ pages.

An adv tage of hitectures er others is that in the future, the

�rst (b ottom) y b e placed on a tegrated circuit hip. This will b ecome hnically feasible as y increases. It is less ely that the additional

100 space will b e used for hes, since increasing the size of a he usually ws wn access to it. A study done y yfeh and [NO94] concluded that with t hnology

, putting o pro cessors p er leads to b etter p than one pro cessor p er

hip with a larger he. They also found that using hip mo dules to increase the b er of pro cessors p er cluster leads to further p erformance increases.

5.2 Our researc h

In this second part of our e examine enhancemen ts to a bus hitecture. In this e t an v alidation-base proto col for a y of busses . Later hapters will presen t ulation results for the base proto col describ ed in this hapter, as ell as enhanced ersions of the base proto col.

Because pro cessors can’t e all transactions on all busses, a hical bus coherence proto col is tly more than a bus proto col.

After describin g the

ulated hitecture (Section 5.3), e presen t an ervi of the proto col Section 5.4. W e

w that there is a he states that are not neces sary in single bus hitectures. In the �nal section, e illustrate actions of the proto col.

5.3 The arc hitecture

The proto col is designed to run on an hitecture consists a y of busses as wn in Figure 5.1. Figure 5.1 depicts a with 3 of y;

the proto col that e elop ed orks on a hine that e from to an arbitrarily high b er of el s. t the b ottom of the y el 0) are pro cessors their hes. The pro cessors are group ed to clusters of some b er of pro cessors p er ypically o to t. h pro cessor he has a dual directory h p ermits ultane ous pro cessor access and coherence k s initiated y bus reques ts.

The tra-cluster pro cessors are connected to one another via a en tional bus, h e call the bus. Also tra-cluster bus is an tracluster he/bus connector. This comp t b oth connects h el 1 bus to the corresp onding el 2 and also data for the pro in the cluster b

w

101 it. T o reduce bus in the syste are write

k hes. All nonpro cessor hes in the syste satisfy the inclusion prop y

, that is, he at a en el tains a sup of the of the hes b w it in the y . The primary reason for doing this is to limit unneces of bus tra�c from upp (i.e. ards the ro ot of the tree) e ls of the y to er (cluster) els [BW88]. Because all hes ob ey inclusion, an upp er el he will not ard reques on upp er bus to its

er bus if the blo k in question is in its he, b ecause it is wn not to b e presen t in the hes b w it.

Note that is teed not through asso y

, but through the actions of the proto col, as in [Wil87]. When an upp he replaces a blo in its it sends a message wn that forces all hes b w it in the y to v alidate the blo k.

h bus he (hereafter referred at as a bus c ache) has a dual directory so that op erations on b oth busses it is connected to can pro in parallel. h bus he also has a b er of request bu�ers that hold b oth bus requests that e b een enqueue d aiting for as

ell as information ab out ap op erations in progress that are b eing acted on in other parts of the system.

In a el system, bus hes pro cessor clusters are themsel e s divided to groups called sup er clusters. h group’s he clusters are connected to h other via a bus. In there is a sup er cluster bus he h connects the sup er cluster to the rest of the system . In a three system, the sup er cluster bus hes are via a to

h other and to main memory; ev er, if system has more than els, the sup er cluster hes are further group ed sup er clusters via a bus and an upp er el he.

t the top of y is memory

. e in single bus sno y proto cols, blo ks found in memory e no state. Requests for blo that are not found in y he progress up the y til they h the top, they are satis�ed y main memory .

In the hapter, hes b e referred to the notation he(S, L, N) where:

S is the sup ercluste r b er,

102

L is the el b er, and

N is the b er of the he on that el.

In addition, he states will app ear in capital letters, h as V

ALID CLUSIVE) while bus commands will app ear in h as READ EX

CLUSIVE).

Processor

Cache

Processor

Cache

Processor

Cache

Processor

Cache

Processor

Cache

Processor

Cache

Processor

Cache

Processor

Cache

Bus Cache Bus Cache

Bus Cache Bus Cache

Bus Cache Bus Cache

Cache(N,0,z)

Super Cluster N

Super Cluster 0

Cache(N,1,X)

Cache(N,1,0)

Cache(0,1,X)

Cache(N,2,0)

Bus(N,1,X)

Bus(N,1,0)

Bus(N,2,0)

Bus 3

Bus(0,1,X)

Bus(0,1,0)

Bus(0, 2, 0)

Memory

Cache(0,0,0) Cache(0,0,x) Cache(0,0,y) Cache(0,0,z)

Cache(0,2,0)

Cache(0,1,0)

Cache(N,0,0) Cache(N,0,x) Cache(N,0,y)

Figure 5.1: hine hitecture

5.4 Ov erview the proto The

col designed minimize onse time and bus tra�c, ecially at higher els of the y . T o do this, reques ts are satis�ed as close as to the requesting cessor. The col will attempt to a hes at the same el as that as that of requester; the request is arded

els only when necess ary

. In some cases, a reques t y need to up y

, then k wn to another h of the tree; the reply retraces the path k to the request originator. In addition, ks are written k only to next higher e l of the y

. Only when a at the top the y a

kes the k migrate to memory

5.4.1 Proto col cessor The cessor el closely b les the Illinois col [PP84 ]. non-transitional are as INV

ALID The k is not in the V

ALID CLUSIVE The k is t in no other cessor he exce pt one, and the data has not een written y the

READ SHARED The the k is up-to-date, and is ossibly shared cessor hes. The data e y with ect to main memory but it is not the y of this he to write it DIR

TY The k is t in no other cessor he except this one, and he has di�ed the data with ect to memory or other

There are also transitional states h will e detailed cessor he The cessor hes e the wing non-transitional INV

ALID The in this he or y he w it in the y

READ SHARED The t in the in a state. The y exist in a clean state in w this one in the y . The y exist elsewhe re in the system in a V

ALID CLUSIVE The t in the he, but is not teed e up-to-date. The k y exist w this he in a y or clean state.

DIR TY SHARED The

k is t in the he and is y with ect memory

. This he is onsible for writing the v alue k to the next el in the y

. In addition, the k y exist er in the

READ SHARED state only DIR TY WNED The k is t in the and is y with memory

. The kes not exist er in the y

5.4.2 Bus request yp ving t states for hes is usual for hitecture [Wil87], [YTB92 ].

ending on state and cessor actions, bus requests can e (see endix C for a eci�cation of transitions and bus reques t

READ A request to load a

WN A reques t to load a he k that is wn one part the y after up another part of the y READ CLUSIVE A request to load a k so that the originating cessor y write the

READ CLUSIVE WN Similar to a

CLUSIVE that it is eling wn the y

WRITE CK GE The eing written k to the next higher in the y due to replaceme in the er el INV A TEA to v alidate other copies of a INV A TEWN A request to v alidate other of a en k. request is eling wn the y

, e an INV A TE reques up the y

AP INV

ATESimilar to an INV

A TE request excep t that the ised rather than in the originating he.

SW AP READ CLUSIVE Similar to a

CLUSIVE request that the k is ed rather than written in the originating GE A reques t to v alidate the k in question in all hes at el

y and w. No onse is needed y the originating GE REPL Y e request, except that the originating for some sort of reply from a w 5.4.3 Pro cessor he Hits in cessor Because the ulated cessor has a load/store instruction set, all tra�c and from is generated y explicit instructions. The three es of are AD, loads data from STORE, writes data to and SW AP , h atomically h anges the v alue in a with a ord in memory A cessor he access will hit and action on the part of memory system under the wing circumstances . If the k is DIR

TY or V

CLUSIVE , all access AD, STORE, and SW

AP) hit. If the k is V

CLUSIVE and the reques t is not a AD, the k status is hanged to DIR

In a AD request to SHARED k hits. All other cases considered cessor he Misses in cessor When a reques t misses in a he, the cessor is forced to ait til request is satis�ed. This is not a requirem t the col; simply made ulator easier to impleme t. The cessor’s he cates a for the data necess ary) and enqueu es the appropriate request. There are e ral miss � A request to a in the INV

ALID state a READ � A STORE reques t to a k in the INV

ALID state generates a READ CLUSIVE reques

� A STORE reques t to a

in the READ SHARED state generates an V A TE � A SW

AP reques t to a k in the INV

ALID state generates a SW AP CLUSIVE reques � A SW

AP reques t to a k in the READ SHARED state generates a SW A TE Because con icting requests can e generated \at the same time" y cessors, there is no serialization device h as the bus a bus system, it is ossible that a request generated y a will fail Section 5.4.5). If the request succeed s, the cessor is restarted; otherwise cessor will ait some t of time after the failed has een returned it, then retry the request. Ideally

, the cessor he ould ait just long for the condition that caused the reques t to e retried to it is ossible to w w long to ait. W e used a �xed retry aiting time cycles . W e also ev aluated an y o� heme h the aiting time is doubled when a retried is retried again. Note that a SW

READ ectiv ely SW

AP INV A TE) is handled same y as a

CLUSIVE ectiv ely INV A TE) the system; only di�erence is w the originating he handles the request when 5.4.4 Bus he Generally

, a hit in a bus he means that the request will not to up (or the y

. A bus he in a READ SHARED state satisfy a READ request, while a he in either the DIR

TY WNED or DIR

SHARED state can satisfy READ or READ reques ts. Because of large ofossible state/reque st binations, bus he actions will not further detailed here; consult endix C for more

5.4.5 Need for In addition to

ecol uses transition states to inhibit requests a when the state of the k is in ux. This helps to greatly the y of the state space of a en k. F or ose a wishes to write to a en k h is not in its he (call it X).

k exists in a he (call it Yanother in state DIR

TY. T o the he X send a request h propagates up and then k the y to he Y. the request succeeds , the up-to-date v alue of he k on’t e found in y til the reply has hed he X. of this, all other requests for this k ust e cancelled and retried til the is in a stable state in he X. is done y cating a

(if necess h he on the path from X to Y and a transitional state to that

Then, when under the normal op hanism a detects a reques the bus(es) it is hed to that a k in a transition state,

that the request should e cancelled. The reques t is then t k to the h will try the request again after aiting a d of Though the t col and ulator use three transition tation ould require only one transition state. Three states ere used the ulator for of design and Resolving con icting he Occasionally

, a reques from a he’s er bus and another request from its bus will attempt to access the same he k on the same cycle. When this

request from the er bus will e ed til the request from the er bus eencessed. The reason that the on the er he is en is that it is ely that the er request has eled further than the er hence making it ait for the er request will ely force the er request than the er) to e retried. This is a more ensiv e eration than retrying er In a (or more) con icting k requests y exist aiting access to the same bus at the same time. If all the con icting requests are in he bus bu�ers, then the �rst request to obtain the bus has y er all requests . e r, y er he bus request has y er y er he request, for the same reason en

e that an er transaction has er a bus transaction if access the same k on the same 5.4.6 The transitional There are transitional TRANS INV

ALID The k is in transition to the INV

ALID SHARED The k is in transition to the READ SHARED CLUSIVE The k is in transition to DIR

TY, for cessor or in transition to the V

ALID CLUSI VE state for 5.4.7 Replacing a blo In a cessor If a needs to replace a k not in the DIR

TY simply erw t k with no action needed . If the k is in the DIR

TY state,

hedule s a

CKGE request. When the request is service the k in the second el he hanges its status from V

ALID CLUSIVE DIR

TY WNED, since no other in the cluster has the

In a cessor Replacing a k in a cessor he is kier ecause of need to inclusion. us a cessor ust ensure that all hes it v the k in question. The simples t case is if the status of the k in the he is DIR

TY WNED; the he simply writes the k to the next higher in the y . No further action is needed since the kesn’t exist w he. Other cases are more complicated, and request e t wn y

, in some cases a needs to e t k to the originator. F or detail, see Section 5.5.2

5.5 Illustrations the proto col in In order to some (subtle)

ts in the e \trace" the through a write miss as ell as a write k example . In the �gures that the examples the state in a en he is for a en k A.

A will often referred to as \the k". An INV

ALID state can also mean that the k is

in the 5.5.1 W rite request

Shared

Read

Shared Shared

Read

Shared

Read

Read

Shared

Shared

Read

Read

Cache(N,0,z)

Invalid

Invalid

Invalid

Super Cluster 0 Super Cluster N

Invalid

Invalid

Invalid

Invalid

Invalid

Cache(N,1,X)

Cache(N,1,0)

Cache(0,1,X)

Cache(N,2,0)

Bus(N,1,X)

Bus(N,1,0)

Bus(N,2,0)

Bus 3

Bus(0,1,X)

Bus(0,1,0)

Bus(0, 2, 0)

Memory

Cache(0,0,0) Cache(0,0,x) Cache(0,0,y) Cache(0,0,z)

Cache(0,2,0)

Cache(0,1,0)

Cache(N,0,0) Cache(N,0,x) Cache(N,0,y)

State for k A is in the READ SHARED state in hes (0,1,0), (0,1,X) and (N,1,0), ell as the o er cluster hes (0,2,0 and

Assume e e the situation wn in Figure hes e of

k in the READ SHARED state o hes at 2, three at el 1 and one wthatthe hed to he(0,0,0) wishes to writeit not t he, it cates and pins a thek some t situations that could ccur if a succes as returned to a he that unable to store the returned ks ere hesk on misses, pinning ks is necess

is neces in higher el hes ev cessor then enqueue CLUSIVE request on the gains

sends the ts of the k to he(0,0,0), but also computation cannot ceed til the of the k in other has succee also pins the k wn so it on’t e enqueues A on action is necess ary this el 1 he has an up-to-date y of the k, and only action it erform is to gain exclus access to the k on ehalf of the he eneath the A request gets to the o wing hes on el 1 in er cluster 0 k they e

h he that es e the k hanges its status to TRANS enqueues an Aon the bus wtheer el he(0,2,0) has the k in READ

SHARED state, it pass A reques up the y; i.e., eat the action of pins the k wn to stop it from ossiblyeing enqueue a the el 3 system w oks e Figure the A access to el 3 it causes all as that the k in READ

SHARED state to enqueue AWN on the bus w it, h as he(0,1,X) did in onse to the A request on Arequests e r they are teed to A

succeed s ecause it has hed the top of the h tees k will e in tire syste a result, is enqueu and he(0,2,0) its state to TRANS

CLUSI An A also succeed s when the he for the bus it is on has the k the CLUSI VE,

WNED, or SHARED w oks

Figure reply ceeds k wn the y to

<-Request Here

Shared

Read

Shared

Read

Read

Shared

Invalidate Down

Trans Inv

Invalidate Request Here ->

Read Shared

Invalid

Invalid

Super Cluster 0 Super Cluster N

Invalid

Invalid

Invalid

Invalid

Invalid

Cache(N,1,X)

Cache(N,1,0)

Cache(0,1,X)

Cache(N,2,0)

Bus(N,1,X)

Bus(N,1,0)

Bus(N,2,0)

Bus 3

Bus(0,1,X)

Bus(0,1,0)

Bus(0, 2, 0)

Memory

Cache(0,0,0) Cache(0,0,x) Cache(0,0,y) Cache(0,0,z)

Cache(0,2,0)

Cache(0,1,0)

Cache(N,0,0) Cache(N,0,x) Cache(N,0,y) Cache(N,0,z)

Pinned

Trans Ex

Pinned

Trans Ex

Pinned Pinned

The reques t has propagated to the top ofleft

requesthas een t to (0,1,X).

The k is in transition in left ercluster, but is still

READ

SHARED in hes in the t er and he(0,1,0) to CLUSIVE . In the time,

AWNreques ts onbus(0,1,X) and bus(N,2,0) eencessed system will ok Figure that still has in the READ

SHARED state, the completion of the Arequest is ermissible since the system esn’t hronization onordinary readsandtheapplication hroniz ation,itustusetheinstruction toconstructcritical�nalstateof thesyste miswninFigurethat ceedwhen the state ofecomes

(Figure

5.5), h all olving the kecome e also

CLUSIVE emanating from

(0,0,0) is in progress,

other

Invalidate Down

<-Request Here

Shared

Read

Read

Shared

Trans Inv

Pinned

Pinned

Trans Ex

Invalidate Down Request Here->

Invalidate Reply Here ->

Invalid

Invalid

Super Cluster 0 Super Cluster N

Invalid

Invalid

Invalid

Invalid

Invalid

Cache(N,1,X)

Cache(N,1,0)

Cache(0,1,X)

Cache(N,2,0)

Bus(N,1,X)

Bus(N,1,0)

Bus(N,2,0)

Bus 3

Bus(0,1,X)

Bus(0,1,0)

Bus(0, 2, 0)

Memory

Cache(0,0,0) Cache(0,0,x) Cache(0,0,y) Cache(0,0,z)

Cache(0,2,0)

Cache(0,1,0)

Cache(N,0,0) Cache(N,0,x) Cache(N,0,y) Cache(N,0,z)

Pinned

Trans Ex

Trans Ex

Pinned Pinned

Trans Inv

reques tpropagatedtothetoptheussucceed succe ssful reply isqueued onrequest propagatingthet

ercluste r, it will instances of k A. The k is still in transition in the left erclus

CLUSIVE succeed since some transitional state will

e hed on the terin the transitional state, a e wledgme e t k the source the only y succe the READ CLUSI in progress are READ reques h holding the k in a READ SHARED i.e., he that has not hed et y the es of is consiste t with the view that the programmer’s onsibili y oid data orkings the heuric h and ois’s three conditions that are su�cie making a tially consisten t [SD87

Request Here->

Shared

Read

Invalidate Down

Cache(N,0,z)

Invalid

Invalid

Invalid

Dirty Invalid

Invalid

Valid Ex

Valid Ex

Trans Inv

Pinned

Invalid

Invalid

Super Cluster 0 Super Cluster N

Invalid

Invalid

Cache(N,1,X)

Cache(N,1,0)

Cache(0,1,X)

Cache(N,2,0)

Bus(N,1,X)

Bus(N,1,0)

Bus(N,2,0)

Bus 3

Bus(0,1,X)

Bus(0,1,0)

Bus(0, 2, 0)

Memory

Cache(0,0,0) Cache(0,0,x) Cache(0,0,y) Cache(0,0,z)

Cache(0,2,0)

Cache(0,1,0)

Cache(N,0,0) Cache(N,0,x) Cache(N,0,y)

Reply theoriginating

cessor, h haswritten

(andiswThe kisinintheleft cluster,but is still in transition in he kisstillREADin ka

kin a cessorelhefairly simple (See endix replacing a acessor he a issue, of to tain t, a cessor he ust all hes w it the k in cess is y the y the k exists in a state w the the status of the k in the replacing he is WNED, the writes the k to the next higher el in the further action

Cache(N,0,z)

Invalid

Invalid

Invalid

Invalid

Invalid

Invalid

Dirty Invalid

Invalid

Valid Ex

Valid Ex

Invalid

Invalid

Super Cluster 0 Super Cluster N

Invalid

Cache(N,1,X)

Cache(N,1,0)

Cache(0,1,X)

Cache(N,2,0)

Bus(N,1,X)

Bus(N,1,0)

Bus(N,2,0)

Bus 3

Bus(0,1,X)

Bus(0,1,0)

Bus(0, 2, 0)

Memory

Cache(0,0,0) Cache(0,0,x) Cache(0,0,y) Cache(0,0,z)

Cache(0,2,0)

Cache(0,1,0)

Cache(N,0,0) Cache(N,0,x) Cache(N,0,y)

ciatedwiththe writerequeste kinall cessor hes except thecluster and ercluste r the writing cessor e the k in the CLUSI VE needed, since the

kesn’t exist w this

the status is READ SHARED, a

GE request is enqueued on the bus

GE request y (similar to an

Athekerrequest y not e the status is SHARED, the action en is a bination of what WNED READ SHARED. A

GE request enqueu the bus w the the k is written k to the next higher el the case where k is in state CLUSIVE is more the cases ecause either the w this he, exists a clean or non-clean state, either in cessor he or a er cessor k y exist a non-clean state, the ust y its transition from CLUSIVE to til it sure that either the k will tually e all hes w it, the non-clean k has made its k up the y , past the he and has een written k the next higher el. do this, he issues

GE request the bus w it and state The replacing he ys its transition to til it a reply to its

GE on that the k itself eing the k t not exist w y en cessor he

a

CLUSIVE de, the replacing he will h the bus the it no further tra�c is on that cycle, the er he assumes that the kesn’t exist w ards k the y if the er originate

Yus,wn the y from he its descen ts) til one of three things kesn’t exist at all w a certain e this is the est he in the y to the he a message up the y the replacing k exists in one of y states WNED, or in a he at some el er in the y this has the k in the y state forms a reply to the

GE the ts the k and indicates the k needs reques t hes the ottom e the this case, if the exist in the state in one of the cessor bus he returns a reply that a cessor he ust wl edge a

GE if it k, since k reply indicates the k is not hed is an additional wrinkle that can ccur when a service if one of er hes has the k in a transition state, willetheoriginating

ifa reques has come in the to this e then true of the k y inmotion,the returned that the complex case of succes reques t reading from a request bu�er esn’t

SUBBLOCKthistheene ss ofthehicalhitecture

inthepreviousisdoneunder t baseas describ inChapteronthe ke inChapterThe for second set erimen ts that the kcol to success ful when applied within es en es when applied in a t at oth the tra and e ewishedthee�ectsof snar�ngon hitecture, itisahniqu e whenfalse sharing is hapter is organized ase the kcol as a elhicalstructurein

Section theulationscols areeninSection6.3 summarizes our some for w e expanded the single bus ktoa y oftoetofhangestothesinglebus in order

to ork at the cluster el a system the time, e er el kon the \standard"

Chapter simplifying assumption e made is e coherence hical kcol as designed to ork systems also

(as outlined in Section 3.4 els of the system.

Upp elproto stated

e, the er el colclosely bles ourstandard di�erence is theadditionofto the bushehstateofthebushe k theerel thek merely es what eyfound in the k simpler to tially ksthatwillnotwritearethethree ksareInvalidCLEAN ks are either e or Invalida e withoutcausing ks y e y e found in a h isinarefour kanunlimited erbits, ehosen kondingthe 5 er e l states in hical theer of state bits us a e states, wn to the Dirty or Dirty e Dirty mean that y k s written k from the cessor el to the el ould e e placed in the Dirty e state, h implies copies of the exist in the er el of that ving a state if a y k is replaced in cessor he, is later written y in the same cluster, bus transaction is h not the case the Dirty e er bus bandwidth is usually the k in systems , should e ed preference to ving er bus decide d the e k e k some hanges to the

These e detailed in the next k a cannot eoth y (with ect to y (and ks written k when they read y a cessor in a statesfor

k

Bus

cessor hek

e

e

Cle e this di�cation, the four er el kstateskis not Cle e k isin other hes cluster k the bus he y e y the request ust e t to the cluster w, where k t ek is and the bus he has an up-to-date isnotywhe elsethe syste Abus hes ys tains the inclusion y [BW88]with regardto itin they ws cluster en the bus k er el er el is ery similar to that of the single bus kdetailed k and ks states are the are the t di�erence een the o has to do the fact that the bus hes in the hical syste m do not a Dirty e state, as explained in the previous di�erence manifests a Dirty or Dirty e k access ed y another cated the same cluster the

di�ed a remote w w a situations are handled complete details the col,endix read to a Dirty or e

Thek is to it es er the top remote erations er top is connected write k es extra bus cycles write to a e k | The remote writer y writing the k a e k | is ossible the shared y other the the k cannot simply just e the he the state other hes if they osses y of the ckif so, then one he (if need reads the and its k state to e dor a k the bus he

e no e k state, wnersh ip the k has to up, to memory;

wn, the

cessor’s wished conserv e bus bandwidth, hose to transfer

wn to the cessor he an vious hoice the a k is eing written, but not if the eingiseing read, it es to state e dof used the same basic dology as for the single bus col in Chapter

size as ytes, and the cessor hes ere 2 y set the bus hes ere 4 y set kusedks, hence there ere kserused32K and bus calculated our eedup using a with a single cessor single cluster the reference, a 128K he an 8 yte k ulated ten t binations of cessors and in

Legend:

DS = Dirty Shared DO = Dirty Owned

VE = Valid Exclusive Inv = Invalid

*^{= Contains up-to-date data in subblock}

(Note: Shown are subblock, not block states)

DS

VE

Inv

Inv

Physical

Memory

*

RS

RS

RS

RS

Physical

Memory

*

*

*

*

*

Read

Reply

Before After

#1,RemoteRead to y-Shared

DS

VE

Inv

Inv

Physical

Memory

*

Inv

Inv

Dirty

Inv

Physical

Memory

*

Read Ex

Reply

Before After

Figure #2, Remote to y Shared

Legend:

DS = Dirty Shared DO = Dirty Owned

VE = Valid Exclusive Inv = Invalid

*

= Contains up-to-date data in subblock

(Note: Shown are subblock, not block states)

VE

Physical

Memory

VE

Physical

Memory

DS

*

RS Inv

Replacement

Before

Inv DS Inv

*

After

*

Inv

*

DO

Physical

Memory

Inv Inv

Inv

VE

Physical

Memory

DS Inv

*

Read

Request

Before After

Speedup vs. 1 processor Cluster

1.00 1.00 1.001.001.001.001.001.001.001.000.991.001.001.00 1.001.000.990.991.001.011.001.000.990.991.001.011.001.010.991.001.001.01 1.001.000.960.971.001.00 1.001.010.980.981.021.021.001.010.960.961.001.011.001.010.940.960.991.01

Up Bus Transactions, in thousands

1.00 0.99 0.82 0.810.91 0.901.00

0.98 0.850.880.92 0.91 1.00

0.750.89 0.710.83 0.72 1.00 0.96 0.770.88 0.85 0.83 1.00

0.77 0.98

0.830.86 0.70 1.00

0.65 0.93 0.64 0.78 0.59 1.00

0.72 1.10

0.86 0.66 1.00 0.95 0.71 1.04 0.690.77 1.00 0.80 1.121.13

0.90 0.72 1.00 0.69 1.14 0.94 0.88 0.61

Up Bytes Transferred, in millions

1.00 1.00 5.945.84

2.21 2.16 0.99 6.176.25

2.05 1.991.00 0.58 5.94 3.61 2.01 1.23 1.00 0.97 5.786.28

1.82 1.801.00 0.61 6.44 4.24 1.93 1.141.00 0.43 6.06 2.75 1.96 0.821.00 0.53 6.90 3.99 1.97 0.94 1.00 0.97 5.447.14 1.571.741.00 0.64 7.27 5.81 1.99 1.181.00 0.49 7.11 4.29 2.04 0.83

Up Bus Utilization (%)

1.00 0.00 0.001.001.001.001.001.001.001.001.002.00

1.00 1.001.001.001.001.001.001.001.00

0.67 1.67

1.00 0.67 1.00

0.60 1.40

0.80 0.60 1.00

0.67 1.67 1.17 1.00 0.67 1.00 1.001.251.50 0.751.00 1.00

0.71 1.57 1.43 1.00 0.71 1.00

0.64 1.64 1.18 1.00 0.64

Speedup vs. 1 processor Cluster

1.00 1.001.451.451.461.461.001.00 1.521.521.541.54

1.00 1.00 1.501.511.531.53

1.00 1.00 1.961.971.992.00 1.00 1.00 1.961.971.991.99 1.00 1.971.972.002.00 1.00 1.00 1.721.721.721.72 1.001.02 2.722.792.692.78 1.00 1.00 2.622.642.672.67 1.00 1.00 2.602.602.642.66

Up Bus Transactions, in millions

1.00 0.14 0.14 1.001.00 0.14 0.15 0.15 1.001.00

0.14 0.14 1.001.00

Up Bytes Transferred, in millions

1.00 1.00 1.091.09 1.05 1.00 1.111.11 1.00 1.00 1.091.09 1.05 1.00 1.101.10 1.00 1.00 1.121.11 1.06 1.00 1.001.151.14

1.09 1.06 1.001.001.081.081.051.051.001.001.101.091.061.051.001.00 1.121.111.071.05

Up Bus Utilization (%)

1.00 0.44 0.44 1.001.00

0.48 0.48 1.001.00 0.48 0.46 0.46 1.001.00 0.60 0.60 1.001.00

0.62 0.61 0.61 1.001.00

0.64 0.62 1.001.00 0.58 0.57 0.54 1.001.01 0.840.86 0.810.85 1.001.00

0.820.83 0.83 0.82 1.001.00

0.84 0.830.84 0.82

Speedup vs. 1 processor Cluster

1.00 1.001.121.14 1.04 1.03 1.000.991.171.18 1.051.06 1.00 1.001.141.13 1.01 1.01 1.001.01 1.251.24 1.111.13 1.001.01 1.191.17

1.051.07 1.00 1.00 1.171.18 1.03 1.03 1.001.01 1.221.23

1.061.08 1.00 1.00 1.521.54 1.291.33 1.001.02 1.311.32 1.131.15 1.001.02 1.331.33 1.08

Up Bus Transactions, in millions

1.00 0.97 0.19 0.18 0.44

0.40 1.001.06 0.20 0.19 0.44

0.39 1.000.96 0.20 0.20 0.660.66 1.000.98

0.21 0.19 0.38

0.31 1.000.97 0.20 0.20 0.67 0.59 1.001.01 0.20 0.19 0.750.76 1.000.99

0.22 0.22 0.760.72 1.000.94

0.22 0.20 0.39

0.27 1.00 0.88 0.22 0.21 0.55 0.48 1.00 0.92 0.22 0.730.67

Up Bytes Transferred, in millions

1.00 0.98 1.481.47

1.36 1.34 1.001.06 1.571.53

1.38 1.31 0.96 1.531.53

1.371.39 1.00 0.97 1.61 1.51 1.38 1.30 1.00 0.97 1.581.53

1.37 1.29 1.001.01 1.571.50

1.301.31 1.00 0.99 1.681.62 1.45 1.361.00 0.95 1.70 1.58 1.52 1.38 1.00 0.90 1.711.63 1.37 1.29 1.00 0.92 1.691.61 1.40 1.27

Up Bus Utilization (%)

1.00 0.91 0.36 0.360.640.64 1.001.05 0.48 0.430.67

0.62 1.000.96 0.38 0.38 0.830.83 1.001.00 0.50 0.47 0.63

0.55 1.000.98 0.42 0.40 0.84 0.78 1.001.00 0.39 0.37 0.880.88 1.000.98

0.45 0.43 0.950.901.00 0.92 0.64 0.60 0.77 0.58 1.00 0.88 0.52 0.48 0.78 0.70 1.00 0.93 0.49 0.47 0.92 0.85

Speedup vs. 1 processor Cluster

1.00 1.001.221.221.231.23 1.001.00 1.311.321.251.24 1.00 1.00 1.251.26

1.22 1.22 1.001.00 1.401.431.361.37 1.00 1.00 1.491.52 1.41 1.40 1.00 1.00 1.421.47 1.37 1.00 1.00 1.571.62 1.31 1.00 1.00 1.48 1.61 1.321.33 1.00 1.801.83 1.49 1.50 1.00 1.691.73 1.39

Up Bus Transactions, in millions

1.00 0.31 0.31 0.400.40 1.001.00 0.21 0.21 0.410.41 1.001.00

0.32 0.32 0.500.50 1.001.00 0.27 0.27 0.430.43 1.001.00

0.31 0.510.51 1.001.00

0.38 0.36 0.570.57 1.001.00 0.35 0.34 0.610.61 1.001.00 0.24 0.24 0.470.47 1.001.00

0.29 0.29 0.510.51 1.001.00

0.33 0.32 0.570.57

Up Bytes Transferred, in millions

1.00 1.00 2.082.09

1.09 1.00 1.591.59

1.15 1.00 1.00 2.202.20

1.14 1.13 1.00 1.921.89

1.22 1.00 2.252.18

1.23 1.00 1.00 2.702.52 1.20 1.00 1.00 2.622.50 1.39 1.00 1.00 1.681.68

1.26 1.00 2.122.07

1.26 1.00 2.382.31

1.24

Up Bus Utilization (%)

1.00 0.68 0.68 1.000.98

0.52 0.52 0.710.71 1.001.00 0.71 0.710.790.79 1.001.00

0.70 0.70 0.800.80 1.001.00 0.85 0.84 0.940.93 1.001.00

0.95 0.940.980.981.001.00

0.96 0.960.990.99 1.00 0.660.71 0.830.84 1.001.000.950.950.990.991.001.000.980.981.001.00

Speedup vs. 1 processor Cluster

1.00 0.82 0.820.85 0.84 1.001.00

0.73 0.740.76 0.76 1.001.00 0.79 0.790.820.82 1.001.01 0.500.510.530.54 1.001.00

0.600.610.680.68 1.001.00

0.620.640.750.75 1.001.00 0.440.450.52

0.50 1.001.02 0.400.43 0.380.42 1.000.99 0.38 0.380.400.41 1.000.99 0.340.360.430.43

Speedup vs. 1 processor Cluster

1.00 0.87 0.870.92 0.92 1.001.00

0.80 0.800.890.891.001.00 0.830.840.910.91 1.001.00

0.59 0.59 0.760.75 1.001.02

0.780.790.910.911.001.00 0.780.820.930.91 1.001.02

0.680.73 0.910.901.001.02 0.350.360.43

0.41 1.000.93 0.52 0.52 0.720.69 1.000.99 0.47 0.56 0.870.85

Up Bus Transactions, in millions

1.00 1.00 1.221.221.271.29 1.00 0.99 1.981.95 1.66 1.00 0.98 1.65 1.48 1.28 1.26 1.00 1.00 2.752.82 2.052.12 1.00 0.95 2.051.89 1.38 1.351.00 0.97 1.73 1.50 1.22 1.20 0.92 2.232.06 1.37 1.33 1.00 0.98 2.412.51 2.19 2.48 1.001.24 3.283.29 2.302.40 1.001.03 2.44 2.15 1.451.46

Up Bytes Transferred, in millions

1.00 1.00 10.3610.38 6.166.22 1.00 0.99 15.9315.73 7.817.88 0.96 15.00 12.14 6.036.11 1.00 20.4821.08 9.8410.21 1.00 0.94 17.12 14.68 5.705.80 1.00 0.94 16.00 12.02 4.304.98 0.91 19.06 15.83 5.165.77 0.98 17.3518.13 11.3312.86 1.001.26 25.4624.27 10.60 11.12 1.03 21.38 16.87 5.416.30

Up Bus Utilization (%)

1.00 1.001.751.75

1.50 1.00 1.00 2.702.60

2.00 1.00 0.94 2.24 1.94 1.47 1.00 0.93 2.862.93 2.21 1.00 0.96 2.752.50

1.62 1.00 0.97 2.34 1.97 1.371.40 0.97 2.712.54 1.631.66 1.00 1.00 1.621.76

1.521.62 1.001.10 3.173.10 2.382.41 1.001.02 2.082.08 1.651.69

Speedup vs. 1 processor Cluster

1.00 0.85 0.850.940.95 1.001.00

0.81 0.810.930.931.001.00 0.820.830.940.94 1.001.00

0.690.71 0.890.901.001.01

0.760.780.930.941.001.01 0.730.77 0.940.95 1.000.95

0.69 0.67 0.970.98 1.001.08 0.56 0.65 0.81 0.981.000.99

0.68 0.52 0.890.92 1.001.08 0.600.67 1.061.11

Up Bus Transactions, in millions

1.00 0.98 1.671.67 1.01 0.99 1.00 0.99 1.511.56 1.05 1.06 1.00

0.91 1.74 1.56 1.00 0.90 1.001.091.371.66 1.101.16 1.00

0.92 1.83 1.69 1.04 0.91 1.00

0.88 2.10 1.80 1.00 0.84 1.00 0.98 2.152.13

1.10 0.88 1.001.211.32 2.17

1.211.32 1.001.07 1.69 2.51 1.22 1.07 1.00

0.86 1.85 1.67 0.95 0.76

Up Bytes Transferred, in millions

1.00 0.99 13.6213.51

3.26 3.20 1.00 1.00 12.5512.29

2.64 1.00 0.81 12.88 10.41 2.11 1.73 1.08 11.0011.83

2.61 2.69 1.00 0.81 12.87 10.61 2.02 1.55 1.00 0.72 14.95 11.11 1.87 1.23 0.85 14.55 12.70 1.86 1.13 1.001.19 10.1113.59 2.10 2.211.00 0.92 11.46 14.34

1.94 1.341.00 0.73 12.55 9.87 1.59 0.86

Up Bus Utilization (%)

1.002.002.00 1.001.001.00 2.002.20

1.20 1.201.00

0.90 2.20

1.90 1.00 0.90 1.00 1.001.381.62 1.00 1.00

0.93 2.14 1.93 1.07 0.93 1.00

0.85 2.50 2.10 1.05 0.851.00

0.90 2.19 2.00 1.10 0.86 1.001.27 1.09 2.00 1.001.27 1.001.04 1.741.87 1.13 0.96 1.00 0.89 1.701.59

1.05 0.81

Speedup vs. 1 processor Cluster

1.001.00 0.99 0.991.001.01 1.001.010.960.961.001.011.001.010.940.960.991.01 1.00 1.00 1.961.971.991.99

1.00 1.00 2.622.642.672.67 1.00 1.00 2.602.602.642.66 1.001.011.191.17 1.051.071.001.02 1.311.32

1.131.15 1.001.02 1.331.33

1.08

Speedup vs. 1 processor Cluster

1.00 1.00 1.491.52

1.41 1.40 1.00 1.801.83 1.49 1.50 1.00 1.00 1.691.73

1.39 1.39 1.001.02 0.780.790.910.91 1.000.93

0.52 0.52 0.720.69 1.000.99 0.47 0.56 0.870.85 1.001.01 0.760.780.930.94 1.000.99 0.68 0.52 0.890.92 1.001.08 0.600.67 1.061.11

Speedup vs. 8I Base

1.061.10 1.061.11 1.441.44 1.011.03 1.47 1.891.971.98

0.940.98 1.67 2.13 2.802.94

1.011.02 1.011.021.08 1.07 1.03 1.031.081.101.11

1.11 1.02 1.021.221.271.291.29

Speedup vs. 64I Base

Up Bus Transactions, in millions

1.00

0.80

0.02 1.00

0.80

0.06 1.00

0.42

0.44

0.05

0.12

0.08 1.00

0.46

0.03 1.00

0.47

0.04 1.00

0.31

0.35

0.03

0.09

0.09 1.00

0.67

0.17

1.00

0.53

0.05 1.00

0.39

0.39

0.05

0.10

0.08

Up Bus Bytes Transferred, in millions

1.00

0.80

0.02 1.00

0.80

0.04 1.00

0.41

0.43

0.06

0.10

0.05 1.00

0.46

0.47

0.04 1.00

0.31

0.34

0.03

0.03 1.00

0.07

0.06 1.00

0.57

0.11 1.00

0.53

0.39

0.39

0.06

0.09

Up Bus Utilization (%)

1.00

0.83

0.03 1.00

0.81

0.06 1.00

0.45

0.03 1.00

0.45

0.06 1.00

0.09

0.12

0.09 1.00

0.47

0.03 1.00

0.49

0.05 1.00

0.46

0.04 1.00

0.38

0.07 1.00

0.07

0.06 1.00

0.10

0.10 1.00

0.64

0.16 1.00

0.54

0.06 1.00

0.67

0.07 1.00

0.49

0.05 1.00

0.18

0.13 1.00

0.14

0.12

Speedup vs. 8I Base

1.011.02

1.001.01

1.001.02

0.951.02

0.96 1.07

0.991.00

0.98 1.31

1.15 1.36

1.00 1.18

1.00

0.971.00

0.951.00

0.961.00

0.941.00

0.950.99

0.951.011.01

1.01

Speedup vs. 64I Base Up Bus Transactions, in millions

1.00

0.50

0.30

1.00

0.51

0.32 1.00

0.75

0.59

1.00

0.77

0.59 1.00

0.51

0.29

1.00

0.53

0.29 1.00

0.77

0.57

0.79

0.54 1.000.880.78

1.00

0.90

0.77 1.00

0.58

0.35

1.00

0.53

0.30 1.00

0.74

0.52

0.80

0.51 1.000.90

0.72

0.94

0.70

Up Bus Bytes Transferred, in millions

1.00

0.50

0.30 1.00

0.51

0.31 1.00

0.75

0.59 1.00

0.76

0.59 1.00

0.50

0.29 1.00

0.53

0.29 1.00

0.75

0.57 1.00

0.78

0.54

1.00

0.88

0.78 1.00

0.89

0.77 1.00

0.52

0.30 1.00

0.52

0.27 1.00

0.72

0.51 1.00

0.78

0.51 1.00

0.87

0.72 1.00

0.93

0.69

Up Bus Utilization (%)

1.00

0.50

0.301.00

0.43

0.29 1.00

0.51

0.311.00

0.54

0.31 1.00

0.74

0.60

1.00

0.83

0.58 1.00

0.49

0.30 1.00

0.52

0.28 1.00

0.73

0.61

1.00

0.78

0.52 1.00

0.87

0.76

1.00

0.88

0.75 1.00

0.58

0.46 1.00

0.53

0.26 1.00

0.85

0.70

1.00

0.80

0.52 1.000.900.84

1.00

0.94

0.69

Speedup vs. 8I Base

1.01

0.961.01

0.961.02

1.00

0.991.10 1.26

1.05 1.36

0.87 1.13 1.73

1.05 1.66

0.921.00

0.891.01

0.981.021.06

1.001.011.06 1.22

1.031.14

Speedup vs. 64I Base

Up Bus Transactions, in millions

1.00

0.66

0.35

1.00

0.85

0.70 1.00

0.68

0.36

1.00

0.781.00 1.00

0.86

0.47

1.00

0.94

0.91 1.00

0.69

0.38

1.00

0.85

0.76 1.00

0.87

0.48

0.94

0.88 1.000.94

0.53

1.00

0.98

0.85 1.00

0.68

0.39

1.00

0.82

0.61 1.00

0.87

0.49

1.00

0.94

0.83 1.000.94

0.54

1.00

0.98

0.87

Up Bus Bytes Transferred, in millions

1.00

0.62

0.26 1.00

0.78

0.57

0.700.73

1.00

0.83

0.35 1.000.90

0.79

0.27 1.00

0.76

0.59

0.35 1.000.91

0.74

1.00

0.92

0.40 1.000.97

0.75

1.00

0.61

0.28 1.00

0.72

0.46 1.00

0.83

0.67

0.39 1.000.96

0.77

Up Bus Utilization (%)

1.00

0.71

0.39 1.00

0.86

0.62 1.00

0.71

0.411.00

0.770.83 1.00

0.90

0.54 1.00

0.94

0.83 1.00

0.71

0.44 1.00

0.82

0.69 1.000.97

0.68 1.00

0.95

0.83 1.001.00

0.82 1.000.99

0.88 1.00

0.70

0.39 1.00

0.79

0.57 1.001.000.951.000.990.96 1.001.000.991.001.000.98 Proc Read Miss Rate (%)

1.00

1.00 1.00

0.230.380.46 1.00

0.080.170.22 1.00

0.040.070.12

Proc Read Miss Rate (%)

1.00

0.00

0.00 1.00

0.000.200.30 1.00

0.030.100.16 1.00

0.010.040.10

Bus Transactions, in thousands

1.00

1.00 1.00 1.80

1.21

1.11 1.00 1.39

1.03

0.97 1.00 1.17

0.89

0.84

Bus Bytes Transferred, in millions

1.00

1.00 1.00

0.360.420.49 1.00

0.320.360.43 1.00

0.280.300.35

Proc Read Miss Rate (%)

1.00

1.001.00

0.95

0.950.95

1.00

0.94

0.93

1.00

0.900.930.95

Proc Read Miss Rate (%)

1.00

1.001.00

0.94

0.940.95

1.00

0.900.920.92

1.00

0.84 0.95

0.93

Bus Transactions, in millions

1.00

1.001.00 1.13

0.99

0.991.00 1.14

0.98

0.981.00 1.15

0.981.00

Bus Bytes Transferred, in millions

1.00

1.001.001.01

0.980.981.001.00

0.96

0.971.001.00

0.960.98

Proc Read Miss Rate (%)

1.00

1.00

0.880.951.01

1.00

0.87

0.810.90 1.00

0.50

0.44 0.63

Proc Read Miss Rate (%)

1.00 1.001.00 0.80 0.910.95

1.00 0.70 0.79 0.89 1.00 0.38 0.510.51

Bus Transactions, in millions

1.00

1.001.00 3.40

1.24

1.161.00 3.57

1.33

1.191.00 3.23

1.28

1.14

Bus Bytes Transferred, in millions

1.00

1.001.00 1.41

1.00

1.00 1.00 1.45

0.96

0.95 1.00 1.34

0.88

0.87

Proc Read Miss Rate (%)

1.00

1.00 1.00

0.45 0.610.66 1.00

0.41 0.620.691.00

0.43 0.650.69

1.00

1.00 1.00

0.23 0.560.62 1.00

0.20 0.55 0.63 1.00

0.22 0.56 0.66

Bus Transactions, in millions

1.00

1.00 1.00 1.92

1.09

0.981.00 2.05

1.27

1.07

1.00 2.18

1.38

1.13

Bus Bytes Transferred, in millions

1.00 1.00 1.00

0.54 0.680.71 1.00 0.49 0.640.68 1.00 0.49 0.620.67

Proc Read Miss Rate (%)

1.00 1.001.00 1.00 0.770.790.82 1.00 0.76 0.750.79 1.00 0.810.810.84

Proc Read Miss Rate (%)

1.00

1.001.00 1.00

0.39

0.390.46 1.00

0.390.430.44 1.00

0.52

0.50

Bus Transactions, in millions

1.00

1.001.00 1.00

0.79

0.790.81 1.00

0.76

0.75

0.75 1.00

0.750.76

0.75

Bus Bytes Transferred, in millions

1.00

1.00 1.00

0.47

0.470.52 1.00

0.47

0.470.48 1.00

0.490.500.50

Proc Read Miss Rate (%)

1.00

1.00 1.00

0.460.510.59 1.00

0.310.320.40 1.00

0.090.10 0.17

Proc Read Miss Rate (%)

1.00

1.00 1.00

0.040.140.28 1.00

0.020.030.12 1.00

0.010.010.05

Bus Transactions, in millions

1.00

1.00 1.00 1.74

0.95

0.82

1.001.02

0.86

1.00

0.95

0.680.74

Bus Bytes Transferred, in millions

1.00

1.00 1.00

0.22

0.22 0.32 1.00

0.13

0.130.20 1.00

0.13

0.110.17

Proc Read Miss Rate (%)

1.00

1.00 1.00

0.120.220.36 1.00

0.04 0.15 0.34 1.00

0.04 0.17 0.37

Proc Read Miss Rate (%)

1.00

0.00

0.00 1.00

0.000.130.29 1.00

0.01 0.13 0.32 1.00

0.01 0.16 0.39

Bus Transactions, in thousands

1.00 1.001.27

1.06

1.04 1.00

0.470.50.60 1.00

0.280.34 0.45

Bus Bytes Transferred, in millions

1.00

1.00 1.00

0.200.260.41 1.00

0.080.17 0.34 1.00

0.05 0.13 0.29

Proc Read Miss Rate (%)

1.001.01

1.01

1.00

0.910.94

0.91

1.00

0.70 0.90

0.75 1.00

0.52

0.450.46

Proc Read Miss Rate (%)

1.00 1.001.00 0.83 0.97

0.94 1.00 0.64 0.80

0.72 1.00 0.410.450.53

Bus Transactions, in millions

1.00

1.001.00 3.32

1.88

1.83

1.00 3.47

2.522.55

1.00 2.84

2.232.24

Bus Bytes Transferred, in millions

1.00

1.001.00 1.38

1.091.09 1.00 1.36

1.161.22 1.001.04

0.910.98

Proc Read Miss Rate (%)

1.00

1.00 1.00

0.430.44 0.57 1.00

0.460.47 0.791.00

0.48

0.48 0.91

1.00

1.00 1.00

0.220.25 0.47 1.00

0.220.23 0.711.00

0.25

0.25 0.93

Bus Transactions, in millions

1.00

1.00 1.00 1.881.861.79

1.00 1.821.741.75

1.00 1.821.711.72

Bus Bytes Transferred, in millions

1.00 1.00 1.00

0.520.55 0.70 1.00 0.40 0.40 0.68 1.00 0.37 0.36 0.66

Proc Read Miss Rate (%)

1.00 1.001.00 1.00 0.75 0.750.79 1.00

0.69 0.66 0.66 1.00 0.66 0.630.68

Proc Read Miss Rate (%)

1.00

1.00 1.00

0.320.33 0.44 1.00

0.270.30 0.41 1.00

0.40

0.40 0.48

Bus Transactions, in millions

1.00

1.00 1.00

0.70

0.700.76 1.00

0.580.580.65 1.00

0.570.600.62

1 4 16 32

Number of Processors

0

200

400

600

800

Bus Bytes Transferred, in millions

Pverify - 128K Cache

Invalidate Update Random Walk LTS

1.00

1.00 1.00

0.38

0.390.49 1.00

0.310.31 0.42 1.00

0.320.35 0.42

1 4 16 32

Number of Processors

0

1

2

Proc Read Miss Rate (%)

Topopt - 32K Cache

Invalidate Update Random Walk LTS

1.00

1.00 1.00

0.420.43 0.55 1.00

0.320.33 0.46 1.00

0.190.19 0.40

1 4 16 32

Number of Processors

0.0

0.5

1.0

1.5

Proc Read Miss Rate (%)

Topopt - 128K Cache

Invalidate Update Random Walk LTS

1.00

1.00 1.00

0.030.04 0.26 1.00

0.020.03 0.30 1.00

0.020.03 0.20

Bus Transactions, in millions

1.00

1.00 1.00 1.46

1.04

0.86 1.00

0.51

0.460.54 1.00

0.20

0.160.22

Bus Bytes Transferred, in millions

1.00

1.00 1.00

0.16

0.140.29 1.00

0.050.06 0.22 1.00

0.02

0.02 0.10