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In this w ork, w e studied a parallel computing en vironmen t, kno wn as Nezha.

Through Nezha, w e made three con tributions to solving the p erformance and usabil-

it y problems in cluster computing. First, w e prop osed and exp erimen ted on a general

mo del, kno wn as the Nezha parallel computing mo del (the Nezha mo del for short),

for a ligh t-w eigh t transparen t run-time en vironmen t. In ternal pro cessing in the Nezha

mo del used an enhanced parallel virtual mac hine that has home-based shared mem-

ory and decen tralized dynamic load-balancing. Second, w e impro v ed and designed

algorithms in solving some problems suc h as scalabilit y , �hot sp ot,� and �herd� e�ect

that exist in p olicy making and w orkload monitoring in decen tralized dynamic load-

balancing. Algorithm design considered async hronous w orkload monitoring and three

kinds of task placemen ts, namely parallel task placemen t, concurren t task placemen t,

and sequen tial task placemen t. Third, to supp ort the Nezha parallel computing en-

vironmen t, w e designed and implemen ted a new high-p erformance comm unication

sub-system on Virtual In terface Arc hitecture.

W e pro v ed the design of our algorithms b y analyzing their mathematical mo d-

els. W e used sim ulations and exp erimen ts to ev aluate the p erformance of our al-

gorithms and the comm unication sub-system. W e built a protot yping en vironmen t

iii



to v erify the applicabilit y of the Nezha mo del. Initial results from sim ulations and

exp erimen ts not only con�rmed our h yp otheses but also pro vided further information

on the use of our algorithms in scalable and highly a v ailable clusters. W e regard the

Nezha mo del as simple, e�cien t, scalable, and reliable.

iv



DEDICA TION

T o m y paren ts. T o m y teac hers.

v



A CKNO WLEDGMENTS

This w ork could not b e done without the supp ort from man y p eople. I wish

m y e�ort here can ful�ll part of m y gratitude to them.

My academic adviser, Dr. Rob ert Hy att, has giv en me enough free space in

m y study in the past four y ears. Mean while, he has alw a ys b een ready in helping to

get this w ork done. Ho w ev er, our m utual resp ect, if the w ord is used prop erly , w as

probably built on more imp ortan t things: our common in terests in computer science

and the pursuit of gen uine researc h.

Dr. Kevin Reilly and Dr. An thon y Barnard ha v e b een teac hing me and helping

me since I came to study at the Univ ersit y of Alabama at Birmingham (UAB); Dr.

Ernest Stok ely and Dr. Charles Katholi advised me through their commen ts on m y

pap ers. I am v ery grateful for their willingness to serv e on the committee and their

in terest in m y researc h.

Studying in a small departmen t, I ha v e receiv ed help from almost ev ery one:

facult y , sta�, and studen ts. I thank them deep in m y heart. Outside the departmen t,

the Alabama A cadem y of Science, the UAB Mervyn H. Sterne Library , the UAB

Graduate Sc ho ol, and the UAB In ternational Studen t and Sc holar Services O�ce

pla y ed v ery imp ortan t roles in m y study . Without them, m y dream ma y ha v e fallen

apart.

vi



Finally , I thank m y paren ts in China, friends at South Highland Presb yterian

Ch urc h, and friends at Shades Moun tain Indep enden t Ch urc h for their n urturing,

their lo v e, and their fello wship.

vii



T ABLE OF CONTENTS

Page

ABSTRA CT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

DEDICA TION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

A CKNO WLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF T ABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

LIST OF ABBREVIA TIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

CHAPTER

1 INTR ODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Problem Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Related W orks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Distributed Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Shared A ddress Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.3 The Microk ernel Arc hitecture . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.4 Single System Image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.5 Message P assing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Hyp otheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4 The Nezha "Quartet" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 THE NEZHA P ARALLEL COMPUTING MODEL . . . . . . . . . . . . . . . . . . 15

2.1 In tro duction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Enhanced Virtual Mac hine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Bey ond PVM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2 Distributed Arc hitecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2.3 Distributed Virtual Memory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 P arallel Programming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.1 SPMD and MPMD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.2 Home-Based Shared Memory . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

viii



T ABLE OF CONTENTS (Con tin ued)

Page

CHAPTER

2.4 Pro cess Migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 ALGORITHMS F OR RANDOMIZED D YNAMIC

LO AD BALANCING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1 In tro duction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2.1 Mitzenmac her's Sup ermark et Mo del . . . . . . . . . . . . . . . . . . . . 35

3.2.2 The Limiting System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 Impro v emen t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.1 Motiv ations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.2 An Extended Sup ermark et Mo del . . . . . . . . . . . . . . . . . . . . . . . 39

3.3.3 The Impro v ed Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3.4 Pro of of Con v ergence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3.5 F uzzy Classi�cation of W orkload . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4 Sim ulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.1 The Sim ulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.2 Con v en tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4.3 Result Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.5.1 P erformance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.5.2 Complexit y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.5.3 High-A v ailabilit y Supp ort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 ALGORITHMS F OR ASYNCHR ONOUS INF ORMA TION

SCA TTERING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1 In tro duction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2 Comm unication Complexit y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3 F reshness of Scattered Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.3.1 Non-linear Latency in Propagation . . . . . . . . . . . . . . . . . . . . . . 64

4.3.2 Randomized Scatter With Lo cal Constrain ts . . . . . . . . . . . . 66

4.3.3 Exp erimen ts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.4 Propagation P erformance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.4.1 Y et Another Challenge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.4.2 A Status-A daptiv e Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4.3 Exp erimen ts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

ix



T ABLE OF CONTENTS (Con tin ued)

Page

CHAPTER

4.5 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.5.1 Async hronism in Information Scattering . . . . . . . . . . . . . . . . 90

4.5.2 High-A v ailabilit y Supp ort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 THE COMMUNICA TION SUB-SYSTEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.1 In tro duction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.1.1 Motiv ation and Related W orks . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.1.2 High-Bandwidth Lo w-Latency Net w orking . . . . . . . . . . . . . . 95

5.1.3 VIA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2 VIA C and VMEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.1 VIA C Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.2 Programming Using VIA C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.2.3 VMEX Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.2.4 Programming Using VMEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3 Micro-Benc hmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3.1 Cost in Memory Registration . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3.2 VIA C Send/Receiv e P erformance . . . . . . . . . . . . . . . . . . . . . . . 115

5.3.3 VMEX De-m ultiplexing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 PR OTOTYPING AND EXPERIMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.1 Hardw are Platform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2 A Protot yp e for Nezha . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.3 Exp erimen ts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.3.1 Metho ds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.4 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

7 SUMMAR Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7.1 This Researc h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.3 F uture W orks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

x



T ABLE OF CONTENTS (Con tin ued)

Page

APPENDIX PR OOF OF THEOREM 4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

xi



LIST OF T ABLES

T able Page

1 Non-linear Latency in Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2 Exp erimen tal Data Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3 Ratios in the Exp erimen tal Data Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4 Reduced Mean-Square Error at Di�eren t System Sizes . . . . . . . . . . . . . . . . . . . . 76

5 Impro v emen t in F reshness at Di�eren t Propagation Ratios . . . . . . . . . . . . . . . . 77

6 P erformance Degradation When n < N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7 P erformance Degradation With Decreased n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

8 Sliding-Mo de Op eration for Pr(T,N) Appro ximates 1.0 . . . . . . . . . . . . . . . . . . . 84

9 Impro v emen t in P erformance When Algorithm 4.3 is Used . . . . . . . . . . . . . . . . 90

10 Latencies in a Ping-P ong T est With Blo c king De-m ultiplexing at

Receiving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

11 Latencies in a Ping-P ong T est With Non-Blo c king De-m ultiplexing at

Receiving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

12 T urnaround Time for the Matrix Computation Program in the Nezha

Protot yp e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

13 T urnaround Time for the Matrix Computation Program in PVM . . . . . . . . . 132

14 Using a Hybird Strategy in P arallel T ask Placemen t . . . . . . . . . . . . . . . . . . . . . . 134

15 Using Algorithm 3.1 in P arallel T ask Placemen t . . . . . . . . . . . . . . . . . . . . . . . . . . 134

xii



LIST OF FIGURES

Figur e Page

1 The la y ered structure of the Nezha quartet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 The �rst v ersion of the Nezha parallel computing en vironmen t . . . . . . . . . . . . 18

3 The in ternal structure of Nezha's virtual mac hine . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 The second v ersion of the Nezha parallel computing en vironmen t . . . . . . . . . 23

5 Home-based shared memory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6 P arallel pro cessing and shared memory in a virtual mac hine . . . . . . . . . . . . . . 28

7 Queue lengths with di�eren t n um b er of no des in a system . . . . . . . . . . . . . . . . 47

8 A v erage queue length with di�eren t system sizes and arriving

rates using the old algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

9 A v erage queue length with di�eren t system sizes and arriving

rates using the impro v ed algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

10 Maxim um queue length and maxim um di�erence in queue

length using the old algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

11 Maxim um queue length and maxim um di�erence in queue

length using the new algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

12 Irregularit y in queue lengths with resp ect to job-arriving rates . . . . . . . . . . . . 51

13 Queue lengths v ersus job-arriving rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

14 Impact of load up dating-latency on queue lengths . . . . . . . . . . . . . . . . . . . . . . . . 52

15 Comparison of con v ergence sp eed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

16 The e�ect of adaptiv e threshold for o v er-loading . . . . . . . . . . . . . . . . . . . . . . . . . . 55

xiii



LIST OF FIGURES (Con tin ued)

Figur e Page

17 Left: a v erage queue length v ersus system size when d = 1 ;

Righ t: the maxim um queue length and the maxim um di�erence

in queue length when d = 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

18 Visualization of the async hronous information scattering pro cedure . . . . . . . 75

19 Relativ e p erformance impro v emen t with di�eren t system sizes . . . . . . . . . . . . 76

20 P erformance impro v emen t at di�eren t propagation ratios . . . . . . . . . . . . . . . . . 78

21 P erformance at t w o propagation ratios for systems of di�eren t size . . . . . . . 79

22 E�ect of load-v ector length on algorithm p erformance . . . . . . . . . . . . . . . . . . . . 80

23 Load-v ector length's e�ect at di�eren t system sizes . . . . . . . . . . . . . . . . . . . . . . . 81

24 Reduce p erformance degradation using Algorithm 4.3 . . . . . . . . . . . . . . . . . . . . 89

25 Reduce p erformance degradation using Algorithm 4.3 at t w o

propagation ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

26 The VIA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

27 T w o uses of memory descriptor in data transmission . . . . . . . . . . . . . . . . . . . . . . 102

28 Costs in memory registration and memory cop ying for small-sized

data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

29 Costs in memory registration and memory cop ying for large-sized

data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

30 Bandwidth comparison of comm unications using di�eren t libraries . . . . . . . . 116

31 Bandwidth comparison of comm unications using di�eren t libraries

with small-sized data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

32 The a v eraged latency in ping-p ong test with blo c king

de-m ultiplexing at receiving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

33 The a v eraged latency in a ping-p ong test with non-blo c king

de-m ultiplexing at receiving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

xiv



LIST OF FIGURES (Con tin ued)

Figur e Page

34 Data comm unication inside the b eo wulf cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

35 In ternal construction of the Nezha protot yp e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

36 Linear sp eedup in ideal conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

xv



LIST OF ABBREVIA TIONS

API Application Programming In terface

BSD Berk eley Soft w are Distribution

CPU Cen tral Pro cessing Unit

DSM Distributed Shared-Memory

I/O Input/Output

MPI Message P assing In terface

MPICH MPI-CHameleon

MPMD Multiple Program Multiple Data

NIC Net w ork In terface Con troller

NP Nondeterministic P olynomial

OS Op erating System

OSI Op en Systems In terconnection

PVM P arallel Virtual Mac hine

RDMA Remote Direct Memory A ccess

RPC Remote Pro cedure Calls

SMP Symmetric Shared-Memory Multipro cessors

SPMD Single Program Multiple Data

SSI Single System Image

TCP/IP T ransmission Con trol Proto col/In ternet Proto col

xvi



LIST OF ABBREVIA TIONS (Con tin ued)

VI Virtual In terface

VI NIC VI Net w ork In terface Card

VIA Virtual In terface Arc hitecture

VIA C VIA Comm unication

VIPL VI Programming Library

VMEX Virtual Memory EXc hange

VTB Virtual T ransmission Base

VTE Virtual T ransmission Endp oin t

xvii



CHAPTER 1

INTR ODUCTION

1.1 Problem Description

This dissertation is ab out a soft w are solution to the p erformance and usabilit y

problems in cluster computing. Before w e mo v e on to the details of our w ork, w e w an t

to mak e sure that the follo wing questions are answ ered and understo o d: What is a

cluster? What is cluster computing? What are the c hallenges in cluster computing?

Wh y is our w ork in this dissertation needed?

In order to ac hiev e high-p erformance computing without using custom-built

hardw are and soft w are, academic researc hers and industrial practitioners ha v e built

systems of net w ork ed computers using o�-the-shelf computer comp onen ts and com-

mo dit y net w ork switc hes. The net w ork switc hes supp ort high-bandwidth lo w-latency

comm unication. W e refer to suc h systems as clusters. Clusters are di�eren t from dis-

tributed systems [126] suc h as Net w orks of W orkstations (NO W) [3] in that clusters

are built to ac hiev e high-p erformance computing, not just to share under-used com-

puting resources [99]. Therefore, in this dissertation, when w e sa y cluster computing,

w e mean high-p erformance computing in clusters for either parallel or concurren t [124]

applications.

The driving force b ehind clusters is supp osed to b e their economical adv an-

tages as w ell as their tec hnical adv an tages. On one hand, large-scale clusters p ose

1
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c hallenges in p o w er consumption and main tenance. Therefore, the economical ad-

v an tages ma y not alw a ys hold. On the other hand, building a cluster is easier than

building a sup ercomputer [122], b ecause p ersonal computers b ecome faster and faster,

and high-bandwidth lo w-latency net w orking equipmen t is accessible to more and more

en terprise users and institute users. Therefore, the tec hnical adv an tages seem true.

Ho w ev er, from the application's p ersp ectiv e, a cluster's p erformance and usabilit y

remain as op en issues.

A ccording to John L. Hennessy and Da vid A. P atterson [64], there are t w o

factors that ha v e caused the p erformance problem. First, those no des in clusters are

connected using the Input/Output (I/O) bus of computers. Second, memory is ph ys-

ically divided among the no des. In the computing �eld, soft w are solutions are often

used to get around a problem b efore hardw are solutions are a v ailable. The demand

on soft w are from the p erformance problem is more than em ulating some hardw are

functions. Therefore, if w e agree that the t w o factors will remain as realities b e-

fore an y c hange happ ens in computer designs, w e w ould add another factor to the

p erformance problem: the lac k of soft w are supp ort. The usabilit y problem, includ-

ing supp ort to existing parallel or distributed programming paradigms, adds more

c hallenges to soft w are solutions for cluster computing.

Our emphasis on soft w are has its reasons. First, op erating systems running

in most recen tly built clusters are either Microsoft Windo ws NT or the clone v er-

sions of UNIX, suc h as Lin ux. T w o examples of suc h clusters are Cplan t [20] of the

Sandia National Lab oratories and High P erformance Virtual Mac hines [65] of the

National Computational Science Alliance at the Univ ersit y of California, San Diego.
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Windo ws NT and Lin ux op erating systems supp ort adv anced �lesystems and net-

w orking, but those supp orts are not adequate for breaking the ph ysical b oundaries

that separate pro cessors, memory , and cac hes among the no des in a cluster. Second,

there are few standard en vironmen ts or to ols to supp ort high-p erformance comput-

ing in clusters. High-p erformance computing in clusters sho ws in t w o asp ects: high

throughput of the system and short execution time of individual applications [14].

T o ac hiev e high p erformance, clusters need parallel task placemen t, co-sc heduling

(i.e., co ordinated sc heduling) [4,71,119,120], cluster-wide pro cess con trol, dynamic

load balancing [41,141], etc. Existing soft w are to ols for scien ti�c computing, suc h

as PVM (P arallel Virtual Mac hine) [54] and MPICH (Message P assing In terface -

CHameleon) [97], do not ha v e man y of those functionalities. Existing soft w are solu-

tions in the industry , suc h as Platform's Clusterw are and LSF (Load Sharing F acil-

it y) [106], ha v e their main v alue in main tenance and resource sharing in distributed

systems, but not in high-p erformance computing. Finally , there has b een m uc h re-

searc h seeking to ac hiev e high p erformance in cluster computing. The p ositiv e side of

the phenomenon is that, as di�eren t strategies are tried, the p erformance problem in

cluster computing will b e w ell studied. The negativ e side of the phenomenon includes

rep etitions and incompatibilit y .

In practice, the p erformance problem and the usabilit y problem ha v e b een

divided in to smaller, sub-lev el problems. Suc h problems relate to programming

paradigm, dynamic load-balancing, co-sc heduling, cluster-wide pro cess managemen t,

and distributed virtual memory . Programming paradigm de�nes ho w users are go-

ing to write programs in clusters. Di�eren t programming paradigms ha v e di�eren t
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requiremen ts from the computation en vironmen t. Dynamic load-balancing aims to

k eep w orkloads w ell balanced in clusters. Dynamic load-balancing impro v es system

throughput and often, but not alw a ys, reduces the execution time of individual pro-

grams. Co-sc heduling is supplemen tary to dynamic load-balancing in reducing par-

allel and concurren t program's execution time. Co-sc heduling extends single-no de

pro cess sc heduling to co ordinated sc heduling across the cluster. Cluster-wide pro cess

managemen t pro vides transparen t execution en vironmen t to pro cesses, so that they

can execute in certain no des according to load-balancing and co-sc heduling decisions.

In theory , transparen t execution en vironmen t p oses no constrain ts on program im-

ages, whic h can b e pro cesses or threads [19,21,90]. Distributed virtual memory is a

concept on ho w to the use separated virtual memory systems in cluster computing.

There ha v e b een man y solutions to the ab o v e sub-lev el problems. Some of the prob-

lems, e.g., cluster-wide pro cess managemen t, ha v e generalized solutions. The other

problems, e.g., dynamic load-balancing, do not ha v e generalized solutions.

1.2 Related W orks

In this section, w e highligh t some of the imp ortan t w orks but ignore the less

imp ortan t ones (some of them are just to o old). By reviewing the selected w orks,

w e sho w ho w m uc h of the p erformance problem and the usabilit y problem ha v e b een

solv ed. The follo wing review also serv es as the bac kground of our design of the general

parallel computing mo del. More information ab out cluster computing and to ols is

a v ailable from P�ster [105] and Bak er et al. [8].
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1.2.1 Distribute d Systems

W e ha v e said that clusters are di�eren t from traditional distributed systems.

Ho w ev er, clusters b ecame an option for high-p erformance computing only after some

researc h in distributed systems b ecame so adv anced and so promising. A t �rst, re-

searc hers tried to use distributed resources e�cien tly . Their researc h led to the de-

v elopmen t of the early distributed systems suc h as A ccen t (1981) [109], Lo cus (1983)

[132], DEMOS/MP (1983) [107], V (1984) [29,30], MOS (1985) [10], V AXclusters

(1986) [76], NEST (1986) [1,48], and Sprite (1988) [102]. Because net w orking tec h-

nologies w ere primitiv e, b ecause soft w are w as scarce, and b ecause the no des in a

system of net w ork ed computers w ere exp ensiv e, building high-p erformance comput-

ers using o�-the-shelf comp onen ts w as almost un think able. The original c hallenges

to those distributed systems w ere in ter-pro cess comm unication, transparen t I/O, etc.

Although those early systems pro vided some solutions to the c hallenges, man y of

the tec hnologies that w ere used are out of date b y mo dern standards. F or example,

Lo cus ac hiev ed a transparen t �lesystem b y treating �les as a database. Later, the

transparen t �lesystem problem w as solv ed b y the SUN Net w ork Filesystem [113].

Later distributed systems suc h as Utopia (1993) [142], GLUnix (Global La y er

Unix, 1998) [57], Condor [32], and MOSIX (MOS for UnIX, 1999) [12] could fo cus

more on pro cess migration [91], load-balancing, and heterogeneit y issues. Although

p erformance in terms of system throughput b ecame one of the researc h goals, the

main emphasis w as on using idling system resources. Because of the load sharing

requiremen t, pro cess migration (i.e., mo ving a program and its run-time states from
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one computer to another) b ecame an imp ortan t tec hnique. This new tec hnique p osed

new requiremen t to traditional op erating systems. An in teresting fact w as that, in-

stead of building new op erating systems from scratc h, those distributed systems built

extended mo dules on existing op erating systems. Moreo v er, w e noticed that b oth

Condor and MOSIX (originally kno wn as MOS) surviv ed b ecause of their constan t

impro v emen t in the past decades. In general, system throughput in those distributed

systems w as impro v ed, but turnaround time for individual applications migh t not b e

reduced. Our observ ation w as that concurren t and parallel jobs had not b een giv en

enough consideration in the computation mo dels in those systems. Mean while, old

net w orking tec hnologies had hamp ered inno v ations in co-sc heduling, load-balancing,

and pro cess migration.

1.2.2 Shar e d A ddr ess Sp ac e

While the ab o v e distributed systems adopt the explicit message exc hange (or

message passing) paradigm for computing, some other distributed systems adopt the

shared address space paradigm. One underlying mo del is kno wn as distributed shared-

memory (DSM) [46,138,140]. DSM researc h includes FLASH (FLexible Arc hitecture

for SHared memory) [50,79], SHRIMP (Scalable High-p erformance Really Inexp ensiv e

Multi-Pro cessor) [118], Orca [9], and CRL (C Region Library) [70]. The �rst t w o

pro jects use hardw are solutions to DSM; the last t w o use soft w are solutions to DSM.

The adv an tage of DSM is that it is supp osed to mak e programming in distributed

systems easier than the message passing mo del. The disadv an tage is that, without

hardw are supp ort, all-soft w are DSM systems do not ha v e comparable p erformance as



7

that of message passing systems [117], b ecause memory coherence [86] in DSM causes

m uc h o v erhead.

Di�eren t from DSM, there is another mo del for shared address space called

�tuple space� [23,101], whic h is also an extension to parallel programming languages.

T uple space is an abstraction for comm unication. A tuple space is a collection (a

bag) of tuples, whic h are made of ordered �elds of certain t yp es. The t yp es dep end

on the underlying language that implemen ts the tuple space system. By asso ciat-

ing with a tuple space, parallel or distributed programs can comm unicate with eac h

other. One implemen tation of tuple space is Linda [23,55,82]. T uple space has also

b een implemen ted for distributed computing [56], mobile computing [36] and fault-

tolerance [104]. There are also rep orts on parallel programming in Linda and its go o d

p erformance [24,25]. Ho w ev er, tuple-space-based programming is di�eren t from the

traditional, libraries-based programming, whic h is the predominan t p o w er in scien-

ti�c computing. Because of this di�erence, the ma jorit y w orks around tuple space

ha v e b een done b y a small group of p eople, and tuple space has not b een widely used

in scien ti�c applications. Nev ertheless, tuple space is b eing used more and more in

mobile computing.

1.2.3 The Micr okernel A r chite ctur e

Op erating systems that adopt the microk ernel arc hitecture include Mac h (1986)

[88,110], Chorus (1992) [111], and Spring (1993) [61]. A dv an tages of the microk ernel

arc hitecture are �exibilit y and mo dularization in op erating system (OS) design. The

main disadv an tage is the sligh t p erformance loss caused b y in ter-comm unications b e-
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t w een di�eren t la y ers and mo dules [19,126]. Practically , the microk ernel arc hitecture

has not b een w ell accepted, b ecause most other existing op erating systems adopt the

monolithic arc hitecture. Nev ertheless, the microk ernel arc hitecture do es pro vide al-

ternativ e options for distributed virtual memory [111] and cross-address-space system

calls [61]. T o address the p erformance problem, a new OS k ernel design, Exok ernel

[45,47], allo ws applications to directly con trol a computer's ph ysical resources. The

future will tell if op erating system arc hitectures will ha v e signi�can t c hanges, so that

existing solutions for dynamic load-balancing, co-sc heduling, and pro cess migration

can b ecome part of the op erating system in a natural w a y .

1.2.4 Single System Image

Single system image (SSI) [27,105] pro vides a transparen t, virtually uniformed

system-en vironmen t to applications. F or example, Amo eba (1990) [125] has trans-

paren t pro cess managemen t and �a single, system-wide �le system� [127]. As another

example, Solaris MC (1996) [73] has global �lesystem, global pro cess managemen t,

transparen t net w ork op eration, and global I/O. Amo eba and Solaris MC are the

early solutions to SSI. New dev elopmen ts in SSI include pro jects suc h as Genesis

(2001) [58,59], Gob elins (2002) [95], and Op enSSI (Single System Image Clusters

for Lin ux) [121]. These pro jects prop ose transparen t system resources as w ell as

e�cien t op erating-system supp orts to applications. Ho w ev er, they emphasize trans-

paren t resource access more than high p erformance. As far as w e kno w, Genesis has

pro cess migration and global sc heduling but do es not ha v e an explicit load-balancing

mec hanism; Gob elins supp orts homogeneous and small-scaled clusters but has not de-
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cided whic h load-balancing strategy to use

1

. The Op enSSI pro ject in tegrates existing

tec hniques but their summarized p erformance remains unkno wn. Because the new

pro jects are either under dev elopmen t or in an exp erimen tal state, w e do not ha v e

ev aluation data on their p erformance. F rom published results, w e notice that the

ab o v e SSI pro jects tend to pro vide easy to use, e�cien t op erating systems but lea v e

the consideration for high-p erformance computing, esp ecially parallel computing, to

applications.

1.2.5 Message Passing

Among the v arious researc h that con tributes to cluster computing, the most

p opular w orks are the message-passing-based to ols and libraries: PVM, MPI/MPICH

[96], and LAM [80]. Those to ols and libraries are easy to master and are close to im-

p erativ e languages [115] suc h as F ortran and C. Therefore, users at the national lab-

oratories and ma jor researc h institutes prefer message passing. In fact, the message-

passing-based to ols and libraries w ere built mainly for scien ti�c computations.

Because it is designed for dedicated computer systems, PVM has the sim-

plest load-balancing strategy , whic h uses a round-robin algorithm for task placemen t.

Ho w ev er, in a m ultiple-user m ultiple-task en vironmen t, using round-robin for dynamic

load-balancing do es not ac hiev e the b est p erformance.

MPI is a standard for message passing, but the MPI sp eci�cation do es not

de�ne the underlying en vironmen t. MPICH and LAM are t w o system en vironmen ts

that ha v e b een implemen ted to supp ort MPI. Ho w ev er, in b oth en vironmen ts, dy-

1

P ersonal comm unication with Christine Morin, Octob er 2002.
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namic load-balancing and job sc heduling are left to application programmers to con-

sider.

1.3 Hyp otheses

The p erformance problem and the usabilit y problem ha v e not b een completely

solv ed, not b ecause previous researc hes are futile, but b ecause the underlying systems

and the use of the systems ha v e c hanged. Sp eci�cally , while distributed systems are

built to share resources, clusters are built to gain higher p erformance; while traditional

high-p erformance computers are built for scien ti�c applications, clusters are built for

b oth scien ti�c and industrial applications; while traditional high-p erformance com-

puters are dedicated to certain users and certain applications in a certain p erio d of

time, clusters are b eing used b y m ultiple users for m ultiple tasks at an y time.

After initial in v estigations, w e realized that, to ev aluate the strength and w eak-

ness of man y solutions to those sub-lev el problems in cluster computing, w e needed

w ell-de�ned programming mo dels and en vironmen ts. On the other hand, the most

p opular to ols w ere built on old net w orking tec hnologies, whic h hindered the adoption

of some tec hniques suc h as pro cess migration or limited the p erformance of other tec h-

niques suc h as dynamic load-balancing. F urther studies on algorithms and tec hniques

led to the follo wing h yp otheses in our researc h:

1. A ligh t-w eigh t, transparen t en vironmen t for cluster computing w as needed.

2. P arallel computing mo dels in clusters needed to b e impro v ed or optimized.

3. Some simple y et e�ectiv e algorithms used in distributed systems could b e

impro v ed for cluster computing.
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4. High-lev el application programming in terfaces (APIs) w ere needed in order

to use high-bandwidth lo w-latency net w orking tec hnologies in cluster computing.

1.4 The Nezha �Quartet�

T o address the p erformance problem and the usabilit y problem, our researc h

fo cused on four elemen ts at the op erating system lev el. These elemen ts are kno wn

as the Nezha �quartet,� sho wn in Fig. 1. The Nezha quartet includes the Nezha

parallel computing mo del, algorithms for dynamic load balancing, algorithms for

async hronous information-scattering, and a VIA (Virtual In terface Arc hitecture) [40]

based comm unication sub-system. Those four elemen ts represen t four la y ers, and

eac h la y er serv es the la y er immediately ab o v e. The Nezha quartet forms the Nezha

parallel computing en vironmen t (Nezha for short).

The Communication Subsystem

Asynchronous Information Scattering Algorithms

Dynamic Load-Balancing Algorithms

Nezha Parallel Computing Model

Fig. 1. The la y ered structure of the Nezha quartet.

It migh t b e in teresting to note that Nezha w as the name of a b o y (in fact, a

�ne ghost in h uman shap e) in Chinese literature

2

. A t �gh ting, he could ha v e three

2

Nezha's stories app eared in at least t w o Chinese classic no v els: The Name d Ghosts

(F eng Shen Bang) and Journey to the W est (Xi Y ou Ji). P art of the second no v el has

b een translated in to other languages and is kno wn as The Monkey King .
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heads and six arms. F rom there came the Chinese idiom �three-heads six-arms,�

whic h refers to the sup erior capabilit y in handling tough problems. W e named our

parallel computing en vironmen t Nezha particularly b ecause the in ternal structure of

the parallel computing mo del resem bles the Nezha �gure, whic h is m ulti-tasking with

de-cen tralized pro cessing. In this dissertation, w e used Nezha quartet when discussing

the four elemen ts, w e use Nezha or Nezha parallel computing en vironmen t when

discussing the programming en vironmen t, and w e used Nezha parallel computing

mo del when discussing the pro cessing mo del in Nezha.

Results from exp erimen ts and sim ulations suggest that our algorithms in dy-

namic load-balancing w ork w ell for sequen tial arriving tasks or parallel tasks arriving

in small n um b ers (relativ e to system size). Ho w ev er, when handling large parallel pro-

grams, dynamic load-balancing algorithms at the OS-lev el in general are not su�cien t

in impro ving system throughput and in reducing individual application completion

time. W e b eliev e that w orkload re-distribution and pro cess migration are needed in

those situations. Algorithm designs at the application lev el can help in ac hieving

b etter load-balancing, to o.

Micro-b enc hmarking results on the APIs of the comm unication sub-system

are also p ositiv e. Those APIs pro vide high-bandwidth lo w-latency transmission that

is close to hardw are p erformance. Moreo v er, they pro vide high-lev el abstractions

of the underlying net w orking tec hnology . The APIs supp ort not only con v en tional

programming paradigms but also a new programming paradigm.

T o pro v e that the Nezha mo del is applicable, w e built a protot yping en viron-

men t. Initial exp erimen ts indicated that Nezha has adv an tages o v er existing soft w are
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to ols suc h as PVM in cluster computing. Preliminary results from this researc h ha v e

b een published [133,134,135].

The rest of this dissertation discusses eac h of the four elemen ts in the Nezha

�quartet� in a top-do wn fashion.

In Chapter 2, w e describ e the Nezha parallel computing mo del. W e answ er

the questions of ho w w e view clusters as distributed memory , high-p erformance m ulti-

pro cessor systems and what programming paradigms Nezha supp orts. Results in this

c hapter con tribute to our solution to the usabilit y problem of clusters.

In Chapter 3, w e study an algorithm for randomized dynamic load-balancing.

W e giv e reasons wh y the algorithm is general and e�ectiv e. W e sho w step b y step

ho w w e ha v e impro v ed the earlier v ersion of the algorithm, whic h had a v ery simple

idea b ehind it. W e use mathematical pro ofs in our analyses. W e also sho w sim ulation

results that ha v e con�rmed one of the h yp otheses.

In Chapter 4, w e study probabilistic algorithms for async hronous informa-

tion scattering. W e use these algorithms in w orkload monitoring, whic h is critical

to de-cen tralized dynamic load-balancing. W e giv e the reason of using async hronous

information-scattering instead of broadcasting or m ulti-casting and compare their

complexities in comm unication. W e dev elop a series of algorithms to solv e t w o prob-

lems in the original v ersion of the probabilistic algorithms. W e use sim ulation results

as w ell as exp erimen tal results to justify our initiativ es.

In Chapter 5, w e in tro duce a comm unication sub-system that is based on

VIA. W e explain ho w the comm unication sub-system can b e used to pro vide high-

p erformance comm unication c hannels for async hronous information-scattering and



14

pro cess migration. W e highligh t tec hnical adv an tages of VIA and discuss the design

of t w o libraries for parallel and distributed programming on VIA. W e b enc hmark the

p erformance of the APIs of the comm unication sub-system.

In Chapter 6, w e in tro duce a protot yping en vironmen t for Nezha. W e use

exp erimen tal results to study the p erformance of our algorithms. W e ev aluate some

insigh ts found in the exp erimen ts and discuss ho w to use or impro v e our algorithms

for parallel computing.

In Chapter 7, w e summarize our w ork for this dissertation, giv e the conclusions,

and brie�y discuss some op en issues and related topics that migh t b e in teresting for

future researc h.



CHAPTER 2

THE NEZHA P ARALLEL COMPUTING MODEL

2.1 In tro duction

Based on our observ ations and exp erience, w e exp ected that a transparen t

en vironmen t w ould mak e programming in clusters easier. W e hop ed that dynamic

load-balancing and co-sc heduling w ould mak e computing in clusters more e�cien t.

A transparen t en vironmen t requires transparen t �le system, transparen t I/O,

transparen t pro cess managemen t, and transparen t virtual-memory managemen t. Suc h

w orks need to b e done at the OS lev el. F rom the information in the previous c hapter,

w e also knew that the success of soft w are for cluster computing dep ended on the use

of o�-the-shelf computer comp onen ts, e.g., for op erating systems they w ere LINUX

and Windo ws NT op erating systems. Therefore, when designing the Nezha parallel

computing en vironmen t, w e ga v e up the idea of dev eloping a new op erating system

or making great c hanges to existing OS k ernels. Mean while, w e k ept our solutions as

close as p ossible to the op erating system. Suc h practices w ere p ossible in op erating

systems that could link and un-link k ernel mo dules dynamically [19].

As another consideration, instead of designing a bloated en vironmen t that

in tegrates an y imp ortan t facilities for cluster computing, w e prop osed the concept of

ligh t-w eigh t SSI [134]. F or that purp ose, w e fo cused on high-p erformance run-time

en vironmen t and left out main tenance facilities in our design.

15
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2.2 Enhanced Virtual Mac hine

2.2.1 Beyond PVM

In this dissertation, w e refer to PVM as a parallel computing mo del as w ell

as a parallel computing en vironmen t. The idea b ehind Nezha w as conceiv ed in our

exp erimen ts with PVM. A t �rst, w e w ere v ery m uc h attracted b y its simplicit y and

e�ectiv eness. Then, w e realized that PVM had a few disadv an tages when it w as used

for cluster computing.

In fact, PVM has a w eak load-balancing strategy: PVM uses a round-robin

algorithm to distribute tasks within a parallel virtual mac hine. The strategy w orks

w ell for equally divided parallel tasks in dedicated systems but can not k eep the

w orkload balanced in m ultiple-user m ultiple-task systems, where di�eren t programs

ha v e di�eren t life-spans and di�eren t demands on resources. Since PVM is a close-

w orld system, one user's parallel virtual mac hine has no kno wledge ab out the existence

of another user's parallel virtual mac hine, and eac h parallel virtual mac hine views

the underlying system as dedicated to itself. Therefore, there is no load-balancing in

PVM.

T o understand PVM's second disadv an tage in cluster computing, w e need to

explain t w o concepts: remote in v o cation of program and remote creation of pro cess.

By de�nition, a pro cess is the com bination of a program plus its run-time states [114],

kno wn as the con text of pro cess. Informally , a pro cess is an instance of a program in

execution [19,90]. In this dissertation, program in v o cation and pro cess creation are

t w o di�eren t concepts. Program in v o cation refers to informing the op erating system

to load a program (for a complied program, it is the binary image) in to main memory .
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Pro cess creation emphasizes the construction of the con text of a pro cess. One example

of program in v o cation is the starting of programs using a batc h �le. Both Windo ws

NT and UNIX supp ort batc h �les. One example of pro cess creation is the starting of a

UNIX daemon pro cess: the initiator in v ok es the UNIX system call, fork() [7], to set

up the run-time states for the daemon program and then let the binary image (co de

and data) of the program run indep enden tly . Pro cess creation prepares the con text

of pro cess b efore a program run, whereas program in v o cation do es not prepare an y

con text of pro cess. Therefore, pro cess creation is more complicated than program

in v o cation. T raditional op erating systems supp ort b oth lo cal and remote in v o cation

of program and supp ort lo cal creation of pro cess but do not supp ort remote creation

of pro cess. Here, �remote� relates to a computer that is di�eren t from the computer

where an op eration is initiated. F or example, in remote creation of pro cess, a master

or paren t pro cess (i.e., the initiator) in computer A needs to prepare the con text of

pro cess in computer B for a sla v e or c hild pro cess to execute in B.

With the ab o v e information in mind, w e kno w PVM has another disadv an tage:

although it supp orts remote in v o cation of program, PVM do es not supp ort remote

creation of pro cess. F or dynamic load-balancing and co-sc heduling purp oses, some

pro cesses in a cluster ma y need to b e created in computers (often called no des in

clusters) that are di�eren t from the initiating computers. Unfortunately , PVM is

built on top of existing op erating systems. PVM adds no supp ort to remote creation

of pro cess.

T o o v ercome the di�culties in PVM, w e conceiv ed the �rst v ersion of Nezha,

sho wn in Fig. 2. The �rst v ersion of Nezha had a signi�can t c haracter: the cluster
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had a univ ersal run-time en vironmen t, whic h had a virtual mac hine represen ted b y

the shaded area in Fig. 2. In the virtual mac hine, univ ersal load balancing and co-

sc heduling w ould a�ect all the applications. Those applications came from di�eren t

users at di�eren t no des. In this v ersion, Nezha truly made a parallel virtual mac hine

out of a distributed system, b ecause there w as only a univ ersal virtual mac hine in the

system.
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Fig. 2. The �rst v ersion of the Nezha parallel computing en vironmen t.

In the �rst v ersion of Nezha, w e designed the virtual mac hine to ha v e pro cess

con trol, I/O con trol, dynamic load-balancing, and co-sc heduling. W e planned to con-

struct those facilities using existing OS-k ernel in terfaces and OS utilities. Therefore,

those facilities w ere additional comp onen ts to traditional op erating systems.
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2.2.2 Distribute d A r chite ctur e

There w ere three options in arc hitecture design in constructing the virtual

mac hine: the cen tralized arc hitecture, the distributed arc hitecture, and the mixture

of the t w o arc hitectures. F or example, for load sharing purp ose, GLUnix used the

cen tralized arc hitecture [57], where a dedicated serv er w as resp onsible for all load

sharing in a cluster; MOSIX used the distributed arc hitecture [11], where an y no de

could mak e load-sharing decisions if new jobs arriv ed there; Utopia used a mixture

of cen tralized and distributed arc hitectures, where a large heterogeneous cluster w as

partitioned in to smaller groups, and eac h group made lo cal load-sharing decisions if

they w ere su�cien t or cluster-wide decisions if they w ere necessary .

Cen tralized arc hitectures are relativ ely easier to implemen t than distributed

arc hitectures. The former has simpler algorithms for dynamic load-balancing and co-

sc heduling than the latter, esp ecially for parallel applications. F or example, although

it is not a load-balancing algorithm or co-sc heduling algorithm in the strict sense,

round-robin has b een used in man y places to distribute tasks ev enly . The round-robin

strategy has a simpler form in cen tralized arc hitectures than it do es in distributed

arc hitectures. Ho w ev er, con v enience in arc hitecture design do es not equal to high

p erformance in computing.

Generally , cen tralized arc hitectures are not scalable nor reliable. One result

in Zhou's in�uen tial w ork [141] suggested that cen tralized arc hitectures w ere more

scalable in load sharing than distributed arc hitectures, b ecause w orkload monitor-

ing in cen tralized arc hitectures incurred less comm unication o v erhead than it did in
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distributed arc hitectures. Ho w ev er, that result only applies to the o v erhead from

w orkload monitoring. In fact, there are o v erheads from services [126]. Cen tralized

arc hitecture scales p o orly when services are considered. It could b e w orse in paral-

lel pro cessing. On the other hand, although they pro vide reliable services when the

whole system is up, cen tralized arc hitectures are not reliable if single-failure impact is

considered, and in cen tralized arc hitectures, the failure at a single comp onen t causes

the whole system to stop w orking.

Because of our pursuit in system's scalabilit y and high a v ailabilit y and b e-

cause of some sp ecial requiremen ts in programming with high-bandwidth lo w-latency

net w orking tec hnologies, w e c hose distributed arc hitecture in constructing the virtual

mac hine, as sho wn in Fig. 2.

The virtual mac hine is made up of three daemon pro cesses in eac h no de. They

are w orkload monitor, task sc heduler, and task dispatc her. The w orkload monitor

collects w orkload data of its host, generates w orkload index, scatters its w orkload

index information to the other no des, and gathers w orkload index information from

the other no des. T ec hniques to sp eed up the pro cessing are discussed in Chapter

4. The task sc heduler uses dynamic load-balancing algorithms and co-sc heduling

algorithms in deciding where and ho w newly arriv ed tasks run. The task dispatc her

starts a task or tasks using prop er metho ds. The metho ds include shell commands,

the traditional UNIX fork(), remote in v o cation (suc h as ssh or rsh) of program, or

remote creation of pro cess.

The task dispatc her also manages the tasks it has launc hed. This is done

through the task dispatc her's virtual pro cess managemen t. Sp eci�cally , if a pro cess
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is created to execute remotely , it will b e treated as a virtual pro cess in the initiating

computer. Nezha uses a kind of new pro cess descriptor to record the lo cation and

basic status information of the virtual pro cess. Nezha has a generalized data structure

to record b oth virtual pro cess and lo cal pro cess. With those data structures and the

op erations on them, the task dispatc her can stop the execution of a remote pro cess,

start a pro cess migration pro cedure, share information with remote pro cesses, etc.

Fig. 3 illustrates the in ternal structure of the virtual mac hine. It w as this

structure that inspired us to use the name Nezha for the parallel computing en vi-

ronmen t. W e referred to the three daemon pro cesses as Nezha's three heads and the

metho ds for task dispatc hing as Nezha's arms.

Monitor
Load Load

Monitor

Task
Scheduler

Task
SchedulerDispatcher

Task Task
Dispatcher

Node i Node j

Fig. 3. The in ternal structure of Nezha's virtual mac hine.

2.2.3 Distribute d Virtual Memory

In the ab o v e design, it w as not clear ho w data comm unications in b oth remote

creation of pro cess and transparen t pro cess managemen t w ould b e implemen ted. It

could b e based on tuple space, distributed shared-memory , or message passing.
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The adv an tage of tuple space w as its p ortabilit y . The disadv an tage of tuple

space w as its demand on programmers: ev en though remote creation of pro cess and

transparen t pro cess managemen t w ere the functions of the task dispatc her, tuple

space w ould in tro duce a new programming paradigm. Considering the compatibilit y

to legacy programs and established programming paradigms, w e did not use tuple

space.

Distributed shared-memory seemed to ha v e adv an tages in remote creation of

pro cess, b ecause distributed shared-memory could pro vide a virtually univ ersal ad-

dress space across the cluster. Ho w ev er, Jiang et al. rep orted [69] that they had to

mo dify the structures in their programs so that the programs could run e�cien tly in

soft w are-coheren t DSM systems. The main reason w as that gran ularities for mem-

ory coherence in DSM implemen tations had great impact on program p erformance.

F urthermore, distributed shared-memory did not ha v e comparable p erformance of

message passing. One rep ort that compared their p erformance on an Symmetric

Multipro cessors (SMP) cluster sho w ed that distributed share-memory �can ac hiev e

ab out half the parallel e�ciency of MPI� for most of the applications used in the ex-

p erimen t [117]. DSM's relativ ely lo w p erformance resulted from the comm unication

o v erhead in k eeping a coheren t distributed shared-memory [15]. T o ac hiev e b etter p er-

formance, distributed shared-memory systems needed hardw are supp ort [15,67,68,87].

Finally , w e w ere left with message passing as a p oten tial c hoice. The disadv an-

tage of message passing w as explicit message exc hange. Explicit message exc hange

w as not con v enien t for programmers. Nev ertheless, if w e could hide explicit message

exc hange in the computing en vironmen t, w e could still mak e a transparen t system
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en vironmen t to programmers. That w as the k ey p oin t in our design: for computation

purp ose, system en vironmen t only needed to b e transparen t to programs and there-

fore, programmers but not to other users suc h as system administrators. The concept

help ed us in separating transparency requiremen ts for programming from those for

main tenance.

Since w e decided not to construct a distributed shared-memory for the virtual

mac hine sho wn in Fig. 2, Nezha w ould not ha v e a virtually univ ersal address space.

Therefore, the Nezha virtual mac hine has only distributed virtual memory . This is

the second v ersion (a more detailed v ersion) of Nezha, sho wn in Fig. 4.
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Fig. 4. The second v ersion of the Nezha parallel computing en vironmen t.

In the second v ersion of Nezha, load-balancing and co-sc heduling are still

system-wide. Applications in the virtual mac hine ha v e temp orarily allo cated sys-

tem resources as their priv ate assets. Mean while, eac h application can use a v ailable

pro cessor time and memory space across the cluster. W e refer to suc h computing
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mo del as the Nezha parallel computing mo del. It ma y app ear to some p eople that

the second v ersion of Nezha returns to PVM. Ho w ev er, the t w o en vironmen ts ha v e

di�erences:

1. Nezha has system-wide dynamic load-balancing and co-sc heduling for m ul-

tiple users and programs, whereas PVM do es not.

2. Nezha supp orts remote creation of pro cess, whereas PVM do es not. PVM

only supp orts remote in v o cation of program.

3. Nezha has transparen t pro cess managemen t that is more than PVM's pre-

liminary supp ort to task-information queries.

2.3 P arallel Programming

2.3.1 SPMD and MPMD

Nezha supp orts existing programming paradigms suc h as SPMD (Single Pro-

gram Multiple Data) and MPMD (Multiple Program Multiple Data) [136]. SPMD

refers to a kind of parallel programming where m ultiple copies of a program (or part

of it) run in di�eren t pro cessors with di�eren t data sets, whic h are usually the par-

titions of a larger data set. One example of SPMD is matrix computation, where

m ultiple copies of the same program image run sim ultaneously in more than one

pro cessor manipulating di�eren t groups of elemen ts in a matrix. MPMD refers to

a kind of parallel or concurren t programming where more than one program run in

di�eren t pro cessors with di�eren t data sets. Those programs, though di�eren t in

functionalit y , w ork together to complete one application. One example of MPMD is

a m ulti-program application started through a batc h �le.
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Programming in Nezha is v ery similar to that in PVM or MPICH, except that

a group of new APIs will b e used inside user programs. T ypical Nezha APIs include

nezha_fork() , nezha_run() , nezha_ps() , nezha_pid() , nezha_kill() , nezha_send() ,

nezha_recv() , nezha_exit() , etc. The nezha_fork() is a wrapp er program, whose

pseudo co de is sho wn as follo ws.

Pseudo co de. nezha_fork(preference)

BEGIN

IF no preference THEN

//contact workload monitor for dispatching policy

decision = nezha_allocate();

ELSE

decision = preference;

END IF

IF decision == local task THEN

//call the OS-native routine for process creation

local_create();

ELSE

//call the routine for remote creation of process

remote_create(decision, context, program);

END IF

END

As Nezha is based on message passing, p orting a PVM or MPI program to

Nezha is relativ ely straigh tforw ard. Nezha also lea v es ro om for application-lev el dy-

namic load-balancing and sc heduling. Those �exibilities come from the optional v al-

ues of some parameters in man y of Nezha's APIs suc h as the �preference� parameter

in nezha_fork() .



26

The ab o v e discussion has fo cused on computation in tensiv e applications, whic h

are the traditional applications of high-p erformance computers. Recen tly , there is an-

other kind of application that is gaining m uc h momen tum in cluster computing: data

in tensiv e applications [22]. F or suc h applications, one ma y exp ect that a computer

has a large enough memory or a cluster has univ ersal virtual memory so that one

can use sequen tial programs to pro cess the data. Ho w ev er, as memory coherence in

soft w are DSM causes p erformance p enalties, Nezha do es not supp ort DSM. Instead,

Nezha relies on w ell-designed parallel programs to pro cess massiv e data. A dv anced

parallel pro cessing algorithms, suc h as columnsort [28,84], mak e it p ossible to sim ul-

taneously pro cess massiv e data in distributed storages while satisfying load-balancing

from the p ersp ectiv e of an application.

2.3.2 Home-Base d Shar e d Memory

When shared memory is required, the Nezha virtual mac hine allo ws data pro-

cessing to tak e place at an y computer that o�ers Cen tral Pro cessing Unit (CPU) time

and memory space and memory sharing to tak e place at the �home� computer of an

application. W e call suc h mec hanism the home-based shared memory . Note a home

computer is the computer from whic h remote pro cesses are initiated. Home-based

shared memory is the extension of traditional shared memory [123] in UNIX. It is an

In terpro cess Comm unication tec hnique in the Nezha parallel computing mo del.

T ec hnically , when creating a home-based shared memory , a pro cess in the

home computer �pins� (i.e., maps; see Fig. 5) a virtual memory area in to ph ysical

memory , and a remote pro cess gets a handle of the shared memory . Through the



27

comm unication sub-system, di�eren t pro cesses exc hange data b y sending data to or

receiving data from the shared memory . The task dispatc her in the home computer

do es the sync hronization. The virtual pro cess managemen t mak es the lo cations of

related pro cesses transparen t.

Virtual Memory

Physical Memory

Shared Memory

Remote
Process A Process B

Remote

User Data User Data

Process C
Home

Memory Mapping

RDMA RDMA

Fig. 5. Home-based shared memory .

In systems that use old net w orking tec hnologies, home-based shared memory

is not e�cien t; ho w ev er, in systems that use high-bandwidth lo w-latency net w orking

tec hnologies, home-based shared memory can b e e�cien t and con v enien t.

Fig. 6 illustrates t w o applications in Nezha's virtual mac hine. Application 2

runs across the whole cluster. Because all the pro cesses of Application 2 are initiated

from No de C, they can ha v e shared memory in No de C. Note that to mak e our dis-

cussion easier, Application 2 is describ ed as a single program with m ultiple pro cesses.

Ho w ev er, the concept of home-based shared memory applies to all the programs ini-

tiated from the same computer, where the task dispatc her has the virtual pro cess

managemen t.
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Fig. 6. P arallel pro cessing and shared memory in a virtual mac hine.

Note that, ev en though the task dispatc hers in No de A and No de B pro vide

�foreign� pro cess (�remote� pro cess to the initiator) information and forw ard �foreign�

pro cess requests to the task dispatc her in No de C, they do not main tain the same

pro cess table as that in No de C. That's wh y shared memory for Application 2 in

Fig. 6 do es tak e place in No de A and No de B. The design b ehind suc h use of home-

based shared memory w as based on scalabilit y and complexit y considerations: w e

tried to a v oid the o v erhead caused b y global or large scale pro cess managemen t and

sync hronization, and w e assumed that programs started b y di�eren t initiators did not

comm unicate via shared memory .

2.4 Pro cess Migration

Initially , in the design for Nezha w e did not plan to supp ort preemptiv e pro cess

migration. Informally , preemptiv e pro cess migration means to migrate a program in
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execution from one computer to another. The non-preemptiv e form of pro cess mi-

gration is remote creation of pro cess. Because of the o v erhead in preemptiv e pro cess

migration, issues related to I/O re-direction after migration, and con�icts with lo cal

priorit y in execution, preemptiv e pro cess migration w as regarded as not v ery help-

ful [42]. Ho w ev er, observ ations in our exp erimen ts suggested that preemptiv e pro cess

migration w as needed for some applications. Preemptiv e pro cess migration could also

pro vide service to applications in corresp onding to fault-tolerance

3

[18,53].

Our �rst argumen t for using preemptiv e pro cess migration w as that no task

placemen t w as p erfect. Both dynamic load-balancing and co-sc heduling in the gen-

eral case are NP-hard [52], whic h means no deterministic p olynomial-time algorithm

exists for either of the t w o. T o o v ercome the di�cult situation, sub-optimal algo-

rithms w ere used in dynamic load-balancing [33,66,89,94,100,133,137]. Most of those

algorithms require pro cess migration after initial task placemen ts. Ev en for those

algorithms that do not dep end on pro cess migration, its use ma y reduce the time

for w orkload distribution con v erges to equilibrium. As the extreme form of pro cess

migration, preemptiv e pro cess migration mak es w orkload distribution con v erge faster

to equilibrium for certain applications. This observ ation is highligh ted in Chapter 6.

Our next argumen t w as that preemptiv e pro cess migration is necessary to

complete large parallel or concurren t programs when some no des in a cluster fail

during program execution, i.e., tasks in those failed no des should b e migrated to

other activ e no des.

3

W e called the soft w are problem in corresp onding to fault-tolerance the high a v ail-

abilit y problem.
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Finally , w e noticed that old exp erimen ts with preemptiv e pro cess migration

w ere based on �slo w� net w orking tec hnologies, suc h as Lo cal Area Net w ork of 10 Mb

(megabits) Ethernet. With high-bandwidth, lo w-latency net w orking tec hnologies,

suc h as System Area Net w ork using either Myrinet [17], Scalable Coheren t In terface

(SCI) [60], Fib er Channel [112], or VIA, pro cess migration costs could b e reduced

signi�can tly .

In fact, man y distributed systems discussed in Section 1.2.1 ha v e implemen ted

pro cess migration [38,128,139], including preemptiv e pro cess migration. A high-lev el

framew ork for preemptiv e pro cess migration is a v ailable [91]. Ho w ev er, implemen ting

preemptiv e pro cess migration is di�cult. Reasons include details in incompatible

platforms and language limits [26].

In our researc h, w e realized the imp ortance of preemptiv e pro cess migration.

Mean while, w e though t that m uc h of the pro cess migration problem w as related to

tec hnical details. Some of the tec hnical details could pro vide insigh t in program-

ming language design, op erating-system k ernel design, and computer hardw are de-

sign. Suc h topics are b ey ond the scop e of this researc h.

2.5 Summary

In this c hapter, �rst w e in tro duced the concept of a ligh t-w eigh t, transparen t

run-time en vironmen t, whic h laid the foundation for the Nezha parallel computing en-

vironmen t. Then, w e discussed design considerations for the Nezha parallel computing

mo del. W e used the en vironmen t and the mo del for solving the usabilit y problem of

cluster computing. T o implemen t the Nezha parallel computing mo del, w e adopted
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a distributed arc hitecture that used three daemon pro cesses, namely the w orkload

monitor, the task sc heduler, and the task dispatc her. Di�eren t from PVM, Nezha

had one univ ersal virtual mac hine, and its dynamic load-balancing and co-sc heduling

w ere system-wide. On the other hand, the virtual mac hine had distributed virtual

memory . W e also noted that Nezha w as based on message passing, and Nezha sup-

p orted existing programming paradigms suc h SPMD and MPMD. P orting PVM or

MPI programs to Nezha w as relativ ely easy . F or parallel and concurren t applica-

tions that needed shared memory , Nezha pro vided the mec hanism called home-based

shared memory , whic h enabled memory sharing among pro cesses (lo cal or remote)

that w as initiated from the same computer. Finally , w e discussed preemptiv e pro cess

migration as an imp ortan t tec hnique in the Nezha parallel computing mo del.



CHAPTER 3

ALGORITHMS F OR RANDOMIZED D YNAMIC LO AD BALANCING

3.1 In tro duction

This c hapter fo cuses on designing dynamic load-balancing algorithms for solv-

ing the p erformance problem in cluster computing.

In an n -serv er conceptual computer mo del, whic h could represen t a cluster of

n no des, or NO W of n w orkstations, or other t yp es of relativ ely �close-connected�

computer systems that ha v e n hosts, dynamic load-balancing impro v es p erformance

for parallel computing b y balancing the w orkloads among the n serv ers at run-time

without the kno wledge of tasks' duration and an y arriv al pattern.

Dynamic load-balancing equals to the famous partition problem; therefore, it

is NP-Complete [52], i.e., no tractable algorithm exists for the problem. T o o v er-

come this di�cult situation, sub-optimal algorithms w ere used. Those sub-optimal

algorithms w ere heuristic algorithms [85,137], adaptiv e algorithms [89,100], di�usion

algorithms [33,66], appro ximation algorithms [94,133], etc. The �rst t w o classes of

algorithms do not ha v e analytical mo dels; therefore, their b eha viors are hard to un-

derstand, and their p erformance is hard to predict. The di�usion t yp e algorithms

ha v e a simple analytical mo del. Ho w ev er, their con v ergence sp eed in load-balancing

is lo w [66]. The di�usion mo del also assumes that large programs can b e divided in to

equally small tasks. This assumption do es not apply to man y concurren t applica-

32
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tions. Besides those problems, all the three classes of algorithms, namely heuristic

algorithms, adaptiv e algorithms, and di�usion t yp e algorithms, dep end on dynamic

w orkload transfer, whic h often requires preemptiv e pro cess migration. Preemptiv e

pro cess migration w as kno wn as di�cult to implemen t. With those in mind, w e

needed simpler algorithms that ha v e fast con v ergence sp eeds and analytical mo dels.

Among n umerous researc h on sub-optimal algorithms for dynamic load-balanc-

ing, b oth Eager's queue-based sim ulation [41] and Zhou's trace-driv en sim ulation [141]

suggested that, b y using w orkload information from d , d < n , randomly selected

serv ers, simple algorithms can ac hiev e b etter p erformance than m uc h more complex

algorithms. On the other hand, Azar et al. [6] studied a problem of placing n balls in to

n b o xes, where the n balls are sequen tially placed in to the n b o xes in a randomized

fashion. It w as pro v ed that, in terms of balanced placemen t, c ho osing d � 2 b o xes

randomly (also indep enden tly and uniformly) and placing the i th ball in the least-

loaded b o x of the d c hoices impro v es the result exp onen tially when compared with that

of c ho osing one b o x randomly eac h time. This result applies to static load-balancing.

Mitzenmac her's w orks [92,93,94] extended that result to dynamic load-balancing and

pro vided an analytical mo del to those randomized sc hemes used in Eager's w ork and

Zhou's w ork.

Mitzenmac her's generalization of the d -c hoice, d � 2 , randomized allo cation,

its con v ergence, and the impro v ed p erformance dep end on a �sup ermark et mo del,�

whic h has an arriving stream of P oisson pro cess with rate �n , � < 1 , and a service

time of exp onen tial distribution with mean 1. The sup ermark et mo del is an idealized

mo del b ecause it implies cen tralized, sequen tial customer-arriv al so that eac h serv er
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can ha v e a customer arriving stream with P oisson rate � , and that customer arriving

rate do es not exceed customer departure rate in general, i.e., � < 1 . W e argue

that, if customers arriv e in parallel or concurren tly in a distributed en vironmen t, the

assumptions that customers arriv e in P oisson stream and that � < 1 ma y not b e

satis�ed. Consequen tly , the algorithm based on the sup ermark et mo del ma y not b e

stable.

This c hapter prop oses an impro v ed algorithm that w orks with a scaling-windo w

mec hanism: If the � < 1 condition cannot b e satis�ed, then do not use load-balancing:

tasks execute lo cally . Informally , � � 1 relates to the situation where all the serv ers

are o v er-loaded. If the � < 1 condition can b e satis�ed but m ust b e enforced, whic h

informally relates to the situation where some serv ers ma y b e o v er-loaded but the

o v erall w orkload is under the limit that o v er-loads all serv ers, then the algorithm

c ho oses d � 2 serv ers randomly from the normal-loaded serv ers, but all serv ers par-

ticipate in load-balancing, i.e., the o v er-loaded serv ers do not accept an y transferred

tasks but ma y transfer tasks to the normal-loaded serv ers. If the � < 1 condition

is naturally satis�ed, whic h informally relates to the situation where none of the

serv ers is o v er-loaded, then the algorithm c ho oses d � 2 serv ers randomly from all

the serv ers. In the follo wing discussions, without sp eci�c description, randomly means

indep enden tly and uniformly at random

4

.

The rest of the c hapter is organized as follo ws. Section 3.2 reviews some of

Mitzenmac her's results. Section 3.3 explains the motiv ations of our approac h, de�nes

an extended sup ermark et mo del, designs our impro v ed algorithm, and pro v es the

4

There are random pro cesses that do not ha v e uniformed distribution.
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con v ergence of the algorithm. Section 3.4 presen ts t ypical sim ulation results from

di�eren t p ersp ectiv es. Section 3.5 discusses p erformance, high-a v ailabilit y supp ort,

and application issues of the impro v ed algorithm. Section 3.6 summarizes the c hapter.

3.2 Preparation

3.2.1 Mitzenmacher's Sup ermarket Mo del

De�nition 3.1 (Mitzenmacher) �Customers arrive as a Poisson str e am of r ate �n ,

� < 1 , at a c ol le ction of n servers. Each customer cho oses some c onstant d servers

indep endently and uniformly at r andom fr om the n servers and waits for servic e at the

one with the fewest customers. Customers ar e serve d ac c or ding to the �rst-in �rst-out

pr oto c ol and the servic e time for a customer is exp onential ly distribute d with me an 1.

W e c al l this pr oblem the sup ermarket mo del.�

In the sup ermark et mo del, if w e de�ne n

i

( t ) to b e the n um b er of serv ers that

ha v e i customers at time t , de�ne m

i

( t ) to b e the n um b er of serv ers that ha v e at least

i customers at time t , and de�ne p

i

( t ) �

n

i

( t )

n

to b e the fraction of serv ers that ha v e i

customers, then s

i

( t ) �

m

i

( t )

n

=

P

1

j = i

p

j

( t ) is the �tail of p

i

( t ) .� The nice things ab out

s

i

( t ) are as follo ws. First, it re�ects a kind of system-wide �densit y� measure in queue

length; and second, if w e de�ne v ector

�!

s � ( s

0

; s

1

; s

2

; � � � ) as a state regardless of its

p osition in the time axis, and E

k

= f

�!

s g , then the sto c hastic pro cess de�ned b y the

sup ermark et mo del is a Mark o v c hain in E

k

. In the follo wing discussions, w e drop

the reference to t in the notation where the meaning is clear.

By assuming all the n serv ers ha v e the a v erage, if not uniform, customer

arriving line with P oisson stream rate � and that � < 1 and b y comparing eac h serv er
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to a M = M = 1 serv er [75] with arriving rate � , Mitzenmac her claims ([94], Lemma 1)

that the sup ermark et mo del is stable, and ev ery queue at the n serv ers has a �nite

length. Therefore, if s

i

(0) = 0 for some i , then for all t � 0 , l im

i !1

s

i

( t ) = 0 , or

P

1

i =1

s

i

( t ) < 1 .

3.2.2 The Limiting System

Using a kind of �insp ection� tec hnique [75], whic h he called the ��o w-limit�

approac h, Mitzenmac her ga v e a group of in�nite di�eren tial-di�erence equations to

describ e the b eha vior of the sup ermark et mo del.

Flo w-in (i.e., m

i

increase in dt ) is �ndt with the probabilit y of ( s

d

i � 1

� s

d

i

) .

Flo w-out (i.e., m

i

decrease in dt ) is ndt with the probabilit y of ( s

i

� s

i +1

) .

The com bined ��o w� v ariation is

dm

i

= �n ( s

d

i � 1

� s

d

i

) dt � n ( s

i

� s

i +1

) dt .

Divide b oth sides with n , w e ha v e

8

>

>

<

>

>

:

ds

i

dt

= � ( s

d

i � 1

� s

d

i

) � ( s

i

� s

i +1

) ; i � 1

s

0

= 1

e-3.1

It is an adv an tage to ha v e a deterministic math-mo del in e-3.1 to study the

b eha vior of the sup ermark et mo del. Ho w ev er, a few questions need to b e answ ered:

Do es e-3.1 ha v e an y solution? If so, do es it ha v e a unique solution with a giv en initial

condition? The answ ers to those questions come from Banac h's �xed-p oin t theorem

([131], Theorem 4.4.1) and Kurtz's w orks [77,78], whic h ha v e built a connection b e-

t w een solutions of ordinary di�eren tial equations and the limits of pure jump Mark o v
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pro cesses. Mitzenmac her [94] pro v ed that the sup ermark et mo del can b e treated as

a densit y dep enden t jump Mark o v pro cess. When n ! 1 , the sup ermark et mo del

appro ximates to the deterministic system de�ned b y e-3.1, whic h is called the limiting

system of the sup ermark et mo del. Giv en the initial p oin t

�!

s (0) , di�eren tial-di�erence

e-3.1 has an equilibrium p oin t �

i

, �

i

� l im

t !1

s

i

( t ) = �

d

i

� 1

d � 1

. Mitzenmac her further

pro v ed that the sequence ( s

i

)

1

i =0

con v erges to ( �

i

)

1

i =0

exp onen tially , and the sequence

( s

i

)

1

i =0

itself �decreases doubly exp onen tially for all t > 0 .�

The adv an tage of the d -c hoice, d � 2 , algorithms in randomized load-balancing

is the exp onen tial impro v emen t in p erformance compared to the 1 -c hoice algorithms

in randomized load-balancing. Practically , d = 2 is the simplest v ersion of the d -

c hoice algorithms. Nev ertheless, most of our discussions also apply to the general

case.

3.3 Impro v emen t

3.3.1 Motivations

In the sup ermark et mo del, � < 1 is an imp ortan t condition, whic h guaran tees

that the sup ermark et mo del is stable. Ho w ev er, in real settings, � < 1 ma y not hold.

The reasons are as follo ws:

1. Computers ha v e ph ysical limits, e.g., the pro cessing p o w er of the CPU and

the size of main memory . Consequen tly , the system ma y �hang� b ecause of extremely

computation-in tensiv e tasks (usually from bad co ding but sometimes from unexp ected

con ten tions), and the main memory ma y cause thrashing [90], if the memory is not

large enough to hold the execution con text of all the sc heduled pro cesses. When an y
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computer in the n -serv er system has suc h problems, jobs assigned to that computer

cannot b e executed at normal sp eed.

2. View ed as sto c hastic pro cesses, application arriving pro cesses ma y not b e

P oisson streams. F or example, en terprise-lev el clusters ma y exp erience �rush hours�

in transactions, and w orkload in the n serv ers could b e extremely un balanced o v er a

short p erio d of time. Suc h b eha viors violate the de�nition of a P oisson pro cess [72]

and th us can not b e correctly mo deled b y the sup ermark et mo del that has an arriving

stream of P oisson pro cess.

3. F or concurren t and parallel applications, m ultiple load-balancing decisions

are made sim ultaneously at di�eren t serv ers. The sudden arriv al of man y jobs (cus-

tomers) causes conjunctions at certain serv ers, ev en though a job, follo wing the di-

rection in load-balancing, ma y w ait for service at a serv er that is di�eren t from the

one the job initially came up to.

The ab o v e situations could b e mo deled b y birth-death pro cesses [75] that are

more general in theory . In a birth-death pro cess that has birth rate �

k

for k =

0 ; 1 ; 2 ; � � � , and death rate �

k

for k = 1 ; 2 ; 3 ; � � � , the condition for ergo dicit y , i.e.,

the birth-death pro cess reac hes equilibrium, is that there exists a k

0

suc h that the

sequence (

�

k

�

k +1

)

1

k = k

0

remains under one.

The randomized dynamic load-balancing algorithm based on the sup ermark et

mo del do es not guaran tee a birth-death pro cess reac hes equilibrium or ma y need a

large k

0

for the sequence (

�

k

�

k +1

)

1

k = k

0

to remain under one. Ev en though it has d � 2

c hoices in no de-selections and alw a ys assigns a newly arriv ed task to the no de that

has the ligh test load among the d no des, the old algorithm has the c hance to include
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o v er-loaded no des in the d c hoices. Consequen tly , at the whole-system lev el the least-

loaded no de of the d c hoices migh t not ev en b e a ligh t-loaded no de. In the w orst case,

the old algorithm could b e reduced to the �c hoice of one� approac h in dynamic load-

balancing (when d � 1 no des are o v er-loaded), where there is no real load-balancing

at all.

3.3.2 A n Extende d Sup ermarket Mo del

De�nition 3.2 Customers arrive as a str e am with arriving r ate �

n

j =1

�

( j )

k

at a c ol le c-

tion of n servers. Each customer cho oses some c onstant d , d � 2 , servers indep en-

dently and uniformly at r andom fr om � ( t ) servers, wher e � ( t ) is the numb er of active

(not over-lo ade d) servers at time t , and waits for servic e at the server that has the

fewest customers among the d servers. Customers ar e serve d ac c or ding to the �rst-in

�rst-out pr oto c ol. The servic e time for a customer is exp onential ly distribute d with

me an

1

�

.

In De�nition 3.2, �

( j )

k

denotes the arriving rate at serv er j in state k . An

exp onen tial distributed pro cess with mean

1

�

relates to the in ter-arriv al time of a

P oisson pro cess of rate � . Therefore, the extended sup ermark et mo del is a sp ecial

birth-death pro cess [72,75] in that it has birth rate

P

n

j =1

�

( j )

k

and (P oisson) death

rate n� , assuming the n serv ers are homogeneous.

Lemma 3.1 F or the extende d sup ermarket mo del, the c ondition of e quilibr ating is

( 9 k

0

) f [(�

n

j =1

�

( j )

k

) = ( n� )]

1

k = k

0

< 1 g .
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The extended sup ermark et mo del is a sp ecial birth-death pro cess in that the

death rate is state indep enden t. A ccording to the de�nition for birth-death pro cess,

the condition for the extended sup ermark et mo del to reac h equilibrium is that there

exists some k

0

suc h that, for all k � k

0

, [(�

n

j =1

�

( j )

k

) = ( n� )] < 1 .

Lemma 3.1 giv es the general condition for the extended sup ermark et mo del

to come to equilibrium. Ho w ev er, the b eha vior of eac h of the n serv ers is not clear.

Therefore, w e ha v e as follo ws a stronger condition of equilibrating for the extended

sup ermark et mo del.

Lemma 3.2 The c ondition ( 9 k

0

)[( �

( j )

k

=� )

1

k = k

0

< 1] su�ciently guar ante es an e quilib-

rium state in the extende d sup ermarket mo del.

3.3.3 The Impr ove d A lgorithm

First, w e need to de�ne the meaning of o v er-loaded, whic h is a k ey concept in

our discussions.

De�nition 3.3 F or dynamic lo ad-b alancing purp ose, over-lo ade d' describ es a state

when worklo ad at a server is b eyond its ful l c ap acity of pr o c essing and sche duling in

some limite d p erio d of time [0 ; T ] . The over-lo ade d state may le ad to un-exp e cte d and

un-stable b ehavior at the server b e c ause of physic al r esour c e limits.

The idea of our algorithm is simple: c ho ose d � 2 serv ers only from the normal-

loaded serv ers to enforce and to escalate the con v ergence of the randomized dynamic

load-balancing algorithm when some of the n serv ers are o v er-loaded.

F or that purp ose, w e de�ne a scaling-windo w tec hnique as follo ws: Giv en n

serv ers a

1

, a

2

, a

3

, ..., a

n

, when n � � ( t ) serv ers are o v er-loaded, the size of the scaling-
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windo w at time t will b e � ( t ) , where � ( t ) decides the n um b er of serv ers from whic h the

d serv ers are c hosen indep enden tly and uniformly at random. The impro v ed v ersion

of the algorithm for randomized dynamic load-balancing is sho wn as follo wing.

Algorithm 3.1 If � ( t ) = n , then cho ose d � 2 servers indep endently and uniformly

at r andom fr om al l the n servers, and assign a new ly arrive d task to the le ast-lo ade d

server among the d servers. If 0 < � ( t ) < n , then cho ose d � 2 servers indep endently

and uniformly at r andom fr om only the � ( t ) servers, and assign a new ly arrive d task

to the le ast-lo ade d server among the d servers. The new ly arrive d task may c ome fr om

any of the n servers. If � ( t ) = 1 , then r e duc e to the shortest-queue algorithm, which

assigns the new ly arrive d task to the server that has the shortest queue. If � ( t ) = 0 ,

then do not apply lo ad-b alancing.

Pseudo co de. randdlb_improved(d)

//Pre-conditions:

//d: number of choices in randomized node selection

//n: number of nodes in the system

//i: node index of local host (server); i 2 n;

BEGIN

//variable declaration

Ai; //the set of node indices of the active nodes.

//find the active nodes, using adaptive threshold.

calculate Ai;

//select the server for a newly arrived customer.

IF Ai is not empty THEN

select d servers from Ai randomly and independently;

k = the least-loaded node among the d servers;

ELSE
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k = i; //local server

END IF

RETURN k; //the customer will be served at k.

END

As w e study algorithms with d � 2 , it is reasonable to exp ect that � ( t ) � 2 .

Ho w ev er, allo wing � ( t ) = 1 bridges Algorithm 3.1 and the �shortest-queue� algorithm.

Theoretically , our algorithm generalizes the randomized d � 2 algorithms and the

deterministic shortest-queue algorithm. In the � ( t ) = 1 case, the only a wkw ardness

is to select d � 2 serv ers from a p o ol of only one serv er.

One sp ecial issue concerning the use of Algorithm 3.1 w as what it should do

when � ( t ) = n , i.e., all the n serv ers are idling at time t . Put it in another w a y ,

when all the sev ers ha v e no w ork to do, should load-balancing stop temp orarily or

not? F or single pro cess applications, there is a trade-o� b et w een p erformance gain

and comm unication o v erhead in dynamic load-balancing. W e lea v e the decision as

an op en issue and let the user decide whether or not to enable load-balancing in the

ab o v e situation. W e pro vided the option through the algorithm's user in terface.

3.3.4 Pr o of of Conver genc e

De�ne m

i

� the n um b er of queues that ha v e at least i customers at time t ,

i

o

� the threshold in queue length when a serv er b ecomes o v er-loaded, s

i

� m

i

=n ,

�

k

�

P

n

j =1

�

( j )

k

n

, where n is the n um b er of serv ers in the system de�ned b y the extended

sup ermark et mo del.
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Using the �insp ection� tec hnique as in Section 3.2.2, w e ha v e the follo wing

di�eren tial-di�erence equation for the limiting system (assume it exists) of the ex-

tended sup ermark et mo del, where some no des ma y b e o v er-loaded in the transien t in

dynamic load-balancing.

8

>

>

<

>

>

:

ds

i

dt

= �

k

[(

m

i � 1

� m

i

o

n � m

i

o

)

d

� (

m

i

� m

i

o

n � m

i

o

)

d

] � � ( s

i

� s

i +1

) ; i � 1

s

0

= 1

e-3.2

Theorem 3.1 Di�er ential-di�er enc e e-3.2 c onver ges to e-3.1 if L emma 3.1 is satis-

�e d.

Pro of. Lemma 3.1 guaran tees that the extended sup ermark et mo del comes to equi-

librium. Therefore, di�eren tial-deference e-3.2 con v erges. All w e need to kno w is ho w

e-3.2 con v erges. F or i � i

0

, e-3.2 b ecomes

ds

i

dt

= � � ( s

i

� s

i +1

) . e-3.3

Giv en a v alue for s

i

0

� 1

, there is a unique solution for e-3.3. The solution is

sequence ( s

i

( t ))

1

i = i

0

, whic h is guaran teed to decrease exp onen tially in t un til m

i

0

= 0 .

Then di�eren tial-di�erence e-3.2 b ecomes e-3.3. �

Therefore, it is straigh tforw ard that Algorithm 3.1 based on the extended

�sup ermark et mo del� con v erges if Lemma 3.1 is satis�ed. In fact, Algorithm 3.1

enforces Lemma 3.2 to b e true whenev er Lemma 3.1 is true.

3.3.5 F uzzy Classi�c ation of W orklo ad

W e use fuzzy logic [98] to classify the w orkload at the n serv ers. The fuzzy set

is
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f ( l ) =

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

1 l � l

max

l � l

min

l

max

� l

min

l

min

< l < l

max

0 l � l

min

,

where l

max

is the threshold in the term of w orkload for o v er-loading, and l

min

is the

threshold in the term of w orkload for idling. l

max

has an upp er limit that is decided

b y the computation p o w er of a serv er, and l

min

has a lo w er limit that is decided b y

w orkload from the basic op erations in a serv er.

In practice, if f ( l ) = 1 , a serv er is o v er-loaded; if f ( l ) 2 (0 ; 1) , the serv er has

normal load; if f ( l ) = 0 , the serv er is idling. The threshold in queue length, i

o

( t ) ,

has only theoretical uses in e-3.2. i

o

( t ) can b e de�ned b y a function of l

max

and t as

follo ws:

i

o

( t ) � g ( l

max

; t ) , where l

max

> l

min

m ust b e satis�ed. f-3.1

f-3.1 re�ects the adaptiv e nature of i

o

( t ) , whic h v aries when time and system-

lev el w orkload c hange.

3.4 Sim ulations

3.4.1 The Simulator

Our sim ulator ran in Lin ux 2.2 and an 8 no des cluster. In the cluster, eac h

no de has a four-w a y SMP with In tel P en tium I I I CPUs. Eac h of the CPUs has 550

megahertz (Mhz) sp eed and 512 kilob ytes (KB) cac he memory . Eac h no de has 512

megab ytes (MB) shared memory .
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The sim ulator is a m ulti-threading program. It used n threads to sim ulate n

job-arriving streams, another n threads to sim ulate n job-departure streams, and one

thread to p erio dically log the queue lengths of the n queues.

Job arriving and departure follo ws the P oisson pro cess with arriving rate �

( j )

k

and departure rate � , resp ectiv ely . The in ter-arriv al time of P oisson pro cesses follo ws

the exp onen tial distribution. W e used the algorithm from La w and Kelton [81] to

generate sto c hastic pro cesses of exp onen tial distribution. W e used one algorithm from

Press et al. [108] to generate random n um b ers. Eac h thread w as giv en a randomly

generated n um b er as the starting seed, and eac h thread had its o wn random n um b er

generator. Therefore, the threads w ere indep enden t.

Both w orkload monitoring (up dating) with and without latency w ere stud-

ied. In the case of w orkload monitoring with latency , t w o arra ys for w orkloads w ere

used: one for �real� w orkload indices and one for �monitored� w orkload indices. The

monitored w orkload indices w ere used b y task dispatc hers as the reference in p ol-

icy making for dynamic load-balancing, and the real w orkload indices w ere used to

record load-c hanges at job departure and job arriving at eac h no de. Another thread

w as used to generate latencies in comm unication, whic h caused di�erences b et w een

the monitored w orkload indices and the real w orkload indices.

3.4.2 Conventions

In eac h sim ulation, t w o algorithms w ere used: the old algorithm based on the

sup ermark et mo del and the impro v ed algorithm based on the extended sup ermark et

mo del.
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Here are the meanings of some of the sym b ols used in the �gures and analy-

ses: �

( j )

k

= the job-arriving rate at a serv er, � = the job-departure rate at a serv er,

d = the c hoices in randomized dynamic load balancing, n = the n um b er of no des in

the system, Me an1 = the a v erage queue length in sim ulations on the old algorithm,

Max1 = the maxim um queue length observ ed in sim ulations on the old algorithm,

Max_Di�1 = the maxim um di�erence in queue length among the no des in sim ula-

tions on the old algorithm, Me an2 = the a v erage queue length in sim ulations on the

impro v ed algorithm, Max2 = the maxim um queue length observ ed in sim ulations on

the impro v ed algorithm, and Max_Di�2 = the maxim um di�erence in queue length

among the no des in sim ulations on the impro v ed algorithm.

Without sp eci�c notice in our discussions, queue lengths include the a v erage

queue length, the maxim um queue length, and the maxim um di�erence in queue

length (among the no des).

3.4.3 R esult A nalyses

3.4.3.1 The e�e ct of system size

Observ ation 3.1 The impr ove d algorithm gener ates shorter queue lengths than the

old algorithm.

Fig. 7 illustrates the sim ulated results when �

( j )

k

= 0 : 9 . The impro v ed al-

gorithm not only reduces the a v erage queue length but also reduces the maxim um

queue length and the maxim um di�erence in queue length. The observ ation implies

that the impro v ed algorithm pro duces more balanced load distribution.
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Fig. 7. Queue lengths with di�eren t n um b er of no des in a system.

Observ ation 3.2 F r om the p ersp e ctive of queue lengths, the impr ove d algorithm is

r elatively system-size insensitive, wher e as the old algorithm is system-size sensitive.

In Fig. 8, w e observ ed that, at eac h job-arriving rate, a v erage queue length

has di�eren t v alues when system size c hanges. In Fig. 9, w e observ ed that, at eac h

job-arriving rate, a v erage queue length remains at the same lev el when system size

c hanges.

Fig. 8. A v erage queue length with di�eren t system sizes and arriving rates using the

old algorithm.
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Fig. 9. A v erage queue length with di�eren t system sizes and arriving rates using the

impro v ed algorithm.

W e noticed in Fig. 10 that the maxim um queue length and the maxim um

di�erence in queue length generated b y the old algorithm are system-size dep enden t.

Ho w ev er, Fig. 11 sho ws that the maxim um queue length generated b y the impro v ed

algorithm b ecomes system-size insensitiv e when job-arriving rate reac hes a certain

lev el, whereas the maxim um di�erence in queue length is system-size dep enden t.

Fig. 10. Maxim um queue length and maxim um di�erence in queue length using the

old algorithm.
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Fig. 11. Maxim um queue length and maxim um di�erence in queue length using the

new algorithm.

Note 1. Observ ation 3.2 is imp ortan t b ecause it suggests that building clus-

ters of larger size b y assem bling small computers or small clusters ma y o v erload indi-

vidual no des easily if the old algorithm is used for dynamic load balancing. Ho w ev er,

using the impro v ed algorithm will not cause suc h scalabilit y problem.

3.4.3.2 The e�e ct of job-arriving r ate

Observ ation 3.3 Incr e ase job-arriving r ate incr e ases the queue lengths.

In Fig. 8 and Fig. 9, w e observ ed that increasing job-arriving rate increases

the a v erage queue length, the maxim um queue length, and the maxim um di�erence

in queue length among the no des. The fact is true for b oth the old algorithm and

the impro v ed algorithm. Ho w ev er, for the impro v ed algorithm, the maxim um queue

length has a limiting feature: when job-arriving rate reac hes a certain lev el, the

maxim um queue length is system-size insensitiv e. In Fig. 11, the limiting feature

starts when �

( j )

k

= 0 : 8 . F or the old algorithm, there is no suc h limiting feature.
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The reasons for the existence of the limiting feature in the impro v ed algorithm

include the follo wing. First, the scaling-windo w mec hanism decides the threshold in

queue length for o v er-loading. When system size c hanges, the a v erage w orkload in the

system do es not c hange. Therefore, the threshold for o v er-loading do es not c hange.

The maxim um queue length relates to the threshold. That is wh y the limit exits.

Notice this conclusion is based on the extended sup ermark et mo del. F or other mo dels,

system-size c hanges ma y cause a v erage-w orkload c hanges. Second, the threshold for

o v er-loading is adaptiv e. When job-arriving rate rises, w orkload in the whole system

rises. Therefore, the threshold for o v er-loading rises. This is wh y the v alues of the

limits for maxim um queue length are di�eren t at di�eren t job-arriving rates. The

highest threshold for o v er-loading, ho w ev er, is irrelev an t to job-arriving rates. It is

decided b y the ph ysical computation p o w er of the serv ers. Finally , when the threshold

for o v er-loading is to o high or to o lo w, the impro v ed algorithm ma y under-act or o v er-

act. The result is similar to dynamic load-balancing using the old algorithm, whic h

do es not ha v e the scaling-windo w mec hanism. In Fig. 11, the maxim um queue length

at the job-arriving rate of � = 0 : 5 b ecame system-size dep enden t, b ecause w e did not

set the lo w est limit for the threshold for o v er-loading. The calculated threshold turned

out to b e to o small (close to zero).

Note 2. The limiting feature of the maxim um queue length in the impro v ed

algorithm is as imp ortan t as its system-size insensitiv e feature describ ed in Observ a-

tion 3.2.

Observ ation 3.4 Both the old algorithm and the impr ove d algorithm show b etter

p erformanc e when job-arriving r ates in the n servers ar e non-uniform.



51

By uniformed job-arriving rates, w e mean t all the n serv ers ha v e the same job-

arriving rate. On the con trary , b y non-uniformed job-arriving rates, w e mean t job-

arriving rates at di�eren t serv ers are di�eren t. Giv en an example of non-uniformed

job-arriving rate, �

( j )

k

2 f 0 : 5 ; 0 : 5 ; 0 : 5 ; 0 : 9 ; 0 : 9 ; 1 : 2 ; 1 : 2 ; 1 : 2 g , its a v erage job-arriving

rate is � = 0 : 86 .

The fact of Observ ation 3.4 w as �rst observ ed in Fig. 12 b ecause of its irregular

shap e, and w as con�rmed b y a comparison of queue lengths b et w een the case of ha ving

uniformed job-arriving rate in the n no des and the case of ha ving non-uniformed job-

arriving rate in the n no des, as sho wn in Fig. 13.

Fig. 12. Irregularit y in queue lengths with resp ect to job-arriving rates.

Note 3. Except in queue lengths, neither the new algorithm nor the old

algorithm sho ws signi�can t di�erence in p erformance at di�eren t uniformities of job-

arriving rate in the n serv ers. Therefore, without explicit notation, the follo wing

discussions apply to b oth uniformed job-arriv als and non-uniformed job-arriv als.
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Fig. 13. Queue lengths v ersus job-arriving rates.

3.4.3.3 The e�e ct of worklo ad up dating-latency

Observ ation 3.5 Both the old algorithm and the impr ove d algorithm ar e not sensi-

tive to worklo ad up dating-latency.

Fig. 14. Impact of load up dating-latency on queue lengths.

Fig. 14 sho ws only small c hanges in queue lengths with resp ect to a wide range

of w orkload up dating-latencies. The old algorithm is sligh tly b etter than the new al-
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gorithm when the threshold for o v er-loading test in the new algorithm is adaptiv e.

Because adaptiv e threshold is more sensitiv e to w orkload c hanges, up dating latency

in propagation a�ected the p erformance of the new algorithm more. Generally , Ob-

serv ation 3.5 sho ws another attractiv e feature of the impro v ed algorithm.

3.4.3.4 The sp e e d in c onver genc e

Observ ation 3.6 The impr ove d algorithm achieves b etter c onver genc e sp e e d than the

old algorithm.

T o measure the di�erence in con v ergence sp eed b et w een the t w o algorithms,

w e used some (less than n ) o v er-loaded queues to start our sim ulations. By setting a

certain threshold in load-balancing, w e measured the time from the b eginning to the

p oin t when the o v er-loaded no des b ecame normal.

Our observ ation suggests that the old algorithm con v erges slo w er when more

no des b ecome o v er-loaded; but con v ergence sp eed of the impro v ed algorithm is di�er-

en t. More sp eci�cally , for the same n um b er of o v er-loaded queues, the old algorithm

con v erges slo w er when the system size n is small than it do es when the system size n

is large. The impro v ed algorithm main tains the same lev el of con v ergence sp eed with

the help of the scaling-windo w tec hnique. Fig. 15 illustrates the results.

The fact that the impro v ed algorithm has the same con v ergence sp eed at

di�eren t system sizes and di�eren t n um b er of o v er-loaded serv ers is not surprising:

the con v ergence sp eed dep ends only on the �isolated� serv ers when they b ecome o v er-

loaded. A lesson from this observ ation is in teresting: if job arriv als go b ey ond the
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service capabilit y of a small n -serv er system, then the solutions are either increasing

the system size, or increasing individual serv er's computation p o w er, or b oth.

Fig. 15. Comparison of con v ergence sp eed.

3.4.3.5 The e�e ct of adaptive thr eshold for over-lo ading

Observ ation 3.7 Using adaptive thr eshold for over-lo ading c an impr ove p erformanc e

in al l the d � 1 c ases.

Whereas the old algorithm can reduce queue lengths in the d � 2 cases but not

in the d = 1 case, the impro v ed algorithm with adaptiv e threshold for o v er-loading

can reduce queue lengths to the same lev el ev en in the d = 1 case. Fig. 16 illustrates

the fact.

Do es Observ ation 3.7 suggest that w e can use d = 1 , i.e. c hoice of one, in

the impro v ed algorithm? T ec hnically , d = 1 and d � 2 ha v e the same lev el of

computation complexit y in the impro v ed algorithm, where the complexit y mainly

comes from monitoring the w orkloads in all the n serv ers. Ho w ev er, d = 1 do es not
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ha v e man y adv an tages that d � 2 has. Fig. 17 sho ws that d = 1 do es not ha v e the

scalabilit y b ene�ts of the d � 2 algorithms.

Note 4. If the threshold for o v er-loading is a constan t, i.e., not adaptiv e, then

the impro v ed algorithm p erforms b etter than the old algorithm only when w orkloads

pass the threshold. It w as the threshold, esp ecially the adaptiv e threshold, that made

the impro v ed algorithm more p o w erful.

Fig. 16. The e�ect of adaptiv e threshold for o v er-loading.

Fig. 17. Left: a v erage queue length v ersus system size when d = 1 ; Righ t: the

maxim um queue length and the maxim um di�erence in queue length when d = 1 .
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3.5 Discussions

3.5.1 Performanc e

The impro v ed algorithm generalizes the d -c hoice, d � 2 , randomized dynamic

load-balancing. Its p erformance is b ounded b y the �true� d � 2 case when � ( t ) � 2

and the �shortest-queue� case when � ( t ) = 1 . Most of the time, the algorithm is

exp ected to ac hiev e dynamic load-balancing as the �true� d � 2 case do es, b ecause

the con v ergence condition for the extended sup ermark et mo del is more realistic than

that for the sup ermark et mo del, and the con v ergence condition can b e satis�ed most

of the time.

Generally , randomized dynamic load-balancing algorithms ha v e other adv an-

tages in p erformance. One adv an tage is that the algorithms are able to handle the

�hot-sp ot� problem in distributed or decen tralized dynamic load-balancing

5

, where a

hot-sp ot is a common serv er to whic h indep enden t decision mak ers c ho ose to place

newly arriv ed tasks. Another adv an tage is that the algorithms are able to minimize

the �herd e�ect�, whic h is a problem caused b y the dela ys in load monitoring. Suc h

dela ys are hard to a v oid; ho w ev er, according to one of our sim ulation results (Obser-

v ation 3.5) in Section 3.4.3, randomized algorithms are not v ery sensitiv e to dela ys

in load-monitoring.

More sim ulation results on algorithms for randomized dynamic load-balancing

are a v ailable [35,41,94,141]. T o our kno wledge, b enc hmark of an y of these algorithms

5

In this dissertation, w e use distributed when referring to an arc hitecture that is

made up of self-sustained comp onen ts; w e use decen tralized when referring to a w a y

that a job is done b y di�eren t op erators, but eac h op erator has a complete or partial

solution to the job.
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in real settings is not a v ailable. W e will use our protot yping system to study the

algorithms in Chapter 6.

3.5.2 Complexity

Algorithm 3.1 pro vides enhanced con v ergence and reduced queue lengths in dy-

namic load-balancing. Mean while, the algorithm increases comm unication o v erhead:

T o ha v e adaptiv e i

o

( t ) and to calculate � ( t ) at decision making for task placemen t,

the algorithm m ust ha v e collected w orkload information of the n serv ers. In con trast,

the old algorithm, whic h is based on Mitzenmac her's sup ermark et mo del, can prob e

d , d < n , serv ers, th us reducing comm unication o v erhead.

On the other hand, probing b efore task placemen t causes execution dela ys.

Reasons for the dela ys include that commo dit y op erating systems used in clusters are

not real-time OS, some serv ers ma y b ecome inactiv e when they are o v er-loaded or

ha v e crashed, and the proto col for probing m ust set either a minim um w aiting-time

for resp onse if the probing pro cess is not going to blo c k forev er or a minim um n um b er

of unansw ered p olls if the probing pro cess is non-blo c king. The impro v ed algorithm

handles these problems in adv ance. Therefore, in practice, there is a trade-o� b et w een

the t w o algorithms.

3.5.3 High-A vailability Supp ort

One of our considerations on high a v ailabilit y w as what happ ens if malicious

programs try to bring do wn the whole system b y causing resource exhaustion. It

seems that the impro v ed algorithm is more vulnerable than the old algorithm, b ecause
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malicious hac ks through the impro v ed algorithm spread faster than those through

the old algorithm. Ho w ev er, our algorithm is more �exible in a v oiding wide-range

p erformance-degradation. All w e need to do is a small mo di�cation to Algorithm 3.1:

when 0 < � ( t ) < n , b esides c ho osing d serv ers from only the � ( t ) serv ers, also restrict

dynamic load-balancing only among the � ( t ) serv ers, i.e., stop receiving newly arriv ed

jobs or load migration from the o v er-loaded no des. In that w a y , if the co de they are

running is not malicious, the temp orarily o v er-loaded serv ers will reac h normal load-

lev el ev en tually , or, if the co de is malicious, the damage will b e con�ned to the a�ected

serv ers.

3.6 Summary

In this c hapter, �rst w e studied Mitzenmac her's sup ermark et mo del and his

algorithm of t w o c hoices in randomized dynamic load-balancing. W e noted that

the implicit assumptions in the sup ermark et mo del, i.e., customer-arriving stream

directed to eac h serv er w as a P oisson stream and customer arriving rate w as less

than customer departure rate, migh t not b e satis�ed in real settings. Then, w e

prop osed an extended sup ermark et mo del. In that mo del, customer arriving and

departure pro cesses w ere treated as birth-death pro cesses, whic h had a more mo derate

requiremen t for equilibrating than P oisson pro cesses. W e designed a mo di�ed v ersion

of Mitzenmac her's algorithm using a scaling-windo w tec hnique. A dv an tages of the

new algorithm included enhanced capabilit y in con v erging to equilibrium and reduced

queue lengths in dynamic load-balancing. Another con tribution of our w ork w as that

the new algorithm generalizes dynamic load-balancing algorithms b y bridging the
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d -c hoices, d � 2 , randomized dynamic load-balancing sc heme and the deterministic

shortest-queue sc heme. Finally , w e discussed the impro v ed algorithm's strengths in

scalabilit y and in corresp onding to high a v ailabilit y .



CHAPTER 4

ALGORITHMS F OR ASYNCHR ONOUS INF ORMA TION SCA TTERING

4.1 In tro duction

In the Nezha parallel computing mo del, dynamic load-balancing in a cluster

is decen tralized, whic h means eac h no de in the cluster mak es its o wn decisions in

dynamic load-balancing, but eac h of those decisions tak es the whole cluster under

consideration. Decen tralized dynamic load-balancing requires that eac h no de has

the up dated load-status of the other no des. F or that purp ose, broadcasting and

m ulti-casting algorithms can b e used to scatter w orkload information in the system.

Alternativ ely , Drezner and Barak [39] and Barak and Shiloh [11] prop osed an asyn-

c hronous information-scattering algorithm. The essence of the algorithm is as follo ws.

Initially , a no de sends its lo cal information to a randomly selected no de. Then the

receiving no de com bines its lo cal information with the receiv ed information and sends

the com bined information to another randomly selected no de. A t the whole system

lev el, all no des propagate suc h information in an async hronous manner.

In the follo wing discussions, w e refer to this early v ersion of the async hronous

information-scattering algorithm as the old algorithm and the metho d that w as used

as propagation. Because of its randomized nature in no de selection, an async hronous

information-scattering algorithm of this t yp e can b e called a randomized information-

scattering algorithm, and, b ecause of its probabilistic nature in propagation, the

60
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algorithm is also called the probabilistic information-scattering algorithm. Hereafter,

w e simply refer to suc h an algorithm as the probabilistic algorithm.

W e studied and used the probabilistic algorithm b ecause man y high-bandwidth

lo w-latency net w orking tec hnologies suc h as VIA [130] and Fib er Channel [112] sup-

p ort p oin t-to-p oin t comm unication but do not ha v e broadcasting or m ulti-casting.

W e w ere in terested in in v estigating ho w e�ectiv e the probabilistic algorithm could

b e from the p ersp ectiv es of comm unication o v erhead, latency in propagation, and

supp ort to high a v ailabilit y .

In this c hapter, w e rep ort our study on the use of probabilistic algorithms. In

Section 4.2, w e calculate the comm unication complexit y of information-scattering al-

gorithms using a new form ula. It corrects a previous result that suggests probabilistic

algorithms cause less comm unication o v erhead than broadcasting or m ulti-casting. In

Section 4.3, w e address the �rst problem in the old algorithm: Ev en when a no de, e.g.,

A, could scatter its information to all the other no des in a certain amoun t of time,

the probabilit y w as still high for another no de, e.g., B, to ha v e stale information of A.

The reason is that, without an e�cien t mec hanism for time-stamping the scattered

information, at a receiv er's side the most recen tly receiv ed but stale information will

o v erride an earlier receiv ed but up dated information. W e call this problem non-linear

latency in propagation. W e use an example to explain the problem. T o solv e the

problem, w e prop ose a mo di�ed v ersion of the old algorithm. Exp erimen tal results

sho w that our mo di�ed algorithm reduces non-linear latency in propagation. In Sec-

tion 4.4, w e address another problem in the old algorithm: When the n um b er of activ e

no des n b ecomes smaller than a cluster's size N, the p erformance of the old algorithm
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degrades. T o solv e this problem, w e prop ose another v ersion of our mo di�ed algo-

rithm. W e pro v e that this impro v ed v ersion reduces degradation in p erformance when

n < N. W e use exp erimen tal results to sho w the p erformance gain. In Section 4.5,

w e discuss the adv an tages of our algorithms in decen tralized dynamic load-balancing.

Section 4.6 summarizes the c hapter.

4.2 Comm unication Complexit y

In their pap er, Drezner and Barak [39] de�ned t w o parameters to measure

the e�ectiv eness of an information-scattering algorithm. Then, they used a form ula

to calculate the complexit y of the algorithm. The parameters are �the n um b er of

messages, and the time dela y un til all the no des receiv e the scattered information.�

The form ula is as follo ws.

C = S T ; f-4.1

where � S is the total n um b er of messages sen t eac h unit of time, and T is the n um b er

of units of time necessary to scatter a giv en information to all the no des.� [39] T is the

n um b er of steps in a complete cycle in scattering, i.e., the duration (in propagation

steps) a message is scattered to all the other no des.

A ccording to f-4.1, in a cluster of N no des where n no des are activ e, scattering

information using broadcasting has the complexit y of O ( N

2

) , since S = N � N

and T = 1 ; scattering information using the old algorithm has the complexit y of

O ( N l og

N

2

) , since S = N , T =

1+( N =n ) l n

(1+ n= N )

l og

(1+ n= N )

l og

n

, and assume n � N . Therefore,

Drezner and Barak though t that the probabilistic algorithm reduces comm unication

complexit y .
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Note that f-4.1 do es not re�ect the o v erall comm unication complexit y in asyn-

c hronous information-scattering: A correct calculation should include the size of eac h

scattered message, b ecause instead of sending information of one no de in eac h mes-

sage, probabilistic algorithms usually send information of sev eral no des in one unit

of time. Therefore, w e use the follo wing form ula to calculate the complexit y of an

information-scattering algorithm:

C = S T Z ; f-4.2

where S and T ha v e the same meaning as in f-4.1, and Z is the a v erage message size,

whic h is often the coun t of the n um b er of no des whose information is in a message.

A ccording to f-4.2, in a cluster of N no des where n no des are activ e, scattering

information using broadcasting has the complexit y of O ( N

2

) , whereas scattering in-

formation using the old algorithm has the complexit y of O ( N

2

l og

N

2

) when n � N and

Z = O ( N ) . This result suggests that the probabilistic algorithm ma y not reduce com-

m unication o v erhead. In fact, the probabilistic algorithm increases comm unication

o v erhead in most cases. Theoretically , probabilistic scattering w ould cause more com-

m unication o v erhead than broadcasting or m ulti-casting do es, b ecause probabilistic

scattering w ould not a v oid sending the same information to the same no de more than

once. Therefore, to scatter information to a certain n um b er of no des, probabilistic

algorithms either need more units of time in a complete cycle in scattering or ha v e to

send long messages that con tain more than one no de's information. F or example, for

the old algorithm, T > 1 and Z = O ( N ) . Ho w ev er, as high-bandwidth lo w-latency

net w orking tec hnologies reduce the o v erhead of OS in terv en tions in comm unication,

the increased o v erhead caused b y probabilistic algorithms ma y b e negligible.
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4.3 F reshness of Scattered Information

4.3.1 Non-line ar L atency in Pr op agation

The three parameters, namely the n um b er of messages, the time dela y un til all

the no des receiv e the scattered information and the a v erage size of the scattered mes-

sages, only measure the complexit y of the probabilistic algorithm. W e need another

parameter, the freshness, to measure the qualit y of the scattered information. W e

note that, b ecause it do es not guaran tee a time-ordered sequence of scattered infor-

mation that a no de receiv es, the probabilistic algorithm do es not guaran tee that the

most recen tly receiv ed information ab out a certain no de is alw a ys �fresher� than ear-

lier receiv ed information ab out that no de. This is kno wn as the problem of non-linear

latency in propagation. There are t w o reasons that cause non-linear latency in prop-

agation: the existence of async hronism in scattering and the existence of randomness

in no de-selection.

W e use the follo wing examples to illustrate the t w o kinds of non-linear latency

in propagation.

Example 4.1 Non-line ar latency intr o duc e d by the asynchr onism in sc attering.

In a 4 -no de cluster, No des A,B,C and D scatter their w orkload indices inde-

p enden tly using the old algorithm. No w, w e fo cus on trac king the route of information

propagation from No de A to No de D in T able 1.

A t Time 3, No de D receiv es scattered information from b oth No de A and

No de B. As No de B also has the w orkload index of No de A (in Time 2), No de D

receiv es t w o copies of w orkload index of No de A. No de D has no idea of whic h cop y

is more up dated if no time-stamp on w orkload index is a v ailable and if the arriving
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T able 1

Non-linear Latency in Propagation

Time 1 Time 2 Time 3 Time 4 Time 5

A ! C A ! B A ! D A ! B A ! B

B B B ! D B ! A B ! D

C C ! A C ! A C ! D C ! D

D D D D ! B D ! A

sequence of the t w o copies are non-deterministic. W e do not assume the t w o copies

are the same, b ecause one is the w orkload index of No de A at Time 3 and another is

the w orkload index of No de A at Time 2. T o ha v e iden tical w orkload indices for t w o

successiv e time slots, the propagation rate needs to b e v ery high. Ho w ev er, increasing

propagation rate to an arbitrarily high v alue is not practical.

Ev en w orse, at Time 4 No de D receiv es scattered information from No de C,

whic h has w orkload index of No de A at Time 1. Therefore, after four propagations,

No de D has the w orkload index of No de A at Time 1, although No de D has had more

up dated information ab out No de A at Time 3.

Example 4.2 Non-line ar latency intr o duc e d by the r andomness in no de sele ction.

In T able 1 at Time 5, No de C has not receiv ed up dated information of No de

A after N � 1 , i.e., 3 , propagations. Because no de selection in the old algorithm

w as done randomly , No de C w as not guaran teed to b e selected after three time slots.

Consequen tly , b oth no des C and D ha v e stale information ab out No de A. This ex-

ample describ es ho w the randomness in no de selection in tro duces non-linear latency

in propagation.
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P erhaps there is no c heap solution to completely remo v e non-linear latency in

propagation in tro duced b y the async hronism in scattering. Ho w ev er, w e can a v oid

non-linear latency in propagation in tro duced b y the randomness in no de selection

and th us reduce non-linear latency in propagation in general. Section 4.3.2 pro vides

suc h a solution.

4.3.2 R andomize d Sc atter With L o c al Constr aints

T o reduce non-linear latency in propagation, w e prop ose a randomized no de-

selection sc heme that �memorizes� previous selections.

Algorithm 4.1 In a cluster, when No de A r andomly sele cts another no de to send

information to, No de A wil l not use any no de that has b e en sele cte d b efor e, until al l

the no des have b e en sele cte d and the sele ction history is cle ane d at that p oint. This

same scheme is r ep e ate d in�nitely.

Pseudo co de. constraint_select(S,N)

//Initial conditions: S = N.

//N is the set of node indices, i.e. N={1,2,...,n}.

BEGIN

//reset S when every node has been selected once.

IF S is empty THEN

S = N;

END IF

//select a node index from S randomly and independently.

k = random_select(S);

remove k from S;

RETURN k;

END
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Because of the �memory� in selection, a no de has limited c hoices of candidate

no des to send information to in the next propagation. Therefore, w e sa y Algorithm 4.1

is an algorithm for randomized no de-selection with lo cal constrain ts.

Theorem 4.1 R andomize d no de-sele ction with memory in sele ction r e duc es non-

line ar latency in pr op agation.

Pro of. In an N -no de cluster, when the randomized no de-selection algorithm do es not

ha v e �memory� in selection, the probabilit y that an arbitrary No de A is not selected

b y an y other no des in a certain unit of propagation time is (1 �

1

N � 1

)

N � 1

. In the

successiv e m propagations, the probabilit y that No de A is not selected b y an y other

no des is (

N � 2

N � 1

)

m � ( N � 1)

.

When the randomized no de-selection algorithm has memory in selection, the

probabilit y that No de A is not selected b y an y other no des in m successiv e propaga-

tions is appro ximately [(

N � 2

N � 1

) � (

N � 3

N � 2

) � � � (

N � m � 1

N � m

)]

( N � 1)

. It is an appro ximation b ecause

of the async hronism in information scattering, i.e., there is no univ ersal clo c k-tic ks in

propagation in the cluster.

Because

N � i � 1

N � i

<

N � 2

N � 1

when i > 1 , w e ha v e [(

N � 2

N � 1

) � (

N � 3

N � 2

) � � � (

N � m � 1

N � m

)]

( N � 1)

<

(

N � 2

N � 1

)

m � ( N � 1)

, where N > m + 1 . Therefore, randomized no de-selection with mem-

ory in selection reduces the probabilit y that No de A is not selected b y other no des

after a certain amoun t of time and th us reduces non-linear latency in tro duced b y the

randomness in no de selection. �

Our �rst v ersion of the mo di�ed async hronous information-scattering algo-

rithm is as follo ws.
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Algorithm 4.2 In a cluster, a no de sc atters information to the other no des by r an-

domly sele cting a no de at e ach unit of time using A lgorithm 4.1 and then sending

the information to the sele cte d no de. Up on r e c eiving the sc atter e d information fr om

another no de, a no de c ombines the r e c eive d information with its lo c al information

and sends the c ombine d information to another r andomly sele cte d no de at the next

(lo c al) unit of time. In this way, information fr om one no de is sc atter e d to other

no des thr ough the interme diate no des as wel l as the initiators' ste adfast pr op agation.

A l l no des sc atter their (c ombine d) information asynchr onously and c onstantly.

Pseudo co de. propagation_improved1(N)

//Pre-conditions:

//N: the set of node indices;

//Ri: the set of all received information vectors at node i;

//Vi: local information vector at node i.

BEGIN

Vj = ; ; //information vector received from node j;

S = N; //initialization

REPEAT

{

IF Ri is not empty THEN

FOR each Vj in Ri DO

{

//combine the two information vectors.

Vi = combine(Vi, Vj);

}

END IF

//select a node to propagate to.

k = constraint_select(S,N);
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//propagating.

send_to(k, Vi);

}

END

The �rst question concerning Algorithm 4.2 is if it preserv es the indep endence

among no de selections at di�eren t no des. Randomized no de-selections with lo cal con-

strain ts at N no des generate a sequence of random v ectors, denoted as f �

( t )

g , where

�

( t )

= ( �

1

( t ) ; �

2

( t ) ; � � � ; �

N

( t )) is in probabilit y space (
 ; B ; P r ) and t 2 f 1 ; 2 ; � � � g .

Lemma 4.1 R andomize d no de sele ction with lo c al c onstr aints pr eserves the indep en-

denc e of r andomize d no de sele ctions among di�er ent no des.

Pro of. F or ev ery x

ij

2 R , where i is no de index, j is index of real n um b ers in R ,

ev en ts �

1

( t ) = x

1 j

; �

2

( t ) = x

2 j

; � � � ; �

N

( t ) = x

N j

are indep enden t at eac h t . Therefore,

P r ( �

1

( t ) = x

1 j

; �

2

( t ) = x

2 j

; � � � ; �

N

( t ) = x

N j

) = �

N

i =1

P r ( �

ij

( t ) = x

ij

) . A ccording

to the de�nition of indep enden t random v ariables [49], �

1

( t ) ; �

2

( t ) ; � � � ; �

N

( t ) are in-

dep enden t at t . That is, at eac h unit of time, a no de selects whic h no de to send

information to is indep enden t of an y other no de's decision. �

The second question concerning Algorithm 4.2 is ho w fast it can b e. By de�n-

ing P r ( j; i ) as the probabilit y that, at propagation step j , exactly i no des ha v e re-

ceiv ed the information of a certain no de, w e ha v e the follo wing theorem that describ es

the async hronous information-scattering pro cess.

Theorem 4.2 F or A lgorithm 4.2, pr ob ability P r ( j; i ) c an b e describ e d by the fol low-

ing r e cursive r elations:
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0
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B
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k

l

1

C

C

A

(

m

N � x

j

� 1

)

l

(

N � n + k � 1

N � y

j

� 1

)

k � l

D ( m; l )

S (0 ; k ) = (

N � n + k � 1

N � y

j

� 1

)

k

S (1 ; 1) =

1

N � x

j

� 1

(

1

N � x

j

� 1

)

l

� (

1

N � �

1

( j ) � 1

)(

1

N � �

2

( j ) � 1

) � � � (

1

N � �

l

( j ) � 1

)

(

1

N � y

j

� 1

)

k � l

� (

1

N � �

l +1

( j ) � 1

)(

1

N � �

l +2

( j ) � 1

) � � � (

1

N � �

k

( j ) � 1

)
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>

>

>

>

>

>
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>

>
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>

>

>

:

D ( m; l ) =

P

l � m +1

h =1

0

B

B

@

l

h

1

C

C

A

(

1

m

)

h

(

m � 1

m

)

l � h

D ( m � 1 ; l � h ) ; (1 < m � l )

D (1 ; l ) = 1

e-4.3

where k = i � m , n is the n um b er of �activ e� no des, and N is the total n um b er of

no des in the system.

App endix A giv es a pro of of Theorem 4.2.

Corollary 4.1 A lgorithm 4.2 r e duc es the numb er of steps for a no de to sc atter its

information to al l the other no des.

Pro of. Because

1

N � �

a

( j ) � 1

>

1

N � 1

, 0 � �

a

( j ) � N � 1 , w e ha v e S ( m; k ) � S

0

( m; k ) for

the same set of v alues f m; k g , where
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S

0

( m; k ) =

P

k

l = m

0

B

B

@

k

l

1

C

C

A

(

m

N � 1

)

l

(

N � n + k � 1

N � 1

)

k � l

D ( m; l )

S

0

(0 ; k ) = (

N � n + k � 1

N � 1

)

k

S

0

(1 ; 1) =

1

N � 1

e-4.4

When e-4.2 is used, P r ( j; i ) in the recursiv e relation represen ted b y e-4.1 ap-

proac hes to one faster than that when e-4.4 is used. �

Corollary 4.2 Using A lgorithm 4.2, it takes a maximum of N steps for a no de to

sc atter its information to al l the other no des with the pr ob ability tending to one, if

ther e is a go o d solution that adds time-stamp to the sc atter e d information, or if the

information in sc attering has the length of one.

When the information in scattering has the length of one, it tak es N steps to

scatter that information of one no de to all the other no des. By scattering information

of more than one no de at a time, w e hop ed to sp eed up the scattering pro cedure and to

ha v e T , the n um b er of steps in a complete cycle in scattering, less than N . Ho w ev er,

async hronism in scattering causes non-linear latency in propagation. The exact v alue

for T is unpredictable. Algorithm 4.2 do es not remo v e the uncertain t y caused b y

async hronism in scattering.

4.3.3 Exp eriments

4.3.3.1 Platform Information

The hardw are platform in our exp erimen t w as a Beo wulf cluster [13], whic h

has 4 � 8 550 Mhz In tel P en tium I I I pro cessors and 8 � 512 MB memory , with 100
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megabits p er second (Mbps) Ethernet connections. In our exp erimen ts, w e c hose

w orkload index as the information to scatter. P oin t-to-p oin t comm unication b et w een

eac h pair of scattering programs used Berk eley Soft w are Distribution (BSD) so c k ets

[90] o v er T ransmission Con trol Proto col/In ternet Proto col (TCP/IP).

4.3.3.2 A lgorithm Implementation

W e implemen ted b oth the old algorithm and Algorithm 4.2 using load-v ector

designs giv en [39]: Eac h no de k eeps a load-v ector of length l . If No de A propagates its

load information to No de B (A is not B), No de A sends the �rst half of its load-v ector

to No de B; if No de A receiv es load information from No de B, No de A merges the

receiv ed half v ector with its load-v ector. �Send� in the algorithm is trivial; �receiv e�

uses the follo wing shift-and-merge algorithm:

8

>

>

<

>

>

:

V

a

( k ) ! V

a

(2 k ) ; 1 � k � ( l = 2 � 1)

V

b

( k ) ! V

a

(2 k + 1) ; 0 � k � ( l = 2 � 1)

i-4.1

where V

a

and V

b

are the load-v ectors at No de A and No de B, resp ectiv ely . In our

exp erimen ts, l = n = N , N 2 f 4 ; 6 ; 8 g .

4.3.3.3 Exp erimental Data Sets

W e de�ned the follo wing terms in our exp erimen ts: T

l oad

�

chang e

= the a v erage

time b et w een t w o successiv e w orkload index v alue c hanges, T

pr opag ation

= the time

b et w een t w o successiv e complete-cycles in scattering, and T

sampl ing

= the time b et w een

t w o successiv e samples at eac h no de.
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Three sets of data, sho wn in T able 2, w ere c hosen as the parameters of

our program for async hronous load-scattering in the exp erimen ts. Let r

l oad

�

chang e

= 1 =T

l oad

�

chang e

, r

pr opag ation

= 1 =T

pr opag ation

, and r

sampl ing

= 1 =T

sampl ing

, w e ha v e T a-

ble 3, the ratios in those exp erimen tal data sets.

T able 2

Exp erimen tal Data Sets

Set T

l oad

�

chang e

(s) T

pr opag ation

( � s) T

sampl ing

(s)

1 4 200000 2.0

2 3 200000 1.5

3 2 100000 1.0

T able 3

Ratios in the Exp erimen tal Data Sets

Set r

pr opag ation

=r

sampl ing

r

sampl ing

=r

l oad

�

chang e

1 10.0 2

2 7.5 2

3 5.0 2

The ratio b et w een the sampling rate and the load-c hange rate follo ws the

Nyquist Theorem in sampling theory , and the ratio b et w een the propagation rate

and the sampling rate came from sim ulation on P r ( j; i ) . F or example, sim ulation on

P r ( j; i ) suggested that it tak es ab out j = 10 propagation steps for P r ( j; N ) > 0 : 99 ,

when N = 4 ; 6 , and 8 .

W e used a random n um b er generator to generate the w orkload indices, whic h

ha v e v alues in the range of 0 to 9.
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4.3.3.4 Evaluation Metho d

In sim ulation, w e can calculate the steps in a complete cycle in scattering, T ,

for P r ( T ; N ) ! 1 : 0 : Therefore, w e can use the T v alues to compare the p erformance

di�erence b et w een the old algorithm and the impro v ed algorithm. In the exp erimen t,

w e can not calculate the T v alue b ecause w e do not kno w when P r ( j; N ) ! 1 : 0 :

Instead, w e set a v alue for

b

T , and test the freshness in scattered information using

the t w o algorithms. The freshness in scattered information is related to P r (

b

T ; N ) ,

i.e., the larger the v alue of P r (

b

T ; N ) , the fresher the scattered information.

T o calculate the freshness of scattered information, w e used the mean-square

error to measure the di�erences b et w een real w orkload index of a no de and receiv ed

w orkload indices at other no des, that is, "

ab

=

P

S

t =1

[ bx

ab

( t ) � x

a

( t )]

2

, where S is the

n um b er of samples in the time axis, a is the index of a No de A, b is the index of a

receiving No de B, x

a

( t ) is the real w orkload index of No de A in sampling time t , and

bx

ab

( t ) is the receiv ed w orkload index of No de A at No de B in time t .

Absolute v alues of the mean-square errors correlate to the w orkload indices.

The ratio b et w een the mean-square error from Algorithm 4.2 and that from the

old algorithm is more imp ortan t. Let "

ol d

( n ) b e the a v eraged mean-square error

in tro duced b y the old algorithm when the n um b er of activ e no des is n , and let "

new

( n )

b e the a v eraged mean-square error in tro duced b y Algorithm 4.2 when the n um b er of

activ e no des is n . The impro v emen t in freshness of the scattered w orkload indices

can b e calculated as � ( n ) = 1 � "

new

( n ) = "

ol d

( n ) .
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4.3.3.5 Visualization of the Sc attering Pr o c e dur e

W e visualized the async hronous information scattering pro cedure de�ned b y

Theorem 4.2 to prepare for the data analyses. In fact, w e used e-4.4 instead of e-4.2

to simplify the sim ulation. Fig. 18 illustrates the pro cedure.
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Fig. 18. Visualization of the async hronous information scattering pro cedure.

4.3.3.6 Data A nalyses: Impr ovement in F r eshness V ersus System Size

T able 4 sho ws the reduced mean-square errors at di�eren t system sizes. Data

set No. 1 in T able 2 w as used in this exp erimen t. It is not surprising that, as system

size increases, the p erformance of b oth algorithms decrease, b ecause w e used the same

propagation ratio, r = 10 , in the tests. The reason w e used the same propagation

ratio for systems of three sizes w as for simplicit y in exp erimen ts.

Fig. 19 illustrates the relativ e p erformance impro v emen t, � ( n ) , with resp ect to

system size. The line suggests that, with a static propagation ratio, Algorithm 4.2's
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T able 4

Reduced Mean-Square Error at Di�eren t System Sizes

F reshness Measures n = N = 4 n = N = 6 n = N = 8

"

ol d

( n ) 1.487223 1.966987 2.168318

"

new

( n ) 1.10403 1.502258 1.703574

� ( n ) 25.8% 23.6% 21.4%
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Fig. 19. Relativ e p erformance impro v emen t with di�eren t system sizes.

relativ e p erformance gain generally decreases as system size increases. Note the trend

sho wn in Fig. 19 do es not mean our e�ort in Algorithm 4.2 is useless for clusters of

large size, b ecause in this exp erimen t w e used the same propagation rate for all the

three systems that ha v e di�eren t sizes and need di�eren t propagation rates. On the

other hand, the linear shap e in Fig. 19 implies that p erformance impro v emen t in

di�eren t systems is quite predictable. If r = 10 is close enough to the need of a

complete cycle in scattering for a cluster of 8 no des, then 21 % to 25 % is the range

of impro v emen t in p erformance for that cluster. If clusters of other sizes use the

propagation rates for them, then 21 % to 25 % is probably the range of impro v emen t

in p erformance for them to o, as Fig. 19 suggests.
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W e note that data in T able 4 and Fig. 19 w ere the a v eraged results of man y

tests. Eac h of the tests had ab out 2000 sampling p oin ts. In the case of T

sampl ing

= 2 s,

eac h test to ok more than 1 : 5 hours. W e did see p erturbations along the line in Fig. 19

in an individual test.

Observ ation 4.1 A lgorithm 4.2 is sc alable in impr oving p erformanc e in asynchr onous

information sc attering.

4.3.3.7 Data A nalyses: Impr ovement in F r eshness V ersus Pr op agation R ate

In the �rst part of this exp erimen t, w e used the three data sets from T able 2

with the system size n = N = 8 . Results are sho wn in T able 5.

T able 5

Impro v emen t in F reshness at Di�eren t Propagation Ratios

Propagation Ratio "

new

( n ) "

ol d

( n ) � ( n )

R = 5 3.41008 4.056108 15.9%

R = 7.5 2.168621 2.886578 24.9%

R = 10 1.703574 2.168318 21.4%

W e understo o d that the mean-square errors decrease when propagation rate

increases, follo wing an asymptotic curv e. Therefore, p erformance impro v emen t at a

lo w propagation rate is useful.

When w e visualized the relativ e p erformance impro v emen t, � ( n ) , using Fig. 20,

w e got results that follo w ed a h yp erb olic curv e. It is p ossible that, at a certain

ratio b et w een the minim um required ratio for P r ( j; N ) ! 1 : 0 , in this case r = 10 ;

and the minim um exp erimen ted ratio, in this case r = 5 , the old algorithm and
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Fig. 20. P erformance impro v emen t at di�eren t propagation ratios.

Algorithm 4.2 ha v e the biggest di�erence in p erformance. Due to tec hnical di�culties

in analyzing the mo del for Algorithm 4.2, w e do not ha v e a pro of for the ab o v e

conjecture. Mean while, w e knew that neither system size nor load-v ector length

should ha v e an y e�ect on the ab o v e results, b ecause only one system con�guration

w as used in this exp erimen t.

In the second part of this exp erimen t, w e used t w o propagation ratios, R = 5

and R = 10 , with systems of di�eren t sizes. Fig. 21 illustrates the results. In the

�gure, N is the system size, i.e., n um b er of no des; n is the n um b er of activ e no des.

Although the results w ere gathered from using Algorithm 4.2 only , the patterns apply

to the old algorithms, to o. The di�erence in the algorithms' p erformances at di�eren t

propagation ratios is ob vious.

Observ ation 4.2 A lgorithm 4.2's p erformanc e gain over the old algorithm at high

pr op agation r ate is not as imp ortant as the p erformanc e gain at low pr op agation r ates.
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Fig. 21. P erformance at t w o propagation ratios for systems of di�eren t size.

4.3.3.8 Data A nalyses: Impr ovement in F r eshness V ersus L o ad-V e ctor Size

Algorithm 4.2 did not sp ecify ho w lo cal and remote information are organized

in information scattering. The shift-and-merge algorithm in our exp erimen ts is just

one sp eci�c implemen tation of Algorithm 4.2.

The �rst part of our exp erimen t on load-v ector length used only one system

con�guration: N = n = 8 ; R = 10 : Fig. 22 sho ws the results. The results suggest

that, when the load-v ector length w as short, Algorithm 4.2's relativ e p erformance

impro v emen t w as higher than when the load-v ector length w as long.

Observ ation 4.3 Using short lo ad-ve ctor length in A lgorithm 4.2 has the p otential

to achieve the same level of sc attering p erformanc e as using long lo ad-ve ctor length

in the old algorithm. Using short lo ad-ve ctor length r e duc es c ommunic ation overhe ad

intr o duc e d by pr ob abilistic algorithms.
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Fig. 22. E�ect of load-v ector length on algorithm p erformance.

Fig. 22 also suggested that short load-v ector length pro duced higher mean-

square error in information scattering than long load-v ector length. Did that imply

that long load-v ector length is alw a ys go o d for an y system? The second part of our

exp erimen t on load-v ector length w as designed to answ er that question. This time,

w e used t w o groups of system parameters for comparison. In one group, systems of

di�eren t sizes used the same load-v ector length, l = 8 ; in another group, eac h system

used a load-v ector length equal to the system's size, e.g., l = N = 6 . Fig. 23 sho ws

the results of mean-square errors. Ev en though the propagation ratio w as r = 5 in

this test, the results w ere similar when r = 10 . P erturbations along the curv es w ere

caused b y binary op erations in the shift-and-merge algorithm.

As w e can see, using a system size compatible load-v ector length made the

algorithm's p erformance more predictable, although this claim ma y not b e ob vious.

Ho w ev er, if one realizes that the trac k of mean-square errors at di�eren t system sizes
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Fig. 23. Load-v ector length's e�ect at di�eren t system sizes.

when r = 5 is similar to the trac k of mean-square errors at di�eren t propagation

ratios for a certain system size, it is natural to claim that the asymptotic trac k is the

ideal one.

Fig. 23 indeed sho w ed that using long load-v ector length reduces mean-square

errors. Nev ertheless, in practice, using longer load-v ector length causes more com-

m unication o v erhead.

4.4 Propagation P erformance

4.4.1 Y et A nother Chal lenge

Using the recursiv e relations de�ned b y e-4.1, e-4.3, and e-4.4, w e ha v e the

sim ulation results of P r ( j; N ) for systems of small size, sho wn in T able 6.

Comparing the sim ulation results b et w een the n = N cases and the n < N

cases, w e noticed that, when the n um b er of activ e no des w as smaller than the system

size, the old algorithm b ecame less e�ectiv e. The problem got w orse when more no des
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T able 6

P erformance Degradation When n < N

j n = N = 4 n = N = 8 n = N = 16 n = 3, N = 4 n = 7, N = 8 n = 15, N = 16

1 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

2 0.22222 . . 0.55556 . .

3 0.71605 0.00612 . 0.80247 0.02244 .

4 0.90992 0.24325 . 0.91221 0.25811 0.00002

5 0.97265 0.61577 0.02427 0.96098 0.57694 0.02442

6 0.99182 0.84429 0.24945 0.98266 0.79692 0.22018

7 0.99757 0.94303 0.59340 0.99229 0.91119 0.53832

8 0.99928 0.98004 0.82495 0.99657 0.96300 0.78026

9 0.99979 0.99314 0.93263 0.99848 0.98497 0.90724

10 0.99994 0.99766 0.97529 0.99932 0.99397 0.96305

11 0.99998 0.99920 0.99111 0.99970 0.99759 0.98566

12 0.99999 0.99973 0.99683 0.99987 0.99904 0.99450

13 1.00000 0.99991 0.99887 0.99994 0.99962 0.99790

14 . 0.99997 0.99960 0.99997 0.99985 0.99920

15 . 0.99999 0.99986 0.99999 0.99994 0.99970

16 . 1.00000 0.99995 0.99999 0.99998 0.99988

17 . . 0.99998 1.00000 0.99999 0.99996

18 . . 0.99999 . 1.00000 0.99998

19 . . 1.00000 . . 0.99999

20 . . . . . 1.00000
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in the system b ecame inactiv e. T able 7 sho ws the results of ha ving di�eren t activ e

no des n in a cluster of N no des, where N = 16 and P r ( T ; N ) � 1 : 0 .

T able 7

P erformance Degradation With Decreased n

Steps n = 16 n = 14 n = 12 n = 10 n = 8 n = 6 n = 4

T 19 21 24 28 34 45 67

4.4.2 A Status-A daptive Solution

A no de in a cluster is not activ e when it crashes, when its connections to the

other no des are brok en, or when it is o v er-loaded. In either case, the inactiv e no de is

�useless� to other no des with resp ect to resource sharing. Therefore, it is reasonable

to stop propagating information to inactiv e no des. W e c hange the n < N situation

to an n ( t ) �

b

N ( t ) situation. Let

b

N ( t ) = N �

b

d ( t ) , where

b

N ( t ) is the adaptiv e system-

size and is dynamically con�gurable o v er time t , and

b

d ( t ) is the n um b er of observ ed

inactiv e no des. W e call this strategy status-adaptiv e. W e drop the reference to t in

the notation where the meaning is clear.

By using a dynamically adjustable parameter

b

N instead of the cluster size N ,

w e hop ed to impro v e the p erformance of our async hronous scattering algorithm b y

reducing the scattering steps for P r ( j; N ) ! 1 . F or example, in a cluster of 16 no des

where only 8 no des are activ e, initial information-scattering c ho oses N = 16 . When

they �nd some no des are not activ e, the activ e no des stop propagating to the inactiv e

no des and start to use

b

N as the e�ectiv e system size. Un til all the inactiv e no des are

disco v ered, the activ e no des ma y scatter their information using

b

N = 15 ,

b

N = 14 , ...,
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and �nally

b

N = 8 . Another example is that if the n um b er of inactiv e no des increases

un til n = 8 , async hronous information-scattering with status adaption ma y follo w a

trac k of (

b

N = n = 16 ) ! (

b

N = n = 14 ) ! � � � ! (

b

N = n = 8 ). Sim ulation results

in T able 8 illustrate the snapshots in this scenario.

T able 8

Sliding-Mo de Op eration for Pr(T,N) Appro ximates 1.0

Steps N = n = 16 N = n = 14 N = n = 12 N = n = 10 N = n = 8

T 19 18 18 17 16

The follo wing algorithm describ es ho w the status-adaptiv e strategy w orks,

esp ecially ho w the activ e no des and the inactiv e no des b eha v e at run-time.

Algorithm 4.3 In a N -no de cluster wher e only n no des ar e active, a no de that r e-

c eives sc atter e d information fr om other no des r e gar ds itself as an active no de. When

it has not r e c eive d information fr om a No de B after a �long� p erio d of time, e.g., twic e

the steps of a c omplete cycle in sc attering, No de A wil l mark No de B as �inactive,�

and wil l stop sending information to No de B . When it pr op agates information to

other no des, No de A is also p assing the status of No de B to them. But those no des

de cide by themselves whether No de B is active or not. In that way, al l the active

no des start to sc atter information only among themselves. On the other hand, a no de

r e alizes that it is an inactive no de when it r e c eives no sc atter e d information fr om any

of the other no des, either b e c ause it had cr ashe d, or b e c ause it was over-lo ade d, or

b e c ause it had b e en �cut-o� � by a networking pr oblem. In or der to b e found �active�

again, an inactive no de must r esume pr op agation after r e c overing fr om cr ashing or
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over-lo ading or must ke ep pr op agating to al l the other no des after a network pr oblem

has c ause d it to lose c onne ctions with other no des.

Pseudo co de. propagation_improved2(N)

//Pre-conditions:

//Ri: a set of all received information vectors at node i

//Vi: the local information vector of node i

//N: the set of node indices

BEGIN

//declaration and initialization

Ai = N; //a set of node marked as �active� by node i

REPEAT

{

IF Ri is not empty THEN

node i is active;

IF Vj not in Ri after t time THEN

//mark node j in node i's information vector

//as �inactive�.

Vi.active[j] = false;

remove j from Ai;

END IF

//only propagate to active nodes

propagation_improved1(Ai);

ELSE

node i is not active;

//must propagate to all the nodes

propagation_improved1(N);

END IF

}

END
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Algorithm 4.3 do es not solv e the problem of �partitioning� in net w orking where

one group of no des lost connections with the other group of no des. In that case, all

no des are �activ e�; information scattering will not automatically reco v er to the whole

scale ev en after the net w orking problem is �xed. This glitc h can b e remo v ed b y

enforcing a �re-disco v ery� after certain p erio d of time. During the re-disco v ery time,

the activ e no des try to resume propagation to the no des �mark ed� as inactiv e. If

the net w orking problem has b een resolv ed, then the t w o groups of activ e no des will

re-unit and b ecome one large group of activ e no des.

Theorem 4.3 Using A lgorithm 4.3 r e duc es the pr op agation steps in asynchr onous

information-sc attering for P r ( j; i ) ! 1 , when n < N .

Pro of. Drezner and Barak [39] ga v e the follo wing form ula

T =

1+( N =n ) l n

(1+ n= N )

l og

(1+ n= N )

l og

n

f-4.3

to describ e the asymptotic b eha vior of the recursiv e relation de�ned b y e-4.1 when

N is large, where T is the n um b er of units of time in a complete cycle in scattering.

Async hronous information-scattering using Algorithm 4.3 w orks in a �scaling�

mo de. Giv en

b

N

1

and

b

N

2

,

b

N

1

�

b

N

2

, in the adaptiv e pro cedure, and the n um b er of

activ e no des n , whic h is indep enden t of our observ ation, w e ha v e

T

1

=

1+(

b

N

1

=n ) l n

(1+ n=

b

N

1

)

l og (1+ n=

b

N

1

)

l og

n

,

T

2

=

1+(

b

N

2

=n ) l n

(1+ n=

b

N

2

)

l og (1+ n=

b

N

2

)

l og

n

.

Let a = n=

b

N

1

;b = n=

b

N

2

; and 0 < a � b � 1 ; then

T

1

T

2

=

1+(1 =a ) l n

(1+ a )

1+(1 =b ) l n

(1+ b )

�

l og

(1+ b )

l og

(1+ a )

=

1 =l n

(1+ a )

+1 =a

1 =l n

(1+ b )

+1 =b

.
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It can b e pro v ed that for f ( x ) =

1

l n

(1+ x )

+

1

x

, f

0

( x ) < 0 . Therefore,

T

1

T

2

� 1 ,

i.e., not sending information to the inactiv e no des reduces the n um b er of steps for an

activ e no de to scatter its information to the activ e no des. �

When N is small, w e do not ha v e mathematical pro of for Theorem 4.3: w e do

not ha v e an asymptotic solution for the recursiv e relation de�ned b y equations e-4.1.

Ho w ev er, sim ulation results in T ables 7 and 8 ha v e con�rmed that Theorem 4.3 is

also true for small clusters.

4.4.3 Exp eriments

4.4.3.1 Platform Information

W e used the same platform as that in Section 4.3.3 for our exp erimen ts.

4.4.3.2 Metho d

In order to compare the di�erences in p erformance b et w een algorithms that use

the status-adaptiv e strategy and those that do not, w e could compare the propagation

steps that are needed for a no de to scatter its w orkload index to the other no des with

the probabilit y tending to one, i.e., w e compare the steps needed to mak e di�eren t

implemen tations ha v e the same mean-square error in propagation. Then in c ho osing

the set of parameters, w e ha v e to use di�eren t propagation ratios, r

pr opag ation

, for

di�eren t algorithms so that they can ha v e the same mean-square error in propagation.

Ho w ev er, that approac h is di�cult in practice.

Alternativ ely , w e used the same set of parameters as those in Section 4.3.3

and compared the mean-square errors that di�eren t algorithms in tro duce at the same
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propagation ratio. If the second v ersion of the mo di�ed algorithm reduces the degra-

dation in p erformance, then with the same sampling rate, w e should observ e more

accurate scattered-information from the mo di�ed algorithm than w e do from the old

algorithm.

4.4.3.3 R esult A nalyses

Exp erimen tal results for an 8 -no de cluster are sho wn in Fig. 24. In Fig. 24,

the curv e on top sho ws the mean-square errors at di�eren t n v alues when n < N

without using Algorithm 4.3, and the curv e at the b ottom sho ws the mean-square

error when n �

b

N using Algorithm 4.3.

As w e can see, using Algorithm 4.3, mean-square errors w ere main tained at

the same lev el (the increase in mean-square errors as n increases w as in tro duced b y

the static propagation ratio; systems of di�eren t sizes should use di�eren t propaga-

tion ratios). Without using Algorithm 4.3, the mean-square errors in information

scattering increase when the n um b er of activ e no des decreases.

Fig. 25 sho ws that the same situation happ ens at di�eren t propagation ratios

when a certain propagation ratio w as used b y all the systems in one group of tests.

T able 9 suggests that, when Algorithm 4.3 is used, the p erformance gain in-

creases as the n um b er of activ e no des n decreases. Mean while, the algorithm p erforms

b etter in reducing p erformance degradation at a high propagation rate than at a lo w

propagation rate.
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Fig. 24. Reduce p erformance degradation using Algorithm 4.3.
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T able 9

Impro v emen t in P erformance When Algorithm 4.3 is Used

Propagation Rate n = 4 n = 5 n = 6 n = 7 n = 8

r = 10 30.7% 25.2% 12.1% 7.8% 0

r = 5 29.5% 31.4% 14.3% 4.2% 0

4.5 Discussions

4.5.1 Asynchr onism in Information Sc attering

In a cluster, c hanges in w orkload v alues are async hronous. The fact implies

that a no de is not guaran teed to ha v e the most up dated w orkload index of all the

other no des at ev ery momen t, no matter if the up dating op eration uses broadcasting,

m ulti-casting, or propagation. W orkload c hanges at arbitrary rate, but the up dating

(or scattering) rate can not b e arbitrarily high. Therefore, async hronism is in trinsic in

information scattering. It is not realistic to think that broadcasting or m ulti-casting

can k eep w orkload indices up dated to their real v alues across the whole cluster. In

algorithm design, all that matters is ho w to impro v e accuracy while limiting comm u-

nication o v erhead.

4.5.2 High-A vailability Supp ort

High a v ailabilit y in a cluster pla ys an imp ortan t rule in guaran teeing that a

parallel job �nishes. Information-scattering using the probabilistic algorithm supp orts

hardw are and soft w are designs for highly a v ailable systems. With the same rate

of sending, probabilistic scattering usually sends more (in some sense redundan t)

information than broadcasting or m ulti-casting. This practice guaran tees that, ev en
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if some no des in the pro cess of propagation b ecome inactiv e, information of an activ e

no de can still b e propagated to the other activ e no des.

Async hronous information-scattering algorithms that adopt the status-adaptiv e

strategy o�er soft w are supp ort for high a v ailabilit y in a new horizon, that is, auto-

matically adjust algorithm's b eha vior to a v oid p erformance degradation. Naturally ,

suc h a feature w orks w ell with algorithms in Chapter 3.

4.6 Summary

This c hapter studied a few imp ortan t asp ects of async hronous information-

scattering. Those asp ects w ere comm unication complexit y , latency in propagation,

p erformance, and high a v ailabilit y .

First, w e ga v e a new form ula for calculating the comm unication complexit y of

information-scattering algorithms. The new form ula sho w ed that, con trary to a pre-

vious claim, async hronous information-scattering increases comm unication o v erhead

when compared with other algorithms suc h as broadcasting or m ulti-casting. Ho w-

ev er, w e argued that probabilistic algorithms w ere still useful in our system, b ecause

the high-bandwidth lo w-latency net w orking tec hnology in the system only supp orted

p oin t-to-p oin t comm unication.

Then, w e studied the problem of non-linear latency in propagation in the old

v ersion of the async hronous information-scattering algorithms. W e designed the �rst

v ersion of our mo di�ed algorithm, using a tec hnique called randomized no de-selection

with lo cal constrain ts, to reduce non-linear latency in propagation. Exp erimen tal

results suggested that our design had met the goal.
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After that, w e studied the p erformance degradation problem in the old scatter-

ing algorithm. T o solv e that problem, w e designed the second v ersion of our mo di�ed

algorithm using a load-status adaptiv e strategy and pro v ed that the status-adaptiv e

strategy reduces the n um b er of propagation steps that a no de needs to scatter its

information to the others with the probabilit y tending to one. Suc h impro v emen t

had b een observ ed in our exp erimen ts.

Finally , w e discussed the adv an tages of the probabilistic algorithms for asyn-

c hronous information-scattering and highly a v ailable computation. Suc h features are

critical for decen tralized dynamic load-balancing.



CHAPTER 5

THE COMMUNICA TION SUB-SYSTEM

5.1 In tro duction

The previous c hapters ha v e discussed three mem b ers in the Nezha quartet.

This c hapter discusses the forth mem b er: the comm unication sub-system. The com-

m unication sub-system lies at the b ottom in the la y ered structure of the Nezha quar-

tet. The comm unication sub-system's p erformance will ha v e great impact on the

other la y ers, esp ecially the async hronous information-scattering algorithms.

5.1.1 Motivation and R elate d W orks

The Beo wulf cluster w e used has t w o kinds of net w orking in terfaces: 100 Mbps

Ethernet and 1 gigabits p er second (Gbps) cLan. The latter supp orts VIA. Because

of the p oten tial p erformance that cLan o�ered, w e w ere in terested in building the

high-p erformance comm unication sub-system using VIA.

VIA w as an industrial standard, whic h w as the fruit of academic researc h in

high-bandwidth lo w-latency net w orking. VIA de�ned a high-p erformance in terface

b et w een net w ork hardw are and computer systems. Ho w ev er, VIA did not sp ecify

hardw are implemen tation of net w ork hardw are or soft w are implemen tation of man y

programming in terfaces suc h as BSD so c k ets. The VIA sp eci�cation [130] did giv e

the description of a simple programming in terface, kno wn as VIPL (Virtual In terface

93
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Programming Library). F or hardw are pro viders, ha ving VIPL w as enough to ful�ll the

design requiremen t. F or soft w are dev elop ers, VIPL w as to o primitiv e. Therefore, w e

decided to write our o wn libraries on VIA. The �rst library w ould pro vide APIs with

syn tax and seman tics similar to those of BSD so c k ets and RPC (Remote Pro cedure

Call) [16]. W e hop ed that our w orks w ould mak e it easier to p ort existing soft w are

pac k ages [135] to platforms ha ving VIA. Mean while, w e explored new p ossibilities

in programming, b ecause VIA w as designed for comm unications di�eren t from that

of Ethernet-based tec hnologies. Therefore, our initiativ es discussed in this c hapter

pro vide high-p erformance comm unication facilities not only to Nezha but also to other

existing soft w are pac k ages.

It is in teresting to note that w e started to build the �rst library 3 y ears

ago. Through publications, w e learned later that, at ab out the same time, simi-

lar w orks [74,116] w ere going on at other researc h institutes. Sp eci�cally , Shah and

Madukk arm ukumana [116] sim ulated stream so c k ets and RPC on VIA. The purp ose

of that researc h w as to emphasize the p ossibilit y and p erformance of programming

on VIA using con v en tional programming paradigms but w as not to dev elop so c k ets

or RPC APIs. Kim et al. [74] implemen ted BSD so c k ets on VIA. Because they

tried to p ort the complete set of BSD so c k ets functionalities to VIA, that w ork's dis-

adv an tages include complicated so c k et bu�er managemen t and restrictions in using

those so c k et APIs. Bu�er managemen t in transmission w as not a go o d idea for VIA.

Restrictions in using the APIs came from the non-con v en tional data transmission

mec hanism of VIA. As opp osed to those w orks, w e dev elop ed comm unication en tities

that w ere similar to those existing ones suc h as so c k ets but did not con�ne our design
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in cop ying the idea of existing comm unication en tities. After 3 y ears, our �rst library

still satis�es our needs in programming on VIA. W e enjo y ed the simplicit y of the li-

brary routines. Moreo v er, w e ha v e dev elop ed the second library for non-con v en tional

comm unications.

5.1.2 High-Bandwidth L ow-L atency Networking

In their seminal pap er, Clark et al. [31] analyzed the o v erhead of TCP pro-

cessing. They studied comm unications on TCP b y isolating the instructions of the

proto col from that of the op erating system and bu�er managemen t. They p oin ted out

that the bu�er managemen t, whic h w as not w ell-de�ned in the OSI (Op en Systems

In terconnection) reference mo del or TCP/IP sp eci�cation, and the hea vy reliance

on op erating system in terv en tions in TCP comm unication had caused m uc h of the

comm unication o v erhead. They argued that TCP/IP could b e a fast comm unication

proto col and that there w as a h uge gap b et w een the realit y and the p oten tial. They

also argued that running TCP/IP on another outb oard pro cessor w as not feasible; on

the other hand, using Direct Memory A ccess on the net w ork con troller to reduce the

n um b er of in terruptions to an op erating system could b e practical. These argumen ts

w ere pro v ed correct later b y other researc h, suc h as Myrinet [17], A ctiv e Message [44],

F ast Message [103], U-Net [43], SHRIMP [118], and VIA [130]. Design considerations

for those high-bandwidth, lo w-latency net w orking can b e summarized as follo ws.

1. Separate message pro cessing (e.g., pac king, unpac king, bu�ering, error

c hec king, etc.) from comm unication. Separating critical comm unication op erations

from the op erating system lets applications ha v e more con trol on the proto col. In the
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con v en tional comm unication proto cols, man y op erations w ere related to �o w con trol,

c hec ksum calculation, and bu�er managemen t. Only a small part of the op erations

w as resp onsible for data transmission. Those proto cols w ere implemen ted as part

of the op erating system. Ho w ev er, the k ernel pro cess has limited resources. Con-

text switc hing b et w een computation and comm unication causes hea vy o v erhead. By

separating comm unication from message pro cessing, it is p ossible to build fast com-

m unication c hannels with latencies only limited b y the underlying hardw are.

2. Reduce comm unication latency . The comm unication latency w as mainly

caused b y bu�er op erations. P art of the solution w as to eliminate data cop ying in

the transmission, suc h as U-Net's message passing and VIA's memory registration.

Another part of the solution w as pip elining the data transfer using tec hnologies suc h

as Myrinet's cut-through routing. �In cut-through routing, the pac k et is adv anced in to

the required outgoing c hannel as so on as the header is receiv ed and deco ded.� [17].

3. Use reliable deliv ery . The net w orking la y er could b e made v ery simple

without reliable deliv ery . Then, the transp ortation la y er w ould b ecome more complex.

Consequen tly , the o v erall cost w ould b e exp ensiv e. Reliable deliv ery is v ery imp ortan t

for high sp eed comm unications b ecause re-transmission at an upp er la y er is m uc h

more exp ensiv e than that at a lo w er la y er, and data c hec king at the transp ortation

la y er mak es the proto col m uc h more complicated, although data c hec king can b e

implemen ted in hardw are.

4. Let applications access the net w orking resources more directly . Direct access

to net w orking resources enables comm unication to b ypass unnecessary in terv en tions
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from the op erating system to ac hiev e high p erformance. Mean while, �o w con trol and

other parts of the proto col can b e optimized b y applications.

5.1.3 VIA

With the ab o v e information, w e can understand VIA b etter. Fig. 26 sho ws

the in ternal structure in VIA. W e highligh t some features related to comm unication

in VIA as follo ws.

Kernel Agent
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Application

 User Agent

OS Communication Interface
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Fig. 26. The VIA.

1. The comm unication endp oin t. VI (Virtual In terface) is the comm unication

endp oin t. Applications send and receiv e data through the VIs. Since they are virtual

in terfaces, they are not directly addressable. Usually , more than one VI is b ound

with an NIC (Net w ork In terface Con troller), whic h is an instance of the underlying

VI NIC (VI Net w ork In terface Card). A NIC con trols the data �o w from computer-

system memory to net w ork-card bu�er, data transmission, and the data �o w from
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net w ork-card bu�er to computer-system memory . A NIC is not addressable b y itself,

either.

2. A ddressing. A VI NIC has a unique net w ork address so that eac h VI

NIC can iden tify itself and other VI NICs. Ho w ev er, that happ ens at the ph ysical

la y er. F or applications, there is another en tit y called discriminator, whic h uniquely

iden ti�es an application within certain NIC. Therefore, when it prepares for incoming

connections, a VI will bind itself to an NIC with the lo cal host's net w ork address plus

a discriminator. When it prepares for connecting to a remote endp oin t, a VI uses the

remote host's net w ork address plus a discriminator. The VI NIC do es the m ultiplexing

and de-m ultiplexing for the NICs.

3. Memory registration. The virtual memory area that holds or is going to

hold user messages should b e �pinned� in to ph ysical memory b efore the messages are

sen t or receiv ed through the VI NIC. This pro cedure is called memory registration.

Notice the comm unication endp oin t, i.e., VI in Fig. 26, do es not ha v e bu�ers. Memory

registration remo v es bu�er cop ying in transmission.

4. Data transmission. Data transmission uses either the con v en tional send-

receiv e mo del or the RDMA (Remote Direct Memory A ccess) mo del. A t �rst, virtual

memory pages that hold or are going to hold user data should b e registered. Then,

the registered memory is asso ciated with a data structure kno wn as a descriptor.

In the send-receiv e mo del, the sender calls VIA's API for sending, whic h put the

descriptor asso ciated with user data in to a send queue, and data pro cessing mo v es

from the VI consumer la y er to the VI pro vider la y er. The receiv er calls VIA's API for

receiving, and the receiving pro cess either blo c ks or has to k eep p olling the receiving
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queue. When data arriv e, the descriptor holding the arriving data is pulled out of

the receiving queue, and data pro cessing mo v es from the VI pro vider la y er to the VI

consumer la y er. Inside the VI pro vider la y er, one comp onen t, kno wn as the k ernel

agen t, manages system resources used b y the NICs, the creation and destruction of

VIs, the send-receiv e queues, and the in terfaces b et w een an NIC and its VIs. The

other comp onen t, the NIC, do es the data transferring. The w ork queues, i.e., the

send queues and the receiving queues, use a do orb ell mec hanism to comm unicate

with the net w ork adapter. The net w ork adapter implemen ts the do orb ells, whic h

are asso ciated with eac h w ork queue when the queue w as created. Therefore, data

transferring b et w een the w ork queues and net w ork adapter needs no OS in terv en tion.

On the other hand, if a receiving pro cess blo c ks on data arriving, the net w ork adapter

m ust use an in terrupt to inform the receiving pro cess up on data arriv als. Therefore,

data transferring b et w een the VI pro vider la y er and the VI consumer la y er needs OS

in terv en tion. In the RDMA mo del, a reading pro cess or a writing pro cess sp eci�es

b oth the source of the data transfer and the destination of the data transfer and then

lea v es the data transmission to the VI pro vider. Before RDMA read or write, the

remote VI m ust inform the reading pro cess or the writing pro cess ab out the lo cation of

the registered memory for user data. Since little data-�o w con trol is needed, RDMA

read/write is faster than con v en tional send-receiv e.

5. T ransmission reliabilit y . There are three kinds of transmission reliabili-

ties: un-reliable deliv ery , reliable deliv ery , and reliable reception. Un-reliable deliv ery

guaran tees that a message is sen t or written at most once to the receiving VI. Reliable

deliv ery guaran tees that messages sen t or written will arriv e at the destination �ex-
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actly once, in tact, and in the order submitted, in the absence of errors� [130]. There,

the destination is the VI NIC bu�er. Reliable reception is similar to reliable deliv ery

except that the destination is not just the VI NIC bu�er but the target registered

memory . Reliable deliv ery guaran tees a strictly in order deliv ery b et w een t w o VI

NICs. Reliable deliv ery guaran tees a strictly in order deliv ery b et w een t w o VIs. The

default reliabilit y is reliable deliv ery .

6. Scatter-gather in transmission. VIA uses the data structure for descriptor

to supp ort the concepts of scatter-gather in data transmission. A descriptor can ha v e

a scatter-gather list. The net w ork adapter sends from or places scattered data in the

list to the desired lo cation(s). F or example, when sending or writing data through

the net w ork, data at the source side ma y come from scattered virtual memory areas.

A t the destination side, those data are gathered in one registered memory .

7. Securit y . VIA uses discriminator and protection tag sp eci�ed b y applica-

tions to safeguard the securit y of an application. A discriminator is b ound with a

VI or VIs at connection time. A protection tag is part of the VI attributes. This

protection tag is used at memory registration. Therefore, a discriminator iden ti�es

a VI, and a protection tag de�nes the access relation b et w een a VI and registered

memory . Securit y enforcemen t starts to tak e place at the application lev el.

5.2 VIA C and VMEX

5.2.1 VIA C Design

F rom the information in Section 5.1.3, w e kno w the basic features in VIA that

ma y a�ect programming. The VIPL w as dev elop ed directly on those VIA features.
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The adv an tage of VIPL is its high p erformance, whic h is close to the theoretical

maxim um p erformance at the net w ork hardw are lev el. The disadv an tage of VIPL is

that it is di�cult to use in programming.

W e noted that neither VI nor NIC w as directly addressable. Ho w ev er, eac h

time w e established a connection, w e had to bind a VI to a host's net w ork address

and a discriminator. Although this practice o�ered �exibilit y in programming, it w as

not con v enien t: tec hnical details and related op erations had not b een encapsulated.

Another issue concerned memory registration. F or general-purp ose comm uni-

cation, w e found it w as hard to pro vide programming con v enience without an y cop ying

in data transmission. Although w e could register large-sized user data at transmis-

sion, w e w an ted to pre-register small-sized memory areas as bu�ers for transferring

short messages, if suc h practice did not require complicated bu�er managemen t. W e

do not register large-sized memory and use it as bu�er b ecause computer system's

ph ysical memory is limited. The main purp ose of ph ysical memory is to hold run-

ning pro cesses. Ho w ev er, for short messages, w e can a�ord a few small bu�ers in

transmission, b ecause (1) small bu�ers w on't tak e up large space in ph ysical memory ,

(2) memory registration for short message is relativ ely exp ensiv e, and (3) one bu�er

cop y for short messages will not cause m uc h o v erhead in transmission. Fig. 27 sho ws

t w o t yp es of message descriptors in VIs: the descriptor in (a) uses its pre-registered

memory area as the comm unication bu�er to hold user message, and the descriptor

in (b) uses the pre-registered memory to hold the address of bulk data in registered

memory .
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Fig. 27. T w o uses of the memory descriptor in data transmission.

Based on the ab o v e considerations, w e in tro duced t w o new comm unication en-

tities: VTB (Virtual T ransmission Base) and VTE (Virtual T ransmission Endp oin t).

W e used t w o data structures to de�ne the t w o en tities. A VTB is mapp ed to an NIC

plus net w ork address and discriminator information. A VTE is mapp ed to a VI, with

small bu�ers for send and receiv e, plus the asso ciated VTB's handler. F or compat-

ibilit y reasons, w e dev elop ed our �rst library , VIA C (Virtual In terface Arc hitecture

based Comm unication), in C language follo wing the ANSI (American National Stan-

dards Institute) C standard. The follo wing samples sho w the data structures for VTB

and VTE.

Sample 1.

t ypedef struct VTB_HANDLE {

VIP_NIC_HANDLE nic; /* network interface controller */

VIP_NET_ADDRESS *netAddress; /* network address */

VIP_CQ_HANDLE cqHandle; } /* completion queue handle */
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Sample 2.

typedef struct VTE_HANDLE {

VIP_NIC_HANDLE nic; /* NIC handle. */

VIP_VI_HANDLE vi; /* VI (virtual interface) handle */

VIP_PVOID sendBuff; /* VI send queue buffer pointer */

VIP_MEM_HANDLE sendMem; /* VI send queue memory handle */

VIP_DESCRIPTOR *sendDesc; /* VI send queue descriptor pointer */

VIP_PVOID recvBuff; /* VI receive queue buffer pointer */

VIP_MEM_HANDLE recvMem; /* VI receive queue memory handle */

VIP_DESCRIPTOR *recvDesc; /* VI receive queue descriptors */

VIP_PROTECTION_HANDLE proTag; }/* for registered memory */

Except for host name, v endor-sp eci�c net w ork-card information, and application-

sp eci�c securit y information, an application do es not need to kno w net w ork related

parameters. When a VTB or a VTE instance is created, those parameters in the ab o v e

data structures are automatically set. Sample 3 sho ws the API for VTB creation.

Sample 4 sho ws the API for VTE creation.

Sample 3.

VIP_RETURN vtb_open(

const char *deviceName, /* input parameter */

VTB_ID vtbID, / *input parameter */

VTB_HANDLE, *vtbHandle /* output parameter*/

);

Sample 4.

VIP_RETURN vte_bind (

VTB_HANDLE vtbHandle, /* input parameter */

int vteType, /* send/recv or RDMA */

VTE_HANDLE vteHandle /* output parameter */

);
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VTB_ID in Sample 3 w as de�ned b y the data structure sho wn in Sample 5.

Sample 5.

typedef struct VTB_ID {

char *hostName; /* Host Computer Name */

VIP_ULONG vtbIndex; /* Network Card Index Number */

char *discriminator; /* User Specified security code */

VIP_UINT16 hostAddrLen; } /*Host Address Length */

With VTB and VTE, w e could de�ne other APIs to supp ort so c k et-lik e pro-

gramming. Memory registration is hidden from programmers, and memory registra-

tion is implemen ted inside data transfer routines.

Besides a few APIs used to set up a Clien t/Serv er connection, VIA C pro vides

di�eren t APIs for transferring messages of di�eren t size. F or connection-orien ted

comm unications, the vte_send()/vte_recv() pair w as designed for general pur-

p ose message passing, the vte_sendf()/vte_recvf() pair w as designed for short

message passing, and the vte_sendb()/vte_recvb() pair w as designed for bulk

data transferring. The three pairs of APIs ha v e di�eren t emphases in their imple-

men tations. The vte_send()/vte_recv() pair can handle not only reliable deliv-

ery but also unreliable deliv ery . Message fragmen tation w as also considered. The

vte_sendf()/vte_recvf() pair w as based on reliable deliv ery and w as optimized

to b e more e�cien t than the vte_send()/vte_recv() pair. The vte_sendb()/

vte_recvb() pair used RDMA and need memory registration at data transferring

time. T o sim ulate UDP (User Datagram Proto col) in VIA, the vte_sendto()/

vte_recvfrom() pair w as designed. Ho w ev er, this pair is not v ery useful, b ecause

VIA is inheren tly connection-orien ted.
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No w, one question for VIA C is if it supp orts broadcasting or m ulti-casting. A c-

cording to existing rep orts on comm unication patterns in scien ti�c applications [34,129],

broadcasting and m ulti-casting are not often used. The most frequen t comm unication

patterns are p oin t-to-p oin t and scatter-gather. F or industrial applications, the pat-

terns of frequen t comm unications could b e di�eren t. T o k eep our library simple, w e

did not implemen t broadcasting and m ulti-casting in VIA C's presen t v ersion. Ho w-

ev er, for application-lev el connections in the form of h yp ercub e, mesh, or torus, fast

algorithms for broadcasting or m ulti-casting are a v ailable [83].

5.2.2 Pr o gr amming Using VIA C

VIA C w as designed to supp ort the Clien t/Serv er programming mo del. Pseudo

co de viac_server() sho ws the serv er side. It is similar to a so c k et serv er program.

Pseudo co de. viac_server()

//This is a single process program.

BEGIN

//create a VTB

vtb_open();

LOOP

//waiting for incoming connection request

connection_request = vtb_listen();

IF connection_request == true THEN

//create a VTE

vte_bind();

//accept the connection request

vte_accept();

//receive incoming message
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vte_recv();

//provide services

......

//end this session

vte_disconnect();

//release the resources allocated for the VTE

vte_release();

END IF

END LOOP

//destroy the VTB

vtb_close();

END

Pseudo co de viac_client() sho ws the clien t side. It is similar to a so c k et

clien t program.

Pseudo co de. viac_client()

//This is a single process program.

BEGIN

//Create a VTB instance

vtb_open();

//Create a VTE

vte_bind();

//ask for connection

granted = vte_connect();

IF granted == true THEN

//pass the message to server

vte_send();

//get service and do some work

....

//end this session
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vte_disconnect();

//release the resource allocated for the VTE

vte_release();

END IF

//destroy the VTB

vtb_close();

END

In VIA, the net w ork adapter do es m ultiplexing and de-m ultiplexing for NICs

at the VI pro vider la y er (see Fig. 26). A t the VI consumer la y er, the NIC pro-

vides de-m ultiplexing facilit y through the completion queue, whic h records descrip-

tors' completion status. When an NIC has more than one VI, data transmissions

are sync hronized: all those VIs share one completion queue in that NIC. The presen t

completed descriptor in the completion queue indicates whic h VI's data transmission

is done.

In the VIA C library , for applications that do not need VI consumer la y er

de-m ultiplexing, e.g., when an application uses only one VTE, VTB will not b e as-

so ciated with a completion queue; for applications that need VI consumer la y er de-

m ultiplexing, e.g., when some applications use more than one VTEs, VTB m ust b e

asso ciated with a completion queue. This is done at VTB creation. F urthermore, w e

built t w o APIs to use the de-m ultiplexing facilit y: vtb_select(), whic h is blo c king,

and vtb_poll() , whic h is non-blo c king. Sample 6 and Sample 7 sho w the t w o APIs.

Sample 6.

VIP_RETURN vtb_select (

VTB_HANDLE vtb, /* input. the VTB in use */

VTE_HANDLE *vte, /* input. the VTE in use */
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int vteSize, /* input. number of VTEs */

int *vteNumb, /* output. index of a VTE */

VIP_BOOLEAN *recv /* output. True if a recv is completed. */

);

Sample 7.

VIP_RETURN vtb_poll (

VTB_HANDLE vtb, /* input. the VTB in use */

VTE_HANDLE *vte, /* input. the VTE in use */

int vteSize, /* input. number of VTEs */

int *vteNumb, /* output. index of a VTE */

VIP_BOOLEAN *recv /* output. True if a recv is completed. */

);

As a VTB can ha v e more than one VTE, m ulti-programming seems easy . Our

exp erimen ts sho w ed that b oth POSIX threads and UNIX pro cesses could b e used in

m ulti-programming using VIA C APIs. Ho w ev er, it is v ery imp ortan t to note that, in

m ulti-pro cess programs, VTE cannot b e created b efore a c hild pro cess is created. If

a program uses more than one pro cess, VTE creations m ust w ait un til all the c hild

pro cesses are created. Otherwise, comm unication will fail. The reason b ehind this is

the impact of memory registration. Memory registration �pins� virtual memory pages

on to ph ysical memory pages. A t creation, VTE binds a registered virtual memory

page to it and uses the registered memory page as a bu�er in the descriptor (refer

to Fig. 27). When a new pro cess is created, b oth the paren t pro cess and the c hild

pro cess share some ph ysical pages, including those used for the registered memory in

VTE. A ccording to the �Cop y-On-W rite� p olicy in mo dern pro cess creation [19], if

an y of the pro cesses tries to write on a shared ph ysical page (here it is the ph ysical
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page for the registered memory in VTE) the op erating system will cop y the con ten t in

that ph ysical page in to a new ph ysical page b elonging to the writing pro cess. Ho w ev er,

the VTB and its underlying NIC are not up dated on the c hange. The NIC con tin ues

to use the old ph ysical page in data transmission, but the pinned virtual memory

in the writing pro cess has b een mapp ed to a new ph ysical page b y the op erating

system. Therefore, neither the NIC nor the user program kno ws the di�erence. This

inconsistence caused VIA C comm unications to fail. W e refer to the problem as the

con�ict b et w een memory registration and pro cess creation.

5.2.3 VMEX Design

VMEX (Virtual Memory EXc hange) w as designed to supp ort parallel comput-

ing mo dels. Ph ysically , VIA uses high-bandwidth net w ork switc hes to connect com-

puters in a cluster. Logically , applications can form h yp ercub es or meshes through

comm unication c hannels. One c haracter of suc h comm unication c hannels is that they

are p ersisten t during the execution of parallel programs. The VIA C APIs could b e

used for suc h a purp ose but w ere not as con v enien t as in Clien t/Serv er computing.

Sp eci�cally , w e w an ted to hide the details in establishing connections; w e w an ted to

construct an ob ject for comm unication, so that a programmer only sees the in terfaces

for sending and receiving. W e exp ected that data transmission using VMEX w ould

b e lik e �cop ying� data from one virtual memory area to another virtual memory area.

That w as the aim in the design of VMEX.

A VMEX class w as de�ned and implemen ted using standard C++ libraries.

The implemen tation also used some library routines of VIA C. VMEX's APIs turned
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out to b e v ery simple. Besides the constructor and t w o metho ds for initiating t w o

di�eren t VMEX-ob ject instances, only t w o other metho ds are needed, send() and

recv() , with the former used at the sending side, and the latter used at the receiving

side.

In the presen t v ersion of VMEX, a VMEX ob ject is created b y the constructor

vmex() , and then the ob ject is initialized either as a serv er or as a clien t. The serv er

accepts connections, and the clien t requests connections. The initialization sets up

the connection. It is p ossible that, in its later v ersions, VMEX ma y com bine the

constructor and the initiators together, so that VMEX's APIs will b e reduced to

three: vmex(), send(), and recv().

The main adv an tages of VMEX are as follo ws.

1. Both send() and recv() ha v e m ultiplexing and de-m ultiplexing capabili-

ties. Therefore, some programs no longer need m ulti-pro cessing. On the other hand,

m ulti-pro cessing programs can use only one pro cess or thread for data transmission

and use the remaining pro cesses or threads for data pro cessing. Suc h practices re-

�ect the scatter and gather comm unication patterns. Mean while, the use of VMEX

ob jects a v oids comm unication failures caused b y the con�ict b et w een memory regis-

tration and pro cess creation.

2. Unlik e VIA C's VTB and VTE, whose declaration, initialization, and use

are separated, a VMEX ob ject can b e declared at a place close to where they are used.

Suc h a feature mak es it easier to declare a VMEX ob ject after pro cess or thread cre-

ation. The ob ject-orien ted language feature directly prev en ts comm unication failures

caused b y the con�ict b et w een memory registration and pro cess creation.
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3. Because a VMEX ob ject has p ersisten t comm unication c hannels, data trans-

mission b ecomes extremely fast.

4. Instead of ha ving only p oin t-to-p oin t connections, a VMEX ob ject hides

connections details while connecting to more than one other VMEX ob jects th us it

can app ear to applications as pro viding one-to-man y connections. This feature can

b e used to sim ulate broadcasting or m ulti-casting.

5.2.4 Pr o gr amming Using VMEX

VMEX supp orts m ulti-programming. If a VMEX ob ject is going to b e used in

a c hild pro cess, the VMEX ob ject is created in the c hild pro cess but not in the paren t

pro cess. Usually , one c hild pro cess is dedicated to handling all the data transmissions

to all the other computers in a cluster, and the other c hild pro cesses do the other

w ork suc h as computation. One example of VMEX's applications is async hronous

information-scattering, where eac h computer in a cluster scatters w orkload indices to

some other randomly c hosen computers. The w orkload monitor program uses a sender

pro cess (or thread) and a receiv er pro cess (or thread) for all the data comm unications,

and the program uses other pro cesses (or threads) for w orkload index pro cessing,

comm unication with task sc heduler, etc.

VMEX ob jects' p ersisten t connections reduce comm unication o v erhead. Be-

cause the underlying net w orking tec hnology has sup erior p erformance in transferring

large data blo c k and b ecause VMEX's APIs are extremely simple, data transmission

o v er VMEX is fast and easy , just lik e memory cop y in a single computer. Suc h a

feature in VMEX mak es e�cien t pro cess migration p ossible.
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The follo wing pseudo co de sho ws a simple program that sends and receiv es

messages from other programs.

Pseudo co de. vmex_message_passing()

BEGIN program

//variable declarations

message;

//initialization

//multiprocessing

process_id = nezha_fork(local);

IF process_id == 0 THEN

BEGIN child process

message = user data or request;

//create a VMEX object instance

VMEX vmexSender();

//initialize the sender; ask for connection.

vmexSender.client();

//ready to send requests or pass on message

vmexSender.send(message);

IF message == a request THEN

//wait for answer

vmexSender.recv(answer from the server);

ELSE

//more sends and receives

...

END IF

//done

exit();

END child process

ELSE
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BEGIN parent process

//create a VMEX object instance

VMEX vmexReceiver();

//initialize the receiver; get connected.

vmexReceiver.server(maximum _con nect ions );

//check a request

vmexReceiver.recv(message);

IF message == a request THEN

//send back the answer

vmexReceiver.send(answer);

ELSE

//more sends and receives

...

END IF

//done

wait(child process to finish);

exit();

END parent process

END IF

END program

5.3 Micro-Benc hmarking

5.3.1 Cost in Memory R e gistr ation

In the design of VIA C, w e used pre-registered memories as bu�ers when a

VTE w as created. Suc h bu�ers w ere used to cop y short messages b efore they w ere

sen t. T o mak e sure that the design w ould not incur m uc h o v erhead, w e tested the

costs for memory registration and memory cop ying. Figs. 28 and 29 sho w the results.
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W e used the pro cessing time as the metric for o v erhead. F or small-sized data,

memory cop ying in tro duced less o v erhead than memory registration. F or large-sized

data, memory registration is m uc h more e�cien t than memory cop ying. This obser-

v ation supp orted our design concerning the use of bu�ers in VTE.

5.3.2 VIA C Send/R e c eive Performanc e

T o ev aluate the p erformance of VIA C's APIs, w e used a round-trip test to

compare the latencies of three data transmission metho ds: TCP/IP based so c k et

using libraries from the Lin ux op erating system (V ersion 2.2); VIA based so c k et using

the Lin ux's so c k et libraries plus cLan

6

, an implemen tation of VIA, as the underlying

net w orking system; and VIA C, whic h w as directly implemen ted on top of cLan. The

�rst t w o metho ds used v endor optimized libraries. Therefore, our comparisons w ere

represen tativ e.

Fig. 30 illustrates the bandwidth measures of the three metho ds. It is ob vious

that VIA C sho w ed sup erior p erformance o v er the other t w o. Fig. 31 sho ws the

transmission latencies at sending small-sized data. F rom the t w o �gures, w e claim

that VIA C p erforms b etter than b oth so c k et o v er TCP/IP and so c k et o v er VIA.

5.3.3 VMEX De-multiplexing

VIA C pro vided t w o APIs for application-lev el de-m ultiplexing. The t w o APIs

are vtb_select() and vtb_poll() . The former blo c ks, and the latter do es not.

When implemen ting VMEX's recv() metho d, w e had to decide whic h de-m ultiplexing

6

cLan is a pro duct of Em ulex Corp oration. h ttp://www.em ulex.com.
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API to use. Generally , blo c king read and blo c king write in tro duce less CPU o v erhead

than non-blo c king ones. Ho w ev er, in the con text of high-bandwidth lo w-latency com-

m unication, de-m ultiplexing with blo c king in sending and receiving ma y cause more

latency than de-m ultiplexing without blo c king.

T o ev aluate the p erformance of vtb_select() and vtb_poll() , w e designed

a Ping-P ong test: one VMEX ob ject sen t a message to another VMEX ob ject, and

then immediately the second VMEX ob ject sen t the message bac k to the �rst VMEX

ob ject. The t w o VMEX ob jects w ere in t w o computers in the cluster. T able 10 and

Fig. 32 sho w some sampling results when vtb_select() w as used to inform the

receiv er that a message had arriv ed.

T able 10

Latencies in a Ping-P ong T est With Blo c king De-m ultiplexing at Receiving

Data Size s1( � s) s2( � s) s3( � s) s4( � s) s5( � s) s6( � s)

100 B 45373 57886 80198 33557 38413 12610

1024 B 5581 54028 48247 2553 2931 9612

2048 B 24804 27532 19977 38307 2254 47084

4096 B 51944 11914 232 4593 18485 11158

5012 B 36812 37395 37400 44278 34264 34512

W e noticed that the latency patterns in T able 10 and Fig. 32 w ere quite

irregular. T o �nd the reasons for the irregularit y , �rst w e examined the latency in

vtb_sendf() and vtb_recvf() , whic h w ere used in VMEX's send() and recv() .

Exp erimen tal results suggested that b oth vtb_sendf() and vtb_recvf() sho w ed

stable latency in transmission. F or example, vtb_sendf() sen t messages of 100 b ytes

in ab out 10 microsecond (i.e., � s; one million th of a second); after b eing informed
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Fig. 32. The a v eraged latency in a Ping-P ong test with blo c king de-m ultiplexing at

receiving.

of the arriv al of messages, vtb_recvf() receiv ed the messages of 100 b ytes in ab out

8 � s. Then, w e examined the latency in de-m ultiplexing using vtb_select() . A t the

sending side, vbt_select() , whic h informed the sender once a message w as sen t out

to the net w ork, to ok ab out 9 � s in sending messages of 100 b ytes; at the receiving side,

vtb_select() , whic h informed the receiv er when a message arriv ed, to ok v ariable

length in time in receiving messages of 100 b ytes. The range of that latency could b e

from 11 ; 385 � s to 28 ; 435 � s. Realizing that there w ere t w o receiv es in the Ping-P ong

test, w e m ultiplied that range of latency b y 2 . Th us, the range of the double latency

caused b y vtb_select() at receiving could b e from 22 ; 770 � s to 56 ; 870 � s. Because

this range is based on a �nite n um b er of samplings, there is the p ossibilit y that some

sampled latencies in the Ping-P ong test sta y out of this range. Ho w ev er, when the

a v eraged latency w as calculated, exp erimen tal results based on the vtb_select()
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latency test and Ping-P ong test agreed with eac h other. Therefore, w e concluded that

the irregularit y in the latency patterns in the previous Ping-P ong test w as caused b y

de-m ultiplexing with blo c king.

The alternativ e option for application-lev el de-m ultiplexing w as vtb_poll() .

The di�erence b et w een vtb_select() and vtb_poll() is that the former w as con-

structed using a blo c king read on the completion queue in a NIC, whereas the latter

w as constructed using a non-blo c king read on the completion queue in a NIC. When

blo c king is used, the net w ork adapter in VIA uses in terrupt to inform the reading

pro cess up on descriptor completion. In terrupts cause o v erhead in con text switc hing.

F urther exp erimen ts sho w ed that vtb_poll() to ok less than 10 � s to receiv e

messages of 100 b ytes. Therefore, w e used vtb_poll() in VMEX's recv() metho d.

Results of the Ping-P ong test using de-m ultiplexing without blo c king in recv() are

sho wn in T able 11 and Fig. 33. As w e can see, the latencies sho w predictable patterns,

and the dela ys in transmission ha v e b een reduced at all lev els of data size.

T able 11

Latencies in a Ping-P ong T est With Non-Blo c king De-m ultiplexing at Receiving

Data Size s1( � s) s2( � s) s3( � s) s4( � s)

100 B 213 215 209 214

1024 B 246 243 246 245

2048 B 319 314 316 344

4096 B 373 365 374 373

5012 B 412 404 410 403
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Fig. 33. The a v eraged latency in a Ping-P ong test with non-blo c king

de-m ultiplexing at receiving.

5.4 Summary

This c hapter discussed design considerations for t w o libraries on VIA. The �rst

library , VIA C, w as designed for comm unications based on the Clien t/Serv er mo del.

VIA C's APIs w ere designed to b e similar to that of BSD so c k ets. Programming using

VIA C's APIs or p orting so c k et programs to VIA is straigh t-forw ard. Ho w ev er, as

VIA C uses memory registration, whic h pins virtual memory pages to ph ysical memory

pages, programmers need to pa y atten tion in m ulti-programming. The second library ,

VMEX, w as mainly designed for p ersisten t comm unications in parallel computing.

VMEX is ob ject-orien ted. VMEX hides connection establishmen t from programmers.

VMEX also supp orts de-m ultiplexing at receiving at the application lev el.

Micro-b enc hmarking data sho w ed that VIA C APIs' p erformance w as close to

the ra w p erformance of the VIA-based net w orking hardw are. This p erformance w as
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sup erior than that of so c k ets o v er TCP/IP or so c k ets o v er VIA. Micro-b enc hmarking

data also suggested that application-lev el de-m ultiplexing without blo c king had b etter

p erformance than that with blo c king .



CHAPTER 6

PR OTOTYPING AND EXPERIMENTS

6.1 Hardw are Platform
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Master
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Fig. 34. Data comm unication inside the b eo wulf cluster.

W e designed and dev elop ed Nezha on a platform as partially sho wn in Fig. 34.

The cluster has t w o in ternal net w orking systems: the 100 Mbps Ethernet net w orking

system and the 1 Gbps cLan net w orking system. The former supp orts the TCP/IP

proto col suite, and the latter supp orts VIA.

The cluster has 8 no des. Eac h no de has four-w a y SMP pro cessors and 512 MB

shared memory . Those pro cessors are In tel P en tium I I I 550 Mhz CPUs. Eac h of the

CPUs has 512 KB cac he memory .

122
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The op erating system k ernel of the cluster w as at �rst Lin ux 2 : 2 :x and later

Lin ux 2 : 4 :x . The PVM soft w are pac k age w e used in our exp erimen ts w as the 3 : 4 : 2

v ersion. W e also installed MPICH V ersion 1 : 2 : 5 for comparativ e studies.

Because di�eren t departmen ts in the univ ersit y shared the cluster and used

it for education and scien ti�c computations, it forced us in our exp erimen ts not to

mo dify the op erating system and most of the remaining en vironmen t. T o some exten t,

that w as a merit for our researc h.

6.2 A Protot yp e for Nezha

F rom Chapter 2, w e kno w that Nezha is a parallel virtual en vironmen t made

up of three daemon pro cesses in eac h no de in a cluster. Those three daemon pro cesses

are the w orkload monitor, the task sc heduler, and the task dispatc her.

In the protot yp e for Nezha, �rst w e dev elop ed neldp , whic h is a w orkload scat-

tering and gathering daemon pro cess, as the the w orkload monitor. In neldp , w e used

algorithms in Chapter 4. Then, w e c hose pvmd , whic h is the daemon pro cess of PVM,

as the task dispatc her. Besides its nativ e round-robin algorithm for task sc heduling

(in fact just task placemen t), pvmd supp orts extended task sc heduling p olicies. Pvmd

used a global v ariable pvmsche dutid to enable an external task sc heduler, and PVM

pro vided srm , whic h is a separate daemon pro cess, as an external resource manager,

but task sc heduling and load-balancing p olicies in srm w ere not implemen ted. W e

used the srm framew ork for the task sc heduler in the Nezha protot yp e and imple-

men ted our task sc heduling strategy in srm . The task sc heduling strategy used the

dynamic load-balancing algorithm in Chapter 3.
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W e dev elop ed the remaining supp orting soft w are as libraries, whic h included

VIA C, VMEX, duso, and bal. VIA C and VMEX ha v e b een in tro duced in Chapter 5.

They are libraries for VIA based comm unications. Duso is the library that implemen ts

algorithms for randomized dynamic load-balancing. Duso represen ts �duet-to-solo,�

whic h is the basic form of the d -c hoices in randomized dynamic load-balancing, where

d � 2 . Nev ertheless, the library routines implemen ting the algorithms do not limit d

to 2 . Bal is a basic application library , whic h pro vides algorithms for random n um b er

generators and other auxiliary routines.

Fig. 35 illustrates the comp onen ts and comm unication metho ds in the Nezha

protot yp e. In a complete Nezha implemen tation, some of the comm unications b e-

t w een the task dispatc hers, i.e., p vmds in Fig. 35, will ha v e VIA C/VMEX c hannels.

Node i Node j

neldp

srmpvmdsrm

neldp VIAC/VMEX

Unix Domain

Unix DomainUnix DomainSockets
Sockets Sockets

Sockets
Unix Domain

pvmd
TCP/IP Sockets

Fig. 35. In ternal construction of the Nezha protot yp e.
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6.3 Exp erimen ts

6.3.1 Metho ds

All our application programs in the exp erimen ts are computation in tensiv e.

Their execution time ranged from around 400 millisecond (i.e., m s; one thousandth

of a second) to ab out 2700 s. One of the programs w as for matrix m ultiplication [54],

referred to as the matrix program. The program assigns a matrix m ultiplication

problem A � B = C to m � m tasks. Eac h task computes a sub-blo c k of the resulting

matrix C . P arallel pro cesses in the matrix program ha v e in ter-pro cess comm unication.

Users sp ecify the m v alue and the blo c k size l through the program's user in terface.

This program is an example of SPMD. Another program w as for calculating the

recursiv e relations in e-4-1, e-4.3, and e-4.4, referred to as the recursiv e program. This

program has a single pro cess. F or parallel applications of n tasks, w e used a wrapp er

program that starts n copies of the recursiv e program. The n tasks ha v e no in ter-

comm unication. Although sequen tial applications w ere considered, our exp erimen ts

fo cused more on parallel applications.

T o ev aluate system p erformance, w e tested system throughput and application

turnaround time in the protot yping en vironmen t. One imp ortan t measure w as cluster-

wide w orkload distribution in terms of load-balancing. F or tasks that did not ha v e

sp ecial sc heduling requiremen t, balanced load in a cluster generally indicated b oth

large system throughput and small turnaround time.

T o mak e sure our results are rep eatable, w e did some of our exp erimen ts in

ideal conditions: w e created the un-balanced pre-conditions in those exp erimen ts. In



126

the exp erimen t that observ ed the b eha vior of our dynamic load-balancing algorithm,

w e used the recursiv e program as a standard task in all the arriving tasks, sequen tial

or parallel, so that the n um b er of suc h tasks directly re�ects the w orkload index at a

no de. This made in terpreting load-balancing results m uc h easier.

In measuring program sp eedups, w e calculated the turnaround time of parallel

programs in one no de and the turnaround time in the Nezha protot yp e. W e also

compared the turnaround time of programs running in PVM and the Nezha protot yp e.

W e noticed that individual applications had p erformance sp eedups at di�eren t scales:

The sp eedups w ere di�eren t when the cluster has di�eren t load conditions. The

sp eedups could b e di�eren t when applications had di�eren t sizes. Therefore, w e

studied the sp eedup p oten tial in ideal conditions, where the cluster had b een idling

and w e could set up an initial load distribution, and w e studied real sp eedup in a real

w orld condition, where the cluster w as running at full load.

In its normal form, sp eedup factor S ( n ) is de�ned as follo ws.

S ( n ) =

t

s

t

p

,

where t

s

is the execution time in a single pro cessor system, and t

p

is the execution

time in a m ulti-pro cessor system.

Since the cluster w e used had four-w a y SMP pro cessors in eac h no de, w e

mo di�ed the sp eedup factor as S

0

( n ) =

t

0

s

t

0

p

, where t

0

s

w as the execution time in a single

no de, and t

0

p

w as the execution time in m ultiple no des.
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6.3.2 R esults

6.3.2.1 R andomize d Dynamic L o ad-Balancing

W e use the follo wing example to analyze the b eha vior of randomized dynamic

load-balancing. A t �rst, w e created an un-balanced load condition in the cluster.

W orkload status at eac h no de is sho wn as follo ws.

Initial State:

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

8 5 4 5 4 4 4 4

Then, w e added a parallel application that had three tasks. A ccording to the task

placemen t decisions made b y the randomized dynamic load-balancing algorithm, the

three tasks w ere dispatc hed to no de3, no de7, and no de8. Since all those three no des

had only four tasks in the initial state, the task placemen t decisions w ere considered

fair. W orkload at eac h no de c hanged to the follo wing situation.

Snapshot 1:

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

8 5 5 5 4 4 5 5

Then, w e added another parallel application with t w o tasks. Those t w o tasks w ere

dispatc hed to no de5 and no de8. W orkload distribution c hanged to what is sho wn in

Snapshot 2. This result w as not exactly what w e exp ected: the new tasks should

b e placed at no de5 and no de6. Ho w ev er, the con tradiction reminds us of a v ery

imp ortan t feature of the algorithm: the abilit y to a v oid creating �hot-sp ot� in de-

cen tralized dynamic load-balancing. Because no de8 had only one more task than

no de6, the task placemen t decision w as considered acceptable.

Snapshot 2:

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

8 5 5 5 5 4 5 6
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Our impression of the algorithm for randomized dynamic load-balancing in

the previous step w as re-a�rmed b y t w o more successiv e tasks. One of them w as

placed at no de5 and another w as placed at no de7. Snapshot 3 sho ws the situation.

It seems that w e could not use the algorithm to �pinp oin t� a certain no de. This is

exactly the non-deterministic nature of the algorithm in no de selection. Practically ,

b ecause no de1 had far more tasks than an y of the other no des, all the no des from

no de2 to no de8 w ere considered b y the adaptiv e mec hanism in load-balancing as at

the same w orkload lev el. Therefore, there w as no sp ecial reason to c ho ose no de6.

Snapshot 3:

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

8 5 5 5 6 4 6 6

Later, three tasks completed and left no de1. W orkload distribution b ecame

what is sho wn in Snapshot 4.

Snapshot 4:

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

5 5 5 5 6 4 6 6

When a new task arriv ed, it w as placed in no de6, sho wn as Snapshot 5. The

reason b ehind this decision w as that, at Snapshot 4, the adaptiv e mec hanism in load-

balancing regarded w orkloads in the cluster as ha ving three lev els. No de6 w as the only

no de at the lo w est lev el. Of course, if the adaptiv e mec hanism w as not so aggressiv e,

th us the algorithm considered all the no des at Snapshot 4 w ere at the same load-lev el,

then no de6 migh t still ha v e no b etter c hance than the others.

Snapshot 5:

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

5 5 5 5 6 5 6 6
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It w as understandable that, when another task arriv ed after Snapshot 5, it

w as placed in no de3. It could also b e no de1, no de2, no de4, or no de6.

A t this p oin t, w e could claim that the algorithm for randomized dynamic

load-balancing w ork ed w ell.

6.3.2.2 Individual Applic ation Sp e e dup

In an ideal condition, when all the no des in a cluster w ere idling, it to ok ab out

2700 s to complete the recursiv e program. When the wrapp er program started n

tasks of the recursiv e program, w e observ ed the p oten tial sp eedups sho wn in Fig. 36.
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Fig. 36. Linear sp eedup in ideal conditions.

Suc h ideal sp eedups w ere p ossible in PVM if the cluster w as idling and if there

w as no other user running programs in the cluster. Ho w ev er, that did not happ en

most of the time. In the w orst case, parallel programs running in PVM migh t gain
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no sp eedup at all. F or example, if a task in a parallel program w as assigned to an

o v erloaded no de or a no de that had crashed, the whole program migh t not �nish in

a timely manner or migh t nev er �nish. F ortunately , that did not happ en v ery often,

either.

On the other hand, the ideal sp eedups w ere not p ossible in the Nezha proto-

t yp e: the Nezha protot yp e, and also Nezha, w ould not b e able to distribute n tasks

ev enly in an idling system. F or example, when PVM dispatc hed eigh t parallel tasks to

8 no des, the Nezha protot yp e migh t dispatc h the eigh t parallel tasks in the follo wing

distribution.

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

T asks: 0 4 1 1 3 0 0 0

That did not suggest that the Nezha approac h in impro ving system throughput and

reducing individual program turnaround time w as futile. The strength of dynamic

load-balancing and, therefore, Nezha is in dealing with un-balanced w orkload situa-

tions. Nezha will b e able to a v oid the w orst case in PVM, to o.

T o mak e our ev aluation more understandable and predictable, w e compared

the p erformance of PVM and the Nezha protot yp e in similar w orkload conditions.

In our test with sequen tial tasks, the cluster w as running at full load, with the

w orkload distribution as follo ws.

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

Load-index: 4.0 4.0 6.0 4.0 4.0 4.0 4.0 4.0

F or the �rst testing case, w e used the recursiv e program. In that test, eigh t

tasks w ere started as a P oisson stream with the mean in ter-arriv al time of 10 s.
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Starting eigh t copies of the recursiv e program in PVM ac hiev ed the results as

follo ws. A v erage time w as 3400 s.

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

Time(s): 3245 3121 4724 3173 3231 3218 3190 3299

Starting eigh t copies of the recursiv e program in the Nezha protot yp e ac hiev ed

the results as follo ws. A v erage time w as 3542 s.

no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

Time(s): 3201 3166 3186 3150

4015

3997

3820

3802

Although the Nezha protot yp e sp en t longer time in completing the tasks on

a v erage, it did not assign an y task to no de3, whic h had b een more loaded than the

other no des. F or the single task that sp en t 4724 s to complete in PVM, it could

get a sp eedup of 25 : 02 % in the Nezha protot yp e, i.e., (4724 � 3542) = 4724 = 0 : 2502 ,

according to the a v eraged turnaround time. If w e increase the in ter-arriv al time

b et w een the tasks, then the Nezha protot yp e migh t ac hiev e b etter sp eedups. Note

that the ideal execution time for the recursiv e program w as 2700 s. Compared to

2700 s, an in ter-arriv al time of 10 s w as really short. In that case, w e could claim

that � > 1 , i.e., task arriving rate w as greater than task departure rate.

In the test with parallel tasks, w e used the matrix program. W e set m = 3

and l = 100 :

T able 12 sho ws the task turnaround times in the Nezha protot yp e. The times

are sho wn in microseconds. W e to ok the time for the m � m th task to �nish as the

program �nishing time. The a v eraged program turnaround time w as 493808 : 7 � s.
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T able 13 sho ws the task turnaround times in PVM. The a v eraged program

turnaround time w as 507617 : 3 � s. Note the longest turnaround time w as 582734 � s,

and the program sp eedup in the Nezha protot yp e could b e 15 : 26 %. W e though t this

sp eedup under-represen ted the capacit y of Nezha.

T able 12

T urnaround Time for the Matrix Computation Program in the Nezha Protot yp e

T ask es T est1 T est2 T est3

T ask1 456636 391698 388053

T ask2 476839 399923 397952

T ask3 482378 411326 411929

T ask4 493387 411247 408425

T ask5 492829 416410 415906

T ask6 485843 415172 421072

T ask7 499468 417530 422604

T ask8 530100 435184 413249

T ask9 531549 433814 514693

T able 13

T urnaround Time for the Matrix Computation Program in PVM

T ask es T est1 T est2 T est3

T ask1 423778 471861 451800

T ask2 427942 524357 454734

T ask3 431139 520789 462354

T ask4 431625 540946 462065

T ask5 432052 537265 478936

T ask6 449646 546980 456479

T ask7 451621 548978 478696

T ask8 450768 577999 481752

T ask9 457985 582734 482133

First, w e w ere comparing the p erformance of the Nezha protot yp e with a single

PVM-t yp e parallel virtual mac hine. If more than one user ran parallel programs in a
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cluster, there w ould b e more than one PVM-t yp ed parallel virtual mac hine in the

cluster. When eac h of those parallel virtual mac hines used a separate round-robin

algorithm, �hot sp ots� in load distributing w ould app ear. F or example, in a cluster of

four no des, acciden tally t w o users come to run t w o programs using PVM at ab out the

same p erio d of time. Supp ose one program has t w o pro cesses and another program

has six pro cesses. If the t w o users start their parallel virtual mac hines from the same

no de in a cluster, then t w o of the no des eac h will ha v e three pro cesses, and t w o other

no des eac h will ha v e only one pro cess. Of course, that is the w orst case. T o a v oid

the w orst case, the users should k eep enough �distance� from one another. Nezha and

the Nezha protot yp e will not ha v e this problem. In those cases, Nezha's p erformance

gain o v er PVM could b e m uc h higher.

Second, the Nezha protot yp e's dynamic load-balancing had not b een tuned to

handle tasks arriving in parallel. This observ ation led to the study on parallel task

placemen t.

6.3.2.3 Par al lel T ask Plac ement

When w e w ere testing individual program turnaround time, w e noticed that

parallel task placemen t could b e an issue in Nezha. Comparing the examples in pre-

vious tests, w e noticed that the algorithm for randomized load-balancing did w ell for

sequen tial arriving task, but not so w ell for parallel arriving tasks, esp ecially when the

n um b er of parallel tasks exceeded the n um b er of no des in a cluster. W orkload distri-

bution b efore task placemen t w as another factor in deciding the relativ e p erformance
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of dynamic load-balancing: the more balanced the w orkload, the w orse randomized

dynamic load-balancing.

Previous results seemed to suggest that w e needed to mo dify our algorithm for

dynamic load-balancing, so that it w ould w ork for all task arriving patterns. F or that

reason, w e dev elop ed a h ybrid strategy: if k , the n um b er of arriving parallel tasks, is

less than n , the n um b er of activ e no des in a cluster, then use the impro v ed algorithm

for randomized dynamic load-balancing (i.e., Algorithm 3.1) at task placemen t; if k is

larger than n , i.e., k = x � n + y ; x � 1 , and y � 0 , then use the round-robin algorithm

in placing the x � n tasks and use Algorithm 3.1 in placing the y tasks.

T o test the h ybrid strategy , w e used a wrapp er program that starts an arbitrary

n um b er of the recursiv e programs. T able 14 sho ws examples of the results using the

h ybrid strategy in parallel task placemen t. T able 15 sho ws examples of results using

only Algorithm 3.1 in parallel task placemen t.

T able 14

Using a Hybird Strategy in P arallel T ask Placemen t

T asks no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

32 4 4 4 4 4 4 4 4

36 4 4 5 4 5 4 4 6

38 8 5 4 5 4 4 4 4

T able 15

Using Algorithm 3.1 in P arallel T ask Placemen t

T asks no de1 no de2 no de3 no de4 no de5 no de6 no de7 no de8

8 0 4 1 1 2 0 0 0

32 7 6 6 4 0 5 0 4

32 6 5 3 0 8 0 3 7
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Note that in these tests the system w as idling b efore the parallel tasks arriv ed.

It w as eviden t that the h ybrid strategy had b etter p erformance than just using Algo-

rithm 3.1. Ho w ev er, w e understo o d that the impression w as not the complete picture

in task placemen t. W e lea v e that topic for later discussion.

6.4 Discussions

The longer a parallel application runs, the more p erformance loss an un bal-

anced w orkload distribution can cause. The sp eed for w orkload distribution con v erges

to a balanced state is critical.

F ew algorithms for dynamic load-balancing at the system lev el giv e enough

consideration to parallel task placemen t. The c hallenge in parallel task placemen t is

that the decision mak er ma y not ha v e enough time to get up dated load status when

more than one task is dispatc hed in a short p erio d of time. Therefore, placemen t

decisions for parallel tasks ma y not lead to balanced load distribution.

T o o v ercome the di�cult y , w e used the h ybrid strategy in our exp erimen t. In

man y cases, the h ybrid strategy w ork ed. Ho w ev er, the round-robin algorithm is not a

load-balancing algorithm; it just mak es equal-c hance task placemen t. In a m ultiple-

user, m ultiple-task en vironmen t, ev en the adv an tage in equal-c hance task placemen t

can b e lost without a univ ersal (cen tralized) or co ordinated (de-cen tralized) round-

robin algorithm in the cluster.

The ab o v e di�cult situation happ ens to other dynamic load-balancing algo-

rithms, to o. One general solution that ma y impro v e the p erformance of dynamic

load-balancing to a higher lev el is preemptiv e pro cess migration. A study [62] on
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pro cess lifetime distribution suggested that w ell tuned pro cess migration can b e more

e�ectiv e than just remote execution, ev en when memory transfer cost w as not negli-

gible. W e b eliev e that with high-p erformance net w orking tec hnologies, cost and dela y

in preemptiv e pro cess migration can b e reduced to an acceptable lev el.

Recen t researc h on dynamic load-balancing also includes application-lev el strate-

gies and to ols [2,5,37]. W e regard those w orks as imp ortan t alternativ es to OS-

lev el w orks. F or dedicated clusters, suc h as some en terprise serv ers and w eb serv ers,

application-lev el dynamic load-balancing has signi�can t impact on system through-

put.

Another di�cult situation w e had seen w as that, when the w orkloads in a

cluster w ere relativ ely balanced, randomized dynamic load-balancing did not ac hiev e

the same p erformance as it did when the w orkloads w ere not balanced. W e consider

the situation as a practical issue. W e can simply mo dify our algorithm suc h that it

stops dispatc hing tasks remotely as long as w orkloads are relativ ely balanced.

Whatev er w e do with dynamic load-balancing, it remains an NP-hard problem.

In c ho osing the appro ximation algorithms, w e c ho ose the simple and e�ectiv e ones.

W e also exp ect that the algorithms ha v e analytical mo dels so that w e can understand

ho w and wh y they w ork.



CHAPTER 7

SUMMAR Y

W ork describ ed in this dissertation is the result of consisten t impro v emen t of

some primitiv e ideas. Some of the ideas ma y ha v e serendipitous origins, but none of

them has surviv ed without p olishing. In the pro cedure of the ev olution, exp erimen ts

pla y ed a critical role. W e felt that this re�ection from exp erience m ust b e included

here, b ecause w e realized that m uc h scien ti�c researc h migh t ha v e follo w ed the same

path; mean while, to guard our mind against the tendency of stra ying from the righ t

direction, w e m ust examine our though ts in exp erimen ts.

7.1 This Researc h

This researc h w as ab out a ligh t-w eigh t transparen t run-time en vironmen t for

parallel computing. In our w ork w e constructed the parallel en vironmen t called Nezha.

Nezha w as ligh t-w eigh t in that it only emphasized transparen t access to system re-

sources for application pro cesses (threads included).

In the design for Nezha, w e used a distributed arc hitecture. It consisted of

three comp onen ts: the w orkload monitor, the task sc heduler, and the task dispatc her.

Eac h of the comp onen ts w as implemen ted as a daemon pro cess. Ev ery no de in the

cluster had the three comp onen ts. They w ork ed co op erativ ely in forming the virtual

mac hine in Nezha.

137
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P arallel computing in Nezha used a univ ersal virtual mac hine that had dis-

tributed virtual memory . In that mo del, data pro cessing to ok place in distributed

virtual memory . Home computers pro vided shared memory and had virtual pro cess

managemen t. The pro cesses w ere �virtual� b ecause some of them run lo cally and

some of them run remotely . Their lo cations w ere transparen t to users. All applica-

tions in the Nezha virtual mac hine shared cluster-wide CPU time and memory space

in a dynamic w a y . The Nezha parallel computing mo del is di�eren t from PVM in

that PVM's virtual mac hines are close-w orld systems, whereas the virtual mac hine in

Nezha is univ ersal: de-cen tralized dynamic load-balancing and co-sc heduling supp ort

all applications in a cluster.

T o ac hiev e high p erformance in the Nezha parallel computing en vironmen t, w e

used three tec hnologies. A t the comm unication lev el, w e built a comm unication sub-

system on the VIA. VIA pro vides high-bandwidth lo w-latency net w orking. A t the

w orkload monitoring lev el, w e used async hronous information-scattering algorithms

to scatter and gather w orkload index information, so that ev ery no de in a cluster

has the w orkload status of the other no des. A t the task sc heduling lev el, w e used

a simple but e�ectiv e algorithm for randomized dynamic load-balancing. Both the

async hronous information-scattering algorithms and the randomized dynamic load-

balancing algorithm ha v e had primitiv e forms. W e impro v ed and re-designed the

algorithms out of their original forms. W e used sim ulations to v erify our ideas in the

design.

With the ab o v e resources, w e built a protot yping en vironmen t for Nezha. The

Nezha protot yp e had its o wn w orkload monitor and task sc heduler but used the
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PVM daemon pro cess as the task dispatc her. A PVM daemon had some of the

functions for virtual pro cess managemen t required b y the task dispatc her in the Nezha

virtual mac hine. It w as also p ossible to use MPICH in the protot yping. All three

systems (i.e., Nezha, PVM, and MPICH) ha v e transparen t pro cess managemen t at

the virtual mac hine lev el (in MPICH, transparen t pro cesses are iden ti�ed b y rank,

whic h is equiv alen t to PVM's task id). Hendriks [63] rep orted a fron t-end, cluster-

wide pro cess managemen t soft w are, whic h has similar features as the virtual pro cess

managemen t describ ed in Chapter 2. W e used the protot yp e in our exp erimen ts to

ev aluate application-lev el p erformance in Nezha.

7.2 Conclusions

Nezha pro vides a solution to the p erformance problem and the usabilit y prob-

lem in cluster computing. Nezha is e�cien t b ecause it do es not include non-essen tial

soft w are comp onen ts for computation. Nezha is a run-time en vironmen t ha ving

transparen t access to pro cessors and memories across a cluster. Nezha has an ad-

v anced parallel computing mo del, whic h emplo ys an univ ersal parallel virtual ma-

c hine. The virtual mac hine uses de-cen tralized dynamic load-balancing to increase

system throughput and to reduce turnaround time for most applications.

F or programmers, Nezha is a message passing system. Nezha supp orts dis-

tributed programming paradigms suc h as Clien t/Serv er and parallel programming

paradigms suc h as SPMD and MPMD. Moreo v er, Nezha uses remote pro cess cre-

ation and, if implemen ted, preemptiv e pro cess migration to execute pro cesses across

a cluster.
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Benc hmarking results ha v e sho wn that our comm unication sub-system has the

p erformance that is close to the ra w p erformance of the net w orking hardw are. Mean-

while, the comm unication sub-system has user-friendly APIs for programming. Those

libraries built on VIA supp ort b oth distributed computing based on the Clien t/Serv er

mo del and parallel computing that has p ersisten t connections.

Async hronous information-scattering algorithm in w orkload monitoring migh t

not b e view ed as e�cien t in the traditional w orld of data comm unication. Ho w ev er,

suc h algorithms ha v e a few adv an tages with the use of high-p erformance net w orking

tec hnologies. One of the adv an tages is that the comm unication pattern in the algo-

rithms �t the design of high-bandwidth lo w-latency net w orking tec hnologies. Those

net w orking tec hnologies supp ort p oin t-to-p oin t comm unications but often do not ha v e

broadcasting or m ulti-casting. Another adv an tage is the async hronous information-

scattering algorithms' supp ort to soft w are high-a v ailabilit y designs. Our mo di�ca-

tions to an old v ersion of the algorithms impro v ed the accuracy of the scattered infor-

mation and reduced p erformance degradation when some no des in a cluster b ecome

inactiv e.

The algorithm for randomized dynamic load-balancing w as though t to b e sim-

ple and e�ectiv e. Sim ulation results and exp erimen tal results suggested that the

algorithm w ork ed w ell for sequen tial arriving tasks or tasks arriving in parallel in

small n um b ers (relativ e to the size of a cluster). F or long life-span, sp oradic tasks ar-

riving in parallel in large n um b ers, randomized dynamic load-balancing did not mak e

v ery go o d load-balancing and migh t not ha v e adv an tage o v er other strategies. By

using a h ybrid strategy that com bines the use of randomized dynamic load-balancing
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and round-robin task placemen t, w e got b etter results for some tasks arriving in

parallel in large n um b ers. Ho w ev er, as the dynamic load-balancing problem in gen-

eral is NP-hard, w e do not exp ect existing optimal p olynomial-time algorithm for it.

Alternativ ely , w e think preemptiv e pro cess migration is necessary in those cases.

7.3 F uture W orks

Preemptiv e pro cess migration w as not considered in our initial plan for Nezha

but w as regarded as necessary later. There is a w ell-adopted framew ork for pro cess

migration at the application lev el, but detailed implemen tations in di�eren t platforms

v ary a lot. W e though t the future design in op erating systems should at least pro vide

some lo w-lev el APIs to supp ort pro cess migration. On the other hand, programming

language designs for high-p erformance, p ortable applications should o v ercome the

di�cult y in pro cess migration p osed b y existing programming languages.

Although dynamic load-balancing can impro v e system throughput, co-sc heduling

ma y b e needed in reducing individual application's turnaround time. F or scien ti�c

applications, sync hronization in parallel programs is not v ery often [129]; for concur-

ren t applications, in teractions among pro cesses are common. There has b een a lot of

researc h on co-sc heduling. W e need to study what are the b est algorithms for Nezha.

W e did not ha v e enough exp erience in en terprise use of clusters. W e observ ed

that for some short life-span tasks suc h as transaction op erations [22], task placemen t

strategies lik e round-robin migh t b e su�cien t in generating balanced load distribution;

for other computation in tensiv e tasks suc h as data mining, dynamic load-balance will

b e needed. In en terprise computing or In ternet computing, randomized dynamic load-
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balancing ma y ac hiev e ev en b etter p erformance than it do es in our exp erimen ts with

scien ti�c applications.

The algorithms, b oth for async hronous information-scattering and randomized

dynamic load-balancing, ma y �nd their adv an tages in grid computing [51], whic h

often has large scale, heterogeneous comp onen ts and v ery complicated structures.

Understanding the b eha vior of computation grids and con trolling them are di�cult.

In that case, appro ximation metho ds with soft w are high-a v ailabilit y supp ort migh t

b e the b est c hoice for e�ectiv e computing.
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Pro of. Drezner and Barak ga v e the pro of of a simpler form of Theorem 4.2 [39].

The simpler form of the problem w as mo deled b y e-4.1, e-4.4, and e-4.3. W e start the

pro of with the simpler form.

The async hronous information-scattering problem describ ed b y Theorem 4.2

(and its simpli�ed form) has an accum ulation pro cedure. That is, if w e ha v e k no des

receiv ed the information originated from a no de, e.g., A, at scattering step j , then at

the next step j + 1 , there will b e k + m no des receiving that information, where m is

the n um b er of newly reac hed (or colored) no des.

W e can also tell that, during that one step, the maxim um v alue of m is

�

k + m

2

�

,

whic h means eac h no de that has the information passed it on to a di�eren t no de that

had not had that information b efore the j + 1 th step. It is also p ossible that, at the

step from j to j + 1 , eac h no de that had the information of No de A w ould pass it on

to another no de that also had the information. Therefore the minim um v alue for m

is zero. Th us, w e ha v e a recursiv e relation, e-A.1, for the problem.

P r ( j + 1 ; i ) =

P

b i= 2 c

m =0

� � � P r ( j; k ) , e-A.1

where i = m + k for con v enience.

The missing part in e-A.1 sp eci�es the probabilit y of m ha ving an y of the v alues

in [0 ;

�

i

2

�

] . Because there are n � k no des, n is the n um b er of activ e no des w e wish to

pass the information to, ha v e not receiv ed the information at step j , the probabilit y

of m ha ving an y of the v alues in [0 ;

�

i

2

�

] in step j + 1 is

0

B

B

@

n � k

m

1

C

C

A

S ( m; k ) . The

details of S ( m; k ) are ga v en b elo w.
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No w, w e ha v e to consider in detail ho w the information is scattered. A t step

j , there are k no des that ha v e the information. W e call these no des �colored� no des.

A t the step from j to j + 1 , m new no des are colored b y some of the k no des, b ecause

not all the k no des m ust pass the information to a non-colored no de. Of course, the

maxim um v alue for m is k , i.e., b i= 2 c , as w e had kno wn b efore. W e use l to represen t

the n um b er of no des among the k no des that do send the information to an y of the

m no des in the step from j to j + 1 . Th us, m � l � k .

The probabilit y of a no de coloring another no de in one step in a system of

N no des is

1

N � 1

. The probabilit y of the no de coloring an y m no des is

m

N � 1

. The

probabilit y that in a total of m times that some no des are colored b y the l no des in

that step is represen ted b y the follo wing equation.

0

B

B

@

k

l

1

C

C

A

�

m

N � 1

�

l

�

N � n + k � 1

N � 1

�

k � l

e-A.2

Notice this probabilit y sa ys that the l information has m times �falling� on

some un-colored no des and not the other colored or inactiv e no des.

Among the m out of the l indep enden t colorings, the probabilit y for eac h of

the newly colored no des b eing colored at least once is represen ted b y the follo wing

equation.

D ( m; l ) =

P

l � m +1

h =1

�

1

m

�

h

�

m � 1

m

�

l � h

D ( m � 1 ; l � h ) e-A.3

Put e-A.2 and e-A.3 together, w e ha v e the detail for S ( m; k ) .

S ( m; k ) =

P

K

l = m

0

B

B

@

k

l

1

C

C

A

�

m

N � 1

�

l

�

N � n + k � 1

N � 1

�

k � l

D ( m; l ) e-A.4
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e-A.4 is the main part of e-4.4, and e-A.3 is the main part of e-4.3. Insert

S ( m; k ) in to e-A.1, w e get the main part of e-4.1.

No w, w e consider e-4.2 as the mo di�ed v ersion of e-4.4.

In the old scattering algorithm, no de selections are indep enden t among the

no des as w ell as in the time axis. The probabilit y of a certain no de selecting another

no de is

1

N � 1

at an y momen t. In Algorithm 4.2, whic h uses Algorithm 4.1 in no de

selection, the probabilit y of a no de, e.g., A, selecting another no de is

1

N � �

a

( j ) � 1

, where

�

a

( j ) = ( j

a

� 1) mod ( N � 1) , j

a

> 0 , j is the system-wide steps in the trace of the

propagation of certain information, and j

a

is the lo cal propagation time (in steps) of

No de A. Information scattering at di�eren t no des are async hronous, and, according to

Lemma 4.1, no de-selections at di�eren t no des are indep enden t. Therefore, di�eren t

no des ha v e di�eren t probabilities in selecting another no de at a certain momen t.

Using v ariables x

j

and y

j

to appro ximate the summarized e�ects of those �

a

( j ) 's at

di�eren t no des in the j th step in the propagation of a certain information, i.e.,

(

1

N � x

j

� 1

)

l

� (

1

N � �

1

( j ) � 1

)(

1

N � �

2

( j ) � 1

) � � � (

1

N � �

l

( j ) � 1

) , e-A.5

and

(

1

N � y

j

� 1

)

k � l

� (

1

N � �

l +1

( j ) � 1

)(

1

N � �

l +2

( j ) � 1

) � � � (

1

N � �

k

( j ) � 1

) , e-A.6

w e get e-4.2. �


