System Support for Efαcient Network Communication Chandramohan A▷ Thekkath Department of Computer Science and Engineering University of Washington Seattle WA 98195 Technical Report 940702 July 17 1994

This technical report is an adaptation of C▷ Thekkathφs Ph▷D▷ dissertation▷ Our re search program is supported in part by the National Science Foundation under Grants No▷ CCR8703049 CCR8619663 and CCR8907666 CDA9123308 and CCR9200832 the Washington Technology Center Digital Equipment Corporation Boeing Computer Ser vices Intel Corporation HewlettPackard Corporation and Apple Computer▷ C▷ Thekkath was supported in part by a fellowship from Intel Corporation▷

University of Washington Abstract System Support for Efαcient Network Communication by Chandramohan A▷ Thekkath CoChairpersons of Supervisory Committee. Professor Henry M▷ Levy Professor Edward D▷ Lazowska Department of Computer Science and Engineering

Recent advances in processor and network technology have signiαcantly changed the hard ware base for distributed systems▷ However highspeed networks and fast processors alone are not sufαcient to deliver the endtoend performance that users of these systems expect, good software design is critical▷ This thesis explores software mechanisms needed to support efαcient network access for the next generation of workstations and networks▷ The thesis proposes a new communication mechanism or model based on remote access ↼read and write↽ to protected memory segments▷ This model has two key aspects▷ First it simpliαes input data demultiplexing and reduces data copying costs▷ This allows users of the model very efαcient access to remote data▷ A second and more signiαcant feature of the model is that it separates the transfer of data from the transfer of control▷ That is a remote data access can complete at the target process without invoking a thread of control within the target▷ The communication model is implemented on DECstation workstations connected by an ATM network and provides performance close to the limits imposed by the hardware▷ Using example applications we show how the model can provide excellent performance for both parallel applications and conventional distributed system mechanisms like remote procedure call ↼RPC↽▷ However we argue that conventional communication mechanisms e▷g▷ message pass ing or RPC do not fully exploit the potential of newer networks▷ These mechanisms closely couple the transfer of both control and data▷ We demonstrate using the read◁write com munication model that separating data transfer and control transfer in distributed systems can both ↼1↽ eliminate unnecessary and expensive control transfers and ↼2↽ facilitate tighter coupling of a distributed system▷ This has the potential to increase performance and reduce server load which supports scaling in the face of an increasing number of clients▷

Table of Contents

List of Figures v List of Tables vi Chapter 1. Introduction 1 1▷1 The Challenges for HighPerformance Distributed Systems . . . . . . . . 3 1▷2 The Scope and Contribution of this Thesis . . . . . . . . . . . . . . . . . 5 1▷3 Thesis Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 Chapter 2. The Impact of Network Controllers on Communication Perfor mance 8 2▷1 Overview of the Networking Environment . . . . . . . . . . . . . . . . . 9 2▷1▷1 Ethernet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2▷1▷2 FDDI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2▷1▷3 ATM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2▷2 The Testbed and Measurement Techniques . . . . . . . . . . . . . . . . 11 2▷3 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2▷4 Implications for Controller and Network Design . . . . . . . . . . . . . . 15 2▷4▷1 Impact of Internal Controller Structure on Latency . . . . . . . . 15 2▷4▷2 Impact of External Controller Interface on Latency . . . . . . . . 16 2▷5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 Chapter 3. A New Network Access Model 24 3▷1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 3▷2 The Problem with Existing Network Access Models . . . . . . . . . . . . 25 3▷3 A MemoryBased Network Access Model . . . . . . . . . . . . . . . . . 27 3▷4 Details of the Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 3▷4▷1 Descriptor Maintenance . . . . . . . . . . . . . . . . . . . . . . 30

3▷4▷2 Exporting◁Importing Segments . . . . . . . . . . . . . . . . . . 30 3▷4▷3 Virtual Memory . . . . . . . . . . . . . . . . . . . . . . . . . . 31 3▷4▷4 Memory Volatility . . . . . . . . . . . . . . . . . . . . . . . . . 32 3▷4▷5 Control and Data Transfer . . . . . . . . . . . . . . . . . . . . . 32 3▷5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 Chapter 4. An Implementation of the Model and its Performance 35 4▷1 The Testbed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 4▷2 The Prototype Implementation . . . . . . . . . . . . . . . . . . . . . . . 37 4▷2▷1 Exporting a Segment . . . . . . . . . . . . . . . . . . . . . . . . 38 4▷2▷2 Importing a Segment . . . . . . . . . . . . . . . . . . . . . . . . 40 4▷2▷3 Remote Operations . . . . . . . . . . . . . . . . . . . . . . . . 41 4▷2▷4 Local Virtual Memory Operations . . . . . . . . . . . . . . . . . 45 4▷2▷5 Control and Data Transfer . . . . . . . . . . . . . . . . . . . . . 46 4▷2▷6 The Name Server . . . . . . . . . . . . . . . . . . . . . . . . . 47 4▷3 Performance of the Prototype . . . . . . . . . . . . . . . . . . . . . . . 48 4▷4 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 Chapter 5. Applications of the Network Access Model � RPC 53 5▷1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 5▷1▷1 Structure of RPC Systems . . . . . . . . . . . . . . . . . . . . . 53 5▷2 Marshaling and Data Copying . . . . . . . . . . . . . . . . . . . . . . . 55 5▷2▷1 Data Motion in Conventional Systems . . . . . . . . . . . . . . . 55 5▷2▷2 Data Motion Using Remote Memory . . . . . . . . . . . . . . . 57 5▷3 Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 5▷3▷1 RPC Packet Exchange . . . . . . . . . . . . . . . . . . . . . . . 58 5▷4 Control Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 5▷5 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 5▷6 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 Chapter 6. Applications of The Network Access Model � Multicomputing on a Workstation Cluster 64 6▷1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6▷2 Implementation of a WorkstationCluster Multicomputer . . . . . . . . . 65 6▷3 Performance of Applications on the WorkstationCluster Multicomputer . 67 6▷3▷1 Ising Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 6▷3▷2 Circuit Simulator . . . . . . . . . . . . . . . . . . . . . . . . . 68 6▷4 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 Chapter 7. Restructuring Services in a Distributed System 71 7▷1 The Trouble with RPC . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 7▷2 An Alternative Structure . . . . . . . . . . . . . . . . . . . . . . . . . . 75 7▷2▷1 Structuring Applications . . . . . . . . . . . . . . . . . . . . . . 75 7▷2▷2 Locating Remote Data . . . . . . . . . . . . . . . . . . . . . . . 78 7▷2▷3 Synchronization . . . . . . . . . . . . . . . . . . . . . . . . . . 78 7▷2▷4 Security . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 7▷2▷5 Heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 7▷2▷6 Cache Consistency and Recoverability . . . . . . . . . . . . . . 80 7▷3 Example. A Simple Name Server . . . . . . . . . . . . . . . . . . . . . 81 7▷3▷1 Design of the Simple Name Server . . . . . . . . . . . . . . . . 81 7▷3▷2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . 83 7▷3▷3 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 7▷4 Example. A Distributed File Service . . . . . . . . . . . . . . . . . . . . 85 7▷4▷1 The Distributed File System Model . . . . . . . . . . . . . . . . 85 7▷4▷2 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 7▷5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 Chapter 8. Related Work 94 8▷1 Spectorφs Remote References . . . . . . . . . . . . . . . . . . . . . . . 94 8▷2 Grapevine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 8▷3 VAXclusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 8▷4 Mether and Memnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 8▷5 DEC AN1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 8▷6 Active Messages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 8▷7 Hamlyn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8▷8 SHRIMP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 8▷9 Channel Model V System Network Objects . . . . . . . . . . . . . . . 99 Chapter 9. Concluding Remarks 100 Bibliography 103

List of Figures

1▷1 Performance of Ultrix Remote Procedure Call . . . . . . . . . . . . . . . 2 1▷2 Layers of a Distributed System . . . . . . . . . . . . . . . . . . . . . . 4 2▷1 Address Mapping for Ethernet Buffers . . . . . . . . . . . . . . . . . . . 21 3▷1 Three Dimensional Scatter Write . . . . . . . . . . . . . . . . . . . . . 29 5▷1a Conventional RPC System . . . . . . . . . . . . . . . . . . . . . . . . . 54 5▷1b RPC with Remote Memory . . . . . . . . . . . . . . . . . . . . . . . . 54 5▷1c RPC with Shared Memory . . . . . . . . . . . . . . . . . . . . . . . . . 54 7▷1 Structuring a Distributed Service Without RPC . . . . . . . . . . . . . . 77 7▷2a Overall Comparative Performance of Communication Mechanisms . . . . 88 7▷2b Comparative Performance of Communication Mechanisms for Small Packets 88 7▷2 Request Processing Latency Seen by Client . . . . . . . . . . . . . . . . 90 7▷3 Breakdown of Server Activity . . . . . . . . . . . . . . . . . . . . . . . 91

List of Tables

2▷1 LowLevel RoundTrip Packet Exchange Times . . . . . . . . . . . . . . 13 2▷2 Number of Copies for Various Controller Types . . . . . . . . . . . . . . 17 2▷3 Cache Flush Cost in Different Processor◁Controller Conαgurations . . . . 19 2▷4 Interrupt Handling Cost in Different Processor◁Controller Conαgurations . 20 4▷1 Instruction Counts for Remote Memory Operations . . . . . . . . . . . . 49 4▷2 Performance Summary of Remote Memory Operations . . . . . . . . . . 50 5▷1 RPC Performance with Different Network Access Models . . . . . . . . 62 6▷1 Comparative Communication Latencies in Multicomputers . . . . . . . . 66 6▷2 Comparative Throughputs in Multicomputers . . . . . . . . . . . . . . . 66 6▷3 Ising Speedup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 6▷4 Simulator Speedup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 7▷1 Summary of NFS RPC Activity . . . . . . . . . . . . . . . . . . . . . . 73 7▷2 Breakdown of NFS RPC Trafαc . . . . . . . . . . . . . . . . . . . . . . 74 7▷3 Name Server Performance . . . . . . . . . . . . . . . . . . . . . . . . . 85

ACKNOWLEDGMENTS

It is a pleasure to acknowledge my advisors Hank Levy and Ed Lazowska for their exceptional counsel throughout my graduate career at the University of Washington▷ I would like to especially thank Hank ↼ΨZen Masterν↽ Levy for asking me difαcult questions that caused me to reexamine many of my ideas about my work▷ I owe an enormous debt to Ed Lazowska for his insights and advice both technical and otherwise and for his constant support through many difαcult phases of graduate school▷ Between the two of them they taught me how to do research and be a teacher of computer science▷ It has been an absolute privilege to be associated with them▷ I would like to thank both of them and Larry Ruzzo for serving on my reading committee▷ My thesis research has beneαted from conversations with several people includ ing. Tom Anderson I▷ Ashok Brian Bershad Jeff Chase Ed Felten Hal Murray Chuck Thacker John Wilkes and John Zahorjan▷ I would like to thank the DEC Systems Research Center for inviting me to spend a summer there as an intern and Mike Burrows for hosting me▷ DEC SRC also supplied me with generous amounts of equipment▷ Thanks are due to Eric Cooper of FORE Systems Inc▷ for loaning me an ATM switch for my experiments▷ Thanks also to Intel Corporation for supporting me with a Fellowship▷ I would also like to thank my fellow students especially my ofαce mates in 433 for making my stay at UW such a wonderful learning experience▷ I am thankful to Alicen Smith and Frankye Jones for making sure that I did not run afoul of the graduate school administration▷ Any system building activity such as that described in this thesis requires a great deal of supporting infrastructure▷ I would like to thank Nancy Johnson Burr and Jan Sanislo for their help with this▷

On a more personal note I would like to thank my family especially my mother for their complete and unquestioned support of my dreams▷ Finally it is with a deep sense of gratitude that I thank Radhika Thekkath, I would not have been able to survive graduate school without her love and understanding▷

Chapter 1 INTRODUCTION

A cluster of workstations connected by a localarea network has traditionally been used as a hardware base for distributed systems▷ Such a conαguration with appropriate software has long held the promise for signiαcant costperformance βexibility and scalability ben eαts over more dedicated architectures▷ However relatively slow communication links and high software processing overheads can impose a stiff penalty for crossmachine commu nication▷ These high costs can limit the extent to which a workstation cluster can be used as a solution for either structuringrelated or performancerelated problems in distributed applications▷ Some recent developments however offer the potential to change the way workstation clusters can be used. • N⌉⊒ ∫⊒⟩⊔⌋⟨↖⌊⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ⊔⌉⌋⟨\≀↕≀}⟩⌉∫⇔ ∫⊓⌋⟨ ⊣∫ A∫†\⌋⟨∇≀\≀⊓∫ T∇⊣\∫{⌉∇ M≀⌈⌉ ⇐ATM⇒⇔ ≀{{⌉∇ ⇕≀∇⌉ ⊔⟨⊣\ ⊣ ∞′↖{≀↕⌈ ⌊⊣\⌈⊒⟩⌈⊔⟨ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ≀⊑⌉∇ E⊔⟨⌉∇\⌉⊔ ∪△⊎̸↙ A\↖ ≀⊔⟨⌉∇ ≀∇⌈⌉∇↖≀{↖⇕⊣}\⟩⊔⊓⌈⌉⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⊔≀ ≀\⌉ }⟩}⊣⌊⟩⊔ √⌉∇ ∫⌉⌋≀\⌈ ∫⌉⌉⇕∫ ⌋↕≀∫⌉ ⊣⊔ ⟨⊣\⌈↙ F⊓∇⊔⟨⌉∇⇔ ⊔⟨⌉∫⌉ ∫⊒⟩⊔⌋⟨↖⌊⊣∫⌉⌈ \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ∫⌋⊣↕⊣⌊↕⌉ ∫⟩\⌋⌉ ⇕⊓↕⊔⟩√↕⌉ \⌉⊔⊒≀∇‖ ↕⟩\‖∫ ⌋⊣\ ⌊⌉ ⊣}}∇⌉}⊣⊔⌉⌈ ⊔≀ }⟩⊑⌉ ⌊⊣\⌈⊒⟩⌈⊔⟨∫ {⊣∇ }∇⌉⊣⊔⌉∇ ⊔⟨⊣\ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ↕⟩\‖ ⌊⊣\⌈⊒⟩⌈⊔⟨∫↙ • N⌉⊒ √∇≀⌋⌉∫∫≀∇ ⊔⌉⌋⟨\≀↕≀}⟩⌉∫ ⊣\⌈ RISC ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⟨⊣⊑⌉ ⊣↕∇⌉⊣⌈† }⟩⊑⌉\ ⊓∫ ⊣\ ≀∇⌈⌉∇ ≀{ ⇕⊣}\⟩⊔⊓⌈⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⟩\ √∇≀⌋⌉∫∫⟩\} √≀⊒⌉∇⇔ ⊒⟩⊔⟨ {⊓∇⊔⟨⌉∇ ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫ ⟩\ ⊔⟨⌉ ≀{⊘\}↙ W≀∇‖∫⊔⊣⊔⟩≀\∫ ⊓∫⟩\} ⊔⟨⌉∫⌉ √∇≀⌋⌉∫∫≀∇∫ ⊣∇⌉ ⌋⊣√⊣⌊↕⌉ ≀{ ⊓∫⟩\} ⊔⟨⌉ ⌊⊣\⌈⊒⟩⌈⊔⟨ ⊔⟨⊣⊔ \⌉⊒ \⌉⊔⊒≀∇‖∫ √∇≀⊑⟩⌈⌉↙ A↕∫≀⇔ √∇≀⌋⌉∫∫≀∇∫ ⟩\ ⇕≀⌈⌉∇\ ⟨⟩}⟨↖⌉\⌈ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫ ⊣∇⌉ ⊔†√⟩⌋⊣↕↕† ⌋≀⇕√⊣∇⊣⌊↕⌉ ⊔≀ ⊔⟨⌉ {⊣∫⊔⌉∫⊔ ⊣⊑⊣⟩↕⊣⌊↕⌉ ⊓\⟩√∇≀⌋⌉∫∫≀∇∫ ⊣\⌈ ∫⊓√⌉∇⟩≀∇ ⊔≀ ⊔⟨≀∫⌉ ⊓∫⌉⌈ ⟩\ ⇕⊣∫∫⟩⊑⌉↕† √⊣∇⊣↕↕⌉↕ ⇕⊣⌋⟨⟩\⌉∫↙ T⊣‖⌉\ ⊔≀}⌉⊔⟨⌉∇⇔ ⊔⟨⌉∫⌉ ⊔⌉⌋⟨\≀↕≀}† ⊣⌈⊑⊣\⌋⌉∫ ∇⌉√∇⌉∫⌉\⊔ ⊣ ⌈∇⊣⇕⊣⊔⟩⌋ ⌋⟨⊣\}⌉ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕ ⟨⊣∇⌈⊒⊣∇⌉↙ T⟨⟩∫ ⌋⟨⊣\}⌉⇔ ⟩\ ⊔⊓∇\⇔ ∫⟨≀⊓↕⌈ ⌉\⊣⌊↕⌉ ⊓∫ ⊔≀ ⌊⊓⟩↕⌈ ⊣ \⌉⊒ }⌉\⌉∇⊣⊔⟩≀\ ≀{

∈

\≀⊑⌉↕⇔ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊣√√↕⟩⌋⊣⊔⟩≀\∫↙ C≀\∫⟩⌈⌉∇ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⊔⊒≀ ⇕≀⊔⟩⊑⊣⊔⟩\} ⌉§⊣⇕√↕⌉∫↙ I\ ⊣ ⌋↕⊓∫⊔⌉∇ ≀{ \⌉⊔⊒≀∇‖⌉⌈ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫⇔ √⊣}⟩\} ⊔≀ ∫√⊣∇⌉ ⇕⌉⇕≀∇† ↕†⟩\} ⟩⌈↕⌉ ≀\ ≀⊔⟨⌉∇ \≀⌈⌉∫ ⌋≀⊓↕⌈ ⌊⌉ ⇕⊓⌋⟨ {⊣∫⊔⌉∇ ⊔⟨⊣\ √⊣}⟩\} ⊔≀ ⌈⟩∫‖ ∪∈′⊎↙ A ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⌉∇ ⌋≀⊓↕⌈ ⇕⊣\⊣}⌉ ⊔⟨⌉ ⟩⌈↕⌉ ⇕⌉⇕≀∇† ⟩\ ⊔⟨⌉ \⌉⊔⊒≀∇‖∅ ≀\ ⊣ √⊣}⌉ {⊣⊓↕⊔⇔ ⊔⟨⌉ √⊣}⌉ {⊣⊓↕⊔ ⟨⊣\⌈↕⌉∇ ⊒≀⊓↕⌈ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⌉ ⊒⟩⊔⟨ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⊣\⌈ ⊔∇⊣\∫{⌉∇ √⊣}⌉∫ ⊔≀ ≀∇ {∇≀⇕ ∇⌉⇕≀⊔⌉ \≀⌈⌉∫↙ T⟨⌉ ⌉{{⌉⌋⊔⟩⊑⌉\⌉∫∫ ≀{ ⊔⟨⟩∫ ∫⌋⟨⌉⇕⌉ ⟩∫ ⟨⟩}⟨↕† ⟩\⊙⊓⌉\⌋⌉⌈ ⌊† ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √⌉∇{≀∇⇕⊣\⌋⌉ ⌊⌉⊔⊒⌉⌉\ ⌋↕⟩⌉\⊔ ⊣\⌈ ∫⌉∇⊑⌉∇↙ A∫ ⊣\≀⊔⟨⌉∇ ⌉§⊣⇕√↕⌉⇔ ⌊⌉⊔⊔⌉∇ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⊒≀⊓↕⌈ }∇⌉⊣⊔↕† {⊣⌋⟩↕⟩⊔⊣⊔⌉ ⊔⟨⌉ ⊓∫⌉ ≀{ \⌉⊔⊒≀∇‖⌉⌈ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫ ⊣∫ ⊣ ↕≀≀∫⌉↕†↖⌋≀⊓√↕⌉⌈ ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇ ≀∇ ∫⟨⊣∇⌉⌈ ⊑⟩∇⊔⊓⊣↕ ⇕⌉⇕≀∇† ∫†∫⊔⌉⇕ ∪∞△⇔ △∞⊎↙ C⊣∇⌉{⊓↕ ∫≀{⊔⊒⊣∇⌉ ⌈⌉∫⟩}\ ⟩∫ ⌉∫∫⌉\⊔⟩⊣↕ ⟩{ ⊒⌉ ⊣∇⌉ ⊔≀ ⌉§√↕≀⟩⊔ ⊔⟨⌉ ⊣⌈⊑⊣\⌋⌉∫ ⟩\ ⟨⊣∇⌈⊒⊣∇⌉↙ H⟩}⟨↖ ∫√⌉⌉⌈ \⌉⊔⊒≀∇‖∫ ⊣\⌈ {⊣∫⊔ √∇≀⌋⌉∫∫≀∇∫ ⊣∇⌉ \⌉⌋⌉∫∫⊣∇† ⌊⊓⊔ \≀⊔ ∫⊓{⊘⌋⟩⌉\⊔ ⌊† ⊔⟨⌉⇕∫⌉↕⊑⌉∫↙ W⌉ ⟩↕↕⊓∫⊔∇⊣⊔⌉ ⊔⟨⟩∫ √≀⟩\⊔ ⌊⌉↕≀⊒ ⊒⟩⊔⟨ ⊣ ∫⟩⇕√↕⌉ ⌉§⊣⇕√↕⌉↙

F⟩}⊓∇⌉ ∞↙∞¬ P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ U↕⊔∇⟩§ R⌉⇕≀⊔⌉ P∇≀⌋⌉⌈⊓∇⌉ C⊣↕↕ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⊣∇⌉ ⊔†√⟩⌋⊣↕↕† ∫⊔∇⊓⌋⊔⊓∇⌉⌈ ⊓∫⟩\} ∇⌉⇕≀⊔⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕ ⇐RPC⇒ ⊣∫ ⊔⟨⌉ ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⇕⌉⌋⟨⊣\⟩∫⇕ ∪∞∈⇔ ▽∞⊎↙ F⟩}⊓∇⌉ ∞↙∞ ∫⟨≀⊒∫ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ U↕⊔∇⟩§ ∇⌉⇕≀⊔⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕ ∫†∫⊔⌉⇕ ⌊⌉⊔⊒⌉⌉\ ⊣ √⊣⟩∇ ≀{ ≀⊔⟨⌉∇⊒⟩∫⌉ ⟩⌈↕⌉ ∈▽ MH‡ DEC∫⊔⊣⊔⟩≀\∫ ⇕⊣‖⟩\} ∫⇕⊣↕↕ √⊣⌋‖⌉⊔ RPC∫↙ I\ ≀\⌉ ⌋⊣∫⌉⇔ ⊔⟨⌉ ⇕⊣⌋⟨⟩\⌉∫ ⊣∇⌉ ⌋≀\\⌉⌋⊔⌉⌈ ⌊† ⊔⟨⌉ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ∞′ M⌊∝∫⌉⌋ E⊔⟨⌉∇\⌉⊔⇔ ⊣\⌈ ⟩\ ⊔⟨⌉ ≀⊔⟨⌉∇⇔ ⌊† ⊣ ⇕≀⌈⌉∇\ ∞△′ M⌊∝∫⌉⌋ ATM \⌉⊔⊒≀∇‖↙ T⟨⌉ RPC ∫†∫⊔⌉⇕ ⌊⌉⟩\} ⇕⌉⊣∫⊓∇⌉⌈ ⟩∫ ⟩\ ⌉⊑⌉∇†⌈⊣† ⊓∫⌉ ⊣∫ ⊔⟨⌉ ⊓\⌈⌉∇↕†⟩\} ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⇕⌉⌋⟨⊣\⟩∫⇕ {≀∇ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉∫ ≀\ U↕⊔∇⟩§ ⊣\⌈ ≀⊔⟨⌉∇ U\⟩§↖↕⟩‖⌉ ∫†∫⊔⌉⇕∫↙ U↕⊔∇⟩§ RPC

∋

∫≀{⊔⊒⊣∇⌉ ⟨⊣∫ \≀⊔ ⌊⌉⌉\ √⊣∇⊔⟩⌋⊓↕⊣∇↕† ≀√⊔⟩⇕⟩‡⌉⌈ ⊣\⌈ ⊔⟨⊓∫⇔ ≀\ ⊣ \⌉⊔⊒≀∇‖ ⊔⟨⊣⊔ ⟩∫ ≀⊑⌉∇ ⊔⌉\ ⊔⟩⇕⌉∫ {⊣∫⊔⌉∇⇔ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ∫⇕⊣↕↕ √⊣⌋‖⌉⊔ ⌉§⌋⟨⊣\}⌉∫ ⌈≀⌉∫ \≀⊔ ⌋⟨⊣\}⌉ ∫⟩}\⟩⊘⌋⊣\⊔↕†↙ U\{≀∇⊔⊓\⊣⊔⌉↕†⇔ ∫⇕⊣↕↕ ⌈⊣⊔⊣ ⌉§⌋⟨⊣\}⌉ ⟩∫ ⊣ ⌋≀⇕⇕≀\ ≀⌋⌋⊓∇∇⌉\⌋⌉ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ∪⊎̸↙ I\ ∫⟨≀∇⊔⇔ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉∫ }⊣⟩\⌉⌈ {∇≀⇕ ⟩\⌋∇⌉⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ⟨⊣∇⌈⊒⊣∇⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⌋⊣\ ⌊⌉ ⊣↕⇕≀∫⊔ ⌋≀⇕√↕⌉⊔⌉↕† ⇕⊣∫‖⌉⌈ ⊒⟩⊔⟨≀⊓⊔ √∇≀√⌉∇ ∫≀{⊔⊒⊣∇⌉ ⌈⌉∫⟩}\↙ D⌉∫⟩}\⟩\} ∫≀{⊔⊒⊣∇⌉ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ∫≀ ⊔⟨⊣⊔ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⌋⊣\ ⌉{⊘⌋⟩⌉\⊔↕† ⊓∫⌉ ⊔⟨⌉ \⌉§⊔ }⌉\↖ ⌉∇⊣⊔⟩≀\ ≀{ ⟨⟩}⟨↖∫√⌉⌉⌈ \⌉⊔⊒≀∇‖∫ ⟩∫ ⊣ ⌈⟩{⊘⌋⊓↕⊔ ⌋⟨⊣↕↕⌉\}⌉↙ T⟨⟩∫ ⊔⟨⌉∫⟩∫ ≀{{⌉∇∫ \⌉⊒ ∫≀{⊔⊒⊣∇⌉ ∫≀↕⊓⊔⟩≀\∫ ⊔≀ ⟩⇕√∇≀⊑⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⊣\⌈ ⊔⟨⌉ ⊓∫⌉{⊓↕\⌉∫∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⌊† ⌉§↖ √↕≀⟩⊔⟩\} ≀√√≀∇⊔⊓\⟩⊔⟩⌉∫ ⌉\⊣⌊↕⌉⌈ ⌊† ⊔⌉⌋⟨\≀↕≀}†↙ N⌉⊒ ⊔⌉⌋⟨\≀↕≀}† ⟨⊣∫ ⌋∇⌉⊣⊔⌉⌈ ⊔⊒≀ ⌈⟩∫⊔⟩\⌋⊔ ≀√√≀∇⊔⊓\⟩⊔⟩⌉∫ {≀∇ ∫≀{⊔⊒⊣∇⌉ ⟩\\≀⊑⊣⊔⟩≀\↙ F⟩∇∫⊔⇔ ⌊† ∫⊓⟩⊔⊣⌊↕⌉ ⌈⌉∫⟩}\ ⊒⌉ ∫⟨≀⊓↕⌈ ⌊⌉ ⊣⌊↕⌉ ⊔≀ ⌊⊓⟩↕⌈ ↕≀⊒↖↕⊣⊔⌉\⌋† ⊣\⌈ ⟨⟩}⟨↖⌊⊣\⌈⊒⟩⌈⊔⟨ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ≀\ ⊔⟨⌉ \⌉⊒ \⌉⊔⊒≀∇‖∫↙ T⟨⟩∫⇔ ⟩\ ⊔⊓∇\⇔ ⌉\⊣⌊↕⌉∫ ⊓∫ ⊔≀ ⟩⇕√∇≀⊑⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⊔⟨⊣⊔ ∇⌉↕† ≀\ ⊔⟨⌉∫⌉ ↕≀⊒↖↕⌉⊑⌉↕ ⇕⌉⌋⟨⊣\⟩∫⇕∫↙ I\ ≀⊔⟨⌉∇ ⊒≀∇⌈∫⇔ ⊒⌉ ∫⌉⌉‖ ⟩⇕√∇≀⊑⌉⌈ ∫†∫⊔⌉⇕ √⌉∇{≀∇⇕⊣\⌋⌉ ⌊† ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫ ⟩\ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ↕≀⊒↖↕⌉⊑⌉↕ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √∇⟩⇕⟩⊔⟩⊑⌉∫⇔ ∫⊓⌋⟨ ⊣∫ RPC⇔ ⊓√≀\ ⊒⟨⟩⌋⟨ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⊣∇⌉ ⌊⊓⟩↕⊔↙ T⌉⌋⟨\≀↕≀}† ⊔∇⌉\⌈∫ ⊣↕∫≀ ⌋∇⌉⊣⊔⌉ ⊣ ∫⌉⌋≀\⌈⇔ ⊣\⌈ {⊣∇ ⇕≀∇⌉ ∫⟩}\⟩⊘⌋⊣\⊔⇔ ≀√√≀∇⊔⊓\⟩⊔† {≀∇ \⌉⊒ ∫≀{⊔⊒⊣∇⌉ ⌈⌉∫⟩}\⇔ ⌉∫√⌉⌋⟩⊣↕↕† {≀∇ ∫⊒⟩⊔⌋⟨↖⌊⊣∫⌉⌈⇔ ↕≀⌋⊣↕↖⊣∇⌉⊣ \⌉⊔⊒≀∇‖∫↙ W⟨⟩↕⌉ ⊔⟨⌉ ⟨⊣∇⌈⊒⊣∇⌉ ⌊⊣∫⌉ {≀∇ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⟩∫ ⌋⟨⊣\}⟩\} ⌈∇⊣⇕⊣⊔⟩⌋⊣↕↕†⇔ ⌊≀⊔⟨ ⟩\ ⊔⌉∇⇕∫ ≀{ ∫√⌉⌉⌈ ⊣\⌈ ∇⌉↕⟩⊣⌊⟩↕⟩⊔†⇔ ⊔⟨⌉ ∫≀{⊔⊒⊣∇⌉ ∫⊔∇⊓⌋⊔⊓∇⌉ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⟨⊣∫ \≀⊔ ⌋⟨⊣\}⌉⌈ ∫⟩}\⟩⊘⌋⊣\⊔↕† ⟩\ ∇⌉⌋⌉\⊔ ⊔⟩⇕⌉∫↙ R⊣⊔⟨⌉∇ ⊔⟨⊣\ ∇⌉⌈⌉∫⟩}\⟩\} |⊓∫⊔ ⊔⟨⌉ ↕≀⊒⌉∇ ↕⌉⊑⌉↕∫ ≀{ ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ∫†∫⊔⌉⇕⇔ ⊒⌉ ⌋⊣\ ∇⌉⌉⊑⊣↕↖ ⊓⊣⊔⌉ ≀⊓∇ ⌊⊣∫⟩⌋ \≀⊔⟩≀\∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ∫⊔∇⊓⌋⊔⊓∇⌉⇔ ⇕⊣‖⟩\} ⟩⊔ √≀∫∫⟩⌊↕⌉ ⊔≀ ⌊⊓⟩↕⌈ ∫†∫⊔⌉⇕∫ ⊒⟩⊔⟨ √⌉∇{≀∇⇕⊣\⌋⌉ ⇕≀∇⌉ ⌋≀⇕⇕⌉\∫⊓∇⊣⊔⌉ ⊒⟩⊔⟨ ⟨⊣∇⌈⊒⊣∇⌉ ⌋⊣√⊣⌊⟩↕⟩⊔⟩⌉∫↙ T⟨⌉ \⌉§⊔ ⊔⊒≀ ∫⌉⌋⊔⟩≀\∫ ∫⌉⊔ ≀⊓⊔⇔ ⟩\ }∇⌉⊣⊔⌉∇ ⌈⌉⊔⊣⟩↕⇔ ⊔⟨⌉ ⌋⟨⊣↕↕⌉\}⌉∫ ⟩\ ⌊⊓⟩↕⌈⟩\} ⟨⟩}⟨↖ √⌉∇{≀∇⇕⊣\⌋⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫⇔ ⟨≀⊒ ⌋⊓∇∇⌉\⊔ ⌈⌉∫⟩}\∫ ⊣⌈⌈∇⌉∫∫ ⊔⟨⌉⇕⇔ ⊣\⌈ ⊒⟨⊣⊔ ⊔⟨⌉ \⌉⊒ ⌋≀\⊔∇⟩⌊⊓⊔⟩≀\∫ ≀{ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ⊣∇⌉↙ ∞↙∞ T⟨⌉ C⟨⊣↕↕⌉\}⌉∫ {≀∇ H⟩}⟨↖P⌉∇{≀∇⇕⊣\⌋⌉ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ S†∫⊔⌉⇕∫ I\ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕⇔ }≀≀⌈ ⊣√√↕⟩⌋⊣⊔⟩≀\ ↕⌉⊑⌉↕ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩∫ {⊓\⌈⊣⇕⌉\⊔⊣↕↕† ⌈⌉√⌉\⌈⌉\⊔ ≀\ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ {≀⊓∇ ↕⊣†⌉∇∫ ≀{ ⊔⟨⌉ ∫†∫⊔⌉⇕ ⊣∫ ∫‖⌉⊔⌋⟨⌉⌈ ⟩\ F⟩}⊓∇⌉ ∞↙∈↙ T⟨⌉∫⌉ ↕⊣†⌉∇∫ ⌋⊣\ ⌊⌉ ⊔⟨≀⊓}⟨⊔ ≀{ ⊣∫ ⊣ ⊑⌉∇⊔⟩⌋⊣↕ ∫↕⟩⌋⌉ ⊔⟨∇≀⊓}⟨ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕↙ T⟨⌉† ⊣∇⌉ \≀⊔ ∫⊓√√≀∫⌉⌈ ⊔≀ ⟩\⌈⟩⌋⊣⊔⌉ ⊔⟨⌉ ⊑⊣∇⟩≀⊓∫ ↕⊣†⌉∇∫ ≀{ ⊔⟨⌉ ISO OSI ∇⌉{⌉∇⌉\⌋⌉ ⇕≀⌈⌉↕⇔ ⌊⊓⊔ ∫⟩⇕√↕† ⊔⟨⌉ ⊑⊣∇⟩≀⊓∫ √⊣∇⊔∫ ≀{ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕ ⌈⟩∫⌋⊓∫∫⌉⌈ ⟩\ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫↙ T⟨⌉ ↕⊣†⌉∇∫ ⊣∇⌉ ⟩\⊔⌉∇⌈⌉√⌉\⌈⌉\⊔⇔

△

F⟩}⊓∇⌉ ∞↙∈¬ L⊣†⌉∇∫ ≀{ ⊣ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ S†∫⊔⌉⇕ ⟩↙⌉↙⇔ ⊣ √⊣∇⊔⟩⌋⊓↕⊣∇ ↕⊣†⌉∇ √∇≀⊑⟩⌈⌉∫ ∫⌉∇⊑⟩⌋⌉∫ ⊔≀ ⊔⟨⌉ ↕⊣†⌉∇ ⊣⌊≀⊑⌉ ⟩⊔ ⊣\⌈ ⊓∫⌉∫ ⊔⟨⌉ ∫⌉∇⊑⟩⌋⌉∫ ≀{ ⊔⟨⌉ ↕⊣†⌉∇ ⌊⌉↕≀⊒ ⟩⊔↙ T⟨⌉ ⊓√√⌉∇⇕≀∫⊔ ↕⊣†⌉∇ ≀{ ⊔⟨⌉ ∫†∫⊔⌉⇕ ∇⌉√∇⌉∫⌉\⊔∫ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉∫↙ F⊣⇕⟩↕⟩⊣∇ ⌉§⊣⇕√↕⌉∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉∫ ⊣∇⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊘↕⌉ ∫†∫⊔⌉⇕∫ ∫⊓⌋⟨ ⊣∫ NFS ∪▽⊎̸⇔ \⊣⇕⌉ ∫⌉∇⊑⌉∇∫ ∫⊓⌋⟨ ⊣∫ ⊔⟨⌉ I\⊔⌉∇\⌉⊔ D≀⇕⊣⟩\ N⊣⇕⌉ S⌉∇⊑⟩⌋⌉ DNS⇔ ⌉↕⌉⌋⊔∇≀\⟩⌋ ⇕⊣⟩↕ ∫⌉∇⊑⟩⌋⌉∫⇔ ⊣\⌈ ≀⊔⟨⌉∇∫↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉∫ ⊣∇⌉ √∇≀}∇⊣⇕⇕⌉⌈ ⊓∫⟩\} ⊑⊣∇⟩≀⊓∫ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫↙ P⌉∇⟨⊣√∫ ⊔⟨⌉ ⇕≀∫⊔ ⌋≀⇕⇕≀\ ⌉§⊣⇕√↕⌉ ≀{ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕ ⟩∫ ∇⌉⇕≀⊔⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕ ⇐RPC⇒↙ V⊣∇⟩⊣⊔⟩≀\∫ ≀{ RPC ⟩\⌋↕⊓⌈⌉ ⇕⌉∫∫⊣}⌉ √⊣∫∫⟩\} ⊣∫ ∫⌉⌉\ ⟩\ ⊔⟨⌉ V ∫†∫⊔⌉⇕ ∪∞⊎̸ ⊣\⌈ CSP ∪∋∋⊎↙ A\≀⊔⟨⌉∇ ⌉§⊣⇕√↕⌉ ≀{ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕ ⟩∫ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⟨⊣∇⌉⌈ ⇕⌉⇕≀∇† ⇐DSM⇒ ∫⊓⌋⟨ ⊣∫ I⊑† ∪△∞⊎↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ⊣∇⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ≀\ ⊔≀√ ≀{ ⊣ ↕≀⊒⌉∇ ↕⌉⊑⌉↕ ⊣⌊∫⊔∇⊣⌋⊔⟩≀\ ∇⌉{⌉∇∇⌉⌈ ⊔≀⇔ ⟩\ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫⇔ ⊣∫ ⊣ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕↙ A\ ⌉§⊣⇕√↕⌉ ≀{ ⊣ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⟩∫ ⊔⟨⌉ {⊣⇕⟩↕⟩⊣∇ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕ ⊣⌊∫⊔∇⊣⌋⊔⟩≀\ ⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ U\⟩§↖↕⟩‖⌉ ∫†∫⊔⌉⇕∫ √∇≀⊑⟩⌈⌉ ⊔⟨⌉ \≀⊔⟩≀\ ≀{ ∫≀⌋‖⌉⊔∫ ⊔⟨⊣⊔ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⌋⊣\ ⊓∫⌉ ⊔≀ ∫⌉\⌈ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉ ∫⊔∇⌉⊣⇕∫ ≀{ ⌈⊣⊔⊣ ⌊†⊔⌉∫↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫⇔ ⌉↙}↙⇔ RPC ⟩\ U\⟩§⇔ ⊣∇⌉ ↕⊣†⌉∇⌉⌈ ≀\ ⊔≀√ ≀{ ⊔⟨⟩∫ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕ ⊣⌊∫⊔∇⊣⌋⊔⟩≀\↙ O⊔⟨⌉∇ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ∫⊓⌋⟨ ⊣∫ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⟨⊣∇⌉⌈ ⇕⌉⇕≀∇† ⌋⊣\ ⊣↕∫≀ ⌊⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ≀\ ⊔≀√ ≀{ ⊔⟨⌉ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕ ⊣⌊∫⊔∇⊣⌋⊔⟩≀\ ∪△∞⊎↙ I⊔ ⟩∫ ⊣↕∫≀ ⟩⇕√≀∇⊔⊣\⊔ ⊔≀ \≀⊔⌉ ⊔⟨⊣⊔ ∫⟩⇕⟩↕⊣∇ ⊣⌊∫⊔∇⊣⌋⊔⟩≀\∫⇔ ⊣↕⌊⌉⟩⊔ ⊒⟩⊔⟨ ⌈⟩{{⌉∇⌉\⊔ √⌉∇{≀∇⇕⊣\⌋⌉ ≀∇ }⊓⊣∇⊣\⊔⌉⌉∫⇔ ⇕⟩}⟨⊔ ⌊⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊣⊔ ⌈⟩{{⌉∇⌉\⊔ ↕⌉⊑⌉↕∫↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ ⊓∫⟩\} ⊣ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌊⊣∫⌉⌈ ≀\ ⊓\∇⌉↕⟩⊣⌊↕⌉ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕∫⇔ ≀\⌉ ⇕⟩}⟨⊔ √∇≀⊑⟩⌈⌉ ⊣ ∇⌉↕⟩⊣⌊↕⌉⇔ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕ ⌊⊣∫⌉⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕ ⊔≀ ⊣√√↕⟩⌋⊣⊔⟩≀\∫↙

▽

F⟩\⊣↕↕†⇔ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕∫ ⊣∇⌉ ↕⊣†⌉∇⌉⌈ ≀\ ⊔≀√ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇ ⊔⟨⊣⊔ ⟩\⊔⌉∇↖ {⊣⌋⌉∫ ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇ ⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ S≀⇕⌉ ⊒⌉↕↕↖‖\≀⊒\ ⌉§⊣⇕√↕⌉∫ ≀{ ⌋≀\⊔∇≀↕↕⌉∇∫ ⟩\⌋↕⊓⌈⌉ ⊔⟨⌉ LANCE ∪∞⊎⇔ ⊔⟨⌉ VMP↖NAB ∪∋∀⊎⇔ ⊣\⌈ ⊔⟨⌉ N⌉⌋⊔⊣∇ CAB ∪▽⊎↙ T†√⟩⌋⊣↕↕†⇔ ⌋≀\⊔∇≀↕↕⌉∇∫ ⌊⊓{{⌉∇ \⌉⊔⊒≀∇‖ √⊣⌋‖⌉⊔∫⇔ √∇≀⊑⟩⌈⌉ ⌋⟨⌉⌋‖∫⊓⇕ ⊣\⌈ ⌉\⌋∇†√⊔⟩≀\⇔ ⊣\⌈ ⟨⊣⊑⌉ ∫≀√⟨⟩∫⊔⟩⌋⊣⊔⌉⌈ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⌋⊣√⊣⌊⟩↕⟩⊔⟩⌉∫ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣\⌈ ⟨≀∫⊔ ⇕⌉⇕≀∇† ⇐∫⊓⌋⟨ ⊣∫ ∫⌋⊣⊔⊔⌉∇↖⊒∇⟩⊔⌉ ⊣\⌈ }⊣⊔⟨⌉∇↖∇⌉⊣⌈⇒↙ S≀⇕⌉ ⌉⊑⌉\ ⟨⊣⊑⌉ ≀\↖⌊≀⊣∇⌈ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ≀{ ⌉\⊔⟩∇⌉ √∇≀⊔≀⌋≀↕ ∫⊔⊣⌋‖∫↙ I\ ∇⌉⌋⌉\⊔ †⌉⊣∇∫⇔ ⊔⌉⌋⟨\≀↕≀}† ⟨⊣∫ ⟩⇕√∇≀⊑⌉⌈ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ H≀⊒⌉⊑⌉∇⇔ ⟩\ ⌋⊓∇∇⌉\⊔ ∫†∫⊔⌉⇕∫⇔ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ∫⌉⌉\ ⊣⊔ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉∫ ↕⊣†⌉∇ ⟨⊣∫ \≀⊔ ⌊⌉\⌉⊘⊔⌉⌈ ∫⟩}\⟩⊘⌋⊣\⊔↕† {∇≀⇕ ⊔⟨⌉ ⊣⌈⊑⊣\⌋⌉∫ ⟩\ ⊔⌉⌋⟨\≀↕≀}†↙ T⟨⌉∇⌉ ⊣∇⌉ ⊔⊒≀ ⌋↕≀∫⌉↕† ∇⌉↕⊣⊔⌉⌈ ∇⌉⊣∫≀\∫ {≀∇ ⊔⟨⟩∫↙ T⟨⌉ ⊘∇∫⊔ ∇⌉⊣∫≀\ ⟩∫ ⊔⟨⊣⊔ ⊔⟨⌉∇⌉ ⊣∇⌉ ⇕⟩∫⇕⊣⊔⌋⟨⌉∫ ⊣⇕≀\} ⊔⟨⌉ ⊑⊣∇⟩≀⊓∫ ↕⊣†⌉∇∫ ≀{ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕↙ A ⇕⟩∫⇕⊣⊔⌋⟨ ⌊⌉⊔⊒⌉⌉\ ⊔⊒≀ ↕⊣†⌉∇∫ ⌋⊣\ ↕⌉⊣⌈ ⊔≀ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩\⌉{⊘⌋⟩⌉\⌋⟩⌉∫ ⊔⟨⊣⊔ ⌋⊣\ ⊣⌋⌋∇⊓⌉ ⊔≀ ⌈⌉}∇⊣⌈⌉ ≀⊑⌉∇⊣↕↕ √⌉∇{≀∇⇕⊣\⌋⌉↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⌋≀⇕√↕⌉§⟩⊔⟩⌉∫ ≀{ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⊣{{⌉⌋⊔ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕↙ S⟩⇕⟩↕⊣∇↕†⇔ ⟩{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ √∇≀⊑⟩⌈⌉∫ ⊣\ ⟩\⊔⌉∇{⊣⌋⌉ ⊔⟨⊣⊔ ⟩∫ ∫≀⇕⌉⟨≀⊒ ⟩\⌋≀⇕√⊣⊔⟩⌊↕⌉ ⊒⟩⊔⟨ ⊔†√⟩⌋⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ≀\ ⊔≀√ ≀{ ⟩⊔⇔ √⌉∇{≀∇⇕⊣\⌋⌉ ⌋⊣\ ∫⊓{{⌉∇↙ I\ ⊣ ∇⌉↕⊣⊔⌉⌈ ⊑⌉⟩\⇔ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕ ⊔⟨⊣⊔ ⌉⟩⊔⟨⌉∇ ⌈≀⌉∫ \≀⊔ ⌉§√↕≀⟩⊔ ⊔⟨⌉ ⌋⟨⊣∇↖ ⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫ ≀{ \⌉⊒ \⌉⊔⊒≀∇‖∫ ≀∇ ⟩∫ ≀⊑⌉∇↕† ∇⌉∫⊔∇⟩⌋⊔⟩⊑⌉ ⌋⊣\ ↕⟩⇕⟩⊔ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉∫ ⊔⟨⊣⊔ ⊓∫⌉ ⟩⊔↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫⇔ ∫⊓⌋⟨ ⊣∫ RPC ⊣\⌈ ⇕⊣\† ≀{ ⊔⟨⌉ ∫⊔∇⊓⌋↖ ⊔⊓∇⟩\} √∇⟩\⌋⟩√↕⌉∫ ⌉⇕⌊≀⌈⟩⌉⌈ ⟩\ ⌋⊓∇∇⌉\⊔ ∫†∫⊔⌉⇕∫⇔ ⌈⊣⊔⌉ ⌊⊣⌋‖ ⊔≀ ⊔⟨⌉ ⊔⟩⇕⌉ ≀{ ′↙▽ MIPS X⌉∇≀§ A↕⊔≀ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫ ⟩\⊔⌉∇⌋≀\\⌉⌋⊔⌉⌈ ⌊† ⊔⟨⌉ ∋ M⌊∝∫⌉⌋ ⌉§√⌉∇⟩⇕⌉\⊔⊣↕ E⊔⟨⌉∇\⌉⊔ ∪▽̸⊎↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ ⊔∇⊣↖ ⌈⟩⊔⟩≀\⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ∫⊔∇⊓⌋⊔⊓∇⌉⌈ ⊣∇≀⊓\⌈ ⊔⟨⌉ ⌋↕⟩⌉\⊔∝∫⌉∇⊑⌉∇ ⇕≀⌈⌉↕⇔ ⟩\ ⊒⟨⟩⌋⟨ ⌋↕⟩⌉\⊔∫ ⊣⌋⌋⌉∫∫ ∫⌉∇⊑⟩⌋⌉∫ ⊓∫⟩\} ⇕⌉∫∫⊣}⌉ √⊣∫∫⟩\} ≀∇ RPC↙ T⟨⟩∫ ⇕≀⌈⌉↕ ⟨⊣∫ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉ ≀{ √∇≀⊑⟩⌈⟩\} ⊣ ⌋≀\⊑⌉\⟩⌉\⊔ ⊣\⌈ {⊣⇕⟩↕⟩⊣∇ √∇≀}∇⊣⇕⇕⟩\} ⊣⌊∫⊔∇⊣⌋⊔⟩≀\ ⊔≀ ⊓∫⌉∇∫↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ RPC ⇕≀⌈⌉↕ ⌉\⌋≀⊓∇⊣}⌉∫ ⊣\ ⟩∫≀↕⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⌋↕⟩⌉\⊔ ⊣\⌈ ∫⌉∇⊑⌉∇ ⊔⟨⊣⊔ ⇕⊣† ↕⟩⇕⟩⊔ √⌉∇{≀∇⇕⊣\⌋⌉ ⊣∫ ⊔⌉⌋⟨↖ \≀↕≀}† √⌉∇⇕⟩⊔∫ ⊔⟩}⟨⊔⌉∇ ⌋≀⊓√↕⟩\}↙ P⌉∇{≀∇⇕⊣\⌋⌉ ⇕⊣† ⊣↕∫≀ ⌊⌉ ⌋≀⇕√∇≀⇕⟩∫⌉⌈ ⌊† ⌋≀⇕√↕⌉§⟩⊔⟩⌉∫ ⟩\⟨⌉∇⌉\⊔ ⟩\ RPC↖∫⊔†↕⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\↙ ∞↙∈ T⟨⌉ S⌋≀√⌉ ⊣\⌈ C≀\⊔∇⟩⌊⊓⊔⟩≀\ ≀{ ⊔⟨⟩∫ T⟨⌉∫⟩∫ T⟨⟩∫ ⊔⟨⌉∫⟩∫ ⌈⟩∫⌋⊓∫∫⌉∫ ⊔⌉⌋⟨\⟩∐⊓⌉∫ {≀∇ ⌉\⟨⊣\⌋⟩\} ⌉\⌈↖⊓∫⌉∇ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √⌉∇{≀∇⇕⊣\⌋⌉ ⊔⟨∇≀⊓}⟨ ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫ ⟩\ ⊔⟨⌉ ⊑⊣∇⟩≀⊓∫ ↕⊣†⌉∇∫ ⇕⌉\⊔⟩≀\⌉⌈ ⊣⌊≀⊑⌉↙ F⟩∇∫⊔⇔ ⟩⊔ ⌋≀\∫⟩⌈⌉∇∫ ⊔⟨⌉ ⌈⌉∫⟩}\ ≀{ ⌋≀\⊔∇≀↕↕⌉∇∫ ⊣\⌈ ⊔⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⌋≀\⊔∇≀↕↕⌉∇ ⌈⌉∫⟩}\ ≀\ ⊔⟨⌉ ≀⊑⌉∇↖ ⊣↕↕ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕↙ I\ ⊔⟨⌉ √⊣∫⊔⇔ ⌋≀\⊔∇≀↕↕⌉∇ ⌈⌉∫⟩}\ ⟨⊣∫ ⌋≀\⌋⌉\⊔∇⊣⊔⌉⌈ ≀\

⊔⟨∇≀⊓}⟨√⊓⊔∅ ↕⊣⊔⌉\⌋† ⟨⊣∫ ⌊⌉⌉\ ↕⊣∇}⌉↕† ⟩}\≀∇⌉⌈↙ H≀⊒⌉⊑⌉∇⇔ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ∇⌉∐⊓⌉∫⊔↖∇⌉∫√≀\∫⌉ \⊣⊔⊓∇⌉ ≀{ ⌋≀⇕⇕≀\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ↕⟩‖⌉ RPC⇔ ↕⊣⊔⌉\⌋† ⊣\⌈ \≀⊔ |⊓∫⊔ ⊔⟨∇≀⊓}⟨√⊓⊔ ⟩∫ ≀{⊔⌉\ ⌋∇⊓⌋⟩⊣↕ ⊔≀ ∫†∫⊔⌉⇕ √⌉∇{≀∇⇕⊣\⌋⌉↙ W⌉ ⇕⌉\⊔⟩≀\⌉⌈ ⌉⊣∇↕⟩⌉∇ ⊔⟨⊣⊔ ≀\⌉ ⊣√√∇≀⊣⌋⟨ ⊔≀ ⟩⇕√∇≀⊑⟩\} ≀⊑⌉∇⊣↕↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩∫ ⊔≀ ⟩⇕√∇≀⊑⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀↖ }∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫↙ C⟨⊣√⊔⌉∇ ∈ ∫⊔⊓⌈⟩⌉∫ ⊔⟨⌉ ↕⟩⇕⟩⊔⊣⊔⟩≀\∫ ⟩⇕√≀∫⌉⌈ ≀\ ⊔⟨⟩∫ ⊣√√∇≀⊣⌋⟨ ⊔≀ ⟩⇕√∇≀⊑⟩\} √⌉∇{≀∇⇕⊣\⌋⌉↙ N⌉§⊔⇔ ⊔⟨⌉ ⊔⟨⌉∫⟩∫ ⌋≀\∫⟩⌈⌉∇∫ ⊣\ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⊔⟨⊣⊔ ⊣↕↕≀⊒∫ ⊔⟨⌉ ⌉{⊘⌋⟩⌉\⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊣ ⊑⊣∇⟩⌉⊔† ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫↙ I⊔ ⟨⊣∫ }≀≀⌈ √⌉∇{≀∇⇕⊣\⌋⌉ ⊣\⌈ ∫⟨≀⊒∫ ↕⟩⊔⊔↕⌉ ⇕⟩∫⇕⊣⊔⌋⟨ ⊒⟩⊔⟨ ⊣ ⊑⊣∇⟩⌉⊔† ≀{ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ⊣\⌈ ⌋⊣\ ⌊⌉ ⌉{⊘⌋⟩⌉\⊔↕† ⟩⇕√↕⌉⇕⌉\⊔⌉⌈↙ I\ {⊣⌋⊔⇔ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ RPC ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ≀\ ⊔⟨⌉ \⌉⊒ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⟩∫ ∫⊓√⌉∇⟩≀∇ ⊔≀ ⊣ ⌋≀⇕√⊣∇⊣⌊↕⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⊓∫⟩\} ⊣ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕ ⌊⊣∫⌉⌈ ⇕≀⌈⌉↕ ≀\ ⟩⌈⌉\⊔⟩⌋⊣↕ ⟨⊣∇⌈⊒⊣∇⌉↙ H≀⊒⌉⊑⌉∇⇔ \⌉§⊔ }⌉\⌉∇⊣⊔⟩≀\ ↕≀⌋⊣↕↖⊣∇⌉⊣ \⌉⊔⊒≀∇‖∫ ⟨⊣⊑⌉ ⇕⊣\† ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫ ⊔⟨⊣⊔ ⇕⊣‖⌉ ⟩⊔ ⊣√√∇≀√∇⟩⊣⊔⌉ ⊔≀ ⌈⟩∇⌉⌋⊔↕† ⊓∫⌉ ⊔⟨⌉ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⊣∫ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕⇔ ⟩\ √∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉∫ ↕⟩‖⌉ RPC↙ F⊓\⌈⊣⇕⌉\⊔⊣↕↕†⇔ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ∫⊓⌋⟨ ⊣∫ RPC ⟩\⊑≀↕⊑⌉ ⌋≀\⊔∇≀↕ ⊣\⌈ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇⇔ ⌊≀⊔⟨ ≀{ ⊒⟨⟩⌋⟨ ⌋⊣\ ⌊⌉ ⌉§√⌉\∫⟩⊑⌉↙ B† ⌈⟩∇⌉⌋⊔↕† ⊓∫⟩\} ⊔⟨⌉ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕⇔ ⟩⊔ ⟩∫ √≀∫∫⟩⌊↕⌉ ⊔≀ ∇⌉∫⊔∇⊓⌋⊔⊓∇⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ {≀∇ ⟨⟩}⟨⌉∇ √⌉∇{≀∇⇕⊣\⌋⌉ ⌊† ⊣⊑≀⟩⌈⟩\} ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⊣\⌈ ⌊† ⊓∫⟩\} ⊣\ ≀√⊔⟩⇕⟩‡⌉⌈ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⌉⌋⟨⊣\⟩∫⇕ ⟩\∫⊔⌉⊣⌈↙ T≀ ∫⊓⇕⇕⊣∇⟩‡⌉⇔ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ⇕⊣‖⌉∫ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⌋≀\⊔∇⟩⌊⊓⊔⟩≀\∫↙ F⟩∇∫⊔⇔ ⟩⊔ ⟩⌈⌉\⊔⟩⊘⌉∫ ⊒⊣†∫ ≀{ ⟩⇕√∇≀⊑⟩\} ⌋≀\⊔∇≀↕↕⌉∇ ⌈⌉∫⟩}\ ⊣\⌈ ⇕⊣‖⌉∫ ⊔⟨⌉ ≀⌊∫⌉∇⊑⊣⊔⟩≀\ ⊔⟨⊣⊔ ⊓∫⟩\} ⊔⟨⌉ ⊣√√∇≀√∇⟩⊣⊔⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌋⊣\ ∫⟩}\⟩⊘⌋⊣\⊔↕† ⟩⇕√∇≀⊑⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √∇⟩⇕⟩⊔⟩⊑⌉∫↙ S⌉⌋≀\⌈⇔ ⟩⊔ √∇≀√≀∫⌉∫ ⊣ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌊⊣∫⌉⌈ ≀\ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇†↙ T⟨⌉ ⊔⟨⌉∫⟩∫ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉∫ ⊔⟨⌉ ⌉{{⌉⌋⊔⟩⊑⌉\⌉∫∫ ≀{ ⊔⟨⌉ ⇕≀⌈⌉↕ ⟩\ }⌉⊔⊔⟩\} ⟨⟩}⟨⌉∇ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩\ ⌈⟩⊑⌉∇∫⌉ ∫⟩⊔↖ ⊓⊣⊔⟩≀\∫ ∫⊓⌋⟨ ⊣∫ RPC ⊣\⌈ ⊒≀∇‖∫⊔⊣⊔⟩≀\↖⌊⊣∫⌉⌈ ⇕⊓↕⊔⟩⌋≀⇕√⊓⊔⟩\}↙ T⟨⌉ ⇕≀⌈⌉↕ √∇≀√≀∫⌉⌈ ⟨⌉∇⌉ }≀⌉∫ ⌊⌉†≀\⌈ ⌉⊣∇↕⟩⌉∇ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈ ⊣√√∇≀⊣⌋⟨⌉∫⇔ ∫⊓⌋⟨ ⊣∫ ⊔⟨⊣⊔ √∇≀√≀∫⌉⌈ ⌊† S√⌉⌋⊔≀∇ ∪∞̸⊎⇔ ⌊† ⟩\⌋≀∇√≀∇⊣⊔⟩\} \≀⊔⟩≀\∫ ≀{ ⊑⟩∇⊔⊓⊣↕ ⇕⌉⇕≀∇†⇔ √∇≀⊔⌉⌋⊔⌉⌈ ∫⟨⊣∇⟩\} ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖⇔ ⊣\⌈ ∫⌉√⊣∇⊣⊔⌉ ⌈⊣⊔⊣ ⊣\⌈ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇↙ S⌉√⊣∇⊣⊔⟩\} ⌈⊣⊔⊣ ⊣\⌈ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⊣↕↕≀⊒∫ {⊓\⌋⊔⟩≀\ ∫⟨⟩√√⟩\} ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⇐⌉↙}↙⇔ RPC⇒ ⊣\⌈ √⊓∇⌉ ⌈⊣⊔⊣ ∫⟨⟩√√⟩\} ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⊔≀ ⌊⌉ ≀√⊔⟩⇕⟩‡⌉⌈ ∫⌉√⊣∇⊣⊔⌉↕†↙ T⟨⟩∇⌈⇔ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ √∇≀√≀∫⌉∫ ⊣ ⊒⊣† ≀{ ∫⊔∇⊓⌋⊔⊓∇⟩\} ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⊔≀ ⊣⌋⟨⟩⌉⊑⌉ ⟨⟩}⟨ √⌉∇{≀∇⇕⊣\⌋⌉ ⌊† ⌉§√↕≀⟩⊔⟩\} ⊔⟨⌉ ∫⌉√⊣∇⊣⊔⟩≀\ ≀{ ⌋≀\⊔∇≀↕ ⊣\⌈ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⌉⌋⟨⊣\⟩∫⇕∫ √∇≀⊑⟩⌈⌉⌈ ⌊† ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕↙

∞↙∋ T⟨⌉∫⟩∫ O∇}⊣\⟩‡⊣⊔⟩≀\ T⟨⌉ ∇⌉∫⊔ ≀{ ⊔⟨⌉ ⊔⟨⌉∫⟩∫ ⟩∫ ≀∇}⊣\⟩‡⌉⌈ ⊣∫ {≀↕↕≀⊒∫↙ C⟨⊣√⊔⌉∇ ∈ ⌉⊑⊣↕⊓⊣⊔⌉∫ ⊔⟨⌉ ⟩⇕√⊣⌋⊔ ≀{ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇ ⌈⌉∫⟩}\∫ ≀\ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √⌉∇{≀∇⇕⊣\⌋⌉↙ C⟨⊣√⊔⌉∇∫ ∋ ⊣\⌈ △ ⊣∇⌉ ⌋⌉\⊔∇⊣↕ ⊔≀ ⊔⟨⌉ ⊔⟨⌉∫⟩∫ ⊣\⌈ ⌈⌉∫⌋∇⟩⌊⌉ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕↙ F≀↕↕≀⊒⟩\} ⊔⟨⌉∫⌉ ⊣∇⌉ ⊔⊒≀ ⌋⟨⊣√⊔⌉∇∫ ⌈⌉∫⌋∇⟩⌊⟩\} ⌉§√⌉∇⟩⌉\⌋⌉ ⊒⟩⊔⟨ ↕⊣†⌉∇⟩\} ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ≀⊑⌉∇ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕↙ C⟨⊣√⊔⌉∇ ▽ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊣ √∇≀⊔≀⊔†√⌉ RPC ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⊣\⌈ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉∫ ⊔⟨⊣⊔ ⊓∫⟩\} ⊔⟨⌉ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ }⟩⊑⌉∫ ⊑⌉∇† ⟨⟩}⟨ √⌉∇{≀∇⇕⊣\⌋⌉↙ C⟨⊣√⊔⌉∇ ̸⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ⊣ ⌋↕⊓∫⊔⌉∇ ≀{ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫ ⊣∫ ⊣ ⇕⊓↕⊔⟩⌋≀⇕√⊓⊔⌉∇ ⊓∫⟩\} ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⊣∫ ⊔⟨⌉ ⊓\⌈⌉∇↕†⟩\} ⌊⊣∫⟩∫ {≀∇ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\↙ C⟨⊣√⊔⌉∇ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊣\ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⌊⊣∫⌉⌈ ≀\ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⊣\⌈ ⌉⊑⊣↕⊓⊣⊔⌉∫ ⟩⊔∫ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩⇕√↕⟩⌋⊣⊔⟩≀\∫↙ C⟨⊣√⊔⌉∇ ∀ √⊓⊔∫ ⊔⟨⌉ ⊒≀∇‖ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ⟩\ ⊔⟨⌉ ⌋≀\⊔⌉§⊔ ≀{ ∇⌉↕⊣⊔⌉⌈ ∇⌉∫⌉⊣∇⌋⟨↙ C⟨⊣√⊔⌉∇ ∃ ≀{{⌉∇∫ ⌋≀\⌋↕⊓∫⟩≀\∫ ⊣\⌈ ∫≀⇕⌉ ⊣⊑⌉\⊓⌉∫ {≀∇ {⊓⊔⊓∇⌉ ∇⌉∫⌉⊣∇⌋⟨↙

C⟨⊣√⊔⌉∇ ∈ THE IMPACT OF NETWORK CONTROLLERS ON COMMUNICATION PERFORMANCE

A∫ ⇕⌉\⊔⟩≀\⌉⌈ ⟩\ ⊔⟨⌉ √∇⌉⊑⟩≀⊓∫ ⌋⟨⊣√⊔⌉∇⇔ ⊣ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇ ⟩\⊔⌉∇{⊣⌋⌉∫ ⊔⟨⌉ ⟨≀∫⊔ √∇≀⌋⌉∫∫≀∇ ⊣\⌈ ⇕⌉⇕≀∇† ∫†∫⊔⌉⇕ ⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ T†√⟩⌋⊣↕ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇∫ {≀∇ ⊒≀∇‖∫⊔⊣⊔⟩≀\↖⌋↕⊣∫∫ ⇕⊣⌋⟨⟩\⌉∫ ⊣∇⌉ ⌈⌉∫⟩}\⌉⌈ ⊔≀ ⌊⌉ ↕≀⌋⊣⊔⌉⌈ ≀\ ⊔⟨⌉ I∝O ⌊⊓∫ ⊣↕≀\} ⊒⟩⊔⟨ ≀⊔⟨⌉∇ √⌉∇⟩√⟨⌉∇⊣↕∫⇔ ∫⊓⌋⟨ ⊣∫ ⌈⟩∫‖ ⌋≀\⊔∇≀↕↕⌉∇∫↙ D⌉√⌉\⌈⟩\} ≀\ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇⇔ ⟩⊔ ⌋⊣\ ∫⊓√√≀∇⊔ ⊣ ⊒⟩⌈⌉ ⊑⊣∇⟩⌉⊔† ≀{ {⊓\⌋⊔⟩≀\∫ ⊔≀ ≀{⊙≀⊣⌈ ⊔⟨⌉ √∇≀⌋⌉∫∫⟩\} ≀{ \⌉⊔⊒≀∇‖ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⌉ ⟨≀∫⊔↙ T†√⟩⌋⊣↕↕†⇔ ⌋≀\⊔∇≀↕↕⌉∇∫ √∇≀⊑⟩⌈⌉ ∫⊓√√≀∇⊔ {≀∇ ⌋⟨⌉⌋‖∫⊓⇕⇕⟩\} ⊣\⌈ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⌉⌋⟨⊣\⟩∫⇕∫⇔ ⌉↙}↙⇔ ⌈⟩∇⌉⌋⊔ ⇕⌉⇕≀∇† ⊣⌋⌋⌉∫∫ ⇐DMA⇒ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣\⌈ ⟨≀∫⊔ ⇕⌉⇕≀∇†↙ I\ ∫≀⇕⌉ ⌋⊣∫⌉∫⇔ ⌋≀\⊔∇≀↕↕⌉∇∫ ⟨⊣⊑⌉ ⌉⇕⌊⌉⌈⌈⌉⌈ √∇≀⌋⌉∫∫≀∇∫ ⊔⟨⊣⊔ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊔≀ ⟩⇕√↕⌉⇕⌉\⊔ ⌉\⊔⟩∇⌉ ⊔∇⊣\∫√≀∇⊔ √∇≀⊔≀⌋≀↕∫ ∪▽⇔ ∋∀⊎↙ I\ ⊔⟨⟩∫ ⌋⟨⊣√⊔⌉∇ ⊒⌉ ⌉⊑⊣↕⊓⊣⊔⌉ ⊔⟨⌉ ≀⊑⌉∇⟨⌉⊣⌈ ⊣⌈⌈⌉⌈ ⊔≀ ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ {∇≀⇕ ⊔⊒≀ ⟩⇕√≀∇⊔⊣\⊔ ∫≀⊓∇⌋⌉∫¬ ⇐∞⇒ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇ ⟨⊣∇⌈⊒⊣∇⌉ ⊣\⌈ ⇐∈⇒ ↕≀⊒ ↕⌉⊑⌉↕ ⌋≀\⊔∇≀↕↕⌉∇ ∫≀{⊔⊒⊣∇⌉⇔ ⇕⌉⇕≀∇†⇔ ⊣\⌈ CPU ⟩\⊔⌉∇{⊣⌋⌉∫↙ G⟩⊑⌉\ ⌈⟩{{⌉∇⌉\⊔ \⌉⊔⊒≀∇‖ ⊣\⌈ √∇≀⌋⌉∫∫≀∇ ⊔⌉⌋⟨\≀↕≀↖ }⟩⌉∫⇔ ⊔⟨⌉ ∇⌉↕⊣⊔⟩⊑⌉ ⟩⇕√≀∇⊔⊣\⌋⌉ ≀{ ⊔⟨⌉∫⌉ ⌋≀⇕√≀\⌉\⊔∫ ⇕⊣† ⌋⟨⊣\}⌉∅ ⌊† ⟩∫≀↕⊣⊔⟩\} ⊔⟨⌉ ⌋≀⇕√≀\⌉\⊔∫⇔ ⊒⌉ ⌋⊣\ ∫⌉⌉ ⟨≀⊒ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⌉⊣⌋⟨ ∫⌋⊣↕⌉∫ ⊒⟩⊔⟨ ⊔⌉⌋⟨\≀↕≀}† ⌋⟨⊣\}⌉↙ C≀\⊔∇≀↕↕⌉∇∫ ⊔⊣∇}⌉⊔⌉⌈ {≀∇ ⟨⟩}⟨ ⊔⟨∇≀⊓}⟨√⊓⊔ ⟨⊣⊑⌉ ⌊⌉⌉\ ⊒⌉↕↕ ∫⊔⊓⌈⟩⌉⌈ ⟩\ ⊔⟨⌉ √⊣∫⊔ ∪▽⇔ ∈△⇔ ∋∀⇔ ∀̸⊎↙ H≀⊒⌉⊑⌉∇⇔ ↕⊣⊔⌉\⌋† ⟩∫ ≀{⊔⌉\ ⊔⟨⌉ ≀⊑⌉∇∇⟩⌈⟩\} ⌋≀\⌋⌉∇\ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫⇔ ⊣\⌈ ⌋≀\∫⌉∐⊓⌉\⊔↕†⇔ {≀∇ ⊔⟨⌉ ⇕≀∫⊔ √⊣∇⊔⇔ ⊔⟨⟩∫ ⌋⟨⊣√⊔⌉∇ ⌋≀\∫⟩⌈⌉∇∫ ⊔⟨⌉ ⟩⇕√⊣⌋⊔ ≀{ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ≀\ ⊔⟨⟩∫ ⊣∫√⌉⌋⊔ ≀{ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √⌉∇{≀∇⇕⊣\⌋⌉↙ G⟩⊑⌉\ ⊔⟨⌉ ⟩\⌋∇⌉⊣∫⌉∫ ⟩\ √∇≀⌋⌉∫∫≀∇ ⊣\⌈ \⌉⊔⊒≀∇‖ ∫√⌉⌉⌈⇔ ⟩⊔ ⟩∫ \⊣⊔⊓∇⊣↕ ⊔≀ ⟨†√≀⊔⟨⌉∫⟩‡⌉ ⊔⟨⊣⊔ ↕≀⊒ ↕⊣⊔⌉\⌋† ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⟩∫ ⌉⊣∫⟩↕† ⊣⌋⟨⟩⌉⊑⊣⌊↕⌉ ≀\ \⌉⊒⌉∇ ⊒≀∇‖∫⊔⊣⊔⟩≀\ ⌋↕⊓∫⊔⌉∇∫↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊔⟨∇≀⊓}⟨ ∫≀{⊔⊒⊣∇⌉ ⌈⌉∫⟩}\ ⊣\⌈ ⟩\⌋∇⌉⊣∫⌉⌈ √∇≀⌋⌉∫∫≀∇ ∫√⌉⌉⌈∫⇔ ⟩⊔ ∫⟨≀⊓↕⌈ ⌊⌉ √≀∫∫⟩⌊↕⌉ ⊔≀ ∇⌉⌈⊓⌋⌉ ⊔⟨⌉ ∫≀{⊔⊒⊣∇⌉ √∇≀⊔≀⌋≀↕ √∇≀⌋⌉∫∫⟩\} ⊔⟩⇕⌉↙ I\ {⊣⌋⊔⇔ ⌉⊑⌉\ ⌉⊣∇↕† ∫⊔⊓⌈⟩⌉∫ ≀{ ⊔⟨⌉ I\⊔⌉∇\⌉⊔ TCP √∇≀⊔≀⌋≀↕ ⌈⌉⊔⌉∇⇕⟩\⌉⌈ ⊔⟨⊣⊔ √∇≀⊔≀⌋≀↕ √∇≀⌋⌉∫∫⟩\} √⌉∇ ∫⌉ ⊒⊣∫ \≀⊔ ⊣\ ⟩\∫⊓∇⇕≀⊓\⊔⊣⌊↕⌉ ∫≀⊓∇⌋⌉ ≀{ ↕⊣⊔⌉\⌋† ∪∞⊎↙ F⊓∇⊔⟨⌉∇⇔ ⊒⟩⊔⟨ ⊔⟨⌉ ⟩\⌋∇⌉⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ∫√⌉⌉⌈⇔ ⟩⊔ ∫⟨≀⊓↕⌈ ⌊⌉ √≀∫∫⟩⌊↕⌉ ⊔≀ ∇⊣√⟩⌈↕† ⊔∇⊣\∫{⌉∇ ⌈⊣⊔⊣ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ∫≀⊓∇⌋⌉ ⊣\⌈ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ⇕⊣⌋⟨⟩\⌉∫↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⟩∫ ⟨†√≀⊔⟨⌉∫⟩∫ ⟩∫ ⊔≀≀ ∫⟩⇕√↕⟩∫⊔⟩⌋ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩}\≀∇⌉∫ ⊣\ ⟩⇕√≀∇⊔⊣\⊔ ⌋≀⇕√≀\⌉\⊔ ≀{ √≀⊔⌉\⊔⟩⊣↕ ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ≀⊑⌉∇⟨⌉⊣⌈�⊔⟨⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇↙ T⟨⊣⊔ ⟩∫⇔

∃

}≀≀⌈ √∇≀⊔≀⌋≀↕ ∫≀{⊔⊒⊣∇⌉⇔ {⊣∫⊔ √∇≀⌋⌉∫∫≀∇∫⇔ ⊣\⌈ ⟨⟩}⟨ \⌉⊔⊒≀∇‖ ∫√⌉⌉⌈∫ \≀⊔⊒⟩⊔⟨∫⊔⊣\⌈⟩\}⇔ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇∫ ⊔⟨⊣⊔ ⊣∇⌉ √≀≀∇↕† ⇕⊣⊔⌋⟨⌉⌈ ⊔≀ ⊔⟨⌉ ⌈⌉⇕⊣\⌈∫ ≀{ ⇕≀⌈⌉∇\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⌋⊣\ ↕⌉⊣⌈ ⊔≀ ⌊⊣⌈ √⌉∇{≀∇⇕⊣\⌋⌉↙ T⟨⌉∇⌉ ⊣∇⌉ ⊔⊒≀ ⌋≀\⊙⟩⌋⊔⟩\} }≀⊣↕∫ ⊔⟨⊣⊔ ⊣∇⌉ ≀{⊔⌉\ ⊔∇⊣⌈⌉⌈ ≀{{ ⟩\ ⊔⟨⌉ ⌈⌉∫⟩}\ ≀{ ⌋≀\⊔∇≀↕↕⌉∇∫ {≀∇ ⟨⟩}⟨↖∫√⌉⌉⌈ \⌉⊔⊒≀∇‖∫↙ O\⌉ }≀⊣↕ ⟩∫ \≀⊔ ⊔≀ ⌊⊓∇⌈⌉\ ⊔⟨⌉ ⟨≀∫⊔ √∇≀⌋⌉∫∫≀∇ ⊒⟩⊔⟨ {∇⌉∐⊓⌉\⊔ ⟩\⊔⌉∇∇⊓√⊔∫ ⊣∫ \⌉⊔⊒≀∇‖ √⊣⌋‖⌉⊔∫ ⊣∇∇⟩⊑⌉↙ A∫ ⊣\ ⌉§⊔∇⌉⇕⌉ ⌉§⊣⇕√↕⌉⇔ ≀\ ⊣ ∞▽▽ M⌊⟩⊔∝∫⌉⌋ ATM \⌉⊔⊒≀∇‖⇔ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ⌋⌉↕↕∫⇔ ⊒⟨⟩⌋⟨ ⊣∇⌉ ⊘§⌉⌈ ∫⟩‡⌉ ▽∋ ⌊†⊔⌉ √⊣⌋‖⌉⊔∫⇔ ⌋⊣\ ⊣∇∇⟩⊑⌉ ⊣⊔ ⊔⟨⌉ ⟨≀∫⊔ ≀\⌋⌉ ⌉⊑⌉∇† ∈↙ ⇕⟩⌋∇≀∫⌉⌋≀\⌈∫↙ I\ ≀∇⌈⌉∇ ⊔≀ ⟩∫≀↕⊣⊔⌉ ⊔⟨⌉ ⟨≀∫⊔ {∇≀⇕ {∇⌉∐⊓⌉\⊔ ⟩\⊔⌉∇∇⊓√⊔∫ ⊣\⌈ √∇≀⊔≀⌋≀↕ √∇≀⌋⌉∫∫⟩\} ≀⊑⌉∇⟨⌉⊣⌈∫⇔ ∫≀⇕⌉ ⌈⌉∫⟩}\∫ ⇕⟩}∇⊣⊔⌉ {⊓\⌋⊔⟩≀\⊣↕⟩⊔† ⟩\⊔≀ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ∪∈△⇔ ∀̸⊎↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ ⇕⟩}∇⊣⊔⟩≀\ ≀{ ⊔≀≀ ⇕⊓⌋⟨ {⊓\⌋⊔⟩≀\⊣↕⟩⊔† ⟩\⊔≀ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⌋⊣\ ⟩⇕√⊣⌋⊔ ⊔⟨⌉ ↕⊣⊔⌉\⌋† ≀{ √∇≀⌋⌉∫∫⟩\} \⌉⊔⊒≀∇‖ ⇕⌉∫∫⊣}⌉∫↙ I\ ⊣⌈⌈⟩⊔⟩≀\⇔ ⟩{ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ √∇⌉∫⌉\⊔∫ ⊣ ⌋≀⇕√↕⌉§ ⟩\⊔⌉∇{⊣⌋⌉ ⊔≀ ⊔⟨⌉ ⟨≀∫⊔⇔ ⊔⟨⌉∇⌉ ⌋≀⊓↕⌈ ⌊⌉ ⊣⌈⌈⟩⊔⟩≀\⊣↕ ∫≀{⊔⊒⊣∇⌉ ↕⊣⊔⌉\⌋† ⟩\⊔∇≀⌈⊓⌋⌉⌈ ⌊† ⊔⟨⌉ ⟨≀∫⊔ ⌈⌉⊑⟩⌋⌉ ⌈∇⟩⊑⌉∇ ⟩\ ⇕⊣\⊣}⟩\} ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇↙ T⟨⌉∇⌉ ⊣∇⌉ ⊔⊒≀ √≀⊔⌉\⊔⟩⊣↕ ∫≀⊓∇⌋⌉∫ ≀{ ⌋≀\⊔∇≀↕↕⌉∇↖∇⌉↕⊣⊔⌉⌈ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⟩\⌉{⊘⌋⟩⌉\⌋⟩⌉∫ ⊔⟨⊣⊔ ⊒⌉ ∫⟨≀⊓↕⌈ ⌈⟩∫⊔⟩\}⊓⟩∫⟨ ⌊⌉⊔⊒⌉⌉\↙ F⟩∇∫⊔⇔ ⊔⟨⌉ ⟩\⊔⌉∇\⊣↕ ⌈⌉∫⟩}\ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇ ⟩\⊔∇≀↖ ⌈⊓⌋⌉∫ ⟩\⟨⌉∇⌉\⊔ ↕⊣⊔⌉\⌋† ⟩\⊔≀ ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √⊣⊔⟨↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊣ ⌋≀⇕√↕⌉§ ⟨⊣∇⌈⊒⊣∇⌉ ⊣\⌈ ∫≀{⊔⊒⊣∇⌉ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ≀\↖⌊≀⊣∇⌈ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⌋⊣\ ⟩\⌋∇⌉⊣∫⌉ ↕⊣⊔⌉\⌋†↙ S⌉⌋≀\⌈⇔ ⊔⟨⌉ ⌉§⊔⌉∇\⊣↕ ⟩\⊔⌉∇{⊣⌋⌉ ⊔≀ ⊔⟨⌉ ⟨≀∫⊔ ⌈⌉⊔⌉∇⇕⟩\⌉∫ ⊔⟨⌉ ↕⊣⊔⌉\⌋† ⌋≀∫⊔∫ ⟩\ ⇕⊣\⊣}⟩\} ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⌈⌉√⌉\⌈⟩\} ≀\ ⊔⟨⌉ ⟩\⊔⌉∇{⊣⌋⌉⇔ ⟩\⟩⊔⟩⊣⊔⟩\} ⊣ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ ≀∇ ⌈⟩∫⇕⟩∫∫⟩\} ⊣ ⌈⌉⊑⟩⌋⌉ ⟩\⊔⌉∇∇⊓√⊔ ≀\ ∇⌉⌋⌉⟩⊑⌉∫ ⌋≀⊓↕⌈ ⟩\⊔∇≀⌈⊓⌋⌉ ⌉§⌋⌉∫∫⟩⊑⌉ ↕⊣⊔⌉\⌋†↙ A∫ ⊣\≀⊔⟨⌉∇ ⌉§⊣⇕√↕⌉⇔ ⊔⟨⌉ √⊣∇⊔⟩⌋⊓↕⊣∇ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⌉⌋⟨⊣\⟩∫⇕ ∫⊓√√≀∇⊔⌉⌈ ⌊† ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⇕⟩}⟨⊔ \≀⊔ ⌊⌉ ⊒⌉↕↕ ∫⊓⟩⊔⌉⌈ ⊔≀ ⊔⟨⌉ ⟨≀∫⊔ √∇≀⌋⌉∫∫≀∇ ⊣\⌈ ⇕⌉⇕≀∇† ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉↙ T⟨⟩∫ ⇕⟩∫⇕⊣⊔⌋⟨ ⌋≀⊓↕⌈ ⊣↕∫≀ ⌋⊣⊓∫⌉ ↕⊣⊔⌉\⌋† √∇≀⌊↕⌉⇕∫↙ I\ ⊔⟨⟩∫ ⌋⟨⊣√⊔⌉∇⇔ ⊒⌉ ∫⊔⊓⌈† ⊔⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⌊≀⊔⟨ ⟩\⊔⌉∇\⊣↕ ⊣\⌈ ⌉§⊔⌉∇\⊣↕ ⌋≀\⊔∇≀↕↕⌉∇ ⟩\⊔⌉∇{⊣⌋⌉∫ ≀\ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ↕⊣⊔⌉\⌋†↙ O⊓∇ ⇕⌉⊔⟨≀⌈≀↕≀}† ⟩∫ ⊔≀ ⇕⊣‖⌉ ⌋⊣∇⌉{⊓↕ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ⊔≀ ⊣\⊣↕†‡⌉ ⊔⟨⌉ ⟩⇕√⊣⌋⊔ ≀{ ⊑⊣∇⟩≀⊓∫ ⌋≀\⊔∇≀↕↕⌉∇ ⊣\⌈ ⟨≀∫⊔ ⌋≀⇕⌊⟩\⊣⊔⟩≀\∫↙ T⟨⌉ ⌋⟨⊣√⊔⌉∇ ⟩∫ ≀∇}⊣\⟩‡⌉⌈ ⊣∫ {≀↕↕≀⊒∫↙ W⌉ ⌊∇⟩⌉⊙† ⌋⟨⊣∇⊣⌋⊔⌉∇⟩‡⌉ ⊔⟨⌉ ⌉§√⌉∇⟩⇕⌉\⊔⊣↕ ⊔⌉∫⊔⌊⌉⌈ ⊣\⌈ ⌈⌉∫⌋∇⟩⌊⌉ ⊔⟨⌉ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔ ⊔⌉⌋⟨\⟩∐⊓⌉∫↙ T⟨⌉\⇔ ⊒⌉ ⊣\⊣↕†‡⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ∇⌉∫⊓↕⊔∫ ⊣\⌈ ⌈⟩∫⌋⊓∫∫ ⊔⟨⌉ ⟩∫∫⊓⌉∫ {≀∇ ⌋≀\⊔∇≀↕↕⌉∇ ⌈⌉∫⟩}\ ⊔⟨⊣⊔ ⊣{{⌉⌋⊔ ↕⊣⊔⌉\⌋† ⟩\ ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\↙ ∈↙∞ O⊑⌉∇⊑⟩⌉⊒ ≀{ ⊔⟨⌉ N⌉⊔⊒≀∇‖⟩\} E\⊑⟩∇≀\⇕⌉\⊔ O⊓∇ \⌉⊔⊒≀∇‖⟩\} ⌉\⊑⟩∇≀\⇕⌉\⊔ ⌋≀\∫⟩∫⊔∫ ≀{ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ E⊔⟨⌉∇\⌉⊔∫ ⊣∫ ⊒⌉↕↕ ⊣∫ ⊔⟨⌉ {⊣∫⊔⌉∇ FDDI ⊣\⌈ ATM \⌉⊔⊒≀∇‖∫↙ E⊣⌋⟨ \⌉⊔⊒≀∇‖ ⟩∫ ⊣⌋⌋⌉∫∫⌉⌈ ⊓∫⟩\} ⊣ ⌈⟩{{⌉∇⌉\⊔ ⊔†√⌉ ≀{ ⌋≀\⊔∇≀↕↕⌉∇↙ T⟨⌉ \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ⌈∇⟩⊑⌉\ ⊓∫⟩\} DEC∫⊔⊣⊔⟩≀\ ▽′′′∝∈′′∫ ⊣\⌈ S√⊣∇⌋S⊔⊣⊔⟩≀\ I ⊒≀∇‖∫⊔⊣⊔⟩≀\∫↙

∞′

∈↙∞↙∞ E⊔⟨⌉∇\⌉⊔ T⟨⌉ E⊔⟨⌉∇\⌉⊔ ⟩∫ ⊣ ∞′ M⌊⟩⊔∝∫⌉⌋ CSMA∝CD ↕≀⌋⊣↕↖⊣∇⌉⊣ \⌉⊔⊒≀∇‖⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊣⌋⌋⌉∫∫⌉⌈ ≀\ ⊔⟨⌉ DEC∫⊔⊣⊔⟩≀\∫ ⊣\⌈ S√⊣∇⌋S⊔⊣⊔⟩≀\∫ ⌊† ⊣ LANCE ⌋≀\⊔∇≀↕↕⌉∇ ∪∞⊎↙ T⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⟩∫ √⊣⌋‖⊣}⌉⌈ ⌈⟩{{⌉∇⌉\⊔↕† ≀\ ⊔⟨⌉ ⊔⊒≀ ⇕⊣⌋⟨⟩\⌉∫↙ O\ ⊔⟨⌉ DEC∫⊔⊣⊔⟩≀\∫⇔ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⌋⊣\\≀⊔ ⌈≀ DMA ⊔≀ ≀∇ {∇≀⇕ ⟨≀∫⊔ ⇕⌉⇕≀∇†∅ ⟩\∫⊔⌉⊣⌈⇔ ⟩⊔ ⌋≀\⊔⊣⟩\∫ ⊣ ∞∈∀ K⌊†⊔⌉ ≀\↖⌊≀⊣∇⌈ √⊣⌋‖⌉⊔ ⌊⊓{{⌉∇ ⇕⌉⇕≀∇† ⟩\⊔≀ ⊒⟨⟩⌋⟨ ⊔⟨⌉ ⟨≀∫⊔ √↕⊣⌋⌉∫ ⊣ ⌋≀∇∇⌉⌋⊔↕† {≀∇⇕⊣⊔⊔⌉⌈ √⊣⌋‖⌉⊔ {≀∇ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ ∪∈⊎↙ S⟩⇕⟩↕⊣∇↕†⇔ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ √↕⊣⌋⌉∫ ⟩\⌋≀⇕⟩\} √⊣⌋‖⌉⊔∫ ⟩\ ⟩⊔∫ ⌊⊓{{⌉∇ ⇕⌉⇕≀∇† {≀∇ ⊔⟨⌉ ⟨≀∫⊔ ⊔≀ ⌋≀√†↙ I\ ⊔⟨⌉ ⌋⊣∫⌉ ≀{ ⊔⟨⌉ S√⊣∇⌋S⊔⊣⊔⟩≀\⇔ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⊔∇⊣\∫{⌉∇∫ ⌈⊣⊔⊣ ⊔≀ ⊣\⌈ {∇≀⇕ ⟨≀∫⊔ ⇕⌉⇕≀∇† ⊓∫⟩\} DMA↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ ⊣ ⌋⊣⌋⟨⌉ ⊙⊓∫⟨ ≀√⌉∇⊣⊔⟩≀\ ⟩∫ ⌈≀\⌉ ≀\ ∇⌉⌋⌉⟩⊑⌉∫ ⊔≀ ∇⌉⇕≀⊑⌉ ≀↕⌈ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⌉ ⌋⊣⌋⟨⌉↙ O\ ⌊≀⊔⟨ ⇕⊣⌋⟨⟩\⌉∫⇔ √⊣⌋‖⌉⊔∫ ⊣∇⌉ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⌊† ∫√⌉⌋⟩⊣↕ ⌈⌉∫⌋∇⟩√⊔≀∇∫ ⟩\⟩⊔⟩⊣↕⟩‡⌉⌈ ⌊† ⌉⟩⊔⟨⌉∇ ⊔⟨⌉ ⟨≀∫⊔ ⇐≀\ ∫⌉\⌈⇒ ≀∇ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⇐≀\ ∇⌉⌋⌉⟩⊑⌉⇒↙ D⌉∫⌋∇⟩√⊔≀∇∫ ⊣∇⌉ ‖⌉√⊔ ⟩\ ⟨≀∫⊔ ⇕⌉⇕≀∇† ≀\ ⊔⟨⌉ S√⊣∇⌋S⊔⊣⊔⟩≀\∫ ⊒⟨⟩↕⌉ ⊔⟨⌉† ⊣∇⌉ ⟩\ ⊔⟨⌉ ∫√⌉⌋⟩⊣↕ ≀\↖⌊≀⊣∇⌈ √⊣⌋‖⌉⊔ ⇕⌉⇕≀∇† ≀\ ⊔⟨⌉ DEC∫⊔⊣⊔⟩≀\∫↙ T⊒≀ ⇕⌉∫∫⊣}⌉ ∫⟩‡⌉∫ ⊒⌉∇⌉ ⊓∫⌉⌈ ⟩\ ≀⊓∇ ⌉§√⌉∇⟩⇕⌉\⊔∫⇔ ⊣ ⇕⟩\⟩⇕⊓⇕ ∫⟩‡⌉⌈ ⇐′̸ ⌊†⊔⌉∫⇒ ∫⌉\⌈ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉⇔ ⊣\⌈ ⊣ ⇕⊣§⟩⇕⊓⇕ ∫⟩‡⌉⌈ ⇐∞▽∞△ ⌊†⊔⌉∫⇒ ∫⌉\⌈ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉↙

∈↙∞↙∈ FDDI FDDI ⟩∫ ⊣ ∞′′ M⌊⟩⊔∝∫⌉⌋ ⊘⌊⌉∇ ⊔≀‖⌉\ ∇⟩\}⇔ ⊣⌋⌋⌉∫∫⌉⌈ ≀\ ⊔⟨⌉ DEC∫⊔⊣⊔⟩≀\∫ ⌊† ⊔⟨⌉ DEC ⇐DEFZA⇒ FDDI ⌋≀\⊔∇≀↕↕⌉∇↙ L⟩‖⌉ ⊔⟨⌉ DEC∫⊔⊣⊔⟩≀\ E⊔⟨⌉∇\⌉⊔ ⌋≀\⊔∇≀↕↕⌉∇⇔ ⊔⟨⌉ FDDI ⌋≀\⊔∇≀↕↕⌉∇ ⌋⊣\\≀⊔ √⌉∇{≀∇⇕ DMA {∇≀⇕ ⟨≀∫⊔ ⇕⌉⇕≀∇† ≀\ ⇕⌉∫∫⊣}⌉ ⊔∇⊣\∫⇕⟩∫∫⟩≀\∅ ⟩\∫⊔⌉⊣⌈⇔ ⟩⊔ ∇⌉↕⟩⌉∫ ≀\ ⊣\ ≀\↖ ⌊≀⊣∇⌈ √⊣⌋‖⌉⊔ ⌊⊓{{⌉∇ ⇕⌉⇕≀∇†↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ FDDI ⌋≀\⊔∇≀↕↕⌉∇ ⌋⊣\ √⌉∇{≀∇⇕ DMA ⊔∇⊣\∫{⌉∇∫ ⌈⟩∇⌉⌋⊔↕† ⊔≀ ⟨≀∫⊔ ⇕⌉⇕≀∇† ≀\ ∇⌉⌋⌉√⊔⟩≀\ ≀{ ⊣ √⊣⌋‖⌉⊔ {∇≀⇕ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ T⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⊣\⌈ ⟨≀∫⊔ ∫≀{⊔⊒⊣∇⌉ ∫⟨⊣∇⌉ ⌈⌉∫⌋∇⟩√⊔≀∇∫ ⊣∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⊣⌊≀⊑⌉ {≀∇ ⊔⟨⌉ DEC∫⊔⊣⊔⟩≀\ E⊔⟨⌉∇\⌉⊔↙ W⌉ ⊓∫⌉⌈ ⊣\ ⊓\↕≀⊣⌈⌉⌈ √∇⟩⊑⊣⊔⌉ FDDI ∇⟩\} ⊒⟩⊔⟨ ⊔⊒≀ ⟨≀∫⊔∫↙ T⟨⊓∫⇔ ⊔⟨⌉ ≀⊑⌉∇⟨⌉⊣⌈ ⌈⊓⌉ ⊔≀ ⊔≀‖⌉\ √⊣∫∫⟩\} ⟩∫ ‖⌉√⊔ ⊔≀ ⊣\ ⊣⌊∫≀↕⊓⊔⌉ ⇕⟩\⟩⇕⊓⇕∅ ⟩\ ⊣ ⇕≀∇⌉ ∇⌉⊣↕⟩∫⊔⟩⌋ ⌉\⊑⟩∇≀\⇕⌉\⊔ ⊔≀‖⌉\ √⊣∫∫⟩\} ⌈⌉↕⊣† ⊒≀⊓↕⌈ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ⊣⌈⌈⌉⌈ ⊔≀ ⊔⟨⌉ ≀⊑⌉∇⊣↕↕ ↕⊣⊔⌉\⌋†↙ P⊣⌋‖⌉⊔ ∫⟩‡⌉∫ ≀{ ′̸ ⊣\⌈ ∞▽∞△ ⌊†⊔⌉∫ ⊒⌉∇⌉ ⌋⟨≀∫⌉\ ⊔≀ {⊣⌋⟩↕⟩⊔⊣⊔⌉ ⌈⟩∇⌉⌋⊔ ⌋≀⇕√⊣∇⟩∫≀\ ⊒⟩⊔⟨ E⊔⟨⌉∇\⌉⊔↙

∈↙∞↙∋ ATM ATM ⇐A∫†\⌋⟨∇≀\≀⊓∫ T∇⊣\∫{⌉∇ M≀⌈⌉⇒ ⟩∫ ⊣\ ⟩\⊔⌉∇\⊣⊔⟩≀\⊣↕ ⊔⌉↕⌉⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ∫⊔⊣\⌈⊣∇⌈ ⊓∫⌉⌈ ⊔≀ ⟩⇕√↕⌉⇕⌉\⊔ B↖ISDN↙ I\ ⊣\ ATM \⌉⊔⊒≀∇‖⇔ ⌈⊣⊔⊣ ⟩∫ ⌉§⌋⟨⊣\}⌉⌈ ⌊⌉⊔⊒⌉⌉\ ⌉\⊔⟩⊔⟩⌉∫ ⟩\ ⊘§⌉⌈ ↕⌉\}⊔⟨ √⊣∇⌋⌉↕∫ ⌋⊣↕↕⌉⌈ ⌋⌉↕↕∫⇔ ⊓∫⊓⊣↕↕† ≀\ ⊔⟨⌉ ≀∇⌈⌉∇ ≀{ ⊣ {⌉⊒ ⊔⌉\∫ ≀{ ⌊†⊔⌉∫↙ A\ ATM \⌉⊔⊒≀∇‖ ⊔†√⟩⌋⊣↕↕† ⌋≀\∫⟩∫⊔∫ ≀{ ⊣ ∫⌉⊔ ≀{ ⟨≀∫⊔∫ ⌋≀\\⌉⌋⊔⌉⌈ ⌊† ⊣ ⌋≀↕↕⌉⌋⊔⟩≀\ ≀{ ∫⊒⟩⊔⌋⟨⌉∫ ⊔⟨⊣⊔ {≀∇⇕ ⊔⟨⌉

∞∞

\⌉⊔⊒≀∇‖↙ I\ ⊣\ ATM \⌉⊔⊒≀∇‖⇔ ⊓∫⌉∇↖↕⌉⊑⌉↕ ⌈⊣⊔⊣ ⟩∫ ∫⌉}⇕⌉\⊔⌉⌈ ⟩\⊔≀ ⌋⌉↕↕∫⇔ ∇≀⊓⊔⌉⌈⇔ ⊣\⌈ ⊔⟨⌉\ ∇⌉⊣∫∫⌉⇕⌊↕⌉⌈ ⊣⊔ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ⊓∫⟩\} ⟨⌉⊣⌈⌉∇ ⟩\{≀∇⇕⊣⊔⟩≀\ ⌋≀\⊔⊣⟩\⌉⌈ ⟩\ ⊔⟨⌉ ⌋⌉↕↕∫↙ T⟨⌉ √⊣∇⊔⟩⌋⊓↕⊣∇ ATM ⊓∫⌉⌈ ⟨⊣∫ ∞△′ M⌊⟩⊔∝∫⌉⌋ ⊘⌊⌉∇ ≀√⊔⟩⌋ ↕⟩\‖∫ ⊣\⌈ ⌋⌉↕↕ ∫⟩‡⌉∫ ≀{ ▽∋ ⌊†⊔⌉∫⇔ ⊣\⌈ ⟩∫ ⊣⌋⌋⌉∫∫⌉⌈ ⊓∫⟩\} FORE S†∫⊔⌉⇕∫≃ ATM ⌋≀\⊔∇≀↕↕⌉∇ ∪∋′⊎↙ T⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇∫ ≀\ ⊔⟨⌉ ⊔⊒≀ DEC∫⊔⊣⊔⟩≀\ ⟨≀∫⊔∫ ⊒⌉∇⌉ ⌈⟩∇⌉⌋⊔↕† ⌋≀\\⌉⌋⊔⌉⌈ ⊒⟩⊔⟨≀⊓⊔ }≀⟩\} ⊔⟨∇≀⊓}⟨ ⊣ ∫⊒⟩⊔⌋⟨∅ ⊔⟨⊓∫ ⊔⟨⌉∇⌉ ⟩∫ \≀ ∫⊒⟩⊔⌋⟨ ⌈⌉↕⊣†↙ U\↕⟩‖⌉ ⊔⟨⌉ E⊔⟨⌉∇\⌉⊔ ⊣\⌈ FDDI ⌋≀\⊔∇≀↕↕⌉∇∫⇔ ⊔⟨⌉ ATM ⌋≀\⊔∇≀↕↕⌉∇ ⊓∫⌉∫ ⊔⊒≀ FIFO∫⇔ ≀\⌉ {≀∇ ⊔∇⊣\∫⇕⟩⊔ ⊣\⌈ ⊔⟨⌉ ≀⊔⟨⌉∇ {≀∇ ∇⌉⌋⌉⟩⊑⌉↙ T⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⟨⊣∫ \≀ DMA {⊣⌋⟩↕⟩⊔⟩⌉∫↙ T⟨⌉ ⟨≀∫⊔ ∫⟩⇕√↕† ∇⌉⊣⌈∫∝⊒∇⟩⊔⌉∫ ⌋≀⇕√↕⌉⊔⌉ ATM ⌋⌉↕↕∫ ⌊† ⊣⌋⌋⌉∫∫⟩\} ⌋⌉∇⊔⊣⟩\ ⇕⌉⇕≀∇† ↕≀⌋⊣⊔⟩≀\∫ ⊔⟨⊣⊔ ⌋≀∇∇⌉∫√≀\⌈ ⊔≀ ⊔⟨⌉ FIFO∫↙ T⟨⌉ ⟨≀∫⊔ ⟩∫ \≀⊔⟩⊘⌉⌈ ⊑⟩⊣ ⟩\⊔⌉∇∇⊓√⊔ ⊒⟨⌉\ ⌋⌉↕↕∫ ⊣∇∇⟩⊑⌉ ⟩\ ⊔⟨⌉ ∇⌉⌋⌉⟩⊑⌉ FIFO↙ T⟨⌉ ⟨≀∫⊔ ⟨⊣∫ ⌋≀\∫⟩⌈⌉∇⊣⌊↕⌉ ⊙⌉§⟩⌊⟩↕⟩⊔† ⟩\ ⌋⟨≀≀∫⟩\} ⟨≀⊒ ≀{⊔⌉\ ⟩⊔ ∫⟨≀⊓↕⌈ ⌊⌉ ⟩\⊔⌉∇∇⊓√⊔⌉⌈↙ F⊓∇⊔⟨⌉∇⇔ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⌈≀⌉∫ \≀⊔ √∇≀⊑⟩⌈⌉ ⊣\† ∫⌉}⇕⌉\⊔⊣⊔⟩≀\ ≀∇ ∇⌉⊣∫∫⌉⇕⌊↕† ≀{ ⌋⌉↕↕∫∅ ⊔⟨⊣⊔ ⟩∫ ⊔⟨⌉ ∇⌉∫√≀\∫⟩⌊⟩↕⟩⊔† ≀{ ⊔⟨⌉ ⟨≀∫⊔ ∫≀{⊔⊒⊣∇⌉↙ E⊣⌋⟨ ATM ⌋⌉↕↕ ⌋⊣∇∇⟩⌉∫ ⊣ √⊣†↕≀⊣⌈ ≀{ △△ ⌊†⊔⌉∫∅ ⟩\ ⊣⌈⌈⟩⊔⟩≀\ ⊔⟨⌉∇⌉ ⊣∇⌉ ∃ ⌊†⊔⌉∫ ≀{ ATM ⊣\⌈ ∫⌉}⇕⌉\⊔⊣⊔⟩≀\↖∇⌉↕⊣⊔⌉⌈ ⟨⌉⊣⌈⌉∇∫ ⊣\⌈ ⊔∇⊣⟩↕⌉∇∫↙ T⟨⌉ ⌉§√⌉∇⟩⇕⌉\⊔∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⌊⌉↕≀⊒ ⊓∫⌉⌈ √⊣⌋‖⌉⊔ ∫⟩‡⌉∫ ⊔⟨⊣⊔ ⊒⌉∇⌉ ⊣\ ⟩\⊔⌉}∇⊣↕ \⊓⇕⌊⌉∇ ≀{ ⌋⌉↕↕∫ ⊣∫ ⊒⌉↕↕ ⊣∫ ⌊⌉⟩\} ⌋↕≀∫⌉ ⌉\≀⊓}⟨ ⊔≀ ⊔⟨⌉ E⊔⟨⌉∇\⌉⊔ ⊣\⌈ FDDI √⊣⌋‖⌉⊔ ∫⟩‡⌉∫ {≀∇ ⌋≀⇕√⊣∇⟩∫≀\↙

∈↙∈ T⟨⌉ T⌉∫⊔⌊⌉⌈ ⊣\⌈ M⌉⊣∫⊓∇⌉⇕⌉\⊔ T⌉⌋⟨\⟩∐⊓⌉∫ I\ ≀∇⌈⌉∇ ⊔≀ ⟩∫≀↕⊣⊔⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⊣\⌈ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ↕⟩\‖⇔ ⊒⌉ ⌊⊓⟩↕⊔ ⊣ ⇕⟩\⟩⇕⊣↕ ∫⊔⊣\⌈↖⊣↕≀\⌉ ∫≀{⊔⊒⊣∇⌉ ⊔⌉∫⊔⌊⌉⌈⇔ ⊒⟨⟩⌋⟨ ∫⟩⇕√↕† ∫⌉\⌈∫ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉∫ √⊣⌋‖⌉⊔∫ ≀\ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ T⟨⌉∇⌉ ⟩∫ \≀ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕ ⟩\⊔⌉∇⊑⌉\⊔⟩≀\ ⌉§⌋⌉√⊔ {≀∇ ⊔⟨⌉ ↕≀⊒ ↕⌉⊑⌉↕ ⌈⌉⊑⟩⌋⌉ ⌈∇⟩⊑⌉∇ ⊣\⌈ ⟩\⊔⌉∇∇⊓√⊔ ⊑⌉⌋⊔≀∇⟩\} ⌋≀⌈⌉↙ T⟨⌉ ⊔⌉∫⊔⌊⌉⌈ ⟨⊣∇⌈⊒⊣∇⌉ ⌋≀\∫⟩∫⊔∫ ≀{ ⊔⊒≀ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫ ⇐⌉⟩⊔⟨⌉∇ ⊔⊒≀ DEC∫⊔⊣⊔⟩≀\∫ ≀∇ ⊔⊒≀ S√⊣∇⌋S⊔⊣⊔⟩≀\∫⇒ ⌋≀\\⌉⌋⊔⌉⌈ ⊔⟨∇≀⊓}⟨ ⊣\ ⟩∫≀↕⊣⊔⌉⌈ \⌉⊔⊒≀∇‖↙ T⟨⌉ DEC∫⊔⊣⊔⟩≀\ ⊓∫⌉∫ ⊣ ∈▽ MH‡ MIPS R∋′′′ √∇≀⌋⌉∫∫≀∇ ∇⊣⊔⌉⌈ ⊣⊔ ∞∀↙▽ SPEC⇕⊣∇‖∫⇔ ⊣\⌈ ⊔⟨⌉ S√⊣∇⌋S⊔⊣⊔⟩≀\ I ⊓∫⌉∫ ⊣ S√⊣∇⌋ √∇≀⌋⌉∫∫≀∇ ∇⊣⊔⌉⌈ ⊣⊔ ∈△↙△ SPEC⇕⊣∇‖∫ ∪′̸⊎↙ T⟨⌉ DEC∫⊔⊣⊔⟩≀\∫ ⊒⌉∇⌉ ⌋≀\\⌉⌋⊔⌉⌈ ⟩\ ⊔⊓∇\ ⊔≀ ⊣\ E⊔⟨⌉∇\⌉⊔⇔ ⊣\ FDDI ∇⟩\} ⊣\⌈ ⊣\ ATM \⌉⊔⊒≀∇‖↙ T⟨⌉ S√⊣∇⌋S⊔⊣⊔⟩≀\∫ ⊒⌉∇⌉ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ⊣\ E⊔⟨⌉∇\⌉⊔↙ T⟨⌉ DEC∫⊔⊣⊔⟩≀\ \⌉⊔⊒≀∇‖ ⌈⌉⊑⟩⌋⌉∫ ⊣∇⌉ ⌋≀\\⌉⌋⊔⌉⌈ ≀\ ⊔⟨⌉ ∈▽ MH‡ TURBOC⟨⊣\\⌉↕ ∪∈⊎̸ ⊒⟨⟩↕⌉ S√⊣∇⌋S⊔⊣⊔⟩≀\∫ ⊓∫⌉ ⊔⟨⌉ ∈▽ MH‡ SB⊓∫ ∪△̸⊎↙ T⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⌉⊣⌋⟨ ⌋≀\⊘}⊓∇⊣⊔⟩≀\ ⟩\ ∫⌉\⌈⟩\} ⊣ ∫≀⊓∇⌋⌉ √⊣⌋‖⌉⊔ {∇≀⇕ ≀\⌉ \≀⌈⌉ ⊔≀ ⊔⟨⌉ ≀⊔⟨⌉∇ ⊣\⌈ ∇⌉⌋⌉⟩⊑⟩\} ⊣ √⊣⌋‖⌉⊔ ⟩\ ∇⌉∫√≀\∫⌉ ⊒⊣∫ ⇕⌉⊣∫⊓∇⌉⌈↙ M⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ⊒⌉∇⌉ ⊣⊑⌉∇⊣}⌉⌈ ≀⊑⌉∇ ⊣⊔ ↕⌉⊣∫⊔ ∞′⇔′′′ ∫⊓⌋⌋⌉∫∫{⊓↕ ∇⌉√⌉⊔⟩⊔⟩≀\∫↙ P⊣⌋‖⌉⊔∫ ⊣∇⌉ ∫⌉\⊔ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉⌈ {∇≀⇕ ⟨≀∫⊔ ⇕⌉⇕≀∇†⇔ ∫≀ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⇕≀⊑⟩\} ⊔⟨⌉ ⌈⊣⊔⊣ ≀⊑⌉∇ ⊔⟨⌉ ⟨≀∫⊔ ⌊⊓∫ ⟩∫ ⟩\⌋↕⊓⌈⌉⌈ ⟩\ ⊔⟨⌉ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔∫↙ N⌉⊔⊒≀∇‖ ⟩\⊔⌉∇∇⊓√⊔∫ ⊣∇⌉ ⌉\⊣⌊↕⌉⌈⇔ ∫≀ ⌊≀⊔⟨ ⊔⟨⌉ ∫⌉\⌈⟩\} ⊣\⌈ ⊔⟨⌉ ∇⌉⌋⌉⟩⊑⟩\} ⟨≀∫⊔∫ ⊣∇⌉ ⟩\⊔⌉∇∇⊓√⊔⌉⌈ ≀\ √⊣⌋‖⌉⊔ ⊣∇∇⟩⊑⊣↕↙ W⟨⟩↕⌉ ⟩⊔ ⟩∫ }⌉\⌉∇⊣↕↕† √≀∫∫⟩⌊↕⌉ ⊔≀ ⊣⌋⌋⌉∫∫ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⟩\ ⊣ ⌈⌉⌈⟩⌋⊣⊔⌉⌈ {⊣∫⟨⟩≀\ ⌊† ⌈⟩∫⊣⌊↕⟩\} \⌉⊔⊒≀∇‖

∞∈

⟩\⊔⌉∇∇⊓√⊔∫⇔ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ⊔⟩⇕⌉ ∫⟨⊣∇⟩\} ⊣⌋⌋⌉∫∫ ⊒⟩↕↕ ⟩\⊑≀↕⊑⌉ ⟩\⊔⌉∇∇⊓√⊔ √∇≀⌋⌉∫∫⟩\} ≀⊑⌉∇⟨⌉⊣⌈∫↙ T⟨⌉ ⌋≀⇕√≀\⌉\⊔ ⌋≀∫⊔∫ {≀∇ ⊔⟨⌉ ∇≀⊓\⌈↖⊔∇⟩√ ⌋⊣\ ⌊⌉ ⌊∇≀‖⌉\ ⊓√ ⊣∫ {≀↕↕≀⊒∫¬ • T⟩⇕⌉ ≀\ ⊔⟨⌉ W⟩∇⌉¬ T⟨⟩∫ ⟩∫ ⊔⟨⌉ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ ⊔⟩⇕⌉ ≀{ ⊔⟨⌉ √⊣⌋‖⌉⊔↙ T⟨⌉ √∇≀√⊣}⊣⊔⟩≀\ ⊔⟩⇕⌉ ⌋⊣\ ⌊⌉ ⟩}\≀∇⌉⌈ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩∫ \⌉}↕⟩}⟩⌊↕⌉ {≀∇ ⊔⟨⌉ ↕⌉\}⊔⟨ ≀{ ⌋⊣⌊↕⌉ ⌋≀\\⌉⌋⊔⟩\} ⊔⟨⌉ ⊔⊒≀ ⟨≀∫⊔∫↙ • C≀\⊔∇≀↕↕⌉∇ L⊣⊔⌉\⌋†¬ T⟨⟩∫ ⟩∫ ⊔⟨⌉ ∫⊓⇕ ≀{ ⊔⊒≀ ⊔⟩⇕⌉∫¬ ⇐∞⇒ ⊔⟨⌉ ⊔⟩⇕⌉ ⊔⊣‖⌉\ ⌊† ⊔⟨⌉ ∫⌉\⌈⟩\} ⌋≀\⊔∇≀↕↕⌉∇ ⊔≀ ⌊⌉}⟩\ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ≀\⌋⌉ ⊔⟨⌉ ⟨≀∫⊔ ⟨⊣∫ ⇕⊣⌈⌉ ⊔⟨⌉ ⌈⊣⊔⊣ ⊣⊑⊣⟩↕⊣⌊↕⌉ ⊔≀ ⟩⊔⇔ ⊣\⌈ ⇐∈⇒ ⊔⟨⌉ ⌈⌉↕⊣† ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⊣∇∇⟩⊑⊣↕ ≀{ ⊔⟨⌉ ⌈⊣⊔⊣ ⊣⊔ ⊔⟨⌉ ∇⌉⌋⌉⟩⊑⟩\} ⌋≀\⊔∇≀↕↕⌉∇ ⊣\⌈ ⊔⟨⌉ ⊔⟩⇕⌉ ⟩⊔ ⟩∫ ⊣⊑⊣⟩↕⊣⌊↕⌉ ⊔≀ ⊔⟨⌉ ⟨≀∫⊔↙ • C≀\⊔∇≀↕∝D⊣⊔⊣ T∇⊣\∫{⌉∇¬ D⊣⊔⊣ ⟨⊣∫ ⊔≀ ⌊⌉ ⇕≀⊑⌉⌈ ⊣⊔ ↕⌉⊣∫⊔ ≀\⌋⌉ ≀⊑⌉∇ ⊔⟨⌉ ⟨≀∫⊔ ⌊⊓∫ ⌊⌉⊔⊒⌉⌉\ ⟨≀∫⊔ ⇕⌉⇕≀∇† ⊣\⌈ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ S≀⇕⌉ ≀{ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇∫ ⊓∫⌉ DMA ⊔≀ ⊔∇⊣\∫{⌉∇ ⌈⊣⊔⊣ ≀⊑⌉∇ ⊔⟨⌉ ⟨≀∫⊔ ⌊⊓∫ ⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖∅ ⊔⟨⊓∫ ⊔⟨⌉ CPU ⟩\⌋⊓∇∫ \≀ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ≀⊑⌉∇⟨⌉⊣⌈↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ CPU ⟩\⌋⊓∇∫ ⊣ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ≀⊑⌉∇⟨⌉⊣⌈ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟨⊣∫ ⊔≀ ⊓∫⌉ ∫√⌉⌋⟩⊣↕ ⇕⌉⇕≀∇† ⌈⌉∫⌋∇⟩√⊔≀∇∫ ⊔≀ ⌈⌉∫⌋∇⟩⌊⌉ ⊔⟨⌉ ↕≀⌋⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⌈⊣⊔⊣ ⊔≀ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇↙ W⟩⊔⟨ ∫⊓⌋⟨ ⌋≀\⊔∇≀↕↕⌉∇∫⇔ ⊔⟨⌉ ⊣⌋⊔⊓⊣↕ ⊔⟩⇕⌉ ⊔≀ ⌈≀ ⊔⟨⌉ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⟩∫ ⌋⊣√⊔⊓∇⌉⌈ ⌊† ⊔⟨⌉ C≀\⊔∇≀↕↕⌉∇ L⊣⊔⌉\⌋† ⌋≀⇕√≀\⌉\⊔↙ • V⌉⌋⊔≀∇⟩\} ⊔⟨⌉ I\⊔⌉∇∇⊓√⊔¬ O\ ⊔⟨⌉ ∇⌉⌋⌉⟩⊑⌉ ∫⟩⌈⌉⇔ ↕≀⊒ ↕⌉⊑⌉↕ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕ ∫≀{⊔⊒⊣∇⌉ ⇕⊓∫⊔ ⊑⌉⌋⊔≀∇ ⊔⟨⌉ √⊣⌋‖⌉⊔ ⊣∇∇⟩⊑⊣↕ ⟩\⊔⌉∇∇⊓√⊔ ⊔≀ ⊔⟨⌉ ⟩\⊔⌉∇∇⊓√⊔ ⟨⊣\⌈↕⌉∇ ⟩\ ⊔⟨⌉ ⌈⌉⊑⟩⌋⌉ ⌈∇⟩⊑⌉∇↙ T⟨⌉ ≀⊑⌉∇⟨⌉⊣⌈ ⟩\⊑≀↕⊑⌉⌈ ⟩∫ ⊣ {⊓\⌋⊔⟩≀\ ≀{ ⊔⟨⌉ CPU ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⊣∫ ⊒⌉↕↕ ⊣∫ ⊔⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⊓\⌈⌉∇↕†⟩\} ∫†∫⊔⌉⇕↙ • I\⊔⌉∇∇⊓√⊔ S⌉∇⊑⟩⌋⌉¬ O\ ⊔⊣‖⟩\} ⊣\ ⟩\⊔⌉∇∇⊓√⊔⇔ ⟨≀∫⊔ ∫≀{⊔⊒⊣∇⌉ ⇕⊓∫⊔ √⌉∇{≀∇⇕ ∫≀⇕⌉ ⌉∫∫⌉\↖ ⊔⟩⊣↕ ⌋≀\⊔∇≀↕↕⌉∇↖∫√⌉⌋⟩⊘⌋ ⌊≀≀‖‖⌉⌉√⟩\} ⌊⌉{≀∇⌉ ⊔⟨⌉ ⟩\⊔⌉∇∇⊓√⊔ ⌋⊣\ ⌊⌉ ⌈⟩∫⇕⟩∫∫⌉⌈↙ T≀ ⌈⌉⊔⌉∇⇕⟩\⌉ ⊔⟨⌉ ↕⊣⊔⌉\⌋† ≀{ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⟩⊔∫⌉↕{⇔ ⊒⌉ ∇⊣\ ∫⌉√⊣∇⊣⊔⌉ ⌉§√⌉∇⟩⇕⌉\⊔∫ ⌊⌉⊔⊒⌉⌉\ ⊣ √⊣⟩∇ ≀{ ⟨≀∫⊔∫ ⊒⟩⊔⟨ ⟩\⊔⌉∇∇⊓√⊔∫ ⌈⟩∫⊣⌊↕⌉⌈↙ E⊣⌋⟨ ⟨≀∫⊔ √≀↕↕⌉⌈ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇≃∫ ∫⊔⊣⊔⊓∫ ∇⌉}⟩∫⊔⌉∇∫ ⟩\ ⊣ ↕≀≀√↙ A∫ ∫≀≀\ ⊣∫ ⊔⟨⌉ ∇⌉}⟩∫⊔⌉∇ ⟩\⌈⟩⌋⊣⊔⌉⌈ ⊣∇∇⟩⊑⊣↕ ≀{ ⌈⊣⊔⊣⇔ ⊣ \⌉⊒ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ ⊒⊣∫ ⌊⌉}⊓\↙ I\ ⊔⟨⌉ ⌋⊣∫⌉∫ ⊒⟨⌉∇⌉ ⊔⟨⌉ ⟨≀∫⊔ ⊒⊣∫ ⌉§√⌉⌋⊔⌉⌈ ⊔≀ ⌋≀√† ⌈⊣⊔⊣ ⊔≀ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇≃∫ ⇕⌉⇕≀∇† ⌊⌉{≀∇⌉ ⊔∇⊣\∫⇕⟩∫∫⟩≀\⇔ ⊔⟨⌉ ⟨≀∫⊔ ∫⟩⇕√↕† √∇≀}∇⊣⇕⇕⌉⌈ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⊔≀ ∫⊔⊣∇⊔ ⊔⟨⌉ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇⇔ ⊒⟩⊔⟨≀⊓⊔ ⊣⌋⊔⊓⊣↕↕† }⟩⊑⟩\} ⟩⊔ ⊣\† ⌈⊣⊔⊣↙ S⟩⇕⟩↕⊣∇↕†⇔ ⊒⟨⌉\ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⟩\⌈⟩⌋⊣⊔⌉⌈ ⊔⟨⌉ ⊣∇∇⟩⊑⊣↕ ≀{ \⌉⊒ ⌈⊣⊔⊣ {≀∇ ⊔⟨⌉ ⟨≀∫⊔ ⊔≀ ⌋≀√†⇔ ⊔⟨⌉ ⟨≀∫⊔ ⟩}\≀∇⌉⌈ ⊔⟨⌉ ⌈⊣⊔⊣ ⊣\⌈ ⌊⌉}⊣\ ⊔⟨⌉ \⌉§⊔ ⊔∇⊣\∫{⌉∇↙ I\ ⊣⌈⌈⟩⊔⟩≀\⇔

∞∋

⌈⌉∫⌋∇⟩√⊔≀∇∫ ⊒⌉∇⌉ √∇⌉⊘↕↕⌉⌈ ⌊⌉{≀∇⌉ ⊔⟨⌉ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ∫⊔⊣∇⊔⌉⌈↙ I\ ⊔⟨⌉∫⌉ ⌋⟩∇⌋⊓⇕∫⊔⊣\⌋⌉∫ ⊑⌉∇† {⌉⊒ ⇕⊣⌋⟨⟩\⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫ ⊣∇⌉ ⌉§⌉⌋⊓⊔⌉⌈ ⌊† ⊔⟨⌉ ⟨≀∫⊔ √⌉∇ ∇≀⊓\⌈↖⊔∇⟩√↙ T⟨⌉ ⊔⟩⇕⌉ ∇⌉∐⊓⟩∇⌉⌈ ⊔≀ ⌉§⌉⌋⊓⊔⌉ ⊔⟨⌉∫⌉ ⊣∫ ⊒⌉↕↕ ⊣∫ ⊔⟨⌉ ⊔⟩⇕⌉ ∫√⌉\⊔ ≀\ ⊔⟨⌉ ⊒⟩∇⌉ ⊒⌉∇⌉ ∫⊓⌊⊔∇⊣⌋⊔⌉⌈ {∇≀⇕ ⊔⟨⌉ ⊔≀⊔⊣↕ ⇕⌉⊣∫⊓∇⌉⌈ ∇≀⊓\⌈↖⊔∇⟩√↙ T⟨⟩∫ ⇕⌉⊔⟨≀⌈ }⟩⊑⌉∫ ∫⊣⊔⟩∫{⊣⌋⊔≀∇† ∇⌉∫⊓↕⊔∫ ⟩\ ⇕≀∫⊔ ⌋⊣∫⌉∫ ⌊⊓⊔ ⟨⊣∫ ⊔⟨⌉ ⌈⟩∫⊣⌈⊑⊣\⊔⊣}⌉ ⊔⟨⊣⊔ ⟩⊔ ⌈≀⌉∫ \≀⊔ ⊣⌋⌋≀⊓\⊔ {≀∇ ⊣\† √⟩√⌉↕⟩\⟩\} ⊔⟨⊣⊔ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⇕⟩}⟨⊔ √⌉∇{≀∇⇕↙ T⟨⟩∫ ⊣∇⊔⟩{⊣⌋⊔ ⟩∫ √⊣∇⊔⟩⌋⊓↕⊣∇↕† ⊑⟩∫⟩⌊↕⌉ ⟩\ ⊔⟨⌉ ⌋⊣∫⌉ ≀{ ≀⊓∇ ATM ⌋≀\⊔∇≀↕↕⌉∇ ⊒⟨⌉\ ⇕⊓↕⊔⟩↖⌋⌉↕↕ √⊣⌋‖⌉⊔∫ ⊣∇⌉ ⌉§⌋⟨⊣\}⌉⌈↙ T†√⟩⌋⊣↕↕† ⊣ ⌋≀\⊔∇≀↕↕⌉∇ ⌋⊣\ ≀⊑⌉∇↕⊣√ ⊔⟨⌉ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ ≀{ ⌈⊣⊔⊣ ⌊⌉⊔⊒⌉⌉\ ⟩⊔∫ ⟩\⊔⌉∇\⊣↕ ⌊⊓{{⌉∇ ⊣\⌈ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊒⟩⊔⟨ ⊔⟨⌉ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⟨≀∫⊔ ⇐≀∇ ≀\↖⌊≀⊣∇⌈ ⇕⌉⇕≀∇†⇒ ⊣\⌈ ⊔⟨⌉ ⌋⟨⟩√ ⟩⊔∫⌉↕{↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ ⟩\ ∫⌉\⌈⟩\} ⊣ ⇕⊓↕⊔⟩↖⌋⌉↕↕⌉⌈ √⊣⌋‖⌉⊔ ⊔⟨∇≀⊓}⟨ ⊔⟨⌉ ATM ⌋≀\⊔∇≀↕↕⌉∇⇔ ⊔⟨⌉ ⟨≀∫⊔ ⌋⊣\ ⌊⌉ ⊘↕↕⟩\} ⊔⟨⌉ FIFO ⊒⟩⊔⟨ ⊣ ⌋⌉↕↕⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⟩∫ ⟩\|⌉⌋⊔⟩\} ⊔⟨⌉ √∇⌉⊑⟩≀⊓∫ ⌋⌉↕↕ {∇≀⇕ ⊔⟨⌉ FIFO ⟩\⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙

∈↙∋ P⌉∇{≀∇⇕⊣\⌋⌉ A\⊣↕†∫⟩∫ T⊣⌊↕⌉ ∈↙∞ ∫⟨≀⊒∫ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ∇≀⊓\⌈↖⊔∇⟩√⇕⌉∫∫⊣}⌉ ⌉§⌋⟨⊣\}⌉∫ ≀\ ⊔⟨⌉ ⟨≀∫⊔∝\⌉⊔⊒≀∇‖ ⌋≀⇕⌊⟩\⊣⊔⟩≀\∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⊣⌊≀⊑⌉↙ B⌉{≀∇⌉ ⌋≀⇕√⊣∇⟩\} ⊔⟨⌉ ⊑⊣∇⟩≀⊓∫ ⌋≀⇕⌊⟩\⊣⊔⟩≀\∫⇔ ⊣ {⌉⊒ √≀⟩\⊔∫ ≀{ ⌋↕⊣∇⟩⊘⌋⊣⊔⟩≀\ ⊣∇⌉ ⟩\ ≀∇⌈⌉∇ ⟨⌉∇⌉↙ T⊣⌊↕⌉ ∈↙∞¬ L≀⊒↖L⌉⊑⌉↕ R≀⊓\⌈↖T∇⟩√ P⊣⌋‖⌉⊔ E§⌋⟨⊣\}⌉ T⟩⇕⌉∫ R≀⊓\⌈↖T∇⟩√ T⟩⇕⌉ ⇐¯seconds) Component Packet Size in bytes (send/recv) Ethernet (DEC) Ethernet (Sparc) FDDI (DEC) ATM (DEC) 60/60 1514/1514 60/60 1514/1514 60/60 1514/1514 53/53 1537/1537 Time on the Wire 115 2442 115 2442 13 245 5 159 Controller Latency 51 53 89 103 97 230 16 161 Control/Data Transfer 40 600 6 6 40 253 17 458 Vectoring the Interrupt 25 25 12 12 25 25 25 25 Interrupt Service 26 26 42 42 92 140 9 20 Sum of Components 257 3146 264 2605 267 893 72 823 Measured Round Trip Time 253 3137 263 2611 263 894 73 746

First, in the case of the FDDI controller and the SparcStation controller, which perform DMA directly to host memory on packet receives, the cost of �ushing the cache after the DMA is included in the the Interrupt Service overhead. While it is true that cache �ushes are not strictly necessary if data from the network is kept in uncached memory locations, this means that the higher level software will eventually pay a performance cost of accessing this data.

Second, in the case of the ATM network, Table 2.1 does not include the cost for segmenting and reassembling multi-cell packets. In addition, the controller was programmed so that it interrupted the host only when a complete packet had arrived in the FIFO. Thus, in our experiments, each round-trip incurs only two interrupts.

Third, the measurements in Table 2.1 involve small amounts of system software written in a mixture of C and assembly language. Rewritting everything in assembly language would lead to a 1�2% (on the order of 10 microseconds) decrease in the round-trip latency of small packets.

Fourth, as noted earlier, both the DECStation and the SparcStation use the same Ethernet controller. However, recall that on the SparcStation the controller DMAs data over the host bus. The overhead for this is included in Controller Latency; Control/Data Transfer only includes the cost of the instructions to program the controller. The controller is able to overlap the data transfer over the bus with the transfer on the network. Thus the sum of Controller Latency and Control/Data Transfer is relatively unchanged by the packet size. In contrast, the DECstation controller incurs a heavy latency overhead because the host has to �rst copy the data over the bus before the controller can begin the data transfer.

The row Sum of Components is the sum of the rows above it. Most of the time, the sum of the component measurements is within 1�9 microseconds (about 2%) of the observed round-trip time. The only exception is in the case of the ATM network in sending multi-cell packets, where there is an overestimate of the round-trip time by about 12%. The most likely cause is an underestimate of the amount of overlap between the host memory�FIFO data transfers and the FIFO�network transfer.

The next several sections will consider the results of our study in detail. Overall, the high bandwidth of ATM and FDDI is signi�cant for large packets. For example, latency for a 1514-byte packet on the DECstation Ethernet is 4.2 times worse than ATM and 3.5 times worse than FDDI. For packets even larger than 1514 bytes, the Ethernet situation is relatively worse, because FDDI will require fewer packet transmissions. The ATM comparison is slightly more complex; as pointed out earlier, ATM segmentation and reassembly costs were ignored in arriving at the �gures in Table 2.1. The particular software implementation of the segmentation/reassembly in the driver requires about 11 microseconds per cell. If this is included, then a 1537 byte packet (29 cells) takes about 1065 microseconds, which is about 1.2 times the FDDI time. The situation further improves in favor of FDDI for packet sizes beyond this limit.

However, the packet-exchange times on Ethernet, FDDI and ATM show the important difference between network bandwidth and latency. If low latency for small packets is the goal, then a round-trip 60-byte message exchange on the DECstation Ethernet takes only 253 microseconds; FDDI on similar hardware, despite its 10-fold bandwidth advantage, takes 263 microseconds for the same operation, which is 4% longer. The increased FDDI bandwidth reduces the time spent on the wire, but other artifacts of the FDDI controller� increased latency and higher interrupt servicing time�result in overall increased latency.

2.4 Implications for Controller and Network Design

Based on the measurements just described, it is evident that higher speed networks do not necessarily imply proportionally lower latency. There are many artifacts of the controller and the processor and memory interface that could impact latency. We discuss these below, based on the experience with our controllers.

2.4.1 Impact of Internal Controller Structure on Latency

It is interesting to compare the ratio Controller Latency to Time on the Wire from Table 2.1. For small packets, this is 0.4 on the DECstation Ethernet, 0.8 on the SparcStation, 7 for the FDDI controller and 3.2 for the ATM network. For larger packets of approximately 1514 bytes, these ratios are respectively 0.02, 0.04, 0.9 and 1.0. While these numbers are speci�c to the controllers, they are indicative of a trend: network speeds are improving dramatically, while controller latencies are not.

One factor in controller latency is the complexity of the controller. The FDDI controller is the most complex of all our controllers and its latency is relatively higher than the others. It contains an on-board processor that executes a control program. In general, the control program is responsible for scheduling tasks within the controller. These tasks involve receiving incoming packets, managing internal buffers, interfacing with the host processor/memory subsystem, and others. An important aspect that in�uences communication latency is the type of scheduling that is done by the control program. Scheduling decisions made in a way that penalizes low latency could result in signi�cant performance degradation. For instance, �rmware revisions to the scheduling rules in the �rst version of the DEC FDDI controller led to a 22% reduction in latency for small packets at no cost to throughput.

2.4.2 Impact of External Controller Interface on Latency

There are two common types of interface that controllers export to the host to transfer data between memory and network. One interface designates a range (possibly all) of host memory to be used as a packet buffer and has the controller and the host share descriptors in memory. The alternative is to use a simple FIFO for transmits and receives, and have the host access it directly. Depending on the external interface supported by the controller, there are three overheads related to latency. First, there is the overhead of transferring data between the network and memory. Second, there is the interaction with the host memory hierarchy, and third, there is the cost of managing the controller and servicing its interrupts. We discuss each of these in turn.

Data Transfer Overheads

Our experiments, which included controllers that are capable of scatter-gather DMA, ordinary DMA and no DMA, allow us to examine some of the essential latency-impacting tradeoffs between these different controller types. Controllers that do not support DMA, such as our DEC Ethernet controller and the ATM controller, rely on programmed I/O (PIO) to move data. That is, the processor moves the data across the bus, usually without using a block transfer primitive.

In addition to the low-level details of data movement, e.g., DMA or PIO, two higher-level issues in�uence the cost of data transfer. These arise from protection and demultiplexing considerations because the communication system has to ensure that users cannot access unauthorized data. For example, on the sending side, the system has to ensure that the headers used to direct the packet on the network cannot be tampered with by the user. Similarly, incoming data has to be correctly demultiplexed before the data is copied to the authorized recipient.

Certain combinations of controller features and protection requirements make it dif�cult to restrict the number of data movements to one, the minimum achievable. Excessive and unnecessary data movement can lead to bad overall performance of the communication system.

Table 2.2 summarizes the number of copies that the controller, the kernel and the user need to perform, respectively, for each type of device: PIO, DMA and DMA with scattergather. The column DMA S-G represents scatter-gather DMA. The column PIO (KM) represents PIO with an optimization referred to as kernel-level marshaling.

Table 2.2: Number of Copies for Various Controller Types

Number of Copies (Device/Kernel/User) Fragment PIO (KM) PIO DMA DMA (S-G) Send Header 0/1/0 0/1/0 1/1/0 1/0/0 Data 0/1/0 0/1/1 1/0/1 1/0/0 Receive Header 0/1/0 0/1/0 1/1/0 1/0/0 Data 0/1/0 0/1/1 1/0/1 1/0/0

Kernel-level marshaling differs from ordinary PIO in the following manner. In normal PIO, the user assembles pieces of non-contiguous data into a single buffer and traps into the kernel with a descriptor to the buffer. The kernel uses PIO to transfer this buffer into device memory. Thus each byte of user data is copied twice. In kernel-level marshaling, the user traps into the kernel with as many descriptors as there are non-contiguous data items. After veri�cation, the kernel uses these descriptors to move data directly from user-space to the device. Thus, each byte is copied only once. Chapter 5 describes an RPC mechanism that uses this type of marshaling.

Certain implicit assumptions made in the table are clari�ed below. First, we are ignoring the cost of copies that might occur between the network and the controller’s internal buffer. Typically this cost can be made negligible by using video RAMs or some similar technique. Second, we assume that with PIO, the on-board memory or FIFO cannot be reliably mapped into multiple user spaces, while with DMA, user data is mapped (instead of copied) to be adjacent to the header in kernel memory, so that the DMA can use a contiguous set of addresses. Finally, we assume that with scatter-gather DMA, the controller is capable of transferring arbitrarily small amounts of data over the bus and that on scatter DMA, the controller can perform address demultiplexing so that incoming data goes to the correct destination.

Ideally, one would like to minimize the number of times data is moved over the host bus between the network and the host memory. With PIO and kernel-level marshaling it is possible to keep the number of copies to one without compromising protection. With DMA this would not be possible, in general, because application level data could be located in multiple non-contiguous locations in memory. Most scatter-gather controllers (e.g., LANCE) have minimum size requirements for each segment and a maximum number of allowable segments. Thus, the user will have to marshal the data into one (or a few) location(s), and then have the controller move it. While it is possible to build controllers to overcome this restriction, using several small segments to gather data comes at a price, because the controller has to set up multiple DMA transfers, each of which incurs the cost of remastering the bus. A similar situation is true on the receiving side as well.

As shown in Table 2.2, using PIO with kernel-level marshaling allows the data copying cost to be kept to the minimum possible. However, one aspect of copying that is not captured in the table is the different rate at which data is moved over the bus for PIO and DMA. Typically, word-at-a-time PIO accesses over the bus are slower than block transfers using DMA; this is the case on both the DECstation TURBOChannel bus and the SparcStation SBus. While PIO versus DMA is of limited concern for short packets, there is a breakeven point beyond which PIO will be slower than DMA. Thus, unless the processor is required to touch each byte of the data for reasons other than moving it across the bus (for instance, to generate a checksum in software), it is usually more ef�cient to use DMA beyond a certain size.

Memory Hierarchy (Cache and TLB) Overheads

While Table 2.2 seems to indicate that PIO and scatter-gather DMA can perform the same number of copies, very often with current architectures the interaction of the memory subsystem with DMA might extract a heavier overall penalty than PIO.

In addition to the copying costs outlined above, without adequate support from the memory and processor subsystem, controller initiated data transfers could be a source of overhead due to cache effects. If the cache does not snoop on I/O operations, cache blocks could be left incoherent as a result of the DMA operation to memory, requiring cache �ushes. If the cache is write-back, dirty entries may need to be purged before a DMA operation from memory.

Table 2.3 shows the contribution of the cache �ush cost as a percentage of the total interrupt handling cost of the controllers with DMA. The total interrupt handling cost is the sum of cache �ush costs and the essential controller-related bookkeeping overhead. The cache �ush cost is simply the time taken to execute the instructions required by the host architecture to �ush the cache lines corresponding to the data that was transferred. As is evident from Table 2.3, cache �ushes are a serious penalty on current memory architectures. And in fact, the situation is even worse than the table suggests, because, in addition to the costs of executing additional cache �ush instructions, cache �ushes have a negative impact on performance by destroying locality. Newer processor/cache designs recognize this problem and provide memory coherence for DMA [59].

Table 2.3: Cache Flush Cost in Different Processor/Controller Con�gurations

Received Packet Size in bytes Ethernet (Sparc) FDDI (DEC) 60 1514 60 1514 Total Interrupt Time 21 21 46 70 Cache Flush Time 3 10 7 30 Percentage Overhead 14 48 15 43

Another cost of DMA is the manipulation of page tables that is often necessary. On packet arrival, the controller stores the data on a page; however there is generally no way to guarantee that the page is mapped into the correct destination address space. Thus the kernel is faced with the option of either remapping or performing an extra copy.

To summarize the results of our experiments with the various controllers: DMA capabilities without adequate support from the cache and memory subsystem can be bad for performance in modern RISC processors. Further, controllers that have simpler interfaces to the host have the potential for reducing overheads. The next subsection argues for the use of simple controller/host interfaces.

Controller Management Overheads

Depending on the external interface, controllers can introduce varying amounts of software complexity on the sending and receiving sides. Based on our experience, ignoring the overheads of data transfer, on sends, there appears to be no signi�cant cost difference in programming either a FIFO-based or a descriptor-based controller. However, there can be a signi�cant difference in the overhead incurred in handling receive interrupts.

The experiments with the two types of controllers mentioned above indicate that the interrupt handling overhead can be signi�cantly reduced by using a FIFO. Interrupt handling cost has two components: (1) the CPU-dependent cost of vectoring the interrupt and (2) the controller-dependent cost of servicing the interrupt. Previous research has studied interrupt vectoring costs on RISC processors [3, 55] and so we shall examine only the second component. The objective is to compare a simple FIFO interface such as that found in the ATM controller with a more elaborate descriptor interface such as that found in the Ethernet or the FDDI controllers.

Table 2.4 reproduces some of the measurements from Table 2.1 (recall that Table 2.1 shows round-trip times). It shows the cost of servicing the interrupt and transferring the data through a copy or a remapping operation, as appropriate. Since the intent here is to compare the interfaces and not the network, we have ignored the reassembly overhead on the ATM controller.

Table 2.4: Interrupt Handling Cost in Different Processor/Controller Con�gurations

Transferred Packet Size in bytes Ethernet (DEC) Ethernet (Sparc) FDDI (DEC) ATM (DEC) 60 1514 60 1514 60 1514 53 1537 Interrupt Time 13 13 21 21 46 70 5 10 Copy/Mapin Time 11 201 9 39 10 10 5 138 Total 24 214 30 60 56 80 10 148

As the table indicates, for transferring small amounts of data to the user, the overhead of the FIFO-based controller (10 microseconds) is less than half that of the best-case descriptorbased controller (24 microseconds for the DEC Ethernet). For larger packets, the balance is in favor of controllers that allow the kernel to perform page mapping operations, because the copying cost dominates the interrupt handling cost. The ability to map data into user spaces at low cost is one alternative to kernel-level marshaling with PIO, which retains the bene�ts of protection and reduced data movement without the need to synthesize code. A typical limitation with FIFO-based controllers, such as the ATM, is that there is no easy way to map the memory in a protected manner simultaneously into multiple user spaces.

In contrast, with descriptor-based packet memory, it is possible in principle to support address mapping irrespective of DMA support. However, typically on descriptor-based PIO controllers, the existence of a small amount of on-board buffer memory makes it dif�cult to provide address mapping support, because that memory is a scarce resource that must be managed sparingly. For instance, the DECstation’s Ethernet controller has only 128K bytes of buffer memory to be used for both send and receive buffers. Mapping pages of the buffer memory into user space would be costly, because the smallest units that can be individually mapped are 4 Kbyte pages. Reducing the number of available buffers this way could lead to delays due to dropped packets during periods of high load. On the other hand, conservatively managing the scarce buffer resource results in the kernel making an extra copy of the data from user space into the packet buffer.

With a trivial amount of controller hardware support, it is possible to solve the protection granularity problem, providing a larger number of individually protected buffers in controller memory. The basic idea is to populate only a fraction of each virtual page that refers to controller memory. As a concrete example, consider the following alternative design of the DEC Ethernet controller.

Figure 2.1: Address Mapping for Ethernet Buffers

Figure 2.1 shows the sketch of the design. Controller memory is organized as 2K byte buffers, each of which will hold an Ethernet packet; this would allow us to have 64 buffers in our 128K controller. To allow user processes to write directly to controller memory without sacri�cing protection, the controller ignores the high order bit of the page-offset and concatenates it with the physical page number (PFN) �eld of each physical address presented by the TLB. This has the effect of causing each 2K physical page of controller memory to be doubly mapped into both the top half and the bottom half of a 4K process virtual page.

2.5 Chapter Summary

Our experience with host/controller interfaces leads us to believe that while simple FIFObased controllers are ideally suited for small packets, larger packets would be better served with a more conventional descriptor-based packet buffer. Thus, it might be bene�cial to support both forms on the same controller. To our knowledge, the only controller which has multiple host interfaces on board is the VMP-NAB [38].

Our experiments also suggest that, in the absence of memory system support, DMA may incur the cost of additional copies and/or cache �ushing overheads. In such cases, it would be advantageous to use PIO with descriptor-based packet memory that the host CPU can either copy or map into user space. The decision to copy or map in will depend on whether the processor is required to touch every byte of the packet or not. For instance, if it is necessary to calculate a software checksum, then an integrated copy and checksum loop (as proposed in [17, 19]) would suggest that mapping is of limited bene�t. However, on next-generation networks under certain conditions, there is evidence to suggest that a software checksum may be of limited use [75]. In this case, the processor does not need to mediate the transfer, and I/O-initiated data moves would be of bene�t if the memory system provides adequate support for cache consistency. Fortunately, newer processor and memory architectures are providing these support mechanisms.

Finally, our experience with an existing ATM controller also suggests that it is appropriate to of�oad some amount of per-cell processing into the controller.

We expect the ideal controller for next-generation workstations and ATM-style localarea networks to have (1) hardware support for cell segmentation and reassembly, (2) a FIFO-based interface for single cell transfers and a coherent DMA-based interface for multicell transfers, (3) hardware support for checksums, and (4) a �exible interrupt structure that allows the host to be conditionally interrupted on cell arrival. At the present time, there are controllers that implement different subsets of these features. However, trends in highperformance controller design are promising and we expect controllers with low latencies to become widely available.

For the rest of the thesis, we assume the existence of fast controllers, high-speed networks, and fast processors. Given such high performance hardware, it is imperative that we design suitable network access models and distributed programming models (as described in Chapter 1) so that distributed services can bene�t from advanced hardware. In the next chapter, we argue that current network access models may be ill-suited for building distributed systems, and we propose a different model. Subsequent chapters describe the implementation and the utility of the new network access model in various situations.

Chapter 3

A NEW NETWORK ACCESS MODEL

3.1 Introduction

Faster processors, high-speed networks, and next generation controllers promise high performance communication hardware in workstation clusters. However, in order to exploit the hardware performance, it is important that the software layers provide good performance as well. This chapter considers the design of the network access model, which serves as a low-level communication layer on which higher-level distributed programming models, such as RPC, are implemented.

In the past, people have predominantly used a network access model that views the network as a sequential stream of bytes, accessed with sends and receives. However, in this chapter we will argue that it is more bene�cial to think of the network in terms of a memory abstraction. By this we mean that rather than using send and receive primitives to access remote data, programs read and write portions of memory located on a different machine.

The notion of remote memory access on a local-area network has been suggested before. Spector’s work on the experimental Ethernet is perhaps the earliest example [61]. He suggested that by implementing a set of operations that could be performed ef�ciently over the network, we could lower communication overheads. The network access model we propose here is in�uenced by his work, but has several signi�cant extensions to it. These are related to sharing, protection, independent time-slicing among nodes, and others. Spector’s work, done on the early Xerox Alto workstations [65], left unaddressed important issues regarding protection and virtual memory, which are common concerns in current and next-generation workstations but were not supported by the Alto.

Previous work has also investigated support for network-wide coherent shared virtual memory either in hardware [25] or in software [41]. The network access model we propose here is quite different from these efforts. Our goal is to provide ef�cient primitives to access the network so that distributed programming models, such as shared virtual memory, can be implemented ef�ciently on top of it.

At a high level, all models of network access have the same power. For example, from a functional standpoint, it is immaterial whether a process chooses to affect the state of a remote process by sending it messages or by directly changing the contents of its memory. However, a network access model is more than just an abstractional convenience. From a pragmatic viewpoint, certain choices may be easier to implement than others. Further, certain classes of applications and of system organizations can be made more ef�cient by an appropriate choice of network access model. For example, we show that we can exploit the model presented in this chapter in a variety of ways for increased performance. First, performance of distributed programming models (e.g., RPC) that form the basis for distributed system communications can be improved by using the model. Second, distributed systems can be organized in a different and more ef�cient way without resorting to the traditional RPC-based approach. Further, the model allows ef�cient medium-grained parallel applications to be written for a workstation cluster. Chapters 4�7 explore these ideas in greater detail.

3.2 The Problem with Existing Network Access Models

Distributed programming models, which are layered over network access models, typically have the following requirements: • L≀⊒ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ≀⊑⌉∇⟨⌉⊣⌈↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫⇔ ⟩\⌋↕⊓⌈⟩\} RPC⇔ ⟩\↖ ⊑≀↕⊑⌉ {∇⌉∐⊓⌉\⊔ ⌈⊣⊔⊣ ⌉§⌋⟨⊣\}⌉∫ ⊣⌋∇≀∫∫ ⇕⊣⌋⟨⟩\⌉∫↙ I{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌈≀⌉∫ \≀⊔ ∫⊓√√≀∇⊔ ⇕⌉⌋⟨⊣\⟩∫⇕∫ {≀∇ ⌉{⊘⌋⟩⌉\⊔ ⌈⊣⊔⊣ ⌉§⌋⟨⊣\}⌉∫⇔ ≀⊑⌉∇⊣↕↕ √⌉∇{≀∇⇕⊣\⌋⌉ ⌋≀⊓↕⌈ ⌈⌉}∇⊣⌈⌉↙ • L≀⊒ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ≀⊑⌉∇⟨⌉⊣⌈↙ T†√⟩⌋⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ∇⌉∐⊓⟩∇⌉ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇∫ ⊔≀ ≀⌋⌋⊓∇ ⊣⊔ ⊔⟨⌉ ∫⌉\⌈⟩\} ⊣\⌈ ∇⌉⌋⌉⟩⊑⟩\} ⇕⊣⌋⟨⟩\⌉∫↙ C≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⌋⊣\ ⌊⌉ ⊣ ⇕⊣|≀∇ ⌋≀⇕√≀\⌉\⊔ ≀{ ⊔⟨⌉ ≀⊑⌉∇⊣↕↕ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⌋≀∫⊔⇔ ⊣\⌈ ⟩⊔ ⟩∫ ⌊⌉\⌉⊘⌋⟩⊣↕ ⟩{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ √⌉∇⇕⟩⊔∫ ⊔⟨⟩∫ ⌋≀∫⊔ ⊔≀ ⌊⌉ ⇕⟩\⟩⇕⟩‡⌉⌈↙ • L≀⊒ √∇≀}∇⊣⇕⇕⟩\} ≀⊑⌉∇⟨⌉⊣⌈↙ I{ ⊔⟨⌉ ⊣⌊∫⊔∇⊣⌋⊔⟩≀\ √∇⌉∫⌉\⊔⌉⌈ ⌊† ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⟩∫ ⌉§⌋⌉∫∫⟩⊑⌉↕† ⌋≀⇕√↕⌉§ ⊔≀ ⊓∫⌉⇔ ⊔⟨⌉\ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫ ⌋≀⊓↕⌈ ∫⊓{{⌉∇↙ T†√⟩⌋⊣↕ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕∫⇔ ⌉↙}↙⇔ ∫⌉\⌈∝∇⌉⌋⌉⟩⊑⌉ ≀\ ⊣ \⌉⊔⊒≀∇‖ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕⇔ ⌈≀ \≀⊔ ⊣↕⊒⊣†∫ ∫⊓√√≀∇⊔ ⊔⟨⌉∫⌉ ∇⌉∐⊓⟩∇⌉⇕⌉\⊔∫ ⊑⌉∇† ⌉{⊘⌋⟩⌉\⊔↕†↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ ∫⌉\⌈∝∇⌉⌋⌉⟩⊑⌉ √∇⟩⇕⟩⊔⟩⊑⌉∫ ⊓∫⊓⊣↕↕† ⌈⌉√⌉\⌈ ≀\ ⇕⌉∫∫⊣}⌉∫ ⌉§⌋⟨⊣\}⌉⌈ ⌊⌉⊔⊒⌉⌉\ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⌉\⌈↖√≀⟩\⊔∫⇔ ⌉↙}↙⇔ ∫≀⌋‖⌉⊔∫

∈

≀∇ √≀∇⊔∫↙ P≀∇⊔∫ ⊣\⌈ ∫≀⌋‖⌉⊔∫ ⊣↕↕≀⊒ ⊣ ⌈⌉}∇⌉⌉ ≀{ ⊙⌉§⟩⌊⟩↕⟩⊔† ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉† ⌋⊣\ ⌊⌉ ⇕⟩}∇⊣⊔⌉⌈ ⊣⇕≀\} ⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉∫↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉† ⟨⊣⊑⌉ ⊔⟨⌉ ⌈⟩∫⊣⌈⊑⊣\⊔⊣}⌉ ⊔⟨⊣⊔ ⌈⊣⊔⊣ ⟩∫ \≀⊔ ∫⌉\⊔ ⌈⟩∇⌉⌋⊔↕† ⊔≀ ⊔⟨⌉ ⊘\⊣↕ ⌈⌉∫⊔⟩\⊣⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⌉⟩⊔⟨⌉∇ ∇⌉}⟩∫⊔⌉∇∫ ≀∇ ⊣ ⊑⟩∇⊔⊓⊣↕ ⊣⌈⌈∇⌉∫∫ ∇⌉}⟩≀\ ⟩\ ⊔⟨⌉ ∇⌉⌋⟩√⟩⌉\⊔≃∫ ⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉↙ I\∫⊔⌉⊣⌈⇔ ∫≀⌋‖⌉⊔∫ ⊣\⌈ √≀∇⊔∫ ⊣⌈⌈∇⌉∫∫ ⌈⊣⊔⊣ ⊔≀ ⟩\⊔⌉∇⇕⌉⌈⟩⊣⊔⌉ ⌊⊓{{⌉∇∫ ⇕⊣⟩\⊔⊣⟩\⌉⌈ ⌊† ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ∫†∫⊔⌉⇕ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⊔⟨⌉ ⌉\⌈ ⊣√√↕⟩⌋⊣⊔⟩≀\↙ S⟩\⌋⌉ ⊔⟨⌉ ⊓↕⊔⟩⇕⊣⊔⌉ ⌈⊣⊔⊣ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ⟩∫ \≀⊔ ∫√⌉⌋⟩⊘⌉⌈ ⟩\ ⊔⟨⌉ ⇕⌉∫∫⊣}⌉⇔ ∫≀⇕⌉ ⊣}⌉\⊔ ⟨⊣∫ ⊔≀ ⇕≀⊑⌉ ⊔⟨⌉ ⌈⊣⊔⊣ ⊔≀ ⊔⟨⌉ ⌉⊑⌉\⊔⊓⊣↕ ⌈⌉∫⊔⟩\⊣⊔⟩≀\↙ T⟨⟩∫ ⊓∫⊓⊣↕↕† ⟩\⌋⊓∇∫ √∇≀⌋⌉∫∫⟩\} ≀⊑⌉∇⟨⌉⊣⌈ ⟩\ ⊔⟨⌉ {≀∇⇕ ≀{ ⌈⊣⊔⊣ ⌋≀√†⟩\} ⇐≀∇ √⊣}⌉ ⇕⊣√√⟩\}⇒ ⊣\⌈ ⟩\√⊓⊔ √⊣⌋‖⌉⊔ ⌈⌉⇕⊓↕⊔⟩√↕⌉§⟩\}↙ A∫ ⊣ ∫√⌉⌋⟩⊘⌋ ⌉§⊣⇕√↕⌉⇔ U\⟩§↖↕⟩‖⌉ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕∫ √∇≀⊑⟩⌈⌉ ⊔⟨⌉ \≀⊔⟩≀\ ≀{ ⊣ ∫≀⌋‖⌉⊔ ≀\ ⊒⟨⟩⌋⟨ ⊔⟨⌉ ⌈⊣⊔⊣ ⟩∫ ∫⌉\⊔ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉⌈ ∫⌉∐⊓⌉\⊔⟩⊣↕↕†↙ T≀ ∇⌉⌋⌉⟩⊑⌉ ⌈⊣⊔⊣⇔ ⊔⟨⌉ ⌋⊣↕↕⌉∇ √∇≀⊑⟩⌈⌉∫ ⊣ ⌊⊓{{⌉∇ ⟩\ ⊒⟨⟩⌋⟨ ⟩⊔ ⌉§√⌉⌋⊔∫ ⊔⟨⌉ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⌉ ∫⌉\⌈⌉∇↙ H≀⊒⌉⊑⌉∇⇔ ∫⟩\⌋⌉ ⊔⟨⌉ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⌉ ∫⌉\⌈⌉∇ ⟩∫ ⊣⌈⌈∇⌉∫∫⌉⌈ ⊔≀ ⊔⟨⌉ ∫≀⌋‖⌉⊔ ⊣\⌈ \≀⊔ ⊔≀ ⊔⟨⌉ ⌊⊓{{⌉∇⇔ ⊔⟨⌉ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕ ∫⊔≀∇⌉∫ ⟩\⌋≀⇕⟩\} ⌈⊣⊔⊣ ⟩\ ⟩\⊔⌉∇⇕⌉⌈⟩⊣⊔⌉ ∫†∫⊔⌉⇕ ⌊⊓{{⌉∇∫ ⊣∫∫≀⌋⟩⊣⊔⌉⌈ ⊒⟩⊔⟨ ⊔⟨⌉ ∫≀⌋‖⌉⊔ ⊓\⊔⟩↕ ⊔⟨⌉ ∇⌉⌋⌉⟩⊑⌉∇ ⟩⌈⌉\⊔⟩⊘⌉∫ ⟩⊔∫ ⌊⊓{{⌉∇ ⊔⟨∇≀⊓}⟨ ⊣ ∇⌉⌋⌉⟩⊑⌉ ⌋⊣↕↕↙ T⟨⟩∫ ⟨⊣∫ ⊔⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⊣⌈⌈⟩\} ⌊⊓{{⌉∇⟩\} ⊣\⌈ ⌋≀√†⟩\} ≀⊑⌉∇⟨⌉⊣⌈⇔ ⊒⟨⟩⌋⟨ ⌋⊣\ ⊣{{⌉⌋⊔ √⌉∇{≀∇⇕⊣\⌋⌉↙ S⟩⇕⟩↕⊣∇↕†⇔ ⊔≀ ∫⌉\⌈ ⌈⊣⊔⊣⇔ ⊔⟨⌉ ⊓∫⌉∇ ∫⊓√√↕⟩⌉∫ ⊣ ⌈⊣⊔⊣ ⌊⊓{{⌉∇↙ H≀⊒⌉⊑⌉∇ ⊔⟨⌉ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⟩∫ ⌊⊓{{⌉∇ ⟩∫ \≀⊔ ⌈⟩∇⌉⌋⊔↕† ∫⌉\⊔ ≀\ ⊔⟨⌉ \⌉⊔⊒≀∇‖∅ ⟩\∫⊔⌉⊣⌈⇔ ⌈⊣⊔⊣ ⟩∫ ⌋≀√⟩⌉⌈ ⟩\⊔≀ ⊣\ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕ ⌊⊓{{⌉∇ {≀∇ ⌉⊑⌉\⊔⊓⊣↕ ⊔∇⊣\∫⇕⟩∫∫⟩≀\↙ I⊔ ⟩∫ √≀∫∫⟩⌊↕⌉ ⊔≀ ⇕≀⌈⟩{† ⊔⟨⌉ ∫⌉\⌈∝∇⌉⌋⌉⟩⊑⌉ ⟩\⊔⌉∇{⊣⌋⌉ ⊔≀ ⌉↕⟩⇕⟩\⊣⊔⌉ ∫≀⇕⌉ ≀{ ⊔⟨⌉ √∇≀⌊↕⌉⇕∫ ⊒⟩⊔⟨ ⌈⊣⊔⊣ ⌋≀√†⟩\}⇔ ⌊⊓⊔ ⊣⊔ ⊔⟨⌉ ⌋≀∫⊔ ≀{ √∇≀}∇⊣⇕⇕⟩\} ⌋≀⇕√↕⌉§⟩⊔†↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ ⊣ ∫⌉\⌈ {∇≀⇕ ⊣ ⊓∫⌉∇ ⌋≀⊓↕⌈ ∫⟩}\⟩{† ⊔⟨⊣⊔ ⊔⟨⌉ ⌈⊣⊔⊣ ⌊⊓{{⌉∇ ⟩∫ {∇⌉⌉⌈ {∇≀⇕ ⊔⟨⌉ ⊓∫⌉∇≃∫ ⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉⇔ ⊣↕↕≀⊒⟩\} ⊔⟨⌉ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕ ⊔≀ ⊓∫⌉ ⊔⟨⌉ ⊓∫⌉∇ ⌊⊓{{⌉∇ ⌈⟩∇⌉⌋⊔↕† {≀∇ \⌉⊔⊒≀∇‖ ⊔∇⊣\∫⇕⟩∫∫⟩≀\↙ H≀⊒⌉⊑⌉∇⇔ ⌊⊓{{⌉∇∫ ⊖↕≀∫⊔⪰ ⌊† ⊔⟨⌉ ⊓∫⌉∇ ∫√⊣⌋⌉ ⊒⟩↕↕ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ∇⌉√↕⌉\⟩∫⟨⌉⌈ ⌊† ⊔⟨⌉ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕⇔ ⊒⟨⟩⌋⟨ ∇⌉∐⊓⟩∇⌉∫ ⊣\≀⊔⟨⌉∇ ∫⌉⊔ ≀{ ⟩\⊔⌉∇{⊣⌋⌉∫ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⊓∫⌉∇ ⊣\⌈ ⊔⟨⌉ ∫†∫⊔⌉⇕↙ S⟩⇕⟩↕⊣∇↕†⇔ ≀\ ∇⌉⌋⌉⟩⊑⌉∫⇔ ⊔⟨⌉ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕⇔ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⊔⟨⌉ ⊓∫⌉∇⇔ ⌋⊣\ ⌋⟨≀≀∫⌉ ⊒⟨⌉∇⌉ ⟩\⌋≀⇕⟩\} ⌈⊣⊔⊣ ⟩∫ √↕⊣⌋⌉⌈ ⟩\ ⊓∫⌉∇ ∫√⊣⌋⌉↙ T⟨⟩∫ ⟩∫ ⊣ ⌋≀⇕√∇≀⇕⟩∫⌉ ∫≀↕⊓⊔⟩≀\ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ↕≀⌋⊣⊔⟩≀\ ⇕⊣† \≀⊔ ⌊⌉ ⊔⟨⌉ ⇕≀∫⊔ ∫⊓⟩⊔⊣⌊↕⌉ {≀∇ ⊔⟨⌉ ⊓∫⌉∇⇔ ⟩↙⌉↙⇔ ⊔⟨⌉ ⊓∫⌉∇ ⇕⟩}⟨⊔ ∫⊔⟩↕↕ ⟩\⌋⊓∇ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⇕≀⊑⟩\} ⌈⊣⊔⊣ ⊔≀ ⊣ ⇕≀∇⌉ ⌋≀\⊑⌉\⟩⌉\⊔ ↕≀⌋⊣⊔⟩≀\↙ A\≀⊔⟨⌉∇ ⊔†√⟩⌋⊣↕ {⌉⊣⊔⊓∇⌉ ≀{ ∫⌉\⌈∝∇⌉⌋⌉⟩⊑⌉ ⟩\⊔⌉∇{⊣⌋⌉∫ ⟩∫ ⊔⟨⊣⊔ ⌊≀⊔⟨ ∫⌉\⌈⌉∇ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉∇ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ⊣⌋⊔⟩⊑⌉ √⊣∇⊔⟩⌋⟩√⊣\⊔∫↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊣ ∇⌉⌋⌉⟩⊑⌉ ⇕⊓∫⊔ ⌊⌉ ⊖√≀∫⊔⌉⌈⪰ ⇐⌉⟩⊔⟨⌉∇ ∫†\⌋⟨∇≀\≀⊓∫↕† ≀∇ ⊣∫†\⌋⟨∇≀\≀⊓∫↕†⇒ ⊣\⌈ ⊣ ∫⌉\⌈ ⇕⊓∫⊔ ⌋≀⇕√↕⌉⊔⌉ ⟩{ ⊔⟨⌉ ⌈⊣⊔⊣ ⟩∫ ⊔≀ ⌊⌉ ⌉§⊣⇕⟩\⌉⌈ ⌊† ⊔⟨⌉ ∇⌉⌋⟩√⟩⌉\⊔↙ F⊓∇⊔⟨⌉∇⇔ ⊔⟨⌉∇⌉ ⟩∫ ⊣\ ⊣∫†⇕⇕⌉⊔∇⟩⌋ ∇⌉↕⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⊔⊒≀ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩\} √⊣∇⊔⟩⌉∫↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊔⟨⌉ ∇⌉⌋⌉⟩⊑⌉∇ ⟩∫ \≀⊔ ⊣↕↕≀⊒⌉⌈ ⊔≀ ⟩\⟩⊔⟩⊣⊔⌉ ⊣ ∇⌉∐⊓⌉∫⊔∅ ⊔⟨⊣⊔ ⇕⊓∫⊔ ⌋≀⇕⌉ {∇≀⇕ ⊔⟨⌉ ∫⌉\⌈⌉∇↙ M⊣\† {⌉⊣⊔⊓∇⌉∫ ≀{ ⊔⟨⌉ ∫⌉\⌈∝∇⌉⌋⌉⟩⊑⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⟩\⊑≀↕⊑⌉ ∫≀⇕⌉ {≀∇⇕ ≀{ ⟨⊣\⌈∫⟨⊣‖⌉

∈

≀∇ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ∫⌉\⌈⌉∇ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉∇⇔ ⊣\⌈ ‖⌉⌉√ ⊔⟨⌉ ∫⌉\⌈⌉∇ ⊣\⌈ ∇⌉⌋⌉⟩⊑⌉∇ ⊣⊔ ⊣∇⇕≃∫ ↕⌉\}⊔⟨⇔ ⌉⊑⌉\ ⟩{ ⊔⟨⌉† ⊔∇⊓∫⊔ ⌉⊣⌋⟨ ≀⊔⟨⌉∇↙ ∋↙∋ A M⌉⇕≀∇†↖B⊣∫⌉⌈ N⌉⊔⊒≀∇‖ A⌋⌋⌉∫∫ M≀⌈⌉↕ A \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌋⊣\ ⌊⌉ ↕≀}⟩⌋⊣↕↕† ⊔⟨≀⊓}⟨⊔ ≀{ ⊣⊔ ⊔⊒≀ ↕⌉⊑⌉↕∫↙ A⊔ ≀\⌉ ↕⌉⊑⌉↕⇔ ⟩⊔ ⌋⊣\ ⌊⌉ ⊔⟨≀⊓}⟨⊔ ≀{ ⊣∫ ⊔⟨⌉ ∫≀{⊔⊒⊣∇⌉ ⟩\⊔⌉∇{⊣⌋⌉ √∇≀⊑⟩⌈⌉⌈ ⊔≀ ⊔⟨⌉ ⊓∫⌉∇ ⌊† ⊔⟨⌉ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕⇔ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊓∫⟩\} ⊔⟨⌉ {⊣⌋⟩↕⟩⊔⟩⌉∫ √∇≀⊑⟩⌈⌉⌈ ⌊† ⊔⟨⌉ ⟨≀∫⊔ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⊣\⌈ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇↙ A⊔ ⊣\≀⊔⟨⌉∇ ↕⌉⊑⌉↕⇔ ⟩⊔ ⌋⊣\ ⌊⌉ ⊑⟩⌉⊒⌉⌈ ⊣∫ ⊔⟨⌉ ⟩\⊔⌉∇{⊣⌋⌉ √∇≀⊑⟩⌈⌉⌈ ⌊† ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⟨⊣∇⌈⊒⊣∇⌉ ⟩⊔∫⌉↕{↙ I\ √∇⊣⌋⊔⟩⌋⌉⇔ ≀\⌉ ⊒≀⊓↕⌈ ⌉§√⌉⌋⊔ ⊣ ⟨†⌊∇⟩⌈ ∫⌋⟨⌉⇕⌉ ⊒⟨⌉∇⌉ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⟩∫ √∇≀⊑⟩⌈⌉⌈ ⌊† ⊣ ⌋≀⇕⌊⟩\⊣⊔⟩≀\ ≀{ ⌋≀\⊔∇≀↕↕⌉∇ ⟨⊣∇⌈⊒⊣∇⌉ ⊣\⌈ ∫†∫⊔⌉⇕ ∫≀{⊔⊒⊣∇⌉↙ A \⊣⊔⊓∇⊣↕ ⊒⊣† ⊔≀ ⌈⟩⊑⟩⌈⌉ ⊔⟨⌉ ↕⊣⌊≀∇ ⟩∫ ⊔≀ √⊓⊔ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⌋∇⟩⊔⟩⌋⊣↕ {⊓\⌋⊔⟩≀\∫ ⟩\ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇⇔ ⊣\⌈ ⊔⟨⌉ ∇⌉∫⊔ ⟩\ ∫†∫⊔⌉⇕ ∫≀{⊔⊒⊣∇⌉↙ W⌉ ⌈⌉∫⌋∇⟩⌊⌉ ⌊⌉↕≀⊒ ⊣\ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕⇔ ≀\⌉ ⊔⟨⊣⊔ ⟩∫ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈↙ U\↖ ↕⟩‖⌉ ⊣ ∫⌉\⌈∝∇⌉⌋⌉⟩⊑⌉ ⇕≀⌈⌉↕⇔ ⊣ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌈⟩∇⌉⌋⊔↕† ∫⊓√√≀∇⊔∫ ∇⌉⊣⌈⟩\} ⊣\⌈ ⊒∇⟩⊔⟩\} ⌈⊣⊔⊣ ⊔≀ ⊔⟨⌉ ⊘\⊣↕ ↕≀⌋⊣⊔⟩≀\⇔ ⊔⟨⌉∇⌉⌊† ⇕⟩\⟩⇕⟩‡⟩\} ⌈⊣⊔⊣ ⌋≀√†⟩\} ⊣\⌈ ⌈⌉⇕⊓↕⊔⟩√↕⌉§⟩\} ⌋≀∫⊔∫↙ I⊔ √∇≀⊑⟩⌈⌉∫ √∇≀⊔⌉⌋⊔⌉⌈ ⊣\⌈ ⌉{⊘⌋⟩⌉\⊔ ⊓∫⌉∇ ⊣⌋⌋⌉∫∫ ⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊒⟩⊔⟨ ∫⊓√√≀∇⊔ {≀∇ ⊑⟩∇⊔⊓⊣↕ ⇕⌉⇕≀∇† ⊣\⌈ ⇕⊓↕⊔⟩√∇≀}∇⊣⇕⇕⟩\}↙ I⊔ ⟩\⌋≀∇√≀∇⊣⊔⌉∫ ⊣ ⊙⌉§⟩⌊↕⌉ ∫⌋⟨⌉⇕⌉ ⊔≀ ⇕⟩\⟩⇕⟩‡⌉ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇⇔ ∫⟨≀⊒∫ }≀≀⌈ √⌉∇{≀∇⇕⊣\⌋⌉⇔ ⊣\⌈ ⟩∫ ⊣ ∫⊓⟩⊔⊣⌊↕⌉ ⟩\⊔⌉∇{⊣⌋⌉ ≀\ ⊒⟨⟩⌋⟨ ⊔≀ ⌉{⊘⌋⟩⌉\⊔↕† ⟩⇕√↕⌉⇕⌉\⊔ ⊣ ⊑⊣∇⟩⌉⊔† ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕⇕⟩\} ⇕≀⌈⌉↕∫↙ A⊔ ⊣\ ⊣⌊∫⊔∇⊣⌋⊔ ↕⌉⊑⌉↕⇔ ⊔⟨⟩∫ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌋≀\∫⟩∫⊔∫ ≀{ ⊣ ∫⌉⊔ ≀{ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ∫⌉}⇕⌉\⊔∫ ⊣\⌈ ≀√⌉∇⊣⊔⟩≀\∫ ⌈⌉⊘\⌉⌈ ≀\ ⊔⟨⌉⇕↙ S⌉}⇕⌉\⊔∫ ⊣∇⌉ ⌋≀\⊔⟩}⊓≀⊓∫ √⟩⌉⌋⌉∫ ≀{ ⊓∫⌉∇ ⊑⟩∇↖ ⊔⊓⊣↕ ⇕⌉⇕≀∇†∅ ⊔⟨⌉† ⊣∇⌉ ⌈⌉⊘\⌉⌈ ⌊† ⊓∫⌉∇ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⊣\⌈ ⌋≀\⊔∇≀↕↕⌉⌈ ⊔⟨∇≀⊓}⟨ ⌈⌉∫⌋∇⟩√⊔≀∇∫ ⇕⊣⟩\⊔⊣⟩\⌉⌈ ⌊† ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⊣\⌈ √∇⟩⊑⟩↕⌉}⌉⌈ ∫≀{⊔⊒⊣∇⌉↙ A√√↕⟩⌋⊣⊔⟩≀\∫ ⌉§⌋⟨⊣\}⌉ ∫⌉}⇕⌉\⊔ ⟩\↖ {≀∇⇕⊣⊔⟩≀\ ⊔⟨∇≀⊓}⟨ ⊣ ⟨⟩}⟨⌉∇ ↕⌉⊑⌉↕ √∇≀⊔≀⌋≀↕↙ O\⌋⌉ ⌉§⌋⟨⊣\}⌉⌈⇔ ⌈⌉∫⌋∇⟩√⊔≀∇∫ ⌋⊣\ ⌊⌉ \⊣⇕⌉⌈ ⌊† ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩\} √⊣∇⊔⟩⌉∫⇔ √⌉∇⇕⟩⊔⊔⟩\} ⌈⟩∇⌉⌋⊔ ∇⌉⊣⌈∫ ⊣\⌈ ⊒∇⟩⊔⌉∫ ≀{ ⌈⊣⊔⊣ ⊣⊔ ∫√⌉⌋⟩⊘⌉⌈ ≀{{∫⌉⊔∫ ⊒⟩⊔⟨⟩\ ⊔⟨⌉ ∇⌉⇕≀⊔⌉ ∫⌉}⇕⌉\⊔∫↙ R⌉⊣⌈ ⊣\⌈ ⊒∇⟩⊔⌉ ≀√⌉∇⊣⊔⟩≀\∫ ⊣∇⌉ ∫⊓√√≀∇⊔⌉⌈ ⊔⟨∇≀⊓}⟨ ∫√⌉⌋⟩⊣↕ ⇕⌉⊔⊣↖⟩\∫⊔∇⊓⌋⊔⟩≀\∫⇔ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ ⌈⌉⊔⊣⟩↕ ⌊⌉↕≀⊒↙ S⌉}⇕⌉\⊔∫ ⊣∇⌉ √∇≀⊔⌉⌋⊔⌉⌈ {∇≀⇕ ⊓\⊣⊓⊔⟨≀∇⟩‡⌉⌈ ⊣⌋⌋⌉∫∫⇔ ⌊⌉⌋⊣⊓∫⌉ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⌋⊣\ ∫⌉↕⌉⌋⊔⟩⊑⌉↕† }∇⊣\⊔ ≀∇ ∇⌉⊑≀‖⌉ ⊣⌋⌋⌉∫∫ ∇⟩}⟨⊔∫ ⊔≀ ⊔⟨⌉⟩∇ ⌉§√≀∇⊔⌉⌈ ∫⌉}⇕⌉\⊔∫↙ I⊔ ⟩∫ ⇕≀∫⊔ ⌋≀\⊑⌉\⟩⌉\⊔ ⊔≀ ⊔⟨⟩\‖ ≀{ ⊔⟨⌉ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⊣∫ ⊔⟨⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\ ∫⌉⊔ ≀{ ⊣ ⌋≀⇕⇕⊓\⟩↖ ⌋⊣⊔⟩≀\∫ ⌋≀↖√∇≀⌋⌉∫∫≀∇↙ T⟨⌉ ⇕≀⌈⌉↕ ∫⊓√√≀∇⊔∫ {≀⊓∇ \≀\↖√∇⟩⊑⟩↕⌉}⌉⌈ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫¬ WRITE ⊣\⌈ ⟩⊔∫ ⊑⊣∇⟩⊣\⊔ WRITEV⇔ READ⇔ ⊣\⌈ CAS ⇐⌋≀⇕√⊣∇⌉↖⊣\⌈↖∫⊒⊣√⇒↙ T⟨⌉ ∫⊔⊣\⌈⊣∇⌈ ⊒∇⟩⊔⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⟨⊣∫ ⊔⟨⌉ {≀∇⇕¬ WRITE ∇⌈⇔ ≀{{⇔ ⌋≀⊓\⊔⇔ \≀⊔⟩{†↙ R⌈ ∫√⌉⌋⟩⊘⌉∫

∈∀

⊣ ⌈⌉∫⌋∇⟩√⊔≀∇ ∇⌉}⟩∫⊔⌉∇ ⟩\ ⊔⟨⌉ ⌋≀↖√∇≀⌋⌉∫∫≀∇ ⊔⟨⊣⊔ ⟩⌈⌉\⊔⟩⊘⌉∫ ⊣ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ∫⌉}⇕⌉\⊔↙ T⟨⌉ ⌈⌉∫⌋∇⟩√⊔≀∇ ⟩\⌋↕⊓⌈⌉∫ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ∫⌉}⇕⌉\⊔ ∫⟩‡⌉⇔ ∇⌉⇕≀⊔⌉ \≀⌈⌉ ⊣⌈⌈∇⌉∫∫⇔ ⊣\⌈ √∇≀⊔⌉⌋⊔⟩≀\ ⟩\{≀∇⇕⊣⊔⟩≀\↙ O{{ ⌈⌉\≀⊔⌉∫ ⊔⟨⌉ ∫⊔⊣∇⊔⟩\} ⌊†⊔⌉ ≀{{∫⌉⊔ ⟩\ ⊔⟨⌉ ∫⌉}⇕⌉\⊔ {≀∇ ⊔⟨⌉ ⊒∇⟩⊔⌉↙ C≀⊓\⊔ ∫√⌉⌋⟩⊘⌉∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ⌊†⊔⌉∫ ⊔≀ ⌊⌉ ⊒∇⟩⊔⊔⌉\↙ T⟨⌉ ⌈⊣⊔⊣ {≀∇ ⊔⟨⌉ ⊒∇⟩⊔⌉ ⟩∫ ⊔⊣‖⌉\ {∇≀⇕ ⊣ ∫⌉⊔ ≀{ ⇕⌉∫∫⊣}⌉ ∇⌉}⟩∫⊔⌉∇∫ ∫⟨⊣∇⌉⌈ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ∫⌉\⌈⟩\} √∇≀⌋⌉∫∫≀∇ ⊣\⌈ ⌋≀↖√∇≀⌋⌉∫∫≀∇↙ N≀⊔⟩{† ⟩\⌈⟩⌋⊣⊔⌉∫ ⊒⟨⌉⊔⟨⌉∇ ⊔⟨⌉ ∇⌉⇕≀⊔⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ⟩∫ ⊔≀ ⌊⌉ \≀⊔⟩⊘⌉⌈ ⊒⟨⌉\ ⊔⟨⌉ ⌈⊣⊔⊣ ∇⌉⊣⌋⟨⌉∫ ⊔⟨⌉∇⌉↙ O\ ⊣ ⊒∇⟩⊔⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\⇔ ⊔⟨⌉ ⌋≀↖√∇≀⌋⌉∫∫≀∇ ⊑⌉∇⟩⊘⌉∫ ⊔⟨⌉ ∇⟩}⟨⊔∫ ≀{ ⊔⟨⌉ ∫⌉\⌈⌉∇↙ I{ ⊔⟨⌉ ⌋⟨⌉⌋‖ ⟩∫ ∫⊓⌋⌋⌉∫∫{⊓↕⇔ ⟩⊔ {≀∇⇕⊣⊔∫ ⊔⟨⌉ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⌉ ∇⌉}⟩∫⊔⌉∇∫ ⊣\⌈ ∫⌉\⌈∫ ⟩⊔ ⊔≀ ⊔⟨⌉ ∇⌉⇕≀⊔⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ⊔≀}⌉⊔⟨⌉∇ ⊒⟩⊔⟨ ⊣ ⌈⌉∫⌋∇⟩√⊔≀∇ ⟩⌈⌉\⊔⟩⊘⌉∇⇔ ≀{{∫⌉⊔⇔ ⊣\⌈ ⌋≀⊓\⊔↙ I{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⌋⊣\\≀⊔ ⌊⌉ ⟩⇕⇕⌉⌈⟩⊣⊔⌉↕† ⊣⌋⌋⌉∫∫⌉⌈⇔ ⊔⟨⌉ ⌋≀↖√∇≀⌋⌉∫∫≀∇ ⌊⊓{{⌉∇∫ ⊔⟨⌉ ⌈⊣⊔⊣ ⟩\ ⊣\ ⟩\⊔⌉∇\⊣↕ FIFO⇔ ⌈⌉↕⟩⊑⌉∇⟩\} ⊣\ ⌉§⌋⌉√⊔⟩≀\ ∫⟨≀⊓↕⌈ ⊔⟨⌉ FIFO ≀⊑⌉∇⊙≀⊒↙ W⟨⌉\ ⊣ ⊒∇⟩⊔⌉ ∫⊓⌋⌋⌉∫∫{⊓↕↕† ⌋≀⇕√↕⌉⊔⌉∫ ↕≀⌋⊣↕↕†⇔ ⊔⟨⌉ ⇕≀⌈⌉↕ ≀\↕† }⊓⊣∇⊣\⊔⌉⌉∫ ⊔⟨⊣⊔ ⊔⟨⌉ ⌈⊣⊔⊣ ⟨⊣∫ ⌊⌉⌉\ ⊣⌋⌋⌉√⊔⌉⌈ ⌊† ⊔⟨⌉ \⌉⊔⊒≀∇‖⇔ \≀⊔ ⊔⟨⊣⊔ ⟩⊔ ⟨⊣∫ ⌊⌉⌉\ ⌈⌉↕⟩⊑⌉∇⌉⌈ ∫⊓⌋⌋⌉∫∫{⊓↕↕† ⊔≀ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\↙ T⟨⌉ ∇⌉⊣⌈ ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⟨⊣∫ ⊔⟨⌉ {≀∇⇕¬ READ ∇∫⇔ ∫≀{{⇔ ⌋≀⊓\⊔⇔ ∇⌈⇔ ⌈≀{{⇔ \≀⊔⟩{†↙ R∫ ⊣\⌈ ∫≀{{ ∫√⌉⌋⟩{† ⊔⟨⌉ ∇⌉⇕≀⊔⌉ ∫≀⊓∇⌋⌉ ∫⌉}⇕⌉\⊔ ⊣\⌈ ≀{{∫⌉⊔ ⊒⟨⌉∇⌉ ⊔⟨⌉ ⌈⊣⊔⊣ ⊔≀ ⌊⌉ ∇⌉⊣⌈ ⌋⊣\ ⌊⌉ {≀⊓\⌈↙ R⌈ ⊣\⌈ ⌈≀{{ ⌈⌉⊘\⌉ ⊣ ↕≀⌋⊣↕ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ∫⌉}⇕⌉\⊔ ⊣\⌈ ≀{{∫⌉⊔ ⊒⟨⌉∇⌉ ⊔⟨⌉ ⌈⊣⊔⊣ ⟩∫ ⌈⌉√≀∫⟩⊔⌉⌈↙ T⟨⌉ READ ∇⌉∐⊓⌉∫⊔ ⟩∫ \≀\↖⌊↕≀⌋‖⟩\}⇔ ⟩↙⌉↙⇔ ⊔⟨⌉ ⟩∫∫⊓⟩\} √∇≀⌋⌉∫∫ ⟩∫ ⊣↕↕≀⊒⌉⌈ ⊔≀ √∇≀⌋⌉⌉⌈↙ W⟨⌉\ ⊔⟨⌉ ⌈⊣⊔⊣ ⟩∫ ∇⌉⊔⊓∇\⌉⌈ {∇≀⇕ ⊔⟨⌉ ∇⌉⇕≀⊔⌉ √∇≀⌋⌉∫∫≀∇⇔ ⟩⊔ ⟩∫ ⌈⌉√≀∫⟩⊔⌉⌈ ⟩\ ⊔⟨⌉ ∇⌉⊣⌈⌉∇≃∫ ⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉↙ N≀ ⇕⌉∫∫⊣}⌉ ∇⌉}⟩∫⊔⌉∇∫ \⌉⌉⌈ ⊔≀ ⌊⌉ ∫√⌉⌋⟩⊘⌉⌈ {≀∇ ⊣ READ⇔ ⊒⟨⟩⌋⟨ ∫⟩⇕√↕⟩⊘⌉∫ ⟩⊔∫ ≀√⌉∇⊣⊔⟩≀\↙ N≀⊔⟩{† ⟩\⌈⟩⌋⊣⊔⌉∫ ⊒⟨⌉⊔⟨⌉∇ ⊔⟨⌉ ∇⌉⊣⌈⌉∇ ∫⟨≀⊓↕⌈ ⌊⌉ \≀⊔⟩⊘⌉⌈ ⊒⟨⌉\ ⊔⟨⌉ ∇⌉⊣⌈ ∇⌉⊔⊓∇\∫ ⊔⟨⌉ ⌈⊣⊔⊣↙ I\ ⊔⟨⌉ ⊣⌊∫⌉\⌋⌉ ≀{ \≀⊔⟩⊘⌋⊣⊔⟩≀\⇔ ⊔⟨⌉ ∇⌉⊣⌈⌉∇ ⟨⊣∫ \≀ ⊒⊣† ≀{ ‖\≀⊒⟩\} ⊔⟨⌉ ∇⌉⊣⌈ ∇⌉⊔⊓∇\⌉⌈ ⌈⊣⊔⊣ ⌉§⌋⌉√⊔ ⌊† ∇⌉√⌉⊣⊔⌉⌈↕† ⌋⟨⌉⌋‖⟩\} ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ⇕⌉⇕≀∇† ↕≀⌋⊣⊔⟩≀\↙ T⟨⌉ WRITEV ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⟩∫ ⊣ ∫√⌉⌋⟩⊣↕⟩‡⌉⌈ ⊑⊣∇⟩⊣\⊔ ≀{ ⊔⟨⌉ ∫⊔⊣\⌈⊣∇⌈ ⊒∇⟩⊔⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⊔⟨⊣⊔ ⊣↕↕≀⊒∫ ⌈⊣⊔⊣ ⊔≀ ⌊⌉ ∫⌋⊣⊔⊔⌉∇⌉⌈ ⊔≀ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇†↙ I⊔ ⟨⊣∫ ⊔⟨⌉ {≀∇⇕¬ WRITEV ∇⌈⇔ ≀{{⇔ ⌋⟨⊓\‖∫‡⇔ §⌋⟨⊓\‖∫⇔ §∫⊔∇⟩⌈⌉⇔ †⌋⟨⊓\‖∫⇔ †∫⊔∇⟩⌈⌉⇔ \≀⊔⟩{†↙ T⟨⌉ ∇⌈⇔ ≀{{⇔ ⊣\⌈ \≀⊔⟩{† ⊣∇}⊓⇕⌉\⊔∫ ⊣∇⌉ ⌉§⊣⌋⊔↕† ⊣∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ {≀∇ ⊔⟨⌉ WRITE ⟩\∫⊔∇⊓⌋⊔⟩≀\∫↙ T⟨⌉ ⊣∇}⊓⇕⌉\⊔∫ ⌋⟨⊓\‖∫‡⇔ §⌋⟨⊓\‖∫⇔ §∫⊔∇⟩⌈⌉⇔ †⌋⟨⊓\‖∫⇔ ⊣\⌈ †∫⊔∇⟩⌈⌉ ∫√⌉⌋⟩{† ⟨≀⊒ ⊔⟨⌉ ⌈⊣⊔⊣ ⟩∫ ⊔≀ ⌊⌉ ∫⌋⊣⊔⊔⌉∇⌉⌈ ⊣⊔ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\↙ T⟨⌉ ⊔≀⊔⊣↕ ⊣⇕≀⊓\⊔ ≀{ ⌈⊣⊔⊣ ∫⌋⊣⊔⊔⌉∇⌉⌈ ⊒⟩⊔⟨ ⊣ ∫⟩\}↕⌉ ⌋⊣↕↕ ⟩∫ ⌋⟨⊓\‖∫‡×§⌋⟨⊓\‖∫×†⌋⟨⊓\‖∫ ⌊†⊔⌉∫↙ A∫ ⟩\ ⊔⟨⌉ ⌋⊣∫⌉ ≀{ ⊔⟨⌉ WRITE ⟩\∫⊔∇⊓⌋⊔⟩≀\⇔ ⊔⟨⌉ ⌈⊣⊔⊣ ⟩∫ ⊔⊣‖⌉\ {∇≀⇕ ⊣ ∫⌉⊔ ≀{ ∇⌉}⟩∫⊔⌉∇∫↙ O\ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ \≀⌈⌉⇔ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ∫⊔⊣∇⊔⟩\} ⊣⊔ ≀{{∫⌉⊔ ≀{{ ⟩∫ ⊔∇⌉⊣⊔⌉⌈ ⊣∫ ⊔⟨≀⊓}⟨ ⟩⊔ ⟩∫ ≀∇}⊣\⟩‡⌉⌈ ⊣∫ ⊣ ∇⌉⌋⊔⊣\}⊓↕⊣∇ ⊣∇∇⊣† ≀{ ⌉↕⌉⇕⌉\⊔∫ ⌉⊣⌋⟨ ≀{ ∫⟩‡⌉ ⌋⟨⊓\‖∫‡ ⊣∇∇⊣\}⌉⌈ ⊣∫ ∫⟨≀⊒\ ⌊⌉↕≀⊒↙ T⟨⌉ WRITEV ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⟩∫ ⊣ ∫√⌉⌋⟩⊣↕ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\ ⌉§√⌉⌋⊔⌉⌈ ⊔≀ ⌊⌉ ⊓∫⌉⌈ ⌊† ∫⌋⟩⌉\⊔⟩⊘⌋ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⊔⟨⊣⊔ ⇕⊣\⟩√⊓↕⊣⊔⌉ ∈↖ ⊣\⌈ ∋↖⌈ ⊣∇∇⊣†∫↙ S⌋⟩⌉\⊔⟩⊘⌋ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⊔⟨⊣⊔ ≀√⌉∇⊣⊔⌉ ≀\ ∋↖⌈

∈∃

u u u u u u u u u u u u

          off@R xstride xstride xstride

           œ œ œ

               - - -

              ?

              ?6

              6

            ystride

            ystride

            xchunks = 4, ychunks = 3

         Figure 3.1: Three Dimensional Scatter Write

arrays frequently send data from an entire plane in the array to remote nodes. The 2-d
grid shown above can be visualized as a particular plane of a 3-d array. Thus, using the
WRITEV instruction, an application can write a set of physically non-contiguous locations
in memorythat correspondto elementsofa plane inthe3-darray. 2-darrayscan behandled
as a special case of 3-d arrays with ychunks = 1.

  The CAS instruction is used to provide low level synchronization for communicating
entities by way of an atomic compare-and-swap operation. It has the form: CAS rd, doff,
rs, doff, old-value, new-value. Rd and doff specify the remote location (segment and offset)
whose value is to be compared and swapped. Old-value speci↑es the value against which
the contents of the remote location is compared. New-value denotes the new value that is to
be atomicallywritteninthe remotelocationifthe comparisonsucceeds. Rs and soff specify
a local segment and offset that contain the result of the compare-and-swap, which is either
success or failure. Our implementation of CAS, described in the next chapter, ensures that
it is reliable under data loss in the network.

  Beyond these simple instructions, the model explicitly supports additional mechanisms
to accommodate the needs of applications. These mechanisms include (1) descriptor
maintenance, (2) export and import of segments, (3) application-based pinning/unpinning
of virtual memory pages, (4) segment write inhibit for synchronization, and (5) interrupt
control. Support for these facilities is an important part of the model, and differentiates it
from previous efforts.

3.4 Details of the Model

This section describes additional functionality of the model related to descriptor mainte-
nance, export and import of segments, protected and shared access to network resources,
application-controlledpinning of virtual memory, and interrupt control. For the purpose of
explaining thedetails of the model, we will continueto viewthe model as the instructionset
of a communication co-processor augmented by a few less frequently occurring operations
provided by the operating system as system calls.

3.4.1 Descriptor Maintenance

In a workstation cluster it is important to ensure that applications that timeslice the cluster
do not access segments that do not belong to them. In our model, accessing or modifying
descriptors is a privileged operation; ordinary processes can only name descriptors as
message sources or destinations. Descriptors are maintainedby participatingkernels which
are trusted. This ensures that the necessary protection information is maintained securely.
Descriptormaintenanceisnotonthe criticalpathand thusitis appropriatetouse reasonably
sophisticated kernel software for this purpose. Certain prede↑ned descriptor registers (and
the associated segments) are reserved for the use of the kernel. Thus packets containing
descriptor maintenance information can be exchanged between nodes using these reserved
descriptors. This mechanism can be used, for example, by a name server to exchange
information about segments that are exported and imported.

3.4.2 Exporting/Importing Segments

Segments are contiguous portions of the virtual address space that are named using de-
scriptors. Before segments can be used by remote processes, they must be named and
communicated between the participants. The model uses the simple notion of exporting
and importing segments by name. No semantics is imposed on the names, which can be
chosen in any way that the exporter sees ↑t. For instance, long 128 bit integer strings can
be used to guard against the possibility of an unauthorized agent guessing a name. Addi-
tional protection is ensured by specifying protection groups. A protection group names a
collection of users that trust each other.
  To exportasegment, aprocess executes thefollowing: EXPORTsegment-name, virtual-
address, size, access-type, protection-group. Virtual-address and size specify the start and
bounds of the segment. Access-type speci↑es the type of access (read or write) that is
permitted and whether the exporter is to be noti↑ed on data arrival. Protection-group
identi↑es a group of users who are allowed access to the segment. The EXPORT operation
returns a descriptor number to the caller which can be used later to revoke the export
by calling UNEXPORT segment-id. To import a segment a process executes: IMPORT
segment-name. The import operation returns the handle of a descriptor that can be used for
subsequent write and read operations on the exported segment.
  Import and export, being less frequent operations that require the facilities of the
operatingsystem, areexpected to be supportedbysystem calls. The kernelon the exporting
processorallocatesadescriptor, whichisinitializedwiththesizeandprotectioninformation.
When an import request is received by an exporting kernel it ensures that import rights are
not granted outside the protection group. A reference to the exported segment is returned
to the importing kernel, which in turn allocates a descriptor and returns a reference to the
caller of IMPORT.
  The model makes no assumptions on how the importer names, locates, or contacts the
exporter. Nevertheless, it provides hooks by way of privileged, prede↑ned descriptors (and
segments) to build a self-contained name server that uses no other facility other than what
is provided by the model. In fact, this is precisely how our name server is implemented.
However, the model does not preclude the use ofan existing facilityto name segments, e.g.,
by using a distributed ↑le name hierarchy.

3.4.3 Virtual Memory

On multiprogrammed workstations, it is necessary to provide for the case when parts of a
segment are not memory resident. The alternative of pinning entire segments is infeasible
for realistic segment sizes. On the other hand, faulting in pages of the segment at message
reception time could lead to unacceptable delays. The model allows the application control
over its exported segments by making it possible to selectively (and dynamically) pin
portions of each exported segment. Programscan use their knowledge of locality to exploit
this facility. In our scheme, since each application pins a small amount of memory, the
operating system’s pool of pinned network buffers can be reduced. That is, physical
memory usage is comparable to a traditional organization where the operating system pins
a common buffer pool for all applications.
  Pinningandunpinningportionsofasegmentaredonebyissuingthecalls: PINsegment-
id, addr, size and UNPIN segment-id, addr, size. These operations are relatively complex
because they involve the virtual memory system. However, they do not occur frequently
enough to be a performance bottleneck. Consequently, typical implementations of these
operations (including the one described in the next chapter) will be within the operating
system and not in the co-processor.
  On receiving data to be written, the co-processor consults address translation tables to
translate the virtual address in the message to a physical address. If there is no translation
or if the addressed portion of the segment is not resident, the data in the packet is written
to a circular queue. Higher level software in the kernel maintains the buffer queue and
multiplexes data to the correct address. In certain environments, the simpler alternative
of dropping the packet altogether may be feasible; for example, if there are higher level
transport protocolsthat assume that the networkis unreliable. On a data read request where
there is no address translation or if the data is not resident, the request is ignored.

3.4.4 Memory Volatility

Thenotionofremotereadsandwriteseffectivelycreatesregionsofmemorythatarevolatile.
By this we mean that the contents of a memory location in an address space can change
without the address space issuing a store instruction to that location. Usually this is not a
problemif the programminglanguage and compilersupport the notionof volatiledata, e.g.,
as found in C. However, there are cases where memory volatility could be inconvenient or
error-prone to use. To address this problem, the model allows the application to control
the window of volatility. An application can turn write protections on and off to segments
using lightweight operations implemented by the co-processor itself. These operations
are invoked with the following co-processor instructions: MPROT rd, and MUNPROT rd
respectively to turn off and turn on write permission on the segment named by rd. A
write request arriving for a protected segment is treated exactly as if there were no address
translation for that segment, i.e., the kernel buffers it in a circular queue.

3.4.5 Control and Data Transfer

Control transfer and data transfer are separated in our model. For instance, when data
arrives at the destination it is written to memory but the destination is not automatically
noti↑ed. Recall that the READ and WRITE instructions have a bit called notify that is
used to provide control over noti↑cation. In addition, each segment descriptor contains
a noti↑cation control ↓ag that can be set by the host in one of three states: (1) always
notify, which causes the destination to be noti↑ed whenever a packet destined for that
descriptor arrives, (2) never notify, which causes the destination to be never noti↑ed, and
(3) conditionally notify, which causes the destination to be noti↑ed only if the notify bit is
set on the remote request instruction.

3.5 Chapter Summary

Inthis chapter, wehave arguedthattraditionalnetworkaccess models, such assend/receive,
have some limitations that can be overcome by using a new memory-based model. To
summarize, the new network access model that we propose has several key advantages.
  First, the notion of local memory is a very natural and well understood one. The model
and the primitives we propose extend this notion to remote memory as well. As we will
show in subsequent chapters, there is a simple implementation of the ideas presented in this
chapter, which ensures that programs can access remote memory almost as easily as local
memory.
  Second, the model of remote access is passive. That is, a remote operation, such as
a read or a write, does not involve activity on the part of the target address space. For
instance, a write operation can complete without involving the destination address space.
However, in certain cases, it is important to start the execution of a thread or a particular
procedure at the destination. The model provides this as a separate option. Thus, the
transfer of data and the transfer of control are separate. This has an important implication:
since control transfer and data transfer are separated, both function shipping (e.g., RPC)
and data shipping (e.g., bulk data transport) mechanisms can be independently optimized.
This has many rami↑cations for the structure of distributed systems, which we expand on
in Chapter 7. Previous memory-based approaches, e.g, Spector’s work, have not pursued
these ideas or studied their impact on distributed system structure.
  Third, the model ensures that each request speci↑es the ultimate data destination. This
allows us to minimize the number of data copies and reduces the overhead of segmentation
and reassembly in modern cell-based ATM networks.
  Finally, the model allows users very ef↑cient, protected, and shared access to the
network. In addition to memory instructions, the model provides support functions that are
necessary on modern timesharing workstations. Together, they ensure that the model can
be used as an ef↑cient base for implementing a variety of distributed programming models.

  The network access model described in this chapter has been implemented on an ATM
network. We describe this implementation in the next chapter. While we believe the model
can be implemented on any network, it has some particularly nice properties in the context
of current and next-generation ATM networks.
  First, ATM networks offer us the ability to ef↑ciently transfer small amounts of data
in the form of cells. This meshes well with the notion of loads and stores supported by
our network access model. Second, switch-based local-area ATM networks are getting
extremely reliable. For instance, there are ATM networks currently in existence that
guarantee against packet loss once a packet is injected into the network [4]. This implies,
for example, that a set of cooperating applications distributed on a local-area network can
use the network access model as though they were cooperating processes sharing memory
on a single processor. Finally, it is clear that as ATM networks speed up into the gigabit
range, the cost of transferring data is going to be signi↑cantly lowered. However, the cost
of control transfer, which involves context switching overheads, does not appear to scale
with processor speeds [3]. Thus, a network access model such as ours, which separates
the notion of control transfer from data transfer, is a key advantage in next-generation
workstation cluster environments.

                Chapter 4

    AN IMPLEMENTATION OF THE MODEL, AND ITS
              PERFORMANCE

  We have implemented the memory-based network access model using a software em-
ulation layer on top of an existing ATM controller attached to off-the-shelf workstations.
The implementation is optimized around the expectation that, in general, (1) many opera-
tions are performed on a segment once descriptors are exchanged, and (2) most operations
transfer a relatively small amount of data, e.g., on the order of tens of bytes. In this section
we brie↓y summarize the characteristics of the controller and the host architecture before
describing our prototype implementation.

4.1 The Testbed

We use the FORE TCA-100 network controllers described in Chapter 2 to connect our
DECstation 5000s to a 140 Mbits/sec ATM network. Recall that the controller is located
on the 25 MHz TURBOChannel I/O bus and does not have DMA capabilities. Instead, it
implements two FIFO queues, one for transmitting ATM cells to the network and the other
to buffer received cells. The processor transmits and receives cells by performing word-
aligned read and write instructions to memory-mapped I/O addresses. Processor accesses
to the FIFOs complete without any wait states.
  ATM cells are 53 bytes long and are divided into a ↑ve byte ATM header and a 48 byte
payload. The ↑ve byte header includes an eight bit header CRC and the payload includes
a separate ten bit payload CRC. Both CRCs can be optionally computed by the controller
hardware; our implementation enables only the header CRC.
  The processor transmits a 53 byte cell by performing 14 word writes to the transmit
FIFO. The three(14×△ − ▽∋⇒ ∫√⊣∇⌉ ⌊†⊔⌉∫ ⊣∇⌉ ⊓∫⌉⌈ ⊔≀ √⊣∫∫ ⊑⊣∇⟩≀⊓∫ ⌋⌉↕↕ √∇≀⌋⌉∫∫⟩\} ≀√⊔⟩≀\∫ ⊔≀

⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇⇔ ⌉↙}↙⇔ ⊔≀ ⌉\⊣⌊↕⌉ ≀∇ ⌈⟩∫⊣⌊↕⌉ ⌋⟨⌉⌋‖∫⊓⇕∫↙ W⟨⌉\ ⊔⟨⌉ ∞△⊔⟨ ⊒≀∇⌈ ⊒∇⟩⊔⌉ ⟩∫ √⌉∇{≀∇⇕⌉⌈⇔ ⊔⟨⌉ ⌋⌉↕↕ ⟩∫ ⊔∇⊣\∫⇕⟩⊔⊔⌉⌈ ≀\ ⊔⟨⌉ ⊒⟩∇⌉↙ P∇≀⌋⌉∫∫⟩\} ≀{ ⇕⊓↕⊔⟩√↕⌉ ⌋⌉↕↕∫ ⟩∫ √⟩√⌉↕⟩\⌉⌈↙ T⟨⊣⊔ ⟩∫⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇ ⟩∫ ⊒∇⟩⊔⟩\} ⌈⊣⊔⊣ {≀∇ ⊣ ⌋⌉↕↕ ⊔≀ ⊔⟨⌉ FIFO⇔ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⌋⊣\ √≀⊔⌉\⊔⟩⊣↕↕† ⌊⌉ ⊔∇⊣\∫⇕⟩⊔⊔⟩\} ⌈⊣⊔⊣ {∇≀⇕ ⊣ √∇⌉⊑⟩≀⊓∫ ⌋⌉↕↕↙ T⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⟩∫ ⌋⊣√⊣⌊↕⌉ ≀{ ⊔∇⊣\∫⇕⟩⊔⊔⟩\} ∫⇕⊣↕↕⌉∇

∋

∫⟩‡⌉⌈ ATM ⌋⌉↕↕∫ ⌊⊓⊔ ⊒⌉ ⌈≀ \≀⊔ ⊓∫⌉ ⊔⟨⟩∫ {⌉⊣⊔⊓∇⌉ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩∫ \≀\↖∫⊔⊣\⌈⊣∇⌈↙ T⟨⌉ √∇≀⌋⌉∫∫≀∇ ∇⌉⌋⌉⟩⊑⌉∫ ⌉⊣⌋⟨ ▽∋ ⌊†⊔⌉ ⌋⌉↕↕ ⌊† √⌉∇{≀∇⇕⟩\} ∞△ ⊒≀∇⌈ ∇⌉⊣⌈∫ ≀⊑⌉∇ ⊔⟨⌉ TUR↖ BOC⟨⊣\\⌉↕↙ T⟨⌉ ⊔⟨∇⌉⌉ ∫√⊣∇⌉ ⌊†⊔⌉∫ ⟩\⌋↕⊓⌈⌉ {∇⊣⇕⟩\} ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣\⌈ ⊔⟨⌉ CRC ∫†\⌈∇≀⇕⌉ ⌊⟩⊔∫ {≀∇ ⊔⟨⌉ ⟨⌉⊣⌈⌉∇ ⊣\⌈ √⊣†↕≀⊣⌈↙ T⟨⌉∫⌉ CRC ∫†\⌈∇≀⇕⌉ ⌊⟩⊔∫ ⌋⊣\ ⌊⌉ ⌉§⊣⇕⟩\⌉⌈ ⌊† ⊔⟨⌉ ⟨≀∫⊔ ⊔≀ ⌋≀∇∇⌉⌋⊔ ∫⟩\}↕⌉↖⌊⟩⊔ ⌉∇∇≀∇∫ ⟩\ ⊔⟨⌉ ⟨⌉⊣⌈⌉∇ ⊣\⌈ ⊔⟨⌉ √⊣†↕≀⊣⌈↙ I\ ⊣⌈⌈⟩⊔⟩≀\⇔ ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇ ⌋⊣\ ⌈⌉⊔⌉⌋⊔ ⊣ CRC ≀∇ {∇⊣⇕⟩\} ⌉∇∇≀∇ ⊒⟩⊔⟨ ⊣ ∫⟩\}↕⌉ ⌋≀⇕√⊣∇⟩∫≀\ ⟩\∫⊔∇⊓⌋⊔⟩≀\↙ T⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ ⌈⌉∫⟩}\ ⇕⊣‖⌉∫ ⟩⊔ ⌈⟩{⊘⌋⊓↕⊔ ⊔≀ ⊓∫⌉ ⊔⟨⌉ √⊣†↕≀⊣⌈ CRC ⌉{⊘⌋⟩⌉\⊔↕† ≀\ ∇⌉⌋⌉⟩⊑⌉∫↙ T⟨⌉ ⟨⊣∇⌈⊒⊣∇⌉ ⌈⌉∫⟩}\ ⌉\{≀∇⌋⌉∫ ⊣ FIFO ⊣⌋⌋⌉∫∫ ⌈⟩∫⌋⟩√↕⟩\⌉ \≀⊔ ≀\↕† ≀\ ⊔⟨⌉ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ⌋⌉↕↕∫ ⌊⊓⊔ ⊣↕∫≀ ≀\ ⊒≀∇⌈∫ ⊒⟩⊔⟨⟩\ ⊣ ⌋⌉↕↕↙ T⟨⊓∫⇔ ∫⟩\⌋⌉ ⊔⟨⌉ ATM √⊣†↕≀⊣⌈ ⌋⟨⌉⌋‖∫⊓⇕ ⟩∫ ⊣⊔ ⊔⟨⌉ ⌉\⌈ ≀{ ⊔⟨⌉ ⌋⌉↕↕⇔ ⊣↕↕ √∇⟩≀∇ ⊒≀∇⌈∫ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ∇⌉⊣⌈ {∇≀⇕ ⊔⟨⌉ FIFO ⊣\⌈ ⌊⊓{{⌉∇⌉⌈ ⌊⌉{≀∇⌉ ⊔⟨⌉ ⌋≀\⊔⌉\⊔∫ ≀{ ⊔⟨⌉ ⌋⌉↕↕ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ∫⊣{⌉↕†↙ I\ ⊔⟨⌉ ⌋≀⇕⇕≀\ ⌋⊣∫⌉ ≀{ \≀ ⌉∇∇≀∇∫⇔ ⊔⟨⟩∫ ⌊⊓{{⌉∇⟩\} ⌋≀∫⊔ ∇⌉√∇⌉∫⌉\⊔∫ ⊓\\⌉⌋⌉∫∫⊣∇† ≀⊑⌉∇⟨⌉⊣⌈↙ B⌉⌋⊣⊓∫⌉ ≀{ ⊔⟨⟩∫⇔ ⊣\⌈ ⌊⌉⌋⊣⊓∫⌉ ⊘⌊⌉∇ ≀√⊔⟩⌋ ↕⟩\‖∫ ⟨⊣⊑⌉ ⊑⌉∇† ↕≀⊒ ⌉∇∇≀∇ ∇⊣⊔⌉∫ ⇐∞ ⌊⟩⊔ ⟩\ 10^{12}), we have chosen not to employ the payload checksum in our prototype

implementation. A simple change in the hardware design that allows random access to the individual words within a cell would solve this problem.

The transmit FIFO is 512 words deep and can store 36 cells. If the transmit FIFO �lls up, hardware �ow control in the controller will cause the processor to stall. The receive FIFO is deep enough to receive 292 cells. Cells that over�ow the receive FIFO are dropped.

ATM cells have a �xed small size to minimize variance in queueing delays in a switched network. Since cell size is quite small, ATM networks de�ne adaptation layers, called ATM Adaptation Layers (or AAL) that specify how cells are fragmented and reassembled from larger packets. There are two AALs that are being proposed as standards � AAL 3/4 and AAL5. AALs have two sublayers called the segmentation and reassembly (SAR) layer, and the convergence (CS) layer. Typically, the function of the SAR layer is to handle the reassembly of cells, while the CS layer checks the �nal result [32].

There is hardware support for some AAL 3/4 functions, such as CRC generation, in the FORE controller. However, there is no support for the SAR or CS layers in hardware. The device driver is capable of handling reassembly and fragmentation in software. We have measured a latency of 11 μsec per cell for the SAR◁CS function in software▷ Our implementation of remote memory uses neither the SAR layer nor the CS layer and is not fully compatible with the device driverφs use of AAL 3◁4▷ That is although the kernel contains code for both the device driver and our implementation of the network access model they cannot be used simultaneously▷ There is a system call that allows users to switch between one and the other▷ However by giving up one word of payload from the cell and modifying the device driver we can operate simultaneously▷ This change adds only three instructions on the send and receive side and imposes no observable latency reduction▷ Throughput will be decreased by 10ϱ because there is a 10ϱ decrease in payload▷ The DECstations contain 25 MHz MIPS R3000 processors rated at 18▷5 SPECmarks▷ Many exceptions including all I◁O interrupts are vectored to a single handler which must then identify both the type of the exception and the originating device for interrupts▷ This requires reading the systemφs control and status registers as well as accessing the onchip control coprocessorφs registers▷ Thus servicing an interface interrupt requires instructions in addition to those required to handle the device speciαc operations▷

4▷2 The Prototype Implementation In the prototype performance critical remote operations have been implemented by em ulating unused opcodes in the MIPS instruction set▷ That is the application performs a remote operation by issuing an unprivileged and unused MIPS machine instruction▷ The instruction is emulated in the kernel using assembly language instructions▷ Less frequent operations of the model such as import and export of segments are handled by the operating system through standard system calls▷ The prototype is hosted in an otherwise unmodiαed Ultrix operating system▷ To the user network access is through userlevel instructions, nevertheless the network is protected since only kernel code directly manipulates the network▷ We assume that all the kernels that are connected to the local ATM network are trusted▷ These trusted kernels also ensure that exports and imports of segments are done only between consenting principals▷ There is a name server trusted by the kernel that cooperates with it in managing segments▷ The prototype differs from the model in two minor ways▷ These differences made the implementation simpler without sacriαcing functionality and without artiαcially distorting the performance of the resulting system▷ The αrst difference is related to the way in which control is transferred on cell arrival▷ The model assumes that there is a coprocessor that implements the instructions and that the processor is notiαed only if the notify bit is set in the cell▷ In our prototype since we use software on the host processor to emulate the coprocessor cell arrival causes activity on the processor▷ However the destination process will not be notiαed unless the notify bit is set in the cell▷ Note however that this does not mean that the processor is interrupted on every cell arrival because the TCA100 hardware interface allows the processor to handle multiple cells with a single interrupt▷ Second the current prototype does not implement the scatter write instruction WRITEV described in the previous chapter▷ The next few subsections supply implementation details of the prototype▷

4▷2▷1 Exporting a Segment A segment is exported by an application by making the rr export system call▷ The declaration and usage of the call is shown in the C code fragment below▷ char ⇀rr⌢export↼char ⇀name int sz int prot int ⇀segment char ⇀addr↽, char ⇀addr, int segment, addr / rr⌢export↼εServiceFubarε 8192 0660 ςsegment 0↽, if ↼addr // ↼char ⇀↽ 1↽ ı perror↼εexport failedε↽, exit↼1↽, ℘ The argument name speciαes the name of the exported segment that an importer will subsequently use to refer to this segment▷ By specifying a null value for name it is possible to export anonymous segments that can never be imported by anybody▷ Anonymous segments are typically used as destinations of read and compareandswap requests▷ The argument prot speciαes access restrictions that apply before programs can import the segment▷ We use the standard Unix convention for specifying αle access protection▷ Thus 0660 in the example above means that importing applications executing within the same group and owner may import the segment for reading and writing▷ The exporter speciαes the size of the segment in bytes with the sz argument▷ The return value speciαes the virtual address of the newly created segment in the callerφs address space▷ The variable segment is the segment handle that can be used by the exporter to perform control operations on the segment such as virtual memory operations and subsequent unmapping operations as described below▷ The last argument to rr export speciαes a location at which the exporter would like the segment to appear in its virtual address space▷ Specifying zero as in the example above leaves the choice up to the system▷ A nonzero value if speciαed must specify a valid pagealigned virtual address▷ An exported segment can be deleted with a rr cleanexport ↼int segment↽ call▷ Another example of the usage of the call is shown below this time with a nonzero address▷ Here a 16 Kbyte region in the heap aligned on a 4 Kbyte page boundary is allocated and the αrst 8K bytes are exported▷ char ⇀new⇀addr, int segment, addr / malloc↼4 ⇀ 4096 ⇁ 4096↽, addr / ↼addr ⇁ 4096↽ ς ⁀↼40961↽, new / rr⌢export↼εServiceFubarε 8192 0660 ςsegmentaddr↽, if ↼addr ω/ new↽ ı perror↼εexport failedε↽, exit↼1↽, ℘

The Segment Descriptor Table A successful rr export operation allocates an entry called the segment descriptor ↼SD↽ in a kernel table named the Segment Descriptor Table ↼SDT↽▷ The SDT contains one segment descriptor per exported segment on the machine ↼up to a maximum of 2048↽▷ In the current implementation to save memory resources the SDT is only large enough to hold eight SDs▷ An SD within an SDT on a particular machine is identiαed by its index into the table called the SDI▷ The SD contains the process identiαer of the exporter protection bits for the segment the size of the segment and a table of pagemappings▷ Each SD also contains a 12 bit generation number that is incremented each time a new export reuses the SD▷ The generation number in the segment descriptor is used to detect incoming remote operations that refer to old exported segments that have since been reused▷ That is each incoming request contains a generation number that is compared against the generation number in the segment descriptor▷ The request is discarded if the generation numbers differ▷ Since there is only a αnite number of bits for the generation number it will wrap around eventually▷ Special care has to be taken to ensure that requests using old generation numbers do not cause problems▷ The mechanism for this is straightforward and is described in the section about the name server ↼Section 4▷2▷6↽▷

The SD does not contain the userspeciαed name of the segment▷ Instead the user speciαed name the SDI and the protection information about the segment are registered with a name server▷ Certain ATMspeciαc header information is also registered so that an importing kernel can set up suitable headers for transmission over the ATM network▷ Each SD contains a table of page mappings � one per page of the exported segment▷ Each mapping contains either a kernel virtual address to a pinned page frame or a null entry indicating that the frame is not pinned▷ Notice that there may be pages in the segment with resident but unpinned frames▷ The mappings corresponding to these pages are also nulled▷ In the prototype the maximum size of an exported segment is 1 Mbyte which requires 256 map entries corresponding to the 256 4 Kbyte page frames▷ The kernel virtual address in each mapping is consulted by the kernel when an incoming packet is processed to perform the requested remote load or store▷ 4▷2▷2 Importing a Segment Segments registered with the name server can be imported by the kernel on behalf of users▷ Typically segments are imported as shown below▷ ϑinclude <αle▷h> char ⇀rr⌢import↼char ⇀name int prot↽, int segment, segment / rr⌢import↼εServiceFubarε O⌢RDWR↽, if ↼segment // 1↽ ı perror↼εimport failedε↽, exit↼1↽, ℘ Notice that there is no virtual memory created in the importerφs address space▷ Instead a segment handle is returned▷ Virtual addresses are constructed and passed to the read and write routines as <segment offset> pairs▷ An imported segment can be subsequently deleted with an rr cleanimport↼int segment↽ call▷ Before an rr import call can succeed it is necessary for the importing kernel to contact the name server on behalf of the user▷ The caller is blocked until the required information is returned by the name server or there is an error▷ The name server returns an error if the named segment does not exist or if the importing user does not have the requested privileges on the segment▷

A successful rr import call allocates an entry in a kernel table called the Registry▷ Each Registry entry ↼RE↽ contains information about the local importing process as well as network header information generation number and the SDI of the remote segment▷ The header information the SDI and the generation are sufαcient to address a speciαc segment on a particular node▷ Note that the size and protection information of the remote segment are not maintained in the RE▷ The reason for this is that the local kernel does not check size and protection on outbound transmissions▷ Even if it were to enforce size and protection constraints the receiving kernel would have to do a similar check again to verify if the generation was stale whether the offset referred to a currently pinned region of the segment and whether the exporter had changed access permissions ↼to be described in Section 4▷2▷4↽ on the segment▷ 4▷2▷3 Remote Operations After a segment number has been obtained by a rr import system call remote operations can be performed from userlevel by issuing an unused MIPS instructions as described below▷ Remote Write There are two types of remote writes � rwi and rwblk▷ The instruction rwi always writes a predetermined amount of data ↼viz▷ ten words↽ to the remote segment▷ The second form rwblk takes a variable amount of data▷ The rwi instruction has the form rwi ϖr4 ϖr5▷ We use the convention that ϖrN denotes register number N on the MIPS processor▷ Register ϖr4 contains the segment handle returned by the rr export call▷ Register ϖr5 contains the offset and notify bit for the request▷ The notify bit is the MSB of the 32bit register▷ If set the remote write can potentially cause a control transfer on the remote end if the exporter is ready for notiαcations▷ If either the bit is not set or the exporter is not ready for notiαcations only data transfer takes place▷ The rwi instructions looks for the ten data words in registers ϖr6δϖr15▷ To perform block writes of variable length the instruction rwblk which has the form rwblk ϖr4 ϖr5 ϖr6 ϖr7 is used▷ Registers ϖr4 and ϖr5 contain the same information as before▷ Register ϖr6 contains the byte count and register ϖr7 points to a block of data in ↼local↽ memory that is used in sequence until the byte count is satisαed▷

Remote Read Like the remote write there are two types of remote read instructions � rri and rrblk▷ The αrst rri reads a αxed amount of data ↼ten words↽ from a remote memory segment▷ It has the following format rri ϖr4 ϖr5 ϖr6 ϖr7▷ Register ϖr4 contains the segment number of the remote segment ϖr5 contains the segment number of an exported local segment▷ Typically this is an anonymous segment▷ Register ϖr6 contains the offset in the remote segment to load the data from and register ϖr7 contains the offset within the local segment to store the data▷ Register ϖr7 contains the notiαcation bit exactly as in the case of the remote write operation previously discussed▷ To specify a block data transfer we use the instruction rrblk as follows. rrblk ϖr4 ϖr5 ϖr6 ϖr7 ϖr8▷ Registers ϖr4 δ ϖr7 contain the same information as before and ϖr8 contains the byte count▷ A remote read is treated as a read request to the remote node followed by a remote write operation initiated by the remote node in turn▷ This makes it easy to implement remote read operations without any additional machinery beyond that required for remote writes▷ For user convenience various Ccallable assembly routines have been provided that take pointers to buffers and word counts▷ There are also routines that optionally set the notify bit on reads and writes▷ Thus normally programmers do not deal with loading data into the correct registers and setting the appropriate bit for notiαcation on the remote end▷ Remote Compare and Swap The usual semantics of CAS ↼compareandswap↽ are as follows▷ Let A be a memory address O and N be registers▷ Then performing a CAS AON has the effect that if the contents of A matches the contents of O then it is swapped with the contents of N and CAS returns the boolean TRUE▷ The comparison and the swap with the new value is atomic▷ If the contents of A does not match the contents of O then CAS returns FALSE▷ It is important to note the guarantees offered by a CAS operation▷ For example consider a multiprocessor that implements CAS▷ If a particular processor performs a CAS that returns the value TRUE then that processor cannot really determine the current contents of the CAS location▷ This is so because another CAS could have overwritten the new value▷ In effect all that the CAS guarantees is that at the time of the swap the value in the location matched what the processor expected it to be▷ Instead of CAS we implement a primitive ↼which we shall call CASII↽ that has the following semantics. if the contents of A matches that of O then swap with the contents of N as before otherwise do nothing▷ As before the comparison and swap are indivisible▷ But whereas standard CAS returns true or false we return the value contained in A at time of the comparison and the identity of the entity that did the last successful swap▷ Using CASII a processor can have the same guarantees that CAS provides▷ For example a processor P1 can get the semantics of CAS using CASII in the following way▷ CAS ↼A O N↽ X / record int processor, int oldvalue end X, X / CALL CASII with <A O N> if X▷processor is P1 and X▷oldvalue matches the contents of O then return true else return false end CAS Given a reliable network CASII as deαned above can be implemented directly▷ How ever in the presence of network cell loss we need to modify it slightly in the following fashion▷ Implementation of CASII A process wanting to do a CASII issues the rrcsi instruction▷ The rrcsi is twophase i▷e▷ a processor issues a CASII request on a remote memory location and can later check a local memory location for success or failure▷ This allows useful computation to be overlapped with the CASII operation▷ Each CASII address location refers to a 64bit region that is organized as two 32bit words as shown below▷

                œ 32 bits-
        CAS-II address
               -
                  Value
                  Nonce
The ↑rst word holds the value that is used in the CAS operation. The second word contains
bookkeeping information as described below.

  The exact format of a CAS-II instruction is: rrcsi $r4, $r5, $r6, $r7,
$r8, $r9, $r10. The register pair <$r4,$r6> speci↑es the segment and offset of the
address used for the compare-and-swap. The register pair <$r5,$r7> specify the segment
(typically an anonymous segment as in the case of remote reads) and offset to be used to
write the result of the CAS operation. Registers $r8 and $r9 contain the old and new values
to be compared and swapped. Register $r10 is special, it contains a 32-bit nonce that the
sender can use to match responses. (The nonce is usually a concatenation of a process
identi↑er, parts of the host IP address, and a sequence number.)
  The kernel emulation code on the requesting node forwards a single cell containing the
CAS-II request parameters to the destination node. The cell contains information about
the local address (speci↑ed in <$r5,$r7>) where the returned result should be written. The
requesting user process is allowed to continue without blocking.
  Iftherequestcellislostontheoutboundtransmission,thesenderwilleventuallytimeout
and retry again with the same nonce as before. Note that losing an outbound request cell
poses no problem to the semantics of CAS because it is as if no CAS request was made.
Also note that it is not the emulation code in the kernel that is doing the retry; that is the
responsibility of the user (or the user runtime system). Ultimately, a CAS-II request will
reach the destination node that has exported the segment.
  When the request cell reaches the destination node, the kernel emulation code on the
receive side tries to perform a compare-and-swap. This operation is made indivisible by
making sure that all CAS-II operations on a segment always go through the kernel. If the
kernel is successful in the compare-and-swap operation, the incoming nonce is written to
the second word pointed to by the CAS-II address. If the compare-and-swap fails, then
the kernel does not modify either of the words. In any case, the kernel sends a reply cell,
containing the latest nonce and the old value of the location, back to the requester.
  If there is no cell loss, the result of the CAS-II operation will reach the requester’s
kernel where it will be written at the local address speci↑ed by <$r5,$r7> in the original
rrcsi instruction. The result consists of two words of data � the old contents of the
remote location, and the latest nonce. If the reply cell is lost, the requesting process (or the
runtime) will retry the request with the same nonce until a reply is received.
  There arebasically twopossible outcomesofthe reply. Ifthenonce inthereplymatches
the noncein the request, then thecaller knowsthe compare-and-swapsucceeded. The value
returned will match either the value in $r8 (the old value) indicating that no reply cell was
ever lost, or the value in $r9 (the new value) indicating at least one reply cell was lost. If
the nonce does not match, then the compare-and-swap failed.
  We mentioned that the CAS-IIaddress refers to a <segment,offset> pair. Usually this is
a remote segment and offset, except to the exporter of this segment, for whom the CAS-II
address is actually a local memory address. However, the exporter cannot do a simple
compare-and-swap operation on this memory location because the MIPS processor has no
compare-and-swap instruction. In the absence of such an instruction, the exporter would
have to use multiple instructions to simulate a compare-and-swap, during any one of which
a remote CAS-II request could cause the processor to be preempted from the exporter. In
order to maintain indivisibility in the face of networkinterrupts we force even local CAS-II
requests to take a kernel trap to emulate code for the local case. A trap on the MIPS
architecture automatically turns off interrupts until explicitly reenabled or until the return
from trap instruction is executed.
  Notice that in our implementation, we are relying on the participating user-level pro-
cesses (or their runtime systems) to supply nonces. The kernel emulation code does not
enforce or care about the integrity of these values. This is because we assume that entities
that are using CAS-II on a particular location are cooperating to solve a problem. That is,
they are not malicious and will follow an agreed upon protocol. Failure to do so does not
result in any damage to the system; the applications simply hurt themselves by not being
able to perform compare-and-swap. Note also that unauthorized access to a CAS-II value
location is prevented by the kernel through the normal import/export security mechanism
and segment access checking.
  Apart from compare-and-swap, which provides synchronization support, our imple-
mentation offers an additional atomicity guarantee that can be used for synchronization.
The implementation guarantees that a single-word local access (read/write) is atomic with
respect to a remote access (read/write) that involves that word.

4.2.4 Local Virtual Memory Operations

Since segments are large and are impractical to pin down inde↑nitely, we allow the user to
pin a small number of pages (currentlyup to four) per segment at any given time. By being
abletoselectivelypinaregionofmemory,usershavesomecontrolinensuringthatincoming
remoterequestsarecorrectlydeliveredwithoutanyheavyweightkerneloperations. Pinning
and unpinning of memory is done by a common system call as follows:

char *rr_remap(int segment, char *unpin, int unl, char *pin,
     int nl);

  The ↑rstargumentrefersto the segment returnedby a priorrr exportcall. The argu-
ments unpin and pin point to virtual addresses within the exported segment. Arguments
unl and nl each speci↑es a length in bytes. A contiguous portion of the segment starting
at unpin and unl bytes long is unpinned ↑rst. Next, a portion of the segment starting at
pin and nl bytes long is pinned. Pinning and unpinning are done on a page basis even
though the addresses and counts are based on bytes.
  The notion of remote operations introduces memory areas that are volatile. That is,
memory local to a processor can be affected without the processor performinga local store.
Since this might be undesirable in certain applications, the user can set the protection on an
entire segment to read only or read-write. Protection is set by invoking the following sys-
tem call: char *rr setprot(int segment, int prot). The second argument
prot is speci↑ed using the standard Unix convention forspecifying↑le access protections,
exactly as described in Section 4.2.1.

4.2.5 Control and Data Transfer

As described in the previous chapter, our model explicitly separates the notions of control
transfer and data transfer. Under the normal pattern of behavior, remote requests do not
require user-level processes to take any action. However, there are times when it is useful
to activate some user level activity in the address space. For example, this could be used to
initiate an RPC request on a server.
  Associated with each segment are two ↑le descriptors that the user can access using the
rr getfd system call as shown below.

#include <rrf.h>
int rr_getfd(int segment, int type);
int datafd, controlfd;

control_fd = rr_getfd(segment, RR_CONTROL);
data_fd = rr_getfd(segment, RR_DATA);

  The ↑le descriptor control fd becomes ready for reading when a remote operation
causes a noti↑cation as determined by the settings of noti↑cation ↓ags on the segment
and the noti↑cation bit in the incoming request. For each such remote operation, a record
indicating the type of the request and the location in the user’s address space at which the
request happened is made available on the ↑le descriptor.
  The ↑le descriptor data fd is provided to handle exceptional cases when a remote
operation arrivesfor a portionof the segment that is not currentlypinned by the application.
Once again, a recorddescribing the remoterequest, the location in the user’s virtualaddress
space and the actual data are made available on the ↑le descriptor. The application can
incorporate such data into its computation in any way appropriate.
  We use ↑le descriptors for noti↑cations because they allow Unix applications to deal
conveniently with asynchrony. Applications use the standard Unix Ψselect˚, Ψread˚,
Ψfcntl˚, and Ψsignal˚ calls to receive noti↑cations without having to poll for data
arrival. In an operating system such as Mach that supports asynchrony within a process
withmultiplethreads, controltransfercaninstead beimplementedwithupcallsanda shared
page for transferring control information.
  The↑ledescriptorreturnedbyrr getfdcanbeusedlikeanyotherUnix↑ledescriptor;
in particular it can be duplicated via the Ψdup˚ system call and inherited across Ψfork˚
system calls. However, the SDT entry corresponding to the ↑le descriptor is not duplicated
or inherited across forks and does not survive the death of the process owning the SDT.
  Thus, if process B inherits a descriptor from process A, which exported the segment,
and A exits, then subsequent incoming remote requests to the segment will be ignored.
However, process B can use the inherited ↑le descriptors to continue processing data that
was transferred while A was still alive.
  An exporter can set the notify ↓ag on the segment in one of three ways to regu-
late how control transfer (if any) is effected when a remote request arrives for the seg-
ment. This is done using the following system call: rr setintr(int segment,
int notifytype). The value of notifytype can be one of the manifest constants
RR NOINTR, RR INTR, or RR CINTR. These respectively indicate that a noti↑cation is
(a) never generated, (b) always generated, and (c) conditionally generated when a remote
operation is performed on the particular segment.

4.2.6 The Name Server

The purposeofthenameserveristoprovidearepositoryofsegmentnamessothatimporters
and exporters can communicate. The name server provides mechanisms to add exported
segment names, to lookup names, and to delete names.
  The name server maintains a list of named segments, their protection attributes, and the
ATM network information required to get to the exporting host. The name server is trusted
and privileged and is implemented as a collection of user-level processes distributed across
the network.
  Communication between the various processes that implement the distributed name
service isimplementedusingthe remotememorymodelitself. Certainwellknownsegment
identi↑ershave been reserved oneach machineto allowthe name service to bootstrapitself.
We defer a complete discussion of the name server until Chapter 7.
  As described earlier, generation numbers are used to detect stale remote operation
requests. Segment descriptors are allocated in a round-robin fashion; thus, with a 12
bit generation ↑eld and 2048 entries in the segment table, generation wrap-around for
a particular segment will occur after 2048×△′∃ ̸⌉§√≀∇⊔∫↙ A∫∫⊓⇕⟩\} ⊔⟨⊣⊔ ∫⌉}⇕⌉\⊔∫ ⊣∇⌉

⌉§√≀∇⊔⌉⌈ ≀\⌋⌉ ⊣ ∫⌉⌋≀\⌈⇔ ⊔⟨⟩∫ ⊒∇⊣√↖⊣∇≀⊓\⌈ ⊔⊣‖⌉∫ ⊣⌊≀⊓⊔ ∃ ⌈⊣†∫↙ A⊔ ≀∇ ⌊⌉{≀∇⌉ ⌉⊣⌋⟨ ⊒∇⊣√↖ ⊣∇≀⊓\⌈⇔ ⊣ ‖⌉∇\⌉↕ ⊔⟨⊣⊔ ⟩∫ √≀⊔⌉\⊔⟩⊣↕↕† ⊓∫⟩\} ⊣\ ≀↕⌈⇔ ⟩\⊑⊣↕⟩⌈⇔ ∫⌉}⇕⌉\⊔ ⌈⌉∫⌋∇⟩√⊔≀∇ ∫⟨≀⊓↕⌈ ∇⌉{∇⌉∫⟨ ⟩⊔∫ ⌈⌉∫⌋∇⟩√⊔≀∇∫ {∇≀⇕ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉↙ G⟩⊑⌉\ ⊔⟨⌉ ∫↕≀⊒ ⊒∇⊣√↖⊣∇≀⊓\⌈ ∇⊣⊔⌉⇔ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⌋⊣\ ⌊⌉ √∇≀√⊣}⊣⊔⌉⌈ {⊣⟩∇↕† ∫↕≀⊒↕† ⊒⟩⊔⟨≀⊓⊔ ⊣\† ⇕⊣|≀∇ ⟩⇕√⊣⌋⊔ ≀\ √⌉∇{≀∇⇕⊣\⌋⌉ ≀∇ ∫⌋⊣↕⊣⌊⟩↕⟩⊔†↙ △↙∋ P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ P∇≀⊔≀⊔†√⌉ T⊣⌊↕⌉ △↙∞ ∫⊓⇕⇕⊣∇⟩‡⌉∫ ⊔⟨⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⌋≀⊓\⊔∫ {≀∇ ∇⌉⇕≀⊔⌉ ∇⌉⊣⌈ ∇∇⟩⇔ ⊒∇⟩⊔⌉ ∇⊒⟩⇔ ⊣\⌈ ⌋≀⇕√⊣∇⌉↖⊣\⌈↖∫⊒⊣√ ∇∇⌋∫⟩ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫↙ A∫ ⟩\⌈⟩⌋⊣⊔⌉⌈ ⟩\ ⊔⟨⌉ ⊘∇∫⊔ ∇≀⊒⇔ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌋∇≀∫∫⟩\} √∇≀⊔⌉⌋⊔⟩≀\ ⌊≀⊓\⌈⊣∇⟩⌉∫ ⟩∫ ≀\↕† ∈▽ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫↙ W⟨⟩↕⌉ ⊔⟨⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\ ⌋≀⊓\⊔∫ {≀∇ ⌉⊣⌋⟨ ≀√⌉∇⊣↖ ⊔⟩≀\ ⊣∇⌉ ∐⊓⟩⊔⌉ ∫⇕⊣↕↕⇔ ⊒⌉ ∫⊔⟩↕↕ √⊣† ⊣ √∇⟩⌋⌉ {≀∇ ⊔⟨⌉ ∫≀{⊔⊒⊣∇⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\↙ O\⌉ ⌋≀∫⊔ ⟩∫ ⊔⟨⌉ √⌉\⊣↕⊔† ⟩\⌋⊓∇∇⌉⌈ ⌊† ⊔⟨⌉ ⟩\⊔⌉∇∇⊓√⊔ ⌈⟩∫√⊣⊔⌋⟨⌉∇ ⟩\ ⌈⌉⌋≀⌈⟩\} ⊔⟨⌉ ⌉§⌋⌉√⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⊣⌋⌋≀⊓\⊔∫ {≀∇ ∈∀↗∘∋∋↗ ≀{ ⊔⟨⌉ ⊔≀⊔⊣↕ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫↙ A\≀⊔⟨⌉∇ ⌋≀∫⊔ ⟩∫ \≀⊔ ⌉⊑⟩⌈⌉\⊔ {∇≀⇕ ⊔⟨⌉ ⊔⊣⌊↕⌉¬ \⌉⊣∇↕† ▽′↗ ≀{ ⊔⟨⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫ √⌉∇{≀∇⇕ ⇕⌉⇕≀∇† ↕≀⊣⌈∫ ≀∇ ∫⊔≀∇⌉∫⇔ ⊒⟨⟩⌋⟨ ⊔⌉\⌈ ⊔≀ ∫↕≀⊒ ⌈≀⊒\ ⌉§⌉⌋⊓⊔⟩≀\↙ D⌉∫√⟩⊔⌉ ⊔⟨⌉∫⌉ {⊣⌋⊔≀∇∫⇔ ⊣ ∇⌉⇕≀⊔⌉ ⊒∇⟩⊔⌉ ≀√⌉∇⊣⊔⟩≀\ ⌋≀\⊔⊣⟩\⟩\} ≀\⌉ ATM ⌋⌉↕↕ ⇐△′ ⌈⊣⊔⊣ ⌊†⊔⌉∫⇒ ⊔⊣‖⌉∫ ≀\↕† ∋′ μs▷ A remote read takes longer than a write�45 μs�since one cell must be sent in each direction▷ A remote compare and swap is slightly faster ↼38 μs↽ because there are fewer memory accesses on the sending and receiving sides▷ If the cell size were increased the incremental cost per word would be 3 or 4 instructions▷ In addition Table 4▷1 represents the worst case because every cell arrival need not cause

Table 4▷1. Instruction Counts for Remote Memory Operations Number of Instructions for a 40byte Remote WRITE Operation Operation Inst▷ Count Protection Crossing 25 Access Check ς Writing Data to Device 40 MIPS Interrupt Dispatcher ↼on Destination↽ 73 Device Interrupt Handler 37 Reading Data and Writing Destination Addr 85 Total 260 Number of Instructions for a 40byte Remote READ Operation Operation Inst▷ Count Protection Crossing 25 Access Check ς Writing Read Request to Device 65 MIPS Interrupt Dispatcher ↼on Destination↽ 73 Device Interrupt Handler 37 Reading Request Accessing Memory ς Writing Data to Device 47 MIPS Interrupt Dispatcher on Source 73 Device Interrupt Handler 37 Reading Data and Writing Destination 85 Total 442 Number of Instructions for a Remote CAS Operation Operation Inst▷ Count Protection Crossing 25 Access Check ς Writing Read Request to Device 70 MIPS Interrupt Dispatcher ↼on Destination↽ 73 Device Interrupt Handler 37 Performing Request ς Writing Result to Device 97 MIPS Interrupt Dispatcher on Source 73 Device Interrupt Handler 37 Reading Data and Writing Destination 63 Total 475

Table 4▷2. Performance Summary of Remote Memory Operations Read Write CAS Latency ↼¯s) 45 30 38 Throughput (Mb/s) 35.4 Noti�cation Overhead (¯s) 260

an interrupt. If cells arrive back-to-back, only the �rst arrival would interrupt; the interrupt handler would then drain the input queue of all packets without further interrupts. Further, when streaming multiple cells, sending and receiving code can be pipelined.

We summarize the performance of our implementation in Table 4.2. The latency represents the elapsed time for performing single-cell accesses. Throughput is measured using the block write primitive on 4K byte blocks (the block read yields essentially identical performance). The noti�cation cost is the overhead, in addition to the read/write request, that is incurred when the noti�cation bit is set in an operation. The measurements shown are between two hosts connected directly without a switch; we expect next-generation switches to introduce only small additional latency. (The cost of noti�cation is relatively high because of our reliance on the Ultrix signal handling mechanism.)

It is important to note that although the FORE ATM network has a bandwidth of 140 Mb/s, the best achievable memory-to-memory throughput on the DECstations with the FORE controller is considerably less than this. Our implementation achieves 70% of what would be possible if we directly used the FORE controller to transfer data to the memory of a remote machine.

It is instructive to compare these measurements with the raw performance of the underlying FORE network controller. To obtain this best-case performance, we constructed a simpli�ed environment, ignoring issues of protection, sharing, and demultiplexing of incoming packets. The device was mapped into an address space, which accessed the network directly. We removed interrupt handling costs as well, because the address space polls the network constantly. Running two hosts in this con�guration, we measured the time to do a write operation at about 11 μs▷ Thus our software implementation has added about 19 μs to the write operation in order to multiplex multiple users and provide protected accesses▷ For read operations the increased cost is greater ↼about 23 μs↽ because the interrupt handling code is invoked twice once on each end of the transfer▷ One might ask whether a design optimized for cellsize writes suffers on larger block transfers relative to a specialized block transfer primitive▷ To answer this question we measured our block transfer instructions ↼rwblk and rrblk↽ that transfer data from an arbitrarysized user buffer rather than a αxed set of registers▷ We measured the throughput achieved for a 4K remote block transfer to be 35▷4 Mbits◁sec compared to 34▷7 Mbits◁sec using singlecell remote writes▷ Thus a singlecell remote operation interface loses little in the way of throughput relative to block transfer primitives▷ The reason for the behavior of block transfers is the following▷ On the sending side only a single emulation trap is made for block transfers compared to the multiple traps needed for remote writes▷ However the overhead on the receiving side is on a per cell basis regardless of the approach▷ This is necessarily the case because cells from a block may be interleaved by unrelated cells from other hosts when they arrive at the destination▷ Thus any performance difference is only due to the decreased number of sendside traps which is small in our implementation▷ On the other hand using the block transfer primitive to transfer single cells leads to higher latency because of the overhead of pointer checking inside the kernel▷

4▷4 Chapter Summary In this chapter we have described the implementation and performance of the network access model using software emulation on current generation processors and controllers▷ Because of the simplicity of the model we are able to provide very high performance βexibility and protected userlevel network access with minimal overheads▷ Our imple mentation experience conαrms our belief that it is useful and feasible to support the notion of remote memory on modern workstation clusters▷ Given next generation processors with demultiplexed I◁O interrupts and special support for emulation code as found in the DEC Alpha ♭59♯ the cost of software emulation could be substantially lowered▷ Software emulation has a βexibility advantage over a pure hardware approach because application speciαc operations can be easily added▷ Additional performance gains are also possible by redesigning the network to use the memory or cache bus instead as is done in dedicated multiprocessors such as Alewife ♭2♯▷ In the αnal analysis though the network access model is only an intermediate step▷ That is the performance of the network access model is only important in terms of its contribution to the overall performance of applications that use it▷ In the remainder of the thesis we discuss the impact of the network access model on distributed programming models and distributed systems▷

Chapter 5 APPLICATIONS OF THE NETWORK ACCESS MODEL � RPC

5▷1 Introduction Remote procedure call ↼RPC↽ is the established programming model used in modern dis tributed systems▷ Building highperformance RPC systems is thus an important aspect of distributed system design▷ The purpose of this chapter is twofold▷ One goal is to demonstrate that it is possible to build an efαcient RPC system using the memorybased network access model described earlier▷ To this end we describe the design implementation and performance of a prototype RPC system called RAPID▷ RAPID is prototyped on the DECstation 5000◁200 on the FORE ATM network running the Ultrix operating system▷ The implementation and performance of the lowlevel remote memory primitives are exactly as described in Chapter 4▷ A second goal for this chapter is to demonstrate that the choice of a network access model can have a dramatic impact on the performance of distributed programming models such as RPC▷ To this end we compare the design and performance of RAPID with another RPC system that we built called FRPC ♭66♯▷ We designed FRPC about three years ago to study the limitations to latency on highspeed networks like ATM and FDDI compared to traditional networks like Ethernet▷ FRPC was a highly optimized system built on a bytestream network access model using the same hardware and operating system software subsequently used to host RAPID▷

5▷1▷1 Structure of RPC Systems Traditionally RPC systems have been structured as shown in Figure 5▷1a▷ Clients and servers are placed on different machines, during the runtime binding process the client imports the interface previously exported by the server▷ RPC stubs create the illusion of a simple procedural interface for the client and server▷ Stubs are applicationspeciαc and depend on the particular service function that is invoked▷ Stubs use the RPC transport layer to reliably transfer call arguments and results between the client and the server▷ Typically the transport protocol used in RPC systems is a packet exchange mechanism where a response packet from the server acknowledges a call request from the client and the next call request from the client acknowledges the previous response from the client▷ Conventional RPC design is layered▷ Even high performance RPC implementations adhere to this layering principle ↼except perhaps to do upcalls from the device level directly to the higher levels↽ ♭12 58 66♯▷ For example the stubs view the RPC transport as a provider of reliable packets or linear memory buffers▷ The stubs translate between user speciαed entities ↼integer records arrays↽ and the packets using marshaling code▷ The transport layer is isolated from the network layer and interacts with it via a simple unreliable packet transmission interface▷ Reβecting the layered implementation addressing is done separately at each level as is input demultiplexing▷ For example stubs use handles as communication end points the transport layer uses transport identiαers or ports as end points and αnally the network layer uses network addresses for communications▷

Figure 5▷1a. Conventional RPC System Figure 5▷1b. RPC with Re mote Memory Figure 5▷1c. RPC with Shared Memory What is essential to RPC however is not the layering but rather the simple procedure calllike syntactic and semantic interface provided to the client and server code▷ This interface can be supported on top of the remote memory abstraction▷ RPC design using the memorybased model is shown in Figure 5▷1b▷ Though layered in principle there is much more integration between the stubs the transport and the network ↼as described in detail in Sections 5▷2 and 5▷3↽▷ In particular addressing and demultiplexing are done in a uniform fashion ↼e▷g▷ using <segments offset> pairs↽▷ We view this as an application of the principle of Integrated Layer Processing ↼ILP↽ that can be used to structure communication protocols for better performance ♭19♯▷ Some other examples of ILP are combining data copying and checksum calculations in TCP◁IP ♭17 75♯ and exploiting application semantics to avoid extra copies of data for UDP◁IP ♭44♯▷ There are many similarities between the structure of crossmachine RPC using the memorybased network access model and the structure of samemachine RPC on shared memory ↼shown in Figure 5▷1c↽▷ Consequently techniques that yield good performance for samemachine RPCs yield good performance in the crossmachine case as well▷ Fast crossmachine RPC systems gain performance advantages by trying to reduce the overhead of marshaling and data copying protocol processing and control transfer▷ The next three subsections describe the design of RAPID in these areas and compare it to other high performance RPC systems that use conventional techniques e▷g▷ FRPC▷

5▷2 Marshaling and Data Copying Stubs are pieces of applicationspeciαc code that are generated to bridge the procedural abstraction expected by the client and server and the abstraction provided by the transport layer▷ Stubs use a process called marshaling to move procedure call arguments and results between the applicationφs procedure variables and the transport layerφs memory buffers▷ Related to the cost of marshaling is the cost of making the transport buffer available to the network in a form suitable for transmission▷ We refer to collective process of marshaling and moving data between the various layers of the RPC system as Ψdata motionν▷ High speed RPC systems try to minimize the cost of data motion to gain performance▷ 5▷2▷1 Data Motion in Conventional Systems A complete transmission packet contains network and protocol headers which must be constructed by the operating system and userlevel message text which is assembled by the application and its stubs▷ Conventional RPC systems use many strategies for assembling the packet for transmission with the cost depending on the capability of the controller and the level of protection required in the kernel▷ Kernel◁User Buffer Mapping With a controller that does scattergather DMA the data can be αrst marshaled in host memory by the host ↼in one or more locations↽ and then moved over the bus by the controller▷ In the absence of scattergather the kernel must copy user data an extra time to make it contiguous to the network and protocol headers before DMA can be started▷ Likewise given a controller such as FOREφs that uses a FIFO the straightforward technique of marshaling the data into a userlevel buffer and having the kernel copy it over to the controller requires an extra copy▷ One approach to reducing this cost for example the one used in the highperformance Fireβy RPC system ♭58♯ is to relax kernel◁user protection and permanently map all network buffers into user space and allow the user direct access▷ This is a viable technique if the applications are trusted or for interkernel RPCs▷

Kernel Level Marshaling For generalpurpose time sharing systems though kernel◁user protection is an important consideration▷ For such systems there is an alternative technique that retains full protection without incurring the cost of extra copies▷ This technique called kernellevel marshaling was used in the FRPC design▷ In an effort to minimize copying of the call arguments FRPC performs argument marshaling in the kernel rather than in the userφs address space as is conventional▷ To do this code is synthesized on the βy which is then linked into the kernel and executed▷ Code synthesis has been used in the past to generate optimized routines for speciαc situations to achieve high performance ♭39 45♯▷ The focus here is slightly different. it is more concerned with avoiding the copy cost rather than generating extremely efαcient code for a special situation▷ At bind time when the client imports the serverφs interface the client calls into the kernel with a template of the marshaling procedure▷ The kernel directly supports simple valued types such as words bytes halfwords and pointers to bytes▷ Using the template the kernel synthesizes a marshaling procedure▷ In many cases marshaling is typically simple and involves only assignments and byte copying ♭7♯▷ Thus the task of synthesizing a procedure is nothing more than assembling the right sequence of primitive instructions▷ The marshaling procedure contains code to check the validity of each input argument passed at run time▷ This approach has the beneαt that since the size of the request and reply are known in advance the more general multipacket code path can be avoided if arguments and results αt in a single network packet▷ The kernel then installs the synthesized procedure as a system call for subsequent use by this speciαc client▷ Thus the stubs linked into the userφs address space do not marshal, they merely serve as wrappers to trap into the kernel where the marshaling is done▷ A client

RPC sees a regular system call interface with all the usual protection rules that go with it▷ This approach has the beneαt of performing the minimum amount of copying required without compromising the safety of a αrewall between the user and the kernel or the user and the network controller▷ However this scheme does impose the overhead of probing the validity of pointers before data can be copied▷ Further there is a relatively heavyweight trap into the kernel▷ On the receive side especially on the server it is difαcult to fully exploit the beneαts of kernellevel marshaling▷ This is because a server typically exports several procedures with different types of arguments▷ Thus it is often unclear which particular marshaling procedure should be invoked▷ In such cases a generic unmarshaling procedure is called which might make it necessary for the server stub to perform additional copies▷

5▷2▷2 Data Motion Using Remote Memory The cost of data motion in an RPC system is inβuenced by the network access model▷ An advantage of the remote memory model which provides protected remote memory that can be shared between a client and server is that it is natural to extend to the crossmachine case the optimization techniques used for highperformance samemachine RPC such as URPC ♭8♯▷ Following the URPC approach in our system the server exports stacks that are then imported by clients at bind time▷ On an RPC call the client stub picks an available stack for the server and builds a call frame on that stack using the remote write operation▷ In the absence of callbyreference the call frame is identical to that for a local call▷ There is really no marshaling or demarshaling per se, data moves directly from source memory to destination memory without unnecessary copying or buffering▷ ↼Using writable stacks to simplify demarshaling can be done even without the remote memory model ♭37♯ however doing so is more complex▷↽ Once the stack is ready the client activates the server by writing a βag word in the server for which the server polls▷ Callbyreference is straightforward to provide through the remote read and write primitives▷ In this case the references placed on the call frame must contain a segment descriptor and offset into an exported client segment▷ The segment can be protected with readonly privileges against unauthorized server access if necessary▷ The technique of sharing a writable stack is most beneαcial when the underlying compiler and processor support separate argument and execution stacks▷ In this case only the argument stacks are shared between the client and the server▷ Contemporary RISC architectures and compilers however favor a uniαed argument and execution stack which would permit a malicious or incorrect client to crash the server▷ The execution stack must therefore be protected during server execution▷ Our implementation allows efαcient revocation of segment write access ↼using the rr setprot call↽ enabling the server to execute safely▷ The server exports each stack as a separate segment writeprotecting the segment before an RPC begins▷ The standard argument checking that is performed by the server is then adequate protection against illbehaved clients▷ It is important to note that data motion is kept to a minimum in the scheme described above. data moves from source memory to destination memory without any extra copies or page remapping overheads▷ A combination of features makes this possible▷ First each network transmission is a write request to a speciαc location and is therefore self identifying▷ In other words buffering of data before demultiplexing is not required▷ Second the implementation takes care to avoid extra memory transfers by moving data from user memory to user registers and thence to the outbound FIFO▷ In the absence of processor initiated DMA to the FIFO this is the best possible scenario▷

5▷3 Transport RPC systems have typically relied on reliable packet exchange protocol similar to the one αrst used at Xerox ♭12♯▷ The packet exchange protocol is layered directly over network datagrams for communicating within the same physical network or on top of internetwork datagrams such as UDP◁IP for communicating across multiple networks▷ The performance of an RPC system is affected by the transport mechanism which in turn is inβuenced by the access model and the network type▷ We describe below some aspects of RPC transport design as it relates to network access models▷

5▷3▷1 RPC Packet Exchange Modern LANs have low loss rates and the function of the transport layer is to provide an efαcient mechanism to cope with occasional data loss▷ Traditional RPC transports were designed for the Ethernet where typical RPC call arguments and results αt into a single packet ↼about 1500 bytes↽▷ Consequently RPC protocols have been optimized for single packet exchanges ♭12♯▷

In the standard RPC packet exchange protocol the clientside transport sends a network packet containing its arguments to the server▷ ↼In the common case RPC arguments occupy less space than what the network packet can support▷↽ In the absence of any errors the serverφs response packet containing the call results acknowledges the clientφs request packet▷ A subsequent call from the client acknowledges the previous server response packet as well▷ Thus in the common case�arguments and results αt into single network packets and there are few errors on the network�exactly two packets are exchanged per RPC▷ In the uncommon case when multiple network packets are required for sending arguments or returning results the RPC packet exchange protocol exchanges an acknowledgement per network packet▷ With the small cell size of an ATM network however data for typical RPC packets may not αt into a single ATM cell▷ Thus relying on a packet exchange ↼in effect a cell exchange↽ protocol is not optimal▷ One alternative to exchanging cells is to rely on an intermediate ATM adaptation layer ↼AAL↽ between the RPC transport and the ATM network layer▷ Recall from Chapter 4 that the AAL consists of a segmentation and reassembly ↼SAR↽ sublayer and a convergence ↼CS↽ sublayer that provides the logical abstraction of an unreliable datagram▷ The AAL accepts RPC transport packets and breaks them up into cellsized fragments that are individually sent to the destination where they are reassembled into a complete RPC packet▷ Since AAL does not provide reliability an aggregate group of cells is treated as one higherlevel message with one acknowledgement at the RPC transport layer▷ Thus the entire message must be retransmitted even if only one cell is lost▷ But if cells are rarely lost this scheme has the advantage of a straightforward implementation of the RPC transport at the expense of a SAR layer▷ This was the approach taken in the FRPC design▷ However given the per cell cost of segmentation and reassembly processing especially in software performance can be improved by bypassing the SAR and CS sublayers▷ Notice that remote memory references are self addressing i▷e▷ they identify where incoming data is to be stored▷ Thus reassembly is obviated because the data is simply moved to the right location a cell at a time without being reassembled into an intermediate buffer and then moved possibly to multiple discontiguous memory locations▷ Using unreliable remote memory access there is an alternative scheme that not only avoids the cost of SAR processing but also avoids the cost of per cell acknowledgment that standard RPC packet exchange would incur if used directly on a per cell basis▷ This scheme is based on the notion of blast protocols and selective acknowledgements ♭15 18♯ and is used in RAPID▷ A αxed number of cells ↼say N↽ are grouped into an Ψacknowledgment unitν▷ These cells are written to the remote site without waiting for an acknowledgement▷ Since ATM networks guarantee cell sequencing from a particular source the arrival of the last cell indicates that the previous cells have either arrived or been lost▷ When the destination detects the Nth cell ↼or a timeout occurs↽ it writes a single cell at the source with a bit mask indicating the cells it has received▷ The source then rewrites only the missing cells if any▷ The only challenge in this scheme is to ensure that the destination can detect whether a cell has been written or not▷ Since each cell write is guaranteed to be atomic it is sufαcient to detect if a particular word within a cell has been written▷ To detect if a particular word has been written the destination has to know in advance what the contents of that word is▷ Thus the source αrst writes ↼to a αxed place in the destination↽ the contents of a αxed word within each cell of the subsequent N cells▷ It then writes the N cells before waiting for a write from the destination▷ Thus in the case where no cells are dropped every group of N cells requires a constant overhead ↼23 cells↽ as opposed to the 2N cells that would be required if each cell were separately acknowledged▷

5▷4 Control Transfer Context switching causes a signiαcant portion of the overhead in RPC ♭58♯, in addition there is a substantial impact on processor performance due to cache misses after a context switch ♭49♯▷ An RPC call typically requires four context switches. switching the client out switching the server in switching the server out and αnally switching the client back in▷ Two of these�switching the client or the server out�can be overlapped with the transmission of the packet▷ Systems with high performance RPC usually have lightweight processes that can be context switched at low cost but unless there is more work to do in the client and the server or no work elsewhere a process context switch usually occurs▷ The DECstation 5000◁200 running Ultrix has context switching times that can be signiαcant compared to the latency of a small packet and it is thus desirable to avoid this cost where possible▷ The RAPID implementation is entirely at user level and employs a userlevel threads package▷ To avoid the cost of context switching we chose to spin wait the threads at user level relying on kernel time slicing for fairness among processes▷ This scheme clearly favors latency over throughput but blocking schemes could be used as well at the expense of increasing the latency by the cost of the context switches▷ Our implementation of the network access model as described in Chapter 4 is capable of transferring control to a process on an incoming remote operation▷ This mechanism can be used instead of spin waiting at the cost of increased latency▷ FRPC also used spin waiting to avoid the context switch cost▷ However this spin waiting was done inside the kernel and FRPC had to ensure that the spinning did not extend past the clientφs time quantum if there were jobs in the run queue▷ The basic spinwaiting scheme used in FRPC can be extended to block the caller without spinning if the expected roundtrip is greater than some threshold related to the context switch penalty▷ An estimate of the roundtrip could be obtained either statically using a user supplied hint or dynamically by using past response times as an estimate▷ In general this technique trades off throughput for latency if there are processes on the run queue waiting their turn▷ In contrast spin waiting at user level is trivial to implement and requires no support from the kernel▷ Further the decision to spin wait or block can be driven by applicationspeciαc knowledge about the completion time of requests▷ To summarize RAPID implemented on top of the remote memory model has the following key features. • T⟨⌉ ⊔⟩}⟨⊔ ⟩\⊔⌉}∇⊣⊔⟩≀\ ≀{ RPC ∫⊔⊓⌊∫⇔ ⊔∇⊣\∫√≀∇⊔⇔ ⊣\⌈ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊔≀ ∫⟩⇕√↕⟩{† ⌋≀√†⟩\} ⊣\⌈ ⌈⌉⇕⊓↕⊔⟩√↕⌉§⟩\}↙ • D⟩∇⌉⌋⊔ ⇕⊣∇∫⟨⊣↕⟩\} ⊣\⌈ ⌈⌉⇕⊣∇∫⟨⊣↕⟩\} ≀{ ⌈⊣⊔⊣ ⟩\⊔≀ ⊔⟨⌉ ⊔⊣∇}⌉⊔ ⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉ ⊣∫ ⌈≀\⌉ ⟩\ URPC↙ • A ⊔∇⊣\∫√≀∇⊔ ⌊⊣∫⌉⌈ ≀\ ⌊↕⊣∫⊔ √∇≀⊔≀⌋≀↕∫ ⊣\⌈ ∫⌉↕⌉⌋⊔⟩⊑⌉ ∇⌉⊔∇⊣\∫⇕⟩∫∫⟩≀\∫ ⟩\∫⊔⌉⊣⌈ ≀{ ⊔⟨⌉ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ √⊣⌋‖⌉⊔ ⌉§⌋⟨⊣\}⌉↙ ▽↙▽ P⌉∇{≀∇⇕⊣\⌋⌉ W⌉ ⌈⌉∫⌋∇⟩⌊⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ FRPC ⊣\⌈ RAPID ≀\ DEC∫⊔⊣⊔⟩≀\∫ ▽′′′∝∈′′∫↙ I\ ⌊≀⊔⟨ ∫†∫⊔⌉⇕∫⇔ ∫⊔⊓⌊∫ ⊒⌉∇⌉ ⟨⊣\⌈ }⌉\⌉∇⊣⊔⌉⌈ {≀∇ ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉∫ ⊔⟨⊣⊔ ⊒⌉ ⇕⌉⊣∫⊓∇⌉⌈ ⊣\⌈ ∫√⟩\ ⊒⊣⟩⊔⟩\} ⊒⊣∫ ⊓∫⌉⌈ ⟩\∫⊔⌉⊣⌈ ≀{ ⌊↕≀⌋‖⟩\}↙ W⌉ ⇕⌉⊣∫⊓∇⌉⌈ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ RPC ≀\ ⊔⊒≀ ≀⊔⟨⌉∇⊒⟩∫⌉ ⟩⌈↕⌉ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫ ⌋≀\\⌉⌋⊔⌉⌈ ⌊† ⊣ ∫⊒⟩⊔⌋⟨↕⌉∫∫ ATM \⌉⊔⊒≀∇‖↙ T⟨⌉ ∇⌉∫⊓↕⊔∫ ⊣∇⌉ ∫⟨≀⊒\ ⟩\ T⊣⌊↕⌉ ▽↙∞↙ T⟨⌉ ⌋≀↕⊓⇕\ ⇕⊣∇‖⌉⌈ M⟩\⊓∫ ∫⟨≀⊒∫ ⊔⟨⌉ ⊔⟩⇕⌉ ∇⌉∐⊓⟩∇⌉⌈ {≀∇ ⊣\ RPC ⟩\⊑≀↕⊑⟩\} ⊔⊒≀ ⟩\⊔⌉}⌉∇ ⊣∇}⊓⇕⌉\⊔∫ ⊣\⌈ ⊔⟨⌉ ∇⌉⊔⊓∇\

∉

T⊣⌊↕⌉ ▽↙∞¬ RPC P⌉∇{≀∇⇕⊣\⌋⌉ ⊒⟩⊔⟨ D⟩{{⌉∇⌉\⊔ N⌉⊔⊒≀∇‖ A⌋⌋⌉∫∫ M≀⌈⌉↕∫ C∇≀∫∫↖M⊣⌋⟨⟩\⌉ RPC T⟩⇕⌉ ⇐¯s) System Minus MaxArg RAPID 93 513 FRPC 167 675

of an integer result; the computation time required to calculate the result is negligible, and the data exchanged between the hosts �ts in a single ATM cell. In both systems, this RPC takes a fast path and is an indication of the fastest speed possible with the two RPC systems. Notice that the time for RAPID is considerably smaller. The column marked MaxArg shows the roundtrip time to make an RPC to the server with 1500 bytes of data and to get an integer result back. It must pointed out that the performance of RAPID for larger data transfers is sensitive to the choice of N the Ψacknowledgement unitν▷ An earlier version of RAPID with N / 6 gave slightly worse performance than the current version which uses N / 16▷ We attribute the higher performance of RAPID to several factors related to the use of the remote memory model▷ First the use of the memorybased network access model substantially reduces the interaction with the kernel and obviates the use of the ATM device driver▷ The RAPID RPC transport mechanisms directly perform the low overhead remote writes▷ In contrast traditional RPC implementations like FRPC will typically require much more interaction with the kernel and the device driver▷ Second RAPID avoids data copying without the complexity of page remapping or kernellevel marshaling used in traditional systems to get good performance▷ RAPID can avoid this because the network access model supports addressing and demultiplexing very efαciently▷ This also avoids the cost of going through the SAR layer as well▷ Finally since the network access model allows complete protected userlevel access to the network we avoid kernel context switching overheads by spinwaiting at user level▷ This avoids the need to interact with the kernel scheduler▷

5▷6 Chapter Summary In this chapter we have demonstrated that the memorybased network access model is well suited for implementing remote procedure call mechanisms and shown that an RPC system built on this substrate has better performance than an equally aggressive RPC system built on top of a conventional network access model▷ However a more fundamental question we have not yet considered is whether RPC is indeed the correct distributed programming model▷ While it is the case the RPC has been the model of choice in past and contemporary distributed systems we will see in the following chapter that there may be environments where it is not beneαcial to use crossmachine RPCs▷ However there are situations where RPC will continue to be relevant and in these cases memorybased network access models and RPC systems designed along the lines of RAPID show considerable promise▷

Chapter 6 APPLICATIONS OF THE NETWORK ACCESS MODEL � MULTICOMPUTING ON A WORKSTATION CLUSTER

6▷1 Motivation Recent advances in processor and network performance have increased the attractiveness of parallel computing on workstation clusters used as multicomputers▷ The processors in current highend workstations are competitive with the fastest available uniprocessors and more than competitive with the processors found in tightlycoupled machines▷ Also the new generation of localarea networks narrows the gap with the specialized interconnection networks found in more tightlycoupled machines▷ For example current ATM networks run at 155 Mbit◁sec with 2 Gbit◁sec being promised by the mid φ90s and are scalable in the sense that the aggregate bandwidth can be much greater than the link bandwidth▷ The wide deployment of these elements and the corresponding economies of scale are likely to have two related effects▷ First it becomes possible to use a cluster of preexisting workstations connected by a highspeed network as a cost effective looselycoupled multicomputer for running parallel applications▷ Second it also becomes increasingly attractive to pur chase new commodity workstation and networking gear for dedicated use rather than a tightlycoupled system▷ Such looselycoupled structures built from commodity parts offer advantages over dedicated multicomputers such as the Intel Paragon ♭36♯ and Thinking Machines CM5 ♭67♯. commodity parts are lower in cost and they can be βexibly scaled and upgraded▷ Workstation clusters used for distributed applications rely on heavyweight client◁server models and messagebased ↼RPC↽ communication while parallel applications favor simpler models that involve more direct interprocessor data access▷ For instance based on the frequency of calls and the actual work done by each call RPC overhead of a few hundreds of microseconds may be considered acceptable▷ Realistic parallel applications on the other hand would require network accesses to take tens of microseconds▷ Thus for workstation clusters to facilitate parallel programming they should support αnergrained lowercost network access▷

This chapter describes a prototype multicomputer based on a workstation cluster and our initial experience with using it▷

6▷2 Implementation of a WorkstationCluster Multicomputer We implemented our prototype using four DECstation 5000◁200s connected by a FORE ASX100 ATM switch with four ports each running at 140 Mbit◁sec▷ Before cells can be routed through the switch virtual circuits have to be established between the two communicating entities▷ In our multicomputer between each pair of hosts we set up a permanent virtual circuit ↼PVC↽ at boot time▷ Data destined to several remote memory segments on a single host use the same virtual connection identiαer▷ Signaling software in the switch allows virtual circuits to reserve a fraction of the link bandwidth▷ In our prototype PVCs are set up to reserve 50ϱ of the link bandwidth▷ We expect this level of bandwidth reservation to provide adequate protection against cell loss due to congestion▷ In more advanced switches e▷g▷ AN2 ♭4♯ with hardware βow and congestion control mechanisms bandwidth reservation may not be needed for protection against cell loss▷ Given this level of guarantee against cell loss due to congestion and low αber error rates it is feasible for the multicomputer to directly use the memorybased network access model as its sole means of communication▷ Thus we believe that with little additional mechanism it is possible to adequately support the needs of parallel applications▷ Ideally we do not expect programmers to directly use the network access model to write their parallel applications on the cluster▷ That is the task of a protocol compiler ♭29♯▷ This notion is similar in spirit to the idea of using RPC stub generators to hide the details of marshaling from users▷ In general terms a protocol compiler analyses a parallel application for communication and computation phases▷ It then generates communication instructions e▷g▷ remote reads and writes at appropriate locations to minimize data and communication overheads▷ Our clusterbased multicomputer has good performance and it is useful to compare it with dedicated architectures such as the CM5 the Intel Touchstone DELTA and the Intel Paragon which is a successor of the DELTA▷ Table 6▷1 compares the ↼oneway↽ latency of sending small amounts of data in the various systems▷ The average time required to perform a remote write of a given size is shown in the αrst row▷ This includes the latency introduced by the switch which we

Table 6▷1. Comparative Communication Latencies in Multicomputers Latency ↼¯s) System 40 bytes 80 bytes DECstation 5000/200 ATM 37 55 CM-5 (CMMD) 12 16 Intel Paragon (PUMA OS) 55 55 Intel Touchstone DELTA 71 75

Table 6.2: Comparative Throughputs in Multicomputers

System Throughput (Mbytes/s) DECstation 5000/200 ATM 4.3 CM-5 (CMMD) 24 Intel Paragon (PUMA OS) 165.0 Intel Touchstone DELTA 10.0 measured to be about 7 μs for each cell▷ However this is not a fundamental limitation of ATM switches▷ We expect that as the technology matures switching times can be brought down to a few hundred nanoseconds with faster datapaths and virtual cutthrough▷ We did not perform measurements on the CM5 and the Intel machines but use values reported elsewhere ♭43 69 73♯▷ Row two shows the oneway cost of sending data to a preallocated buffer using the CMMD scopy routine which is comparable in functionality to a remote write ♭69♯▷ Row three represents the performance of send◁receive using the facilities of the PUMA operating system ♭73♯▷ At the time of writing this represents the best performance reported in the literature▷ Row four represents send◁receive performance reported by Littleαeld ♭43♯▷ Send◁receives have an overhead cost for buffer setup and βow control associated with them▷ The table indicates the performance including the startup cost that is needed for the 3phase protocol to set up buffers▷ Table 6▷2 compares the sustained throughput achieved by the various systems▷ Our implementation overlaps multiple write requests, switch overhead is included in the mea surement▷ Once again we did not measure the CM5 and the Intel αgures but quote from the literature▷ In relation to the other systems our implementation has traded off bandwidth for latency▷

We chose this bias because we expect applications to use many exchanges of small amounts of data rather than being throughput intensive▷ However it is important to recall from Chapter 4 that our implementation achieves about 70ϱ of the throughput that the raw controller hardware is capable of providing▷

6▷3 Performance of Applications on the WorkstationCluster Multicomputer To test the effectiveness of our clusterbased multicomputer and the network access model as a base for building parallel applications we report on the performance of two parallel programs▷ These applications were translated from message passing versions that ran on dedicated multicomputers such as the Intel Cube and the CM5▷ We did not have a protocol compiler capable of generating remote reads and writes and so the applications were translated by hand▷

6▷3▷1 Ising Model The αrst application is an optimization problem that arises in the Ising model which is used to model the behavior of crystal lattices▷ Each lattice atom has a characteristic value called Ψspinν▷ Atoms interact with their nearest neighbors▷ Each interaction has an Ψinteraction coefαcientν▷ The lattice as a whole has an energy which is a function of the spins and the interaction coefαcient▷ The objective is to assign spins to the atoms to minimize the total lattice energy▷ The problem is known to be NP hard so our particular solution uses a heuristic▷ Our program has an optimizer that scans the grid and changes spins if doing so would lower the total energy▷ The optimizer contains two loops that are written using red◁black coloring ♭54♯ a common parallelization technique used in scientiαc applications▷ The grid is spatially distributed amongst the processorsφ memories such that each processor has two nearest neighbors▷ The boundaries of the grid contain data that is shared between neighboring processors▷ During program execution spin values of atoms that have changed and are on adjacent processors have to be exchanged▷ The processor that changed the spin writes the new values to the adjacent processor using remote writes▷ At the end of each sweep through the grid adjacent processors synchronize with each neighbor using the compareandswap primitive▷ Table 6▷3 indicates the observed speedup of the multinode algorithm relative to an

Table 6▷3. Ising Speedup Speedup Number of Nodes Grid Size 20 X 20 40 X 40 80 X 80 2 1▷5 1▷8 2▷0 4 1▷9 3▷0 3▷6 otherwise identical singlenode solution that uses local memory and no synchronization▷ For an N X N grid evenly distributed among P processors the computation per processor on each sweep is proportional to N^2/P and the data exchanged is proportional to N▷ For small grid sizes the time to perform the βoatingpoint computation to calculate the new lattice energy is small relative to the time required to communicate the spin values▷ Consequently speedups are modest with increasing processor count▷ Our measurements indicate that 40X40 is the smallest problem size for which our implementation can be expected to achieve good speedups▷ 6▷3▷2 Circuit Simulator The second application we used was a generalpurpose gatelevel circuit simulator that uses a conservative ↼ChandyMisra↽ distributed simulation algorithm▷ The simulator reads a circuit description and distributes the gates of the circuit among the various nodes▷ Each gate input is modeled as a queue of events into which output gates write their signal values as the circuit is being simulated▷ Each node performs a simple simulation loop▷ For each gate on the node whose inputs are ready it calculates the output signal value based on the type of the gate▷ The output signal values are then fed to the appropriate input gates some of which might be on a remote node▷ Most of the parallelism of the application is achieved because the different nodes may proceed independently if their gates have valid inputs▷ The simulator is a natural candidate for exploiting remote memory e▷g▷ the current version has a much simpler communication interface than the messagebased version from which it was ported▷ Gates whose inputs are fed by remote gates are located in an exported segment that is imported by the remote gate▷ New signal values are simply written by using a remote write▷ Table 6▷4 shows the results of running the simulator on a 32bit adder circuit▷ Perfor

Table 6▷4. Simulator Speedup Speedup Number of Nodes Random Linear 2 1▷7 1▷8 4 3▷4 3▷5 mance from two distribution of input gates are shown. linear and random▷ In the linear distribution with P nodes and N gates the αrst N/P gates are given to the αrst node the next N/P are placed on the second one and so on▷ In the random distribution the gates were distributed using a random number generator▷ The particular circuit we used is quite modest and has about 225 gates▷

6▷4 Chapter Summary Based on our experience we believe that the remote read◁write model is well suited for building parallel applications▷ There are two interesting issues to consider here regarding the usefulness of the model▷ The αrst relates to the classic debate between sharedmemory and message passing paradigms for programming parallel applications▷ The network access model that we pro pose is similar in spirit to sharedmemory primitives▷ It is sometimes argued that typical sharedmemory programs and thus by extension applications written using the network access model may be harder to program than message passing programs due to synchroniza tion constraints▷ That is while message passing programs get automatic synchronization as a side effect sharedmemory programs have to explicitly use synchronization primitives▷ However despite this seeming disadvantage many programmers still prefer the shared memory model because it offers simple semantics and the performance advantage of using only as much synchronization as necessary▷ ↼We will return to the issue of synchronization in greater detail in Chapter 7 when we discuss the structure of distributed systems using the memorybased network access model▷↽ Further with mechanical aids like protocol compilers the distinction between sharedmemory and message passing primitives might be less important in the future▷ The other issue is whether the primitives provided by our model are inferior in some ways to the primitives in sharedmemory machines▷ Our prototype has some features that could be viewed as inconvenient compared to dedicated sharedmemory architectures▷ First our prototype in contrast to true sharedmemory machines provides remote memory access instructions that are slightly different from those used for local memory▷ This is a clear tradeoff that allows us to use commodity parts at low cost and with high βexibility▷ In contrast machines like SHRIMP^1 provide uniform local and remote access instructions, but

at the expense of customized hardware [13]. Second, our model does not provide automatic memory coherence as most shared-memory machines do. Once again, we believe this is a reasonable tradeoff of performance for functionality. Rather than mandate coherence that would be dif�cult to ef�ciently support on commodity workstation clusters, we provide users high performance instructions to keep memory consistent at the application level.

At present, our experience with the scaling properties of our workstation cluster and the network access model is limited. Remote reads and writes are point-to-point and thus communication costs could grow quadratically with the number of nodes. However, relative to message passing, which is also point-to-point, we expect remote reads and writes to scale equally well.

1 Strictly speaking, SHRIMP is not a shared-memory machine, but it has many similar features.

Chapter 7

RESTRUCTURING SERVICES IN A DISTRIBUTED SYSTEM

As we have mentioned earlier, the hardware base for distributed systems has changed signi�cantly over the last decade. Advances in processor architecture and technology have resulted in workstations in the 100+ MIPS range. As well, newer local-area networks such as ATM [48] promise a ten- to hundred-fold increase in throughput, much reduced latency, greater scalability, and greatly increased reliability, when compared to current LANs such as Ethernet.

Previous chapters have considered a new network access model tuned for next-generation networks. We have also shown that this model can be used in two ways: (1) to support parallel programming on local-area workstation clusters using techniques such as protocol compilers, and (2) to build ef�cient RPC systems to support distributed applications. In other words, though the technology had changed dramatically, we were considering traditional system and application structures on top of a new communication model.

In this chapter we make a more radical departure, and consider a novel organization of distributed systems made possible by the memory-based network model and the new technology. It is our contention that new network and processor technologies will permit tighter coupling of distributed systems at the hardware level, and distributed system structure should change as a result in order to bene�t from that tighter coupling.

Distributed systems are typically structured as clients and servers that communicate using RPC- or message-based communication. Such RPC-based client/server systems are highly tuned and relatively ef�cient for current-generation networks, which are relatively slow, relatively unreliable, and permit only a loose coupling between distributed components. However, such protocols and structures may well be sub-optimal for next-generation networks, for which these assumptions no longer hold.

The rest of the chapter is organized as follows. We �rst describe the structure of RPCbased distributed systems and the limitations of this structure in newer LAN environments. Next, we discuss the alternative structure for distributed services. The alternative structure is based on the underlying network access model described in Chapter 3. We present data from a simple name server application and from measurements of NFS [56].

7.1 The Trouble with RPC

RPC is the predominant communication mechanism between the components of contempo-

rary distributed systems 1. For this reason, an enormous amount of energy has been devoted

to increasing its performance [37, 58, 66, 70]. Still, RPC times are substantial compared to

the raw hardware speed. While this cost is due in part to the latency of network controllers

and the software protocols used for network transfer, it is due as well to the semantics of

RPC.

RPC performs two conceptually simple functions: • I⊔ ⊔∇⊣\∫{⌉∇∫ ⌈⊣⊔⊣ ⌊⌉⊔⊒⌉⌉\ ⊣ ⌋↕⟩⌉\⊔≃∫ ⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉ ⊔≀ ⊣ ∫⌉∇⊑⌉∇≃∫ ⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉↙ D⌉↖ √⌉\⌈⟩\} ≀\ ⊔⟨⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\⇔ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⊣† ⌊⌉ ⌋≀∫⊔↕† ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⇐∫≀⇕⌉⊔⟩⇕⌉∫ ≀⊑⌉∇↕† }⌉\⌉∇⊣↕⇒ ∫⊔⊓⌊∫ ∇⌉∐⊓⟩∇⌉⌈ ⊔≀ ⇕⊣∇∫⟨⊣↕ ⊣\⌈ ⊓\⇕⊣∇∫⟨⊣↕ √⊣∇⊣⇕⌉⊔⌉∇∫ {≀∇ ⊔∇⊣\∫⇕⟩∫∫⟩≀\⇔ ⊣\⌈ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⇐∫≀⇕⌉⊔⟩⇕⌉∫ ∇⌉√⌉⊣⊔⌉⌈⇒ ⌋≀√†⟩\} ≀{ ⌈⊣⊔⊣ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⌋↕⟩⌉\⊔ ≀∇ ∫⌉∇⊑⌉∇ ⊣\⌈ ⊔⟨⌉ ⊒⟩∇⌉↙ • I⊔ ⊔∇⊣\∫{⌉∇∫ ⌋≀\⊔∇≀↕ {∇≀⇕ ⊣ ⌋↕⟩⌉\⊔ ⊔⟨∇⌉⊣⌈ ⊔≀ ⊣ ∫⌉∇⊑⌉∇ ⊔⟨∇⌉⊣⌈ ⊣\⌈ ⌊⊣⌋‖↙ T⟨⌉ ⊒≀∇‖ ⊔≀ √⌉∇{≀∇⇕ ⊔⟨⟩∫ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⟩\⊑≀↕⊑⌉∫ ⊣⊔ ↕⌉⊣∫⊔¬ ⇐∞⇒ ⌊↕≀⌋‖⟩\} ⊔⟨⌉ ⌋↕⟩⌉\⊔≃∫ ⊔⟨∇⌉⊣⌈ ⊣\⌈ ∇⌉∫⌋⟨⌉⌈⊓↕⟩\} ⊔⟨⌉ ⌋↕⟩⌉\⊔≃∫ √∇≀⌋⌉∫∫≀∇⇔ ⇐∈⇒ √∇≀⌋⌉∫∫⟩\} ⊔⟨⌉ RPC ⇕⌉∫∫⊣}⌉ √⊣⌋‖⌉⊔ ⟩\ ⊔⟨⌉ ⌈⌉∫⊔⟩\⊣⊔⟩≀\ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕⇔ ⇐∋⇒ ∫⌋⟨⌉⌈⊓↕⟩\}⇔ ⌈⟩∫√⊣⊔⌋⟨⟩\}⇔ ⊣\⌈ ⌉§⌉⌋⊓⊔⟩\} ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⊔⟨∇⌉⊣⌈⇔ ⇐△⇒ ∇⌉∫⌋⟨⌉⌈⊓↕⟩\} ⊔⟨⌉ ∫⌉∇⊑⌉∇≃∫ √∇≀⌋⌉∫∫≀∇ ≀\ ∇⌉⊔⊓∇\ ⌊† ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⊔⟨∇⌉⊣⌈⇔ ⇐▽⇒ √∇≀⌋⌉∫∫⟩\} ⊔⟨⌉ ∇⌉√↕† √⊣⌋‖⌉⊔ ≀\ ⊔⟨⌉ ⌋↕⟩⌉\⊔≃∫ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕⇔ ⊣\⌈ ⇐⇏ ∫⌋⟨⌉⌈⊓↕⟩\} ⊣\⌈ ∇⌉∫⊓⇕⟩\} ⊔⟨⌉ ≀∇⟩}⟩\⊣↕ ⌋↕⟩⌉\⊔ ⊔⟨∇⌉⊣⌈↙ T⟨⌉∫⌉ {⊓\⌋⊔⟩≀\∫ ≀{ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⊣\⌈ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⊣∇⌉ {⊓\⌈⊣⇕⌉\⊔⊣↕↕† ⌊≀⊓\⌈ ⊔≀}⌉⊔⟨⌉∇ ⟩\ ⊔⟨⌉ RPC ⇕≀⌈⌉↕↙ T⟨⊓∫⇔ ⊔≀ ⌋≀√† |⊓∫⊔ ≀\⌉ ⌊†⊔⌉ ≀{ ⌈⊣⊔⊣ {∇≀⇕ ⌋↕⟩⌉\⊔ ⊔≀ ∫⌉∇⊑⌉∇⇔ ⊣\ RPC ∫†∫⊔⌉⇕ ⇕⊓∫⊔ √⌉∇{≀∇⇕ ⊔⟨⌉ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⇐⌉↙}↙⇔ ⊔⟨⌉ ⊔⟨∇⌉⊣⌈ ∫⌋⟨⌉⌈⊓↕⟩\} ⊣\⌈ ⇕⊣\⊣}⌉⇕⌉\⊔ ⟩\ ∫⊔⌉√∫ ∞⇔ ∋⇔ △⇔ ⊣\⌈ ̸⊣⌊≀⊑⌉⇒ ⊣∫ ⊒⌉↕↕⇔ ⊒⟨⟩⌋⟨ ⟨⊣∫ ↕⟩⊔⊔↕⌉ ⊔≀ ⌈≀ ⊒⟩⊔⟨ ⊔⟨⌉ ⊔∇⊣\∫{⌉∇ ≀{ ⊔⟨⊣⊔ ⌊†⊔⌉↙ E⊑⌉\ ⟩\ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ RPC ∫†∫⊔⌉⇕∫⇔ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⌋⊣\ ⊔⊣‖⌉ ⊣ ∫⊓⌊∫⊔⊣\⊔⟩⊣↕ ⊣⇕≀⊓\⊔ ≀{ ⊔⟩⇕⌉↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ≀{ F⟩∇⌉⊙† RPC⇔ ⊣ ⟨⟩}⟨↕† ≀√⊔⟩⇕⟩‡⌉⌈ ∫†∫⊔⌉⇕⇔ ∫⟨≀⊒⌉⌈ ⊔⟨⊣⊔ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⊒⊣∫ ∇⌉∫√≀\∫⟩⌊↕⌉ {≀∇ ∞ √⌉∇⌋⌉\⊔ ≀{ ⊔⟨⌉ ≀⊑⌉∇⊣↕↕ ⊔⟩⇕⌉ ≀{ ⊣\ RPC ⊒⟩⊔⟨ \≀ ⊣∇}⊓⇕⌉\⊔∫ 1 In this context, we consider RPC and message passing to be essentially identical.

Table 7.1: Summary of NFS RPC Activity

Number of Percentage of Activity Calls Total Get File Attribute 8960671 31 Lookup File Name 8840866 31 Read File Data 4478036 16 Null Ping Call 3602730 12 Read Symbolic Link 1628256 6 Read Directory Contents 981345 3 Read File System Stats. 149142 0.5 Write File Data 109712 0.4 Other 109986 0.3 Total 28860744 100

and no results, and 7 percent of the overall time for a call with no arguments and a 1440 byte result [58]. Spin waiting, e.g., as done in our prototype FRPC and RAPID systems, may not be a feasible option in many environments.

Given this problem, we should ask whether distributed applications require a single primitive that uni�es data and control transfer. To examine this question for one application, we consider NFS, which is probably the most common example of a distributed service in daily use. We instrumented and measured the primary NFS �le server for a collection of 80-100 workstations in our department. Most of our workstations have local disks where individual user �les are stored. The �le server exports X-terminal fonts, source trees for systems like the Ultrix kernel and GNU distribution, and the /usr partition containing executable binaries, in addition to hosting a small complement of users. The exported partitions have a mix of read-only and read-write �les, but with a relatively higher proportion of read-only �les. Table 7.1 shows an analysis of operations performed at the server over the course of several days. It is signi�cant to note that for the most part (i.e., for all rows except the �Null Ping�), the goal of the RPCs in Table 7.1 is to transfer data�either �le data or �le metadata�between the server and the client. If that data could be transferred directly between the server and the client, then we could avoid control transfers. Thus, ignoring the issues of synchronization for the moment, these RPCs potentially could be replaced with simpler mechanisms that involve only transfer of data, if the system were structured in a way that facilitates such transfers.

Using an RPC scheme to perform simple data transfers has two bad effects. First, there

Table 7.2: Breakdown of NFS RPC Traf�c

Activity Control Traf�c Data Traf�c Ratio of Control (MBytes) (MBytes) to Data Get File Attribute 214 481 0.44 Lookup File Name 246 761 0.32 Read File Data 185 2176 0.09 Read Symbolic Link 59 19 3.10 Read Directory Contents 54 1862 0.03 Read File System Stats. 4 3 1.33 Write File Data 4 271 0.01 Overall Total 766 5573 0.14

is the overhead of scheduling and procedure invocation. Further, RPC-style communication imposes a secondary overhead, because it creates unnecessary network traf�c in addition to the actual data bytes being transferred. This additional data that is transferred due to RPC semantics can be a non-trivial fraction of the total data exchanged. We illustrate this phenomenon by considering the network traf�c between an NFS client and the server. We classify the activity into �data traf�c� and �control traf�c�. Data traf�c represents the data that is required by the particular distributed �le system protocol. That is, if there was a communication primitive that permitted direct and protected data transfers from server memory to client memory, this is the amount of data that NFS would have to transmit. Control traf�c represents additional data that is transmitted because NFS uses RPC as the communication primitive. This classi�cation is signi�cant, because it identi�es the amount of traf�c that can be eliminated by avoiding an RPC or message passing style of communication with its integrated transfer of control and data.

Table 7.2 shows the breakdown of the data and control portions of the client/server traf�c for the snapshot shown previously. Note that this is a cumulative picture of the system after it has been running for a long time. We have not included the overhead of network protocol speci�c headers. Overall, the control traf�c due to the RPC model is about 12% of the total.

An alternative model that reduced control traf�c would, in turn, reduce processing on the server side. Most interactions between the client and the server involve only data accesses that should not require much server involvement. If we can eliminate both the traf�c and the server involvement, we have the potential to improve scalability by lowering both network and server load. That potential can be realized if we use the memory-based network access model and a new structure for distributed applications.

7.2 An Alternative Structure

In this section we describe an alternative structure for distributed applications. We brie�y outline the goals of our design and the environment in which we expect to run. We then describe the structure of distributed applications using our memory-based model of network access.

Simply stated, our objective is to improve the performance and scalability of distributed services. To accomplish this, we consider three important design goals. First, the communication system should avoid bottlenecks that might hurt service request times. Second, the load on server machines should be minimized, using client machines for processing where possible, in order to improve scalability. Third, the load on the shared network should be minimized, again to improve scalability. Modern networks using switched point-to-point links can tolerate loads better than bus-based networks like Ethernet, because multiple links can be aggregated between nodes to provide increased capacity when required. However, loading at switches is a potential performance problem that we would like to reduce.

Our design is based on certain assumptions about the underlying workstation and network environment that we expect to use. We wish to build tightly-integrated distributed system clusters, consisting of a modest number of high-performance workstations communicating within a single LAN-connected administrative domain. Newer LAN technologies include hardware �ow-control and bandwidth reservation schemes that can guarantee that data packets are delivered reliably [4, 5]. We therefore feel justi�ed in treating data loss within the cluster as an extremely rare occurrence, and regard it as a catastrophic event. This permits the use of simpli�ed communication primitives, such as our simple read/write primitives; a request-response protocol, e.g., RPC packet-exchange, is not needed for reliability and need be used only if a response is required by the sender.

7.2.1 Structuring Applications

The objective of our structure is to separate control transfer and data transfer in a distributed service, in order to remove super�uous cross-machine control transfers, while optimizing data movement. We use the network access model described in previous chapters to effect this separation. Our structure has four important components: • C↕⟩⌉\⊔∫ ⊣\⌈ S⌉∇⊑⌉∇∫↙ T⟨⌉ ∫†∫⊔⌉⇕ ⟩∫ ∫⊔∇⊓⌋⊔⊓∇⌉⌈ ⊣∫ ⌋↕⟩⌉\⊔∫ ⊣\⌈ ∫⌉∇⊑⌉∇∫⇔ ⊣∫ ⟩\ ⌉§⟩∫⊔⟩\} ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫↙ C↕⟩⌉\⊔∫ ⊣\⌈ ∫⌉∇⊑⌉∇∫ ⌉§⟩∫⊔ ≀\ ⌈⟩{{⌉∇⌉\⊔ ⇕⊣⌋⟨⟩\⌉∫ ⊒⟩⊔⟨⟩\ ⊔⟨⌉ ⌋↕⊓∫⊔⌉∇⇔ ⌋≀\\⌉⌋⊔⌉⌈ ⌊† ⊣ ⟨⟩}⟨↖∫√⌉⌉⌈ ↕≀⌋⊣↕↖⊣∇⌉⊣ \⌉⊔⊒≀∇‖↙ • S√⌉⌋⟩⊣↕⟩‡⌉⌈ D⊣⊔⊣ T∇⊣\∫{⌉∇ M⌉⌋⟨⊣\⟩∫⇕↙ W⌉ ⊓∫⌉ ⊔⟨⌉ ∫√⌉⌋⟩⊣↕⟩‡⌉⌈ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √∇⟩⇕↖ ⟩⊔⟩⊑⌉∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ √∇⌉⊑⟩≀⊓∫ ⌋⟨⊣√⊔⌉∇∫ ⊔≀ ∫⊓√√≀∇⊔ ⌈⟩∇⌉⌋⊔⇔ √∇≀⊔⌉⌋⊔⌉⌈⇔ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ⊣⌋⌋⌉∫∫↙ • S⌉∇⊑⌉∇ C↕⌉∇‖∫↙ E⊣⌋⟨ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉ ⟨⊣∫ ∫⌉∇⊑⌉∇ ⌋↕⌉∇‖∫ ⊔⟨⊣⊔ ⌉§⌉⌋⊓⊔⌉ ≀\ ⊔⟨⌉ ⌋↕⟩⌉\⊔ ⇕⊣⌋⟨⟩\⌉∫↙ A↕↕ ⌋↕⟩⌉\⊔↖∫⌉∇⊑⌉∇ ⟩\⊔⌉∇⊣⌋⊔⟩≀\∫ ⊣∇⌉ ⌈≀\⌉ ⊔⟨∇≀⊓}⟨ ↕≀⌋⊣↕ ⌋∇≀∫∫↖⊣⌈⌈∇⌉∫∫ ∫√⊣⌋⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⌋↕⟩⌉\⊔ ⊣\⌈ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⌋↕⌉∇‖↙ S⌉∇⊑⌉∇ ⌋↕⌉∇‖∫ ⌈≀ \≀⊔ ⊔∇⊓∫⊔ ⊔⟨⌉⟩∇ ⌋↕⟩⌉\⊔∫∅ ⟨≀⊒⌉⊑⌉∇ ∫⌉∇⊑⌉∇ ⌋↕⌉∇‖∫ ⊣\⌈ ∫⌉∇⊑⌉∇∫ ⊣∇⌉ ⌋≀\∫⟩⌈⌉∇⌉⌈ √⊣∇⊔ ≀{ ⊔⟨⌉ ∫⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉⇔ ⊣\⌈ ⊔∇⊓∫⊔ ⌉⊣⌋⟨ ≀⊔⟨⌉∇↙ • C↕⌉∇‖↖⊔≀↖S⌉∇⊑⌉∇ D⊣⊔⊣ T∇⊣\∫{⌉∇↙ C↕⌉∇‖∫ ⊣\⌈ ∫⌉∇⊑⌉∇∫ ⌋⊣\ ⌋⊣⌋⟨⌉ ⌈⊣⊔⊣ ⟩{ \⌉⌋⌉∫∫⊣∇†↙ C≀⇕↖ ⇕⊓\⟩⌋⊣⊔⟩≀\ ⇕⟩}⟨⊔ ⌊⌉ \⌉⌋⌉∫∫⊣∇† ⌊⌉⊔⊒⌉⌉\ ⌋↕⌉∇‖∫ ⊣\⌈ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⊔≀ ‖⌉⌉√ ⊔⟨⌉ ⌋⊣⌋⟨⌉∫ ⌋≀\↖ ∫⟩∫⊔⌉\⊔↙ W⟨⌉\⌉⊑⌉∇ √≀∫∫⟩⌊↕⌉⇔ ⊔⟨⟩∫ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⟩∫ ⌈≀\⌉ ⊓∫⟩\} ⊔⟨⌉ ∇⌉⇕≀⊔⌉ ∇⌉⊣⌈∝⊒∇⟩⊔⌉ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⌉⌋⟨⊣\⟩∫⇕↙ F⟩}⊓∇⌉ ↙∞ ∫⟨≀⊒∫ ⊔⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⌉∇⊑⟩⌋⌉ ⊣↕≀\} ⊔⟨⌉∫⌉ ↕⟩\⌉∫↙ N≀⊔⟩⌋⌉ ⊔⟨⊣⊔ {≀∇ ⊔⟨⌉ ⇕≀∫⊔ √⊣∇⊔⇔ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇∫ ⊣∇⌉ ∇⌉∫⊔∇⟩⌋⊔⌉⌈ ⌊⌉⊔⊒⌉⌉\ ⊣ ⌋↕⟩⌉\⊔ ⊣\⌈ ⟩⊔∫ ∫⌉∇⊑⌉∇↖ ⌋↕⌉∇‖↙ T⟨⊣⊔ ⟩∫⇔ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇∫ ⊣∇⌉ √∇⟩⇕⊣∇⟩↕† ⟩\⊔∇⊣↖\≀⌈⌉ ⌋∇≀∫∫↖⌈≀⇕⊣⟩\ ⌋⊣↕↕∫⇔ ⊒⟨⟩⌋⟨ ⟨⊣⊑⌉ ⌊⌉⌉\ ∫⟨≀⊒\ ⊔≀ ⌊⌉ ⊣⇕⌉\⊣⌊↕⌉ ⊔≀ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ∪⇔ △∈⊎↙ N≀⊔⟩⌋⌉ ⊣↕∫≀ ⊔⟨⊣⊔ ≀⊓∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ⇕⊣⟩\⊔⊣⟩\∫ ⊔⟨⌉ ⊘∇⌉⊒⊣↕↕∫ ⌊⌉⊔⊒⌉⌉\ ⊓\⊔∇⊓∫⊔⌉⌈ ⌋↕⟩⌉\⊔∫ ⊣\⌈ ∫⌉∇⊑⟩⌋⌉∫ ⊣\⌈ ⊔⟨⌉ ⊣⌊∫⊔∇⊣⌋⊔⟩≀\⊣↕ ⌋≀\⊑⌉\⟩⌉\⌋⌉ ≀{ √∇≀⌋⌉⌈⊓∇⊣↕ ⟩\⊔⌉∇{⊣⌋⌉∫⇔ ⊒⟩⊔⟨≀⊓⊔ ∇⌉↕†⟩\} ≀\ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ↕⟩‖⌉ RPC {≀∇ ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\↙ T⟨⌉∇⌉ ⊣∇⌉ ≀⌊⊑⟩≀⊓∫↕† ⇕⊣\† √≀∫∫⟩⌊↕⌉ ⊑⊣∇⟩⊣⊔⟩≀\∫ ⊔≀ ⊔⟨⌉ ∫⌋⟨⌉⇕⌉ ∫⟨≀⊒\⇔ ⊒⟨⟩⌋⟨ ⊒⌉ ⌈≀ \≀⊔ ⌈⟩∫⌋⊓∫∫ ⌉§√↕⟩⌋⟩⊔↕†∅ {≀∇ ⌉§⊣⇕√↕⌉⇔ ⟩\ ∫≀⇕⌉ ⌋⊣∫⌉∫ ⟩⊔ ⇕⟩}⟨⊔ ⌊⌉ √≀∫∫⟩⌊↕⌉ ⊔≀ ⌉↕⟩⇕⟩\⊣⊔⌉ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⌋≀⇕√↕⌉⊔⌉↕† ⊣\⌈ ⟨⊣⊑⌉ ⊔⟨⌉ ∫⊔⊣⊔⌉ ⇕⊣⟩\⊔⊣⟩\⌉⌈ ⌊† ⊔⟨⌉ ⌋↕⌉∇‖∫ ⊣↕≀\⌉↙ O⊓∇ ∫⊔∇⊓⌋⊔⊓∇⌉ ⌊⌉⊣∇∫ ∇⌉∫⌉⇕⌊↕⊣\⌋⌉ ⊔≀ ⊣ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕ ⊔⟨⊣⊔ ⌈≀⌉∫ ⌋⊣⌋⟨⟩\}⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⟩⊔ ⟨⊣∫ ∫≀⇕⌉ ⌈⟩∫⊔⟩\⌋⊔⟩⊑⌉ {⌉⊣⊔⊓∇⌉∫↙ F⟩∇∫⊔⇔ ⊒⌉ ⊓∫⌉ ↕≀⌋⊣↕ ⌋⊣⌋⟨⟩\} ⊔≀ ∇⌉⌈⊓⌋⌉ ⌋∇≀∫∫↖ ⇕⊣⌋⟨⟩\⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⇐⊔⟨⟩∫ ⟩∫ ∫⟩⇕⟩↕⊣∇ ⊔≀ ⌉⊣∇↕⟩⌉∇ ∫†∫⊔⌉⇕∫⇒↙ S⌉⌋≀\⌈⇔ ⊒⌉ ∫√⌉⌋⟩⊘⌋⊣↕↕† ⌉↕⟩⇕↖ ⟩\⊣⊔⌉ ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇∫ ⟩\ ⇕⊣\† ⌋⊣∫⌉∫ ⊒⟨⌉∇⌉ ⊔⟨⌉ ⌋↕⌉∇‖ ⌋⊣\ ∫⊣⊔⟩∫{† ⊔⟨⌉ ⌋↕⟩⌉\⊔

F⟩}⊓∇⌉ ↙∞¬ S⊔∇⊓⌋⊔⊓∇⟩\} ⊣ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ S⌉∇⊑⟩⌋⌉ W⟩⊔⟨≀⊓⊔ RPC ∇⌉∐⊓⌉∫⊔ ⌊† ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ≀\↕†↙ F⟩\⊣↕↕†⇔ ⊒⌉ ∫⟩⇕√↕⟩{† ⌈⊣⊔⊣↖≀\↕† ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⟩\ ⌊≀⊔⟨ ⌈⟩∇⌉⌋↖ ⊔⟩≀\∫∅ ⊔⟨⊣⊔ ⟩∫⇔ ⟩⊔ ⟩∫ √≀∫∫⟩⌊↕⌉ {≀∇ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⊔≀ ⌉⊣}⌉∇↕† ⊓√⌈⊣⊔⌉ ⌈⊣⊔⊣ ≀\ ⟩⊔∫ ⌋↕⟩⌉\⊔↖∫⟩⌈⌉ ⌋↕⌉∇‖⇔ ≀∇ {≀∇ ⊔⟨⌉ ⌋↕⌉∇‖ ⊔≀ ⌉⊣}⌉∇↕† √⊓∫⟨ ⌈⊣⊔⊣ ⊔≀ ≀∇ √⊓↕↕ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⌉ ∫⌉∇⊑⌉∇↙ O⊓∇ ⊓∫⌉ ≀{ ⌋↕⌉∇‖∫ ⟨⊣∫ ⇕⊓⌋⟨ ⟩\ ⌋≀⇕⇕≀\ ⊒⟩⊔⟨ ⌉⊣∇↕⟩⌉∇ ∫†∫⊔⌉⇕∫⇔ ⌉↙}↙⇔ G∇⊣√⌉⊑⟩\⌉ ∪∞∞⊎↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊔⟨⌉ ⌋↕⟩⌉\⊔ ⟩∫ \≀⊔ ⊣⊒⊣∇⌉ ⊔⟨⊣⊔ ⟩⊔ ⟩∫ ⊔⊣↕‖⟩\} ⊔≀ ⊣ ∫⌉∇⊑⌉∇≃∫ ⌋↕⌉∇‖↙ I⊔ ∫⌉⌉∫ ⊔⟨⌉ ∫⊣⇕⌉ ⊣⌊∫⊔∇⊣⌋⊔ RPC ⟩\⊔⌉∇{⊣⌋⌉⇔ ⊣↕⌊⌉⟩⊔ ↕≀⌋⊣↕ RPC↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉∇⌉ ⊣∇⌉ ∫≀⇕⌉ ⟩⇕√≀∇⊔⊣\⊔ ⌈⟩{{⌉∇⌉\⌋⌉∫ ⟩\ ≀⊓∇ ⊓∫⌉ ≀{ ⌋↕⌉∇‖∫↙ C∇⟩⊔⟩⌋⊣↕↕†⇔ ⟩\ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ≀∇}⊣\⟩‡⊣⊔⟩≀\∫⇔ ⌋↕⌉∇‖∫ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⌉ ⊒⟩⊔⟨ ∫⌉∇⊑⌉∇∫ ⊓∫⟩\} ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ RPC⇔ ⟩\ ⌋≀\⊔∇⊣∫⊔ ⊔≀ ≀⊓∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⌉§√↕⟩⌋⟩⊔↕† ⊣⊑≀⟩⌈∫ ⟩⊔∫ ⊓∫⌉ ⊒⟨⌉∇⌉ √≀∫∫⟩⌊↕⌉↙ I\ ≀⊓∇ ⌈⌉∫⟩}\⇔ ⌋↕⌉∇‖∫ ⊣\⌈ ∫⌉∇⊑⌉∇∫ ⟨⊣⊑⌉ ⌈⟩∇⌉⌋⊔ ⇐∇⌉⇕≀⊔⌉⇒ ⊣⌋⌋⌉∫∫ ⊔≀ ⌉⊣⌋⟨ ≀⊔⟨⌉∇≃∫ ⇕⌉⇕≀∇† ⊣\⌈ ⊣∇⌉ ⌋≀\∫⌉∐⊓⌉\⊔↕† ⇕≀∇⌉ ⊔⟩}⟨⊔↕† ⟩\⊔⌉}∇⊣⊔⌉⌈ ⊒⟩⊔⟨ ⌉⊣⌋⟨ ≀⊔⟨⌉∇↙ I\ ≀⊓∇ ∫†∫⊔⌉⇕⇔ ⊔⟨⌉ ∫⊔⊣⊔⌉ ≀{ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⟩∫ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊣\⌈ ⌋⊣⌋⟨⌉⌈ ↕≀⌋⊣↕↕†↙ T⟨⊓∫⇔ ⊔⟨⌉∇⌉ ⟩∫ ⊣ ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉ ⊣\⌈ ⌋≀\∫⟩∫⊔⌉\⌋† ⟩∫∫⊓⌉ ⊔⟨⊣⊔ \⌉⌉⌈∫ ⊔≀ ⌊⌉ ⊣⌈⌈∇⌉∫∫⌉⌈ ⟩{ ⌋↕⟩⌉\⊔ ∇⌉∐⊓⌉∫⊔∫ ⊣∇⌉

∀

⊔≀ ⌊⌉ ⌋≀∇∇⌉⌋⊔↕† ∫⊣⊔⟩∫⊘⌉⌈↙ W⟨⟩↕⌉ ⊔⟨⌉ ⌈⌉⊔⊣⟩↕∫ ≀{ ⊔⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉ √∇≀⊔≀⌋≀↕ ⊣∇⌉ \≀⊔ ∫⟩}\⟩⊘⌋⊣\⊔⇔ ⟩⊔ ∫⟨≀⊓↕⌈ ⌊⌉ \≀⊔⌉⌈ ⊔⟨⊣⊔ ⊒⌉ ⌈≀ \≀⊔ ∇⌉∐⊓⟩∇⌉ ⊣ ⌊∇≀⊣⌈⌋⊣∫⊔ ⌋⊣√⊣⌊⟩↕⟩⊔† {∇≀⇕ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ≀∇ ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⇕⌉⌋⟨⊣\⟩∫⇕↙ W⌉ ⌈≀ \≀⊔ ⌊⌉↕⟩⌉⊑⌉ ⊔⟨⌉∇⌉ ⟩∫ ≀\⌉ ∫⟩\}↕⌉ ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉ √≀↕⟩⌋† ⊔⟨⊣⊔ ⟩∫ ⊣√√∇≀√∇⟩⊣⊔⌉ {≀∇ ⊣↕↕ ∫⌉∇⊑⟩⌋⌉∫↙ O⊓∇ ∫⊔∇⊓⌋⊔⊓∇⌉ √⌉∇⇕⟩⊔∫ ⊣\ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ∫⌉∇⊑⟩⌋⌉ ⊔≀ ⊓∫⌉ ∫⌋⟨⌉⇕⌉∫ ⊔⟨⊣⊔ ⊣∇⌉ ⇕≀∫⊔ ⌋≀\⊑⌉\⟩⌉\⊔ {≀∇ ⊔⟨⊣⊔ ∫⌉∇⊑⟩⌋⌉↙ I\ ⊔⟨⌉ ⊓∫⊓⊣↕ ⌋⊣∫⌉⇔ ⊒⌉ ⌉§√⌉⌋⊔ ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⌋↕⌉∇‖∫ ⊣\⌈ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⊔≀ ⟩\⊑≀↕⊑⌉ ≀\↕† ≀\⌉↖⊒⊣† ⊔∇⊣\∫{⌉∇ ≀{ ⌈⊣⊔⊣↙ S⟩\⌋⌉ ⊔⟨⌉∇⌉ ⟩∫ \≀ ⊔∇⊣\∫{⌉∇ ≀{ ⌋≀\⊔∇≀↕ ⊔≀ }⌉\⌉∇⊣⊔⌉ ∇⌉∫√≀\∫⌉∫ ≀∇ ⊣⌋‖\≀⊒↕⌉⌈}⇕⌉\⊔∫ ≀\ ⊔⟨⌉ ∫⌉∇⊑⌉∇⇔ ⊒⌉ ⌉§√⌉⌋⊔ ∫⌉∇⊑⌉∇ ↕≀⊣⌈ ⊔≀ ⌈⌉⌋∇⌉⊣∫⌉ ∇⌉↕⊣⊔⟩⊑⌉ ⊔≀ ⊣ ∇⌉∐⊓⌉∫⊔↖∇⌉∫√≀\∫⌉ ⇕≀⌈⌉↕↙ ↙∈↙∈ L≀⌋⊣⊔⟩\} R⌉⇕≀⊔⌉ D⊣⊔⊣ A ‖⌉† {⌉⊣⊔⊓∇⌉ ≀{ ≀⊓∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ⟩∫ ⊔⟨⊣⊔ ⊔⟨⌉ √⊣∇⊔∫ ≀{ ⊔⟨⌉ ∫†∫⊔⌉⇕ ⊔⟨⊣⊔ ⊣∇⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊣⌋∇≀∫∫ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣∇⌉ √⊣∇⊔∫ ≀{ ⊔⟨⌉ ∫⊣⇕⌉ ⊣√√↕⟩⌋⊣⊔⟩≀\↙ T⟨⊓∫⇔ ⊒⌉ ⌋⊣\ ⌉§√↕≀⟩⊔ ⊣√√↕⟩⌋⊣⊔⟩≀\↖∫√⌉⌋⟩⊘⌋ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊔≀ ≀√⊔⟩⇕⟩‡⌉ ⊔⟨⌉ ⌋∇≀∫∫↖⇕⊣⌋⟨⟩\⌉ ⊔∇⊣\∫{⌉∇ ≀{ ⌈⊣⊔⊣ ⊣\⌈ ⌋≀\⊔∇≀↕↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊔⟨⌉ ∫⌉∇⊑⌉∇ ⊣\⌈ ∫⌉∇⊑⌉∇↖⌋↕⌉∇‖ ⊓\⌈⌉∇∫⊔⊣\⌈ ⊔⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ⌉⊣⌋⟨ ≀⊔⟨⌉∇≃∫ ⌈⊣⊔⊣ ∫⊔∇⊓⌋⊔⊓∇⌉∫¬ ⊣ ∫⌉∇⊑⌉∇↖⌋↕⌉∇‖ ⌋⊣\ ∇⌉⊣⌈ ⊣\⌈ √≀∫∫⟩⌊↕† ⇕≀⌈⟩{† ⊔⟨⌉ ∫⌉∇⊑⌉∇≃∫ ⌈⊣⊔⊣ ∫⊔∇⊓⌋⊔⊓∇⌉∫⇔ ⊣\⌈ ⊑⟩⌋⌉ ⊑⌉∇∫⊣↙ ⇐I\ S⌉⌋⊔⟩≀\ ↙∋↙∞ ⊒⌉ ∫⟨≀⊒ ⊣ √⊣∇⊔⟩⌋⊓↕⊣∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ⌈⊣⊔⊣ ⊔⟨⊣⊔ ⊣↕↕≀⊒∫ ⊔⟨⟩∫ ‖⟩\⌈ ≀{ ⊣⌋⌋⌉∫∫↙⇒ T⟨⟩∫ ⟩∫ ⟩\ ⌋≀\⊔∇⊣∫⊔ ⊔≀ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ≀∇}⊣\⟩‡⊣⊔⟩≀\∫⇔ ⊒⟨⟩⌋⟨ ⊔†√⟩⌋⊣↕↕† ⌋⊣\\≀⊔ ⌉§√↕≀⟩⊔ ∫⊓⌋⟨ ‖\≀⊒↕⌉⌈}⌉⇔ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⌋≀⇕√≀\⌉\⊔∫ ⊣∇⌉ ⌈⟩{{⌉∇⌉\⊔ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ∫⌉√⊣∇⊣⊔⌉⌈ {∇≀⇕ ⌉⊣⌋⟨ ≀⊔⟨⌉∇ ⊔⟨∇≀⊓}⟨ ⇕⌉∫∫⊣}⌉ ⌉§⌋⟨⊣\}⌉∫↙ ↙∈↙∋ S†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ T⟨⌉ ∫†∫⊔⌉⇕ ∫⊔∇⊓⌋⊔⊓∇⌉ ⊒⌉ √∇≀√≀∫⌉ ⟨⊣∫ ∫⌉⊑⌉∇⊣↕ ≀√⊔⟩≀\∫ {≀∇ ⟨⊣\⌈↕⟩\} ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ⟩∫∫⊓⌉∫ ⊔⟨⊣⊔ ⌋≀⇕⇕≀\↕† ⊣∇⟩∫⌉ ⟩\ ⌊⊓⟩↕⌈⟩\} ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫↙ T⟨⌉ ⊘∇∫⊔ ≀√⊔⟩≀\ ⟩∫ ⊔⟨⊣⊔ ⟩\ ⌋⌉∇⊔⊣⟩\ ∫⟩⊔⊓⊣⊔⟩≀\∫ ⊒⌉ ⌋⊣\ ⌈≀ ⊒⟩⊔⟨≀⊓⊔ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ⊣⊔ ⊣↕↕↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ ⌋≀\∫⟩⌈⌉∇ ⊔⟨⌉ ⌋⊣∫⌉ ≀{ ↕≀⊣⌈ ⌊⊣↕⊣\⌋⟩\} ⟩\ ⊣ ⊒≀∇‖∫⊔⊣⊔⟩≀\ ⌋↕⊓∫⊔⌉∇↙ E⊣⌋⟨ ⊒≀∇‖∫⊔⊣⊔⟩≀\ ⌋≀⊓↕⌈ ⊓√⌈⊣⊔⌉ ⊣ ∫⟨⊣∇⌉⌈ ⊑⊣∇⟩⊣⌊↕⌉ ⊒⟩⊔⟨ ⟩⊔∫ ⌋⊓∇∇⌉\⊔ ↕≀⊣⌈ ⊓∫⟩\} ∇⌉⇕≀⊔⌉ ⊒∇⟩⊔⌉∫↙ O⊔⟨⌉∇ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫ ⊒≀⊓↕⌈ ∇⌉⊣⌈ ⊔⟨⟩∫ ⊑⊣↕⊓⌉ ⊣\⌈ ⊔⊣‖⌉ ⊣√√∇≀√∇⟩⊣⊔⌉ ↕≀⊣⌈ ⌊⊣↕⊣\⌋⟩\} ⊣⌋⊔⟩≀\∫↙ I\ ⊔⟨⟩∫ ∫⟩⊔⊓⊣⊔⟩≀\⇔ ⊔⟨⌉ ⌉§⊣⌋⊔ ⊑⊣↕⊓⌉ ≀{ ⊔⟨⌉ ↕≀⊣⌈ ∫⌉⌉\ ⌊† ⊣ ∇⌉⊣⌈⌉∇ ⟩∫ \≀⊔ ≀{ ∫⟩}\⟩⊘⌋⊣\⊔ ⌋≀\⌋⌉∇\⇔ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩∫ ⌊⌉⟩\} ⊓∫⌉⌈ ⊣∫ ⊣ ⟨⟩\⊔↙ A ∫⟩⇕⟩↕⊣∇ ∫≀↕⊓⊔⟩≀\ ⊣√√↕⟩⌉∫ ⟩\ ≀⊔⟨⌉∇ ∫⟩⊔⊓⊣⊔⟩≀\∫ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⊒⟨⌉∇⌉ ⟨⟩\⊔∫ ⊣∇⌉ ⊓∫⌉⌈↙ O{⊔⌉\⇔ ⟨⟩\⊔∫ ⊣↕≀\⌉ ⊒⟩↕↕ \≀⊔ ∫⊓{⊘⌋⌉↙ I\ ∫≀⇕⌉ ≀{ ⊔⟨⌉∫⌉ ⌋⊣∫⌉∫⇔ ≀\⌉ ⌋⊣\ ⌉§√↕≀⟩⊔ ⌋⌉∇⊔⊣⟩\ ⊣⊔≀⇕⟩⌋⟩⊔† √∇≀√⌉∇⊔⟩⌉∫ ≀{ ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⇕≀⌈⌉↕ {≀∇ ⊣⌋⟨⟩⌉⊑⟩\} ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\↙ F≀∇

∃

⌉§⊣⇕√↕⌉⇔ ⊒⌉ ⇕⌉\⊔⟩≀\⌉⌈ ⌉⊣∇↕⟩⌉∇ ⊔⟨⊣⊔ ∫⟩\}↕⌉↖⊒≀∇⌈ ↕≀⌋⊣↕ ⇕⌉⇕≀∇† ⊣⌋⌋⌉∫∫ ⊣∇⌉ ⊣⊔≀⇕⟩⌋ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ⊣⌋⌋⌉∫∫⌉∫↙ T⟨⟩∫ √∇≀√⌉∇⊔† ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊔≀ ⌉\∫⊓∇⌉⇔ {≀∇ ⌉§⊣⇕√↕⌉⇔ ⊔⟨⊣⊔ ⊣ ⊙⊣} ⊒≀∇⌈ ⟩\ ⊣ ∇⌉⌋≀∇⌈ ⟩∫ ⊣⊔≀⇕⟩⌋⊣↕↕† ⊓√⌈⊣⊔⌉⌈↙ T⟨⟩∫ ⊣↕↕≀⊒∫ ⊣ ∫⊓{⊘⌋⟩⌉\⊔ ↕⌉⊑⌉↕ ≀{ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ⟩\ ⌋⊣∫⌉∫ ⊒⟨⌉∇⌉ ⊔⟨⌉∇⌉ ⟩∫ ∫⟩\}↕⌉ ⊒∇⟩⊔⌉∇ ⊣\⌈ ⇕⊓↕⊔⟩√↕⌉ ∇⌉⊣⌈⌉∇∫↙ I\ {⊣⌋⊔⇔ ⊒⌉ ⊓∫⌉ √∇⌉⌋⟩∫⌉↕† ⊔⟨⟩∫ ⇕⌉⌋⟨⊣\⟩∫⇕ ⟩\ ⊔⟨⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ S⌉⌋⊔⟩≀\ ↙∋↙∞↙ A ⊔⟨⟩∇⌈ ≀√⊔⟩≀\ ⟩∫ ⊔≀ ⊓∫⌉ ⊔⟨⌉ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ √∇≀⊑⟩⌈⌉⌈ ⌊† ⊔⟨⌉ CAS ≀√⌉∇⊣⊔⟩≀\ ∫⊓√√≀∇⊔⌉⌈ ⌊† ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕↙ T⟨⟩∫ √∇⟩⇕⟩⊔⟩⊑⌉ ⟩∫ ∫⊓{⊘⌋⟩⌉\⊔↕† √≀⊒⌉∇{⊓↕ ⊔≀ ⌊⊓⟩↕⌈ ⟨⟩}⟨⌉∇ ↕⌉⊑⌉↕ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ √∇⟩⇕⟩⊔⟩⊑⌉∫↙ A ⊘\⊣↕ ≀√⊔⟩≀\ ⟩∫ ⊔≀ ⊓∫⌉ ⊔⟨⌉ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ≀√⊔⟩≀\ ∫⊓√√≀∇⊔⌉⌈ ⌊† ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⊔≀ ⟩⇕√↕⌉⇕⌉\⊔ RPC↖↕⟩‖⌉ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ∫⌉⇕⊣\⊔⟩⌋∫↙ I\ ≀⊔⟨⌉∇ ⊒≀∇⌈∫⇔ ⌊† √∇≀⊑⟩⌈⟩\} ⊣ ⇕⌉⌋⟨⊣\⟩∫⇕ ⊔≀ ⟩⇕√↕⌉⇕⌉\⊔ RPC↖↕⟩‖⌉ ⌊⌉⟨⊣⊑⟩≀∇⇔ ⊒⌉ ⊣↕↕≀⊒ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⊔≀ ⊓∫⌉ ⊔⟨⌉ ⟩⇕√↕⟩⌋⟩⊔ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ⟩\⟨⌉∇⌉\⊔ ⟩\ RPC↙ W⌉ ∫⟨≀⊓↕⌈ \≀⊔⌉ ⟩\ √⊣∫∫⟩\} ⊔⟨⊣⊔⇔ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ≀∇}⊣\⟩‡⊣⊔⟩≀\∫⇔ ⊒⟩⊔⟨ ⊔⟨⌉⟩∇ ⌉§⌋↕⊓∫⟩⊑⌉ ∇⌉↕⟩⊣\⌋⌉ ≀\ RPC ∫⌉⇕⊣\⊔⟩⌋∫⇔ ≀{{⌉∇ ≀\↕† ⊣ ∫⟩\}↕⌉ ≀√⊔⟩≀\ {≀∇ ∫†\⌋⟨∇≀\⟩‡⊣↖ ⊔⟩≀\↙ U\{≀∇⊔⊓\⊣⊔⌉↕†⇔ ⊔⟨⟩∫ ≀√⊔⟩≀\ ⟨⊣∫ √⌉∇{≀∇⇕⊣\⌋⌉ ⌈⟩∫⊣⌈⊑⊣\⊔⊣}⌉∫ ⊔⟨⊣⊔ ⌋⊣\\≀⊔ ⌊⌉ ⊣⊑≀⟩⌈⌉⌈ ⟩\ ⌋⊓∇∇⌉\⊔ ∫†∫⊔⌉⇕∫↙

↙∈↙△ S⌉⌋⊓∇⟩⊔† I\ ⊔⟨⌉ \⌉⊒ ≀∇}⊣\⟩‡⊣⊔⟩≀\⇔ ⌋↕⟩⌉\⊔∫ ⊣⌋⌋⌉∫∫ ⊔⟨⌉ ∫⌉∇⊑⟩⌋⌉∫ ≀{ ⊔⟨⌉ ⌋↕⌉∇‖ ⊓∫⟩\} ↕≀⌋⊣↕ RPC⇔ ⊒⟨⟩⌋⟨ ⇕⊣⟩\⊔⊣⟩\∫ ⌋≀⇕√↕⌉⊔⌉ √∇≀⊔⌉⌋⊔⟩≀\ ⊘∇⌉⊒⊣↕↕∫↙ T⟨⊓∫⇔ ⌋↕⟩⌉\⊔∫ ⌋⊣\\≀⊔ ⌈⊣⇕⊣}⌉ ∫⌉∇⊑⌉∇∫ ≀∇ ⊔⟨⌉⟩∇ ⌋↕⌉∇‖∫↙ F⊓∇⊔⟨⌉∇⇔ ≀⊓∇ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⌊⊣∫⌉⌈ ≀\ ∇⌉⇕≀⊔⌉ ∫⌉}⇕⌉\⊔∫ ⟩∫ ∫⌉⌋⊓∇⌉ ⊓\⌈⌉∇ ⊔⟨⌉ ⊣∫∫⊓⇕√⊔⟩≀\ ⊔⟨⊣⊔ ⊔⟨⌉ ‖⌉∇\⌉↕∫ ⊣\⌈ √∇⟩⊑⟩↕⌉}⌉⌈ ⊓∫⌉∇∫ ≀\ ⌉⊣⌋⟨ ⇕⊣⌋⟨⟩\⌉ ⊣∇⌉ ⊔∇⊓∫⊔⌉⌈↙ W⟩⊔⟨ ⊔⟨⟩∫ ⊣∫∫⊓⇕√⊔⟩≀\⇔ ⟩⊔ √≀∫∫⟩⌊↕⌉ {≀∇ ∫⌉∇⊑⌉∇∫ ⊣\⌈ ∫⌉∇⊑⌉∇ ⌋↕⌉∇‖∫⇔ ⊒⟨⟩⌋⟨ ⌉§⌉⌋⊓⊔⌉ ≀\ ⌈⟩{{⌉∇⌉\⊔ ⇕⊣⌋⟨⟩\⌉∫⇔ ⊔≀ ⊔∇⊓∫⊔ ⌉⊣⌋⟨ ≀⊔⟨⌉∇↙ T⟨⟩∫ ⇕⟩}⟨⊔ ⊣√√⌉⊣∇ ⊔≀ ⌊⌉ ⊣ ∫⌉⌋⊓∇⟩⊔† ⊙⊣⊒ ⟩\ ⊔⟨⌉ ⌈⌉∫⟩}\⇔ ⌊⊓⊔ ⟩⊔ \⌉⌉⌈ \≀⊔ ⌊⌉ ∫≀↙ F≀∇ ⟩\∫⊔⊣\⌋⌉⇔ ⇕⊣\† ⌉\⊑⟩∇≀\⇕⌉\⊔∫ ∇≀⊓⊔⟩\⌉↕† ∫⟨⊣∇⌉ ⊘↕⌉∫ ⊔⟨∇≀⊓}⟨ NFS ∫⌉∇⊑⌉∇∫ ⊒⟩⊔⟨ ⌉§⊣⌋⊔↕† ⊔⟨⌉ ∫⊣⇕⌉ }⊓⊣∇⊣\⊔⌉⌉∫↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉∇⌉ ⊣∇⌉ ⌉\⊑⟩∇≀\⇕⌉\⊔∫ ⊒⟨⌉∇⌉ ∫⊓⌋⟨ ⊔∇⊓∫⊔ ⇕⊣† \≀⊔ ⌊⌉ ⊒⊣∇∇⊣\⊔⌉⌈↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ∇⊓\\⟩\} ⟩\ ⊔⟨⌉∫⌉ ⌉\⊑⟩∇≀\⇕⌉\⊔∫ ⟨⊣⊑⌉ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕↕† ⊓∫⌉⌈ ⌉\⌋∇†√⊔⟩≀\ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⊔≀ ⌉\∫⊓∇⌉ ⊣⊓⊔⟨⌉\⊔⟩⌋⊣⊔⟩≀\ ⊣\⌈ ∫⌉⌋⊓∇⟩⊔† ∪∞′⇔ ∌⊎↙ T⟨⌉ ⊓\⌈⌉∇√⟩\\⟩\} {≀∇ ∫⊓⌋⟨ ∫⌋⟨⌉⇕⌉∫ ⟩∫ ⊔⟨⊣⊔ ⌈⊣⊔⊣ ⟩∫ ⌉\⌋∇†√⊔⌉⌈ ⊣\⌈ ⌈⌉⌋∇†√⊔⌉⌈ ⊓∫⟩\} ∫⌉⌋∇⌉⊔ ≀∇ √⊓⌊↕⟩⌋ ‖⌉† ∫⌋⟨⌉⇕⌉∫↙ T⟨⌉ ⌋⟨≀⟩⌋⌉ ≀{ ⊔⟨⌉ √⊣∇⊔⟩⌋⊓↕⊣∇ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √∇⟩⇕⟩⊔⟩⊑⌉�RPC ≀∇ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇†�⟩∫ ⟩∇∇⌉↕⌉⊑⊣\⊔↙ W⟩⊔⟨ ⊔⟨⌉ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕⇔ ⊔⟨⟩∫ ⟩⇕√↕⟩⌉∫ ⊔⟨⊣⊔ ⌉⊣⌋⟨ ∇⌉⊣⌈ ⊣\⌈ ⊒∇⟩⊔⌉ ⟨⊣∫ ⊔≀ ⌊⌉ ⌉\⌋∇†√⊔⌉⌈ ⊣\⌈ ⌈⌉⌋∇†√⊔⌉⌈↙ T⟨⌉ ∫≀{⊔⊒⊣∇⌉ ⌉⇕⊓↕⊣⊔⟩≀\ ⊔⌉⌋⟨\⟩∐⊓⌉ ⊔⟨⊣⊔ ⊒⌉ ⊓∫⌉ ⟩\ ≀⊓∇ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⊒⟩↕↕ \≀⊔ √∇≀⊑⟩⌈⌉ ⊣⌈⌉∐⊓⊣⊔⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩\ ⊔⟨⟩∫ ⌋⊣∫⌉↙ H≀⊒⌉⊑⌉∇⇔ ⟩⊔ ⟩∫ {⌉⊣∫⟩⌊↕⌉ ⊔≀ ⌈≀ ⌉\⌋∇†√⊔⟩≀\ ⊣\⌈

∀′

⌈⌉⌋∇†√⊔⟩≀\ ⟩\ ⟨⊣∇⌈⊒⊣∇⌉↙ I\ {⊣⌋⊔⇔ ⊔⟨⌉ AN∞ ⌋≀\⊔∇≀↕↕⌉∇ ∪▽⊎ ⟨⊣∫ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⊔≀ ⌈⌉⌋∇†√⊔ ⊣\⌈ ⌉\⌋∇†√⊔ ⌈⊣⊔⊣ ⊓∫⟩\} ⌈⟩{{⌉∇⌉\⊔ ‖⌉†∫ ⊣∫ ⌈⊣⊔⊣ ⟩∫ ⊔∇⊣\∫⇕⟩⊔⊔⌉⌈ ≀∇ ∇⌉⌋⌉⟩⊑⌉⌈↙ T⟨⊓∫⇔ ⊒⌉ ⌉§√⌉⌋⊔ ⊔⟨⊣⊔ ⊒⟩⊔⟨ ∫⊓⟩⊔⊣⌊↕⌉ ⟨⊣∇⌈⊒⊣∇⌉ ∫⊓√√≀∇⊔⇔ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⊣\⌈ ⊔⟨⌉ ∫⊔∇⊓⌋⊔⊓∇⌉ ⊔⟨⊣⊔ ⊒⌉ √∇≀√≀∫⌉ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⟩\ ⊣ ∫⌉⌋⊓∇⌉ {⊣∫⟨⟩≀\↙ ↙∈↙▽ H⌉⊔⌉∇≀}⌉\⌉⟩⊔† I⊔ ⇕⟩}⟨⊔ ⊣√√⌉⊣∇ ⊔⟨⊣⊔ ⊔⟨⌉ √∇≀√≀∫⌉⌈ ∫⊔∇⊓⌋⊔⊓∇⌉ ⊣\⌈ ⊔⟨⌉ ⇕⌉⇕≀∇†↖⌊⊣∫⌉⌈ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ∇⌉↕† ⟨⌉⊣⊑⟩↕† ≀\ ⊔⟨⌉ ⌉§⟩∫⊔⌉\⌋⌉ ≀{ ⊣ ∫⌉⊔ ≀{ ⟨≀⇕≀}⌉\⌉≀⊓∫ ⇕⊣⌋⟨⟩\⌉∫↙ I\ {⊣⌋⊔⇔ ⊔⟨⟩∫ \⌉⌉⌈ \≀⊔ ⌊⌉ ⊔⟨⌉ ⌋⊣∫⌉↙ T⟨⌉ ⇕≀∫⊔ ⌋≀⇕⇕≀\ ⌋⊣∫⌉ ≀{ ⟨⌉⊔⌉∇≀}⌉\⌉⟩⊔†� ⌈⟩{{⌉∇⌉\⊔ ⌊†⊔⌉ ≀∇⌈⌉∇∫�⟩∫ ∫⊔∇⊣⟩}⟨⊔{≀∇⊒⊣∇⌈ ⊔≀ ⊣⌋⌋≀⇕⇕≀⌈⊣⊔⌉ ⊣∫ ⊣ ∫⟩⇕√↕⌉ ⌉§⊔⌉\∫⟩≀\ ⊔≀ ⊔⟨⌉ ⌋⊓∇∇⌉\⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕↙ R⌉⌋⊣↕↕ ⊔⟨⊣⊔ ∫⟩\⌋⌉ ⊒⌉ ⊓∫⌉ √∇≀}∇⊣⇕⇕⌉⌈ I∝O ⊔≀ ⇕≀⊑⌉ ⌈⊣⊔⊣ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇ FIFO ⊣\⌈ ⇕⌉⇕≀∇†⇔ ⌊†⊔⌉ ∫⊒⊣√√⟩\} ⌋⊣\ ⌊⌉ ∇⌉⊣⌈⟩↕† √⌉∇{≀∇⇕⌉⌈↙ T⟨⟩∫ ∫⌋⟨⌉⇕⌉ ∇⌉∐⊓⟩∇⌉∫ ⊣ ⌊⟩⊔ ⟩\ ⌉⊣⌋⟨ ⟩\⌋≀⇕⟩\} ∇⌉∐⊓⌉∫⊔ ⊔≀ ⌈⌉⌋⟩⌈⌉ ⊒⟨⌉⊔⟨⌉∇ ⊔≀ ∫⊒⊣√ ≀∇ \≀⊔↙ E⊑⌉\ ⊒⟩⊔⟨ ⊣ ⟨⊣∇⌈⊒⊣∇⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⇕≀⌈⌉↕⇔ ⊔⟨⟩∫ {⊓\⌋⊔⟩≀\⊣↕⟩⊔† ⌋⊣\ ⌊⌉ √∇≀⊑⟩⌈⌉⌈↙ I\ {⊣⌋⊔⇔ ⌉⊑⌉\ ⊑⌉∇† ⌉⊣∇↕† \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇∫⇔ ∫⊓⌋⟨ ⊣∫ ⊔⟨⌉ E⊔⟨⌉∇\⌉⊔ LANCE⇔ ⟨⊣⊑⌉ ⊣ {⊣⌋⟩↕⟩⊔† ⊔≀ ∫⊒⊣√ ⌊†⊔⌉∫ ⌈⊓∇⟩\} ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇∫ ⌊⌉⊔⊒⌉⌉\ ⟨≀∫⊔ ⇕⌉⇕≀∇† ⊣\⌈ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ∪∞⊎↙ O⊔⟨⌉∇ ‖⟩\⌈∫ ≀{ ⟨⌉⊔⌉∇≀}⌉\⌉⟩⊔†⇔ ∫⊓⌋⟨ ⊣∫ ⌈⟩{{⌉∇⌉\⊔ ⊒≀∇⌈ ∫⟩‡⌉∫ ≀∇ ⌈⟩{{⌉∇⌉\⊔ ⊙≀⊣⊔⟩\} √≀⟩\⊔ {≀∇↖ ⇕⊣⊔∫⇔ ⊣∇⌉ ⇕≀∇⌉ ⌈⟩{⊘⌋⊓↕⊔ ⊔≀ ⌈⌉⊣↕ ⊒⟩⊔⟨↙ W⌉ ⌉§√⌉⌋⊔ ⊔⟨⊣⊔ ∫≀⇕⌉ {≀∇⇕ ≀{ √∇⌉∫⌉\⊔⊣⊔⟩≀\ ⌋≀\⊑⌉∇∫⟩≀\⇔ ⊣∫ {≀⊓\⌈ ⟩\ RPC ∫⊔⊓⌊∫⇔ ⊒⟩↕↕ ⌊⌉ ∇⌉∐⊓⟩∇⌉⌈ ⌊⌉{≀∇⌉ ⊣√√↕⟩⌋⊣⊔⟩≀\∫ ⌋⊣\ ⊣⌋⌋⌉∫∫ ⊔⟨⌉ ⌈⊣⊔⊣ ∫⌉\⊔ {∇≀⇕ ⊣ ⟨⌉⊔⌉∇≀}⌉\⌉≀⊓∫ ⇕⊣⌋⟨⟩\⌉↙ ↙∈↙ ̸C⊣⌋⟨⌉ C≀\∫⟩∫⊔⌉\⌋† ⊣\⌈ R⌉⌋≀⊑⌉∇⊣⌊⟩↕⟩⊔† O⊓∇ ∫⊔∇⊓⌋⊔⊓∇⌉ ⌉\⌋≀⊓∇⊣}⌉∫ ↕≀⌋⊣↕ ⌋⊣⌋⟨⟩\} ≀{ ⌈⊣⊔⊣ ⊣\⌈ ∫⊔⊣⊔⌉⇔ ⊣\⌈ ⊔⟨⊓∫ ⌋⊣⌋⟨⌉ ⌋≀\∫⟩∫⊔⌉\⌋† ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⊣\⌈ ∇⌉⌋≀⊑⌉∇⊣⌊⟩↕⟩⊔† {∇≀⇕ ⇕⊣⌋⟨⟩\⌉ ⌋∇⊣∫⟨⌉∫ ⊣∇⌉ ⟩⇕√≀∇⊔⊣\⊔ ⌋≀\⌋⌉∇\∫↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉∫⌉ ⟩∫∫⊓⌉∫ ⊣∇⌉ ⟩\⌈⌉√⌉\⌈⌉\⊔ ≀{ ⊒⟨⌉⊔⟨⌉∇ ⊒⌉ ⊓∫⌉ ≀⊓∇ ∫⊔∇⊓⌋⊔⊓∇⌉ ≀∇ ⊣ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ RPC↖⌊⊣∫⌉⌈ ∫⊔∇⊓⌋⊔⊓∇⌉↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⇕⊣\† ⊘↕⌉ ∫†∫⊔⌉⇕ ⌈⌉∫⟩}\∫⇔ ⌉↙}↙⇔ S√∇⟩⊔⌉ ∪▽∈⊎⇔ SNFS ∪∉⊎⇔ ⊣\⌈ AFS ∪∋△⊎⇔ ⊒⟨⟩⌋⟨ ⊓∫⌉ RPC⇔ ∇⌉∐⊓⟩∇⌉ ⇕⌉⌋⟨⊣\⟩∫⇕∫ {≀∇ ∇⌉⌋≀⊑⌉∇⊣⌊⟩↕⟩⊔† ⊣\⌈ ⌋⊣⌋⟨⌉ ⇕⊣⟩\⊔⌉\⊣\⌋⌉↙ I\ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ RPC↖⌊⊣∫⌉⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫⇔ ⊔⟨⌉ RPC ∇⊓\⊔⟩⇕⌉ ⊣\⌈ ⊔∇⊣\∫√≀∇⊔ ⟩⇕√↕⌉⇕⌉\⊔ ⊔⟩⇕⌉≀⊓⊔ ⊣\⌈ ⌉§⌋⌉√⊔⟩≀\ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⊔≀ ⊣⊓⊔≀⇕⊣⊔⟩⌋⊣↕↕† \≀⊔⟩{† ⊔⟨⌉ ⊓∫⌉∇ ≀{ ∇⌉⇕≀⊔⌉ ⇕⊣⌋⟨⟩\⌉ {⊣⟩↕⊓∇⌉∫↙ I⊔ ⇕⟩}⟨⊔ ⊣√√⌉⊣∇ ⊔⟨⊣⊔ ⟩\ ≀⊓∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\⇔ {⊣⊓↕⊔↖⊔≀↕⌉∇⊣\⌋⌉ ⇕⟩}⟨⊔ ⌊⌉ ⊣ ⌈⟩{⊘⌋⊓↕⊔ }≀⊣↕ ⊔≀ ⊣⌋⟨⟩⌉⊑⌉↙ I\ {⊣⌋⊔⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ ∇⌉⊣⌈∝⊒∇⟩⊔⌉ √∇⟩⇕⟩⊔⟩⊑⌉∫ ⌊† ⊔⟨⌉⇕∫⌉↕⊑⌉∫ ⌈≀ \≀⊔ √∇≀⊑⟩⌈⌉ {⊣⊓↕⊔↖ ⊔≀↕⌉∇⊣\⌋⌉⇔ ⊔⟨⌉† ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⌊† ⊣ ↕⊣\}⊓⊣}⌉ ≀∇ ∇⊓\⊔⟩⇕⌉ ∫†∫⊔⌉⇕ ⊔≀ √∇≀⊑⟩⌈⌉ \≀⊔⟩⊘⌋⊣⊔⟩≀\∫ ≀{ ∇⌉⇕≀⊔⌉ ⇕⊣⌋⟨⟩\⌉ {⊣⟩↕⊓∇⌉∫↙

∀∞

T⟨⌉ ‖⌉† ⌈⟩∫⊔⟩\⌋⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ RPC↖⌊⊣∫⌉⌈ ∫⌉∇⊑⟩⌋⌉∫ ⊣\⌈ ≀⊓∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ⟩∫ ⊔⟨⊣⊔ RPC↖⌊⊣∫⌉⌈ ∫†∫⊔⌉⇕∫ ⟩\⊔⌉}∇⊣⊔⌉ {⊣⊓↕⊔↖⊔≀↕⌉∇⊣\⌋⌉ ⊒⟩⊔⟨ ⌈⊣⊔⊣ ⊣\⌈ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇↙ I\ ≀⊓∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\⇔ ⊔⟨⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √∇⟩⇕⟩⊔⟩⊑⌉∫ ⌊† ⊔⟨⌉⇕∫⌉↕⊑⌉∫ ⌈≀ \≀⊔ √∇≀⊑⟩⌈⌉ {⊣⊓↕⊔ ⊔≀↕⌉∇⊣\⌋⌉⇔ ⌊⊓⊔ ⊔⟨⌉† ⌋⊣\ ⊓∫⌉⌈ ⊒⟩⊔⟨ ⊔⟩⇕⌉≀⊓⊔∫ ⊔≀ √∇≀⊑⟩⌈⌉ ⊔⟨⌉ ∇⌉∐⊓⟩∇⌉⌈ ↕⌉⊑⌉↕ ≀{ {⊣⟩↕⊓∇⌉ √∇≀⊔⌉⌋⊔⟩≀\↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊣ ∫⌉∇⊑⟩⌋⌉ ⊔⟨⊣⊔ ∇⌉∐⊓⟩∇⌉⌈ {⊣⊓↕⊔ ⊔≀↕⌉∇⊣\⌋⌉ ⌋≀⊓↕⌈ ⟩⇕√↕⌉⇕⌉\⊔ ⊣ √⌉∇⟩≀⌈⟩⌋ ∇⌉⇕≀⊔⌉ ∇⌉⊣⌈ ∇⌉∐⊓⌉∫⊔ ≀{ ⊣ ‖\≀⊒\ ⇐≀∇ ⇕≀\≀⊔≀\⟩⌋⊣↕↕† ⟩\⌋∇⌉⊣∫⟩\}⇒ ⊑⊣↕⊓⌉↙ F⊣⟩↕⊓∇⌉ ⊔≀ ∇⌉⊣⌈ ⊔⟨⌉ ⊑⊣↕⊓⌉ ⊒⟩⊔⟨⟩\ ⊣ ⊔⟩⇕⌉≀⊓⊔ √⌉∇⟩≀⌈ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊔≀ ∇⊣⟩∫⌉ ⊣\ ⌉§⌋⌉√⊔⟩≀\↙ N≀⊔⟩⌋⌉ ⊣↕∫≀ ⊔⟨⊣⊔ ⟩\ ⌊≀⊔⟨ ⊣√√∇≀⊣⌋⟨⌉∫⇔ ⊔⟨⌉ {⊓\⌈⊣⇕⌉\⊔⊣↕ ⇕⌉⌋⟨⊣\⟩∫⇕ \⌉⌉⌈⌉⌈ {≀∇ {⊣⟩↕⊓∇⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ⟩∫ ⊔⟩⇕⌉≀⊓⊔∫↙ T⟨⊓∫⇔ ⊣∫ ↕≀\} ⊣∫ ⊔⟨⌉ ∫†∫⊔⌉⇕ ∫⊓√√≀∇⊔∫ ⌉{⊘⌋⟩⌉\⊔ ⊔⟩⇕⌉≀⊓⊔ ⇕⌉⌋⟨⊣\⟩∫⇕∫⇔ ⊒⌉ ⌉§√⌉⌋⊔ ⌋≀⇕√⊣∇⊣⌊↕⌉ {⊓\⌋⊔⟩≀\⊣↕⟩⊔† ⌋⊣\ ⌊⌉ ⊣⌋⟨⟩⌉⊑⌉⌈ ⊒⟩⊔⟨ ⌉⟩⊔⟨⌉∇ ⊣√√∇≀⊣⌋⟨↙

↙∋ E§⊣⇕√↕⌉¬ A S⟩⇕√↕⌉ N⊣⇕⌉ S⌉∇⊑⌉∇ T≀ }⊣⟩\ ⌉§√⌉∇⟩⌉\⌋⌉ ⊒⟩⊔⟨ ≀⊓∇ ∇⌉∫⊔∇⊓⌋⊔⊓∇⟩\} ∫⊔∇⊣⊔⌉}† ⊒⌉ √⌉∇{≀∇⇕⌉⌈ ⊔⊒≀ ∫⊔⊓⌈⟩⌉∫↙ I\ ⊔⟨⌉ ⊘∇∫⊔⇔ ⊒⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊣ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⊔⟨⊣⊔ ⟩∫ ∇⌉↕⊣⊔⟩⊑⌉↕† ∫⟩⇕√↕⌉⇔ ⌊⊓⊔ ⊒⟨⟩⌋⟨ ⌉§√≀∫⌉⌈ ⊓∫ ⊔≀ ∫≀⇕⌉ ≀{ ⊔⟨⌉ ⟩⇕√↕⟩⌋⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ \⌉⊒ ∫⊔∇⊓⌋⊔⊓∇⌉↙ I\ ⊔⟨⌉ ∫⌉⌋≀\⌈ ∫⊔⊓⌈†⇔ ⊒⌉ ⌉∫⊔⟩⇕⊣⊔⌉⌈ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ≀{ ⇕⟩\⟩⇕⟩‡⟩\} ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⟩\ ⊣ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊘↕⌉ ∫†∫⊔⌉⇕↙ T⟨⟩∫ ∫⌉⌋⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ ⊘∇∫⊔ ≀{ ⊔⟨⌉∫⌉ ⌉§√⌉∇⟩⇕⌉\⊔∫⇔ ⊣\⌈ ⊔⟨⌉ ↕⌉∫∫≀\∫ ⊒⌉ ↕⌉⊣∇\⌉⌈ {∇≀⇕ ⟩⊔↙ T⟨⌉ {≀↕↕≀⊒⟩\} ∫⌉⌋⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ ∫⌉⌋≀\⌈ ∫⊔⊓⌈†↙ F≀∇ ⊔⟨⌉ {⊓⊔⊓∇⌉⇔ ⊒⌉ ⌉§√⌉⌋⊔ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⌊⊣∫⌉⌈ ≀\ ≀⊓∇ ∫⊔∇⊓⌋⊔⊓∇⌉ ⊔≀ ∇⊓\ ≀\ ⊒≀∇‖∫⊔⊣⊔⟩≀\ ⌋↕⊓∫⊔⌉∇∫ ≀\ ⟨⟩}⟨↕† ∇⌉↕⟩⊣⌊↕⌉ \⌉⊔⊒≀∇‖∫↙ F≀∇ ⊔⟨⌉ √⊓∇√≀∫⌉∫ ≀{ ≀⊓∇ ⌉§√⌉∇⟩⇕⌉\⊔∫⇔ ⊒⌉ ⊓∫⌉⌈ ⊣ ⊔⌉∫⊔⌊⌉⌈ ⊔⟨⊣⊔ ⌊⌉⟨⊣⊑⌉⌈ ↕⟩‖⌉ ≀⊓∇ ⊔⊣∇}⌉⊔ ⌉\⊑⟩∇≀\⇕⌉\⊔↙ O⊓∇ ⊔⌉∫⊔⌊⌉⌈ ⌋≀\∫⟩∫⊔∫ ≀{ ⊣ √⊣⟩∇ ≀{ DEC∫⊔⊣⊔⟩≀\∫ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ⊣ ∫⊒⟩⊔⌋⟨↕⌉∫∫ ATM \⌉⊔⊒≀∇‖↙ B⌉⟩\} ⊣ √∇⟩⊑⊣⊔⌉⇔ ⟩∫≀↕⊣⊔⌉⌈ \⌉⊔⊒≀∇‖⇔ ⊔⟨⌉ ⌉\⊑⟩∇≀\⇕⌉\⊔ ⟩∫ √∇⊣⌋⊔⟩⌋⊣↕↕† ⌉∇∇≀∇ {∇⌉⌉ ⊣\⌈ ⇕⌉⌉⊔∫ ≀⊓∇ ⊣∫∫⊓⇕√⊔⟩≀\∫ ⌋≀\⌋⌉∇\⟩\} ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇ ⊣\⌈ \⌉⊔⊒≀∇‖ ⌉\⊑⟩∇≀\⇕⌉\⊔↙

↙∋↙∞ D⌉∫⟩}\ ≀{ ⊔⟨⌉ S⟩⇕√↕⌉ N⊣⇕⌉ S⌉∇⊑⌉∇ R⌉⌋⊣↕↕ {∇≀⇕ C⟨⊣√⊔⌉∇∫ ∋ ⊣\⌈ △ ⊔⟨⊣⊔ ≀⊓∇ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √∇⟩⇕⟩⊔⟩⊑⌉∫ ∇⌉↕† ≀\ \⊣⇕⌉⌈ ∫⌉}⇕⌉\⊔∫↙ U∫⌉∇∫ ⌉§√≀∇⊔ ∫⌉}⇕⌉\⊔∫ ⌊† \⊣⇕⌉ {≀∇ ≀⊔⟨⌉∇ ⊓∫⌉∇∫ ⊔≀ ∫⊓⌊∫⌉∐⊓⌉\⊔↕† ⟩⇕√≀∇⊔↙ A\ ≀⊒\⌉∇ ≀{ ⊔⟨⌉ ∫⌉}⇕⌉\⊔ ⇕⊣† ⊣↕∫≀ ∇⌉⊑≀‖⌉ ⊣ ∫⌉}⇕⌉\⊔ ⇐⟩↙⌉↙⇔ ⇕⊣‖⌉ ⟩⊔ ⊓\⊣⊑⊣⟩↕⊣⌊↕⌉⇒↙ T⟨⌉ √⊓∇√≀∫⌉ ≀{ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⟩∫ ⊔≀ ⇕⊣⟩\⊔⊣⟩\ ⊔⟨⌉ ∇⌉}⟩∫⊔∇† ≀{ ∫⌉}⇕⌉\⊔ \⊣⇕⌉∫ ⊣\⌈ ⟩\{≀∇⇕⊣⊔⟩≀\ ∫≀ ⊔⟨⊣⊔ ⟩⇕√≀∇⊔⌉∇∫ ⊣\⌈ ⌉§√≀∇⊔⌉∇∫ ⌋⊣\ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⌉↙ T⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⟩∫ ↕≀}⟩⌋⊣↕↕† ∫⊔∇⊓⌋⊔⊓∇⌉⌈ ⊣∫ ⊣ ⌋⌉\⊔∇⊣↕⟩‡⌉⌈ ∫⌉∇⊑⟩⌋⌉⇔ ⌊⊓⊔ ⟩⊔ ⟩∫ √⟨†∫⟩⌋⊣↕↕†

∀∈

≀∇}⊣\⟩‡⌉⌈ ⊣∫ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⌋≀↕↕⌉⌋⊔⟩≀\ ≀{ ⌋↕⌉∇‖∫⇔ ≀\⌉ √⌉∇ ⇕⊣⌋⟨⟩\⌉↙ U\↕⟩‖⌉ ⊔⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ∫⟨≀⊒\ ⟩\ F⟩}⊓∇⌉ ↙∞⇔ ⊔⟨⌉∇⌉ ⟩∫ \≀ ⌋⌉\⊔∇⊣↕⟩‡⌉⌈ ∫⌉∇⊑⌉∇↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⌋↕⌉∇‖∫ ⟩⇕√↕⌉⇕⌉\⊔⟩\} ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉ ⟩∫ ⌈≀\⌉ ⊓∫⟩\} ⊔⟨⌉ ∇⌉⇕≀⊔⌉ ⊣⌋⌋⌉∫∫ √∇⟩⇕⟩⊔⟩⊑⌉∫ ⊔⟨⌉⇕∫⌉↕⊑⌉∫↙ C⌉∇⊔⊣⟩\ ⊒⌉↕↕↖‖\≀⊒\ ∫⌉}⇕⌉\⊔ \⊣⇕⌉∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ∇⌉∫⌉∇⊑⌉⌈ ≀\ ⌉⊣⌋⟨ ⇕⊣⌋⟨⟩\⌉ ⊔≀ ⊣↕↕≀⊒ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉ ⊔≀ ⌊≀≀⊔∫⊔∇⊣√ ⟩⊔∫⌉↕{↙ T⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⟩⇕√↕⌉⇕⌉\⊔∫ √∇≀⌋⌉⌈⊓∇⌉∫ ⊔≀ ⊣⌈⌈ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ ⌉§√≀∇⊔⌉⌈ ∫⌉}⇕⌉\⊔ \⊣⇕⌉∫⇔ ⊔≀ ↕≀≀‖⊓√ \⊣⇕⌉ ⟩\{≀∇⇕⊣⊔⟩≀\⇔ ⊣\⌈ ⊔≀ ⌈⌉↕⌉⊔⌉ \⊣⇕⌉∫↙ T⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⟩∫ ⊔∇⊓∫⊔⌉⌈ ⊣\⌈ √∇⟩⊑⟩↕⌉}⌉⌈∅ ⟩⊔∫ ⌋↕⟩⌉\⊔∫ ⊣∇⌉ \≀⊔ ≀∇⌈⟩\⊣∇† ⊓∫⌉∇∫ ⌊⊓⊔ ‖⌉∇\⌉↕∫↙ T⟨⌉ ∇⌉↕⊣⊔⟩≀\∫⟨⟩√ ⌊⌉⊔⊒⌉⌉\ ⊣ ⊓∫⌉∇ ⌉§√≀∇⊔⟩\} ≀∇ ⟩⇕√≀∇⊔⟩\} ⊣ \⊣⇕⌉⇔ ⊔⟨⌉ ‖⌉∇\⌉↕⇔ ⊣\⌈ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⟩∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⌊⌉↕≀⊒↙ A ⊓∫⌉∇ ⌉§√≀∇⊔∫ ⊣ ∫⌉}⇕⌉\⊔ ⌊† \⊣⇕⌉ ⌊† ⇕⊣‖⟩\} ⊣ ‖⌉∇\⌉↕ ⌋⊣↕↕⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊔⊓∇\⌉⌈ ⌊† ⊔⟨⌉ ‖⌉∇\⌉↕ ⟩\⊔≀ ⊣\ ADDNAME RPC ⊔≀ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉↙ T⟨⟩∫ RPC ⟩∫ ∫⌉∇⊑⟩⌋⌉⌈ ⌊† ⊔⟨⌉ ↕≀⌋⊣↕ ⌋↕⌉∇‖ ≀{ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉⇔ ⊒⟨⟩⌋⟨ ⌉\⊔⌉∇∫ ⊔⟨⌉ ∇⌉↕⌉⊑⊣\⊔ ⟩\{≀∇⇕⊣⊔⟩≀\ ⟩\⊔≀ ⟩⊔∫ \⊣⇕⌉ ∇⌉}⟩∫⊔∇†↙ A ∫⌉}⇕⌉\⊔ ⟩⇕√≀∇⊔ ⌊† ⊣ ⊓∫⌉∇ ∇⌉∫⊓↕⊔∫ ⟩\ ⊣ ‖⌉∇\⌉↕ ⌋⊣↕↕⇔ ⊒⟨⟩⌋⟨ ⟩\ ⊔⊓∇\ ⇕⊣‖⌉∫ ⊣ LOOKUPNAME RPC ⊔≀ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉↙ S⟩⇕⟩↕⊣∇↕†⇔ ∫⌉}⇕⌉\⊔ \⊣⇕⌉∫ ⊔⟨⊣⊔ ⊣∇⌉ ⌈⌉↕⌉⊔⌉⌈ ⌊† ⊓∫⌉∇∫ ∇⌉∫⊓↕⊔ ⟩\ ⊣ DELETENAME RPC↙ E⊣⌋⟨ ⊔⟩⇕⌉ ⊣ ∫⌉}⇕⌉\⊔ ⟩∫ ⌉§√≀∇⊔⌉⌈⇔ ⊔⟨⌉ ‖⌉∇\⌉↕ ⊣∫∫⟩}\∫ ⟩⊔ ⊣ ⇕≀\≀⊔≀\⟩⌋⊣↕↕† ⟩\⌋∇⌉⊣∫⟩\} }⌉\⌉∇⊣⊔⟩≀\ \⊓⇕⌊⌉∇↙ G⌉\⌉∇⊣⊔⟩≀\ \⊓⇕⌊⌉∇∫ ⊣⌋⌋≀⇕√⊣\†⟩\} ⌉⊣⌋⟨ ∇⌉⇕≀⊔⌉ ∇⌉∐⊓⌉∫⊔ ⊣↕↕≀⊒ ⊔⟨⌉ ‖⌉∇\⌉↕ ⊔≀ ⌈⟩∫⊣↕↕≀⊒ ≀√⌉∇⊣⊔⟩≀\∫ ≀\ ∫⊔⊣↕⌉ ∫⌉}⇕⌉\⊔∫↙ G⌉\⌉∇⊣⊔⟩≀\ \⊓⇕⌊⌉∇∫ ⊣↕↕≀⊒ ⊣ ∫⟩⇕√↕⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⌈⌉↕⌉⊔⌉ ≀√⌉∇⊣⊔⟩≀\ ⊒⟩⊔⟨⟩\ ⊔⟨⌉ ⌋↕⌉∇‖↙ A ⌈⌉↕⌉⊔⌉ ≀√⌉∇⊣⊔⟩≀\ ⇕⌉∇⌉↕† ⇕⊣∇‖∫ ⊔⟨⌉ ⌉\⊔∇† ⟩\⊑⊣↕⟩⌈ ⟩\ ⊔⟨⌉ ↕≀⌋⊣↕ ⌋⊣⌋⟨⌉↙ T⟨⌉∇⌉ ⊣∇⌉ ∫⊓{⊘⌋⟩⌉\⊔ ⌊⟩⊔∫ ⟩\ ⊔⟨⌉ }⌉\⌉∇⊣⊔⟩≀\ \⊓⇕⌊⌉∇ ∫≀ ⊔⟨⊣⊔⇔ ⌉⊑⌉\ ⊓\⌈⌉∇ ⟨⌉⊣⊑† ↕≀⊣⌈⇔ ⟩⊔ ⊒∇⊣√∫ ⊣∇≀⊓\⌈ ∫↕≀⊒↕† ⌉\≀⊓}⟨ ⊔≀ ⊣↕↕≀⊒ \⊣⇕⌉ ⌋↕⌉∇‖∫ ⌋≀\∫⟩⌈⌉∇⊣⌊↕⌉ ↕⊣⊔⟩⊔⊓⌈⌉ ⟩\ √∇≀√⊣}⊣⊔⟩\} ⌈⌉↕⌉⊔⟩≀\∫↙ N⊣⇕⌉ ⊣⌈⌈⟩⊔⟩≀\∫ ⊣∇⌉ ⟨⊣\⌈↕⌉⌈ ∫↕⟩}⟨⊔↕† ⌈⟩{{⌉∇⌉\⊔↕† {∇≀⇕ ⌈⌉↕⌉⊔⟩≀\∫↙ O\⌉ ≀√⊔⟩≀\ ⊒⌉ ⌋≀\∫⟩⌈↖ ⌉∇⌉⌈ ⊒⊣∫ {≀∇ ⊔⟨⌉ ⌋↕⌉∇‖ ≀\ ⊔⟨⌉ ⌉§√≀∇⊔⌉∇≃∫ ⇕⊣⌋⟨⟩\⌉ ⊔≀ √∇≀√⊣}⊣⊔⌉ ⊔⟨⌉ \⊣⇕⌉ ⊔≀ ⌉⊣⌋⟨ ≀{ ⊔⟨⌉ ≀⊔⟨⌉∇ ⌋↕⌉∇‖∫↙ T⟨⊓∫⇔ ⊣ ∫⊓⌊∫⌉∐⊓⌉\⊔ LOOKUPNAME RPC ⌋⊣\ ⌊⌉ ∫⊣⊔⟩∫⊘⌉⌈ ⌊† ⊣ ∫⟩⇕√↕⌉ ↕≀⌋⊣↕ ↕≀≀‖⊓√↙ U\{≀∇⊔⊓\⊣⊔⌉↕†⇔ ⊔⟨⟩∫ ⌋⊣\ ↕⟩⇕⟩⊔ ⊔⟨⌉ ∫⌋⊣↕⌉ ≀{ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉⇔ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩\⊑≀↕⊑⌉∫ ⊒∇⟩⊔⌉∫ ⊔≀ ⊣↕↕ ∇⌉⇕≀⊔⌉ ⇕⊣⌋⟨⟩\⌉∫⇔ ⇕≀∫⊔ ≀{ ⊒⟨⟩⌋⟨ ⇕⊣† \≀⊔ ∇⌉∐⊓⟩∇⌉ ⊔⟨⌉ \⊣⇕⌉ ⟩\ ⊣\† ⌋⊣∫⌉↙ A ⌊⌉⊔⊔⌉∇ ≀√⊔⟩≀\⇔ ⊣\⌈ ⊔⟨⌉ ≀\⌉ ⊒⌉ ⟨⊣⊑⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈⇔ ⟩∫ {≀∇ ⊔⟨⌉ ⌋↕⌉∇‖ ≀\ ⊔⟨⌉ ⟩⇕√≀∇⊔⟩\} ⇕⊣⌋⟨⟩\⌉ ⊔≀ ⌈≀ ⊣ ∇⌉⇕≀⊔⌉ ∇⌉⊣⌈ ≀√⌉∇⊣⊔⟩≀\ ⊔≀ ∇⌉⊔∇⟩⌉⊑⌉ ⊔⟨⌉ \⊣⇕⌉↙ A \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⌋↕⌉∇‖ √⌉∇⟩≀⌈⟩⌋⊣↕↕† ∇⌉{∇⌉∫⟨⌉∫ ⟩⊔∫ ⌋⊣⌋⟨⌉ ≀{ ⟩⇕√≀∇⊔⌉⌈ \⊣⇕⌉∫↙ A⊔ ⊔⟨⌉ ⌉\⌈ ≀{ ⌉⊣⌋⟨ ∇⌉{∇⌉∫⟨ ≀√⌉∇⊣⊔⟩≀\⇔ ⟩⇕√≀∇⊔⌉⌈ ⌉\⊔∇⟩⌉∫ ⊔⟨⊣⊔ ⊣∇⌉ \≀ ↕≀\}⌉∇ ⊑⊣↕⟩⌈ ⊣∇⌉ √⊓∇}⌉⌈ {∇≀⇕ ⊔⟨⌉ \⊣⇕⌉ ⌋⊣⌋⟨⌉ ⊣\⌈ {∇≀⇕ ⊔⟨⌉ ‖⌉∇\⌉↕≃∫ ⊔⊣⌊↕⌉∫↙ T⟨⊓∫⇔ ⊣ ↕≀≀‖⊓√ ≀√⌉∇⊣⊔⟩≀\ ⊣{⊔⌉∇ ⊣ ⌋⊣⌋⟨⌉ ∇⌉{∇⌉∫⟨ ⊒⟩↕↕ ⌋⊣⊓∫⌉ ⊣ ∇⌉⇕≀⊔⌉ ∇⌉⊣⌈ ⊔≀ }⌉⊔ ⊔⟨⌉ ⇕≀∫⊔ ⊓√↖⊔≀↖⌈⊣⊔⌉ ⟩\{≀∇⇕⊣⊔⟩≀\↙ A↕∫≀⇔ ⊣{⊔⌉∇ ⊣ ∇⌉{∇⌉∫⟨ ⇐⌊⊓⊔

∀∋

\≀⊔ \⌉⌋⌉∫∫⊣∇⟩↕† ⌊⌉{≀∇⌉⇒⇔ ∇⌉⇕≀⊔⌉ ≀√⌉∇⊣⊔⟩≀\∫ ⊓∫⟩\} ∫⊔⊣↕⌉ ⌉\⊔∇⟩⌉∫ ⊒⟩↕↕ {⊣⟩↕ ↕≀⌋⊣↕↕† ⊣⊔ ⊔⟨⌉ ∫≀⊓∇⌋⌉ ⊣↕↕≀⊒⟩\} ⊔⟨⌉ ∫≀⊓∇⌋⌉ ⊣ ⌋⟨⊣\⌋⌉ ⊔≀ ∇⌉⌋≀⊑⌉∇↙ F⊓∇⊔⟨⌉∇⇔ ⊔⟨⌉ ∫≀⊓∇⌋⌉ ⌋⊣\ ⊔⟩⇕⌉≀⊓⊔ ≀\ ⊣ ∇⌉⊣⌈ ⊔⟨⊣⊔ ⊓∫⌉∫ ∫⊔⊣↕⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣\⌈ ∇⌉⌈≀ ⊔⟨⌉ ⟩⇕√≀∇⊔ ≀√⌉∇⊣⊔⟩≀\↙ I\ ⊣⌈⌈⟩⊔⟩≀\ ⊔≀ ⊔⟨⌉∫⌉ ⇕⌉⌋⟨⊣\⟩∫⇕∫ {≀∇ ⌋≀√⟩\} ⊒⟩⊔⟨ ∫⊔⊣↕⌉ \⊣⇕⌉ ⌉\⊔∇⟩⌉∫⇔ ⊓∫⌉∇∫ ⌋⊣\ {≀∇⌋⌉ ⊣ ∫√⌉⌋⟩⊘⌋ ⟩⇕√≀∇⊔ ≀√⌉∇⊣⊔⟩≀\ ⊔≀ ⌈≀ ⊣\ ⌉§√↕⟩⌋⟩⊔ ∇⌉⇕≀⊔⌉ ↕≀≀‖⊓√↙

↙∋↙∈ I⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ N⊣⇕⌉ ⌋↕⌉∇‖∫ ⊣∇⌉ ⌋∇⌉⊣⊔⌉⌈ ⊣⊔ ⌊≀≀⊔ ⊔⟩⇕⌉↙ W⟨⌉\ ⌉⊣⌋⟨ \⊣⇕⌉ ⌋↕⌉∇‖ ⟩∫ ∫⊔⊣∇⊔⌉⌈⇔ ⟩⊔ ⌉§√≀∇⊔∫ ⊣ ⊒⌉↕↕↖ ‖\≀⊒\ ∫⌉}⇕⌉\⊔ }∇⊣\⊔⟩\} ⊒∇⟩⊔⌉ √∇⟩⊑⟩↕⌉}⌉∫ ⊔≀ ≀⊔⟨⌉∇ ⌋↕⌉∇‖∫↙ T⟨⌉ ‖⌉∇\⌉↕ ⊔∇⌉⊣⊔∫ ⊔⟨⟩∫ ⌉§√≀∇⊔ ≀√⌉∇⊣⊔⟩≀\ ⊣∫ ∫√⌉⌋⟩⊣↕ ⊣\⌈ ⊓∫⌉∫ ⟩⊔ ⊔≀ ⊓√⌈⊣⊔⌉ ⊔⟨⌉ ⟩\↖‖⌉∇\⌉↕ ⌉§√≀∇⊔ ∫⌉}⇕⌉\⊔ ⊔⊣⌊↕⌉ ⊣}⊣⟩\∫⊔ ⊒⟨⟩⌋⟨ ⟩\⌋≀⇕⟩\} ∇⌉⇕≀⊔⌉ ≀√⌉∇⊣⊔⟩≀\∫ ⊣∇⌉ ⌋⟨⌉⌋‖⌉⌈↙ A{⊔⌉∇ ⊣ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⌋↕⌉∇‖ ⟨⊣∫ ⌉§√≀∇⊔⌉⌈ ⟩⊔∫ ∫⌉}⇕⌉\⊔⇔ ⟩⊔ ⟩⇕√≀∇⊔∫ ⊔⟨⌉ ⊒⌉↕↕↖‖\≀⊒\ ∫⌉}⇕⌉\⊔ {∇≀⇕ ⌉⊣⌋⟨ ≀{ ⊔⟨⌉ ≀⊔⟨⌉∇ ⇕⊣⌋⟨⟩\⌉∫ ≀\ ⊒⟨⟩⌋⟨ ⟩⊔ ⌉§√⌉⌋⊔∫ ⊔≀ ⌈≀ ↕≀≀‖⊓√ ≀√⌉∇⊣⊔⟩≀\∫↙↙ O\⌋⌉ ⊣}⊣⟩\⇔ ⊔⟨⟩∫ ⟩⇕√≀∇⊔ ≀√⌉∇⊣⊔⟩≀\ ⟩∫ ∫⟩⇕√↕† {≀∇ ⊔⟨⌉ ‖⌉∇\⌉↕ ⊔≀ ⊓√⌈⊣⊔⌉ ⟩⊔∫ ⟩\{≀∇⇕⊣⊔⟩≀\ ≀{ ⟩⇕√≀∇⊔⌉⌈ ∫⌉}⇕⌉\⊔∫↙ E⊣⌋⟨ ⌋↕⌉∇‖≃∫ ⊒⌉↕↕↖‖\≀⊒\ ⌉§√≀∇⊔⌉⌈ ∫⌉}⇕⌉\⊔ ⟩∫ ⊓∫⌉⌈ ⊣∫ ⊣ ∇⌉}⟩∫⊔∇† ⊔≀ ⟨≀↕⌈ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ ≀⊔⟨⌉∇ \⊣⇕⌉⌈ ∫⌉}⇕⌉\⊔∫↙ T⟨⌉ ∇⌉}⟩∫⊔∇† ⟩∫ ≀∇}⊣\⟩‡⌉⌈ ⊣∫ ⊣\ ≀√⌉\↖⊣⌈⌈∇⌉∫∫⌉⌈ ⟨⊣∫⟨ ⊔⊣⌊↕⌉↙ W⟨⌉\ ⊣ ⊓∫⌉∇ ⌉§√≀∇⊔∫ ⊣ ∫⌉}⇕⌉\⊔⇔ ⊔⟨⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ ⊔⟨⌉ ∫⌉}⇕⌉\⊔ ⟩∫ ⟨⊣∫⟨⌉⌈ ⌊† \⊣⇕⌉ ⟩\⊔≀ ⊔⟨⌉ ⌋↕⌉∇‖≃∫ ⟨⊣∫⟨ ⊔⊣⌊↕⌉↙ E⊣⌋⟨ ⌋↕⌉∇‖ ⊓∫⌉∫ ⊔⟨⌉ ∫⊣⇕⌉ ⟨⊣∫⟨ {⊓\⌋⊔⟩≀\↙ T⟨⊓∫⇔ ⊓\↕⌉∫∫ ⊔⟨⌉∇⌉ ⊣∇⌉ ⌋≀↕↕⟩∫⟩≀\∫⇔ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ ⊣ √⊣∇⊔⟩⌋⊓↕⊣∇ \⊣⇕⌉ ⊒⟩↕↕ ⌊⌉ ⟩\ ⊔⟨⌉ ∫⊣⇕⌉ √≀∫⟩⊔⟩≀\ ≀\ ⊣↕↕ ⊔⟨⌉ ⌋↕⌉∇‖∫↙ T⟨⟩∫ ⟩∫ ⊣ ⌋≀\⊑⌉\⟩⌉\⊔ √⌉∇{≀∇⇕⊣\⌋⌉ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\ ⊣∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⌊⌉↕≀⊒↙ I\ ∇⌉∫√≀\∫⌉ ⊔≀ ⊣\ ADDNAME RPC {∇≀⇕ ⊔⟨⌉ ‖⌉∇\⌉↕⇔ ⊔⟨⌉ ⌋↕⌉∇‖ ⊣⌈⌈∫ ⊔⟨⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ ⊔⟨⌉ ⌉§√≀∇⊔⌉⌈ ∫⌉}⇕⌉\⊔ ⟩\⊔≀ ⟩⊔∫ ⟨⊣∫⟨ ⊔⊣⌊↕⌉ ⊓∫⟩\} ↕≀⌋⊣↕ ⇕⌉⇕≀∇† ≀√⌉∇⊣⊔⟩≀\∫↙ S⊓⌊∫⌉∐⊓⌉\⊔↕†⇔ ⊣ ∇⌉⇕≀⊔⌉ ⟩⇕√≀∇⊔⌉∇⇔ ⊑⟩⊣ ⊣ ‖⌉∇\⌉↕ ⌋⊣↕↕⇔ ⌋⊣\ ⌋≀\⊔⊣⌋⊔ ⟩⊔∫ ↕≀⌋⊣↕ ⌋↕⌉∇‖⇔ ⊣\⌈ √∇⌉∫⌉\⊔ ⊣ \⊣⇕⌉ {≀∇ ∇⌉⊔∇⟩⌉⊑⊣↕↙ T⟨⌉ ⌋↕⌉∇‖ ⊘∇∫⊔ ⌋⟨⌉⌋‖∫ ⟩\ ⟩⊔∫ ↕≀⌋⊣↕ ⊔⊣⌊↕⌉ {≀∇ ⊔⟨⌉ ⊣√√∇≀√∇⟩⊣⊔⌉ \⊣⇕⌉↙ I{ ⟩⊔ ⊘\⌈∫ ⟩⊔⇔ ⊔⟨⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⟩∫ ∇⌉⊔⊓∇\⌉⌈ ⊔≀ ⊔⟨⌉ ‖⌉∇\⌉↕⇔ ⊒⟨⟩⌋⟨ ⊓√⌈⊣⊔⌉∫ ⟩⊔∫ ⊔⊣⌊↕⌉∫ ⊣\⌈ ∇⌉⊔⊓∇\∫ ⊣ ⟨⊣\⌈↕⌉ ⊔≀ ⊔⟨⌉ ⊓∫⌉∇ ⊒⟨≀ ⇕⊣⌈⌉ ⊔⟨⌉ ⟩⇕√≀∇⊔ ⌋⊣↕↕↙ I{ ⊔⟨⌉ ⌋↕⌉∇‖≃∫ ↕≀⌋⊣↕ ↕≀≀‖⊓√ {⊣⟩↕∫⇔ ⟩⊔ ⊓∫⌉∫ ⊣ ⊓∫⌉∇↖∫⊓√√↕⟩⌉⌈ ⟨⟩\⊔⇔ ∫√⌉⌋⟩{†⟩\} ⊣ ∇⌉⇕≀⊔⌉ ⇕⊣⌋⟨⟩\⌉⇔ ⊔≀ √⌉∇{≀∇⇕ ⊣ ∇⌉⊣⌈ ≀√⌉∇⊣⊔⟩≀\ ≀\ ⊔⟨⌉ ⊣√√∇≀√∇⟩⊣⊔⌉ ∇⌉⇕≀⊔⌉ ⌋↕⌉∇‖≃∫ ⊒⌉↕↕↖‖\≀⊒\ ∫⌉}⇕⌉\⊔↙ I⊔ ⟩∫ ⟩\ ⊔⟨⟩∫ ∫⟩⊔⊓⊣⊔⟩≀\ ⊔⟨⊣⊔ ⊓∫⟩\} ⟩⌈⌉\⊔⟩⌋⊣↕ ⟨⊣∫⟨ {⊓\⌋⊔⟩≀\∫ ≀\ ⊣↕↕ ⌋↕⌉∇‖∫ √⊣†∫ ≀{{↙ I⌈⌉\⊔⟩⌋⊣↕ ⟨⊣∫⟨ {⊓\⌋⊔⟩≀\∫ ⊣↕↕≀⊒ ⊔⟨⌉ ⟩⇕√≀∇⊔⌉∇≃∫ ⌋↕⌉∇‖ ⊔≀ ↕≀⌋⊣⊔⌉ ⊔⟨⌉ \⊣⇕⌉ ⊓∫⊓⊣↕↕† ⊒⟩⊔⟨ ⊣ ∫⟩\}↕⌉ ∇⌉⇕≀⊔⌉ ∇⌉⊣⌈ ≀√⌉∇⊣⊔⟩≀\↙ S≀⇕⌉⊔⟩⇕⌉∫ ⊔⟨⟩∫ ⊒⟩↕↕ {⊣⟩↕⇔ {≀∇ ⌉§⊣⇕√↕⌉⇔ ⟩{ ⊔⟨⌉ ∇⌉⇕≀⊔⌉ ⌋↕⌉∇‖ ⌉\⌋≀⊓\⊔⌉∇⌉⌈ ⊣ ⟨⊣∫⟨ ⌋≀↕↕⟩∫⟩≀\ ⊒⟨⌉\ ≀∇⟩}⟩\⊣↕↕† ⟩\∫⌉∇⊔⟩\} ⊔⟨⌉ \⊣⇕⌉ ⊣\⌈ ∇⌉⟨⊣∫⟨⌉⌈ ⊔⟨⌉ \⊣⇕⌉ ⊔≀ ∫≀⇕⌉ ≀⊔⟨⌉∇ ⟨⊣∫⟨ ⌊⊓⌋‖⌉⊔↙ I{ ⊔⟨⌉ ∇⌉∫⊓↕⊔ ≀{ ⊔⟨⌉ ∇⌉⊣⌈ ≀√⌉∇⊣⊔⟩≀\ ⌈≀⌉∫ \≀⊔ ∇⌉⊔⊓∇\ ⊔⟨⌉ ⊣√√∇≀√∇⟩⊣⊔⌉ \⊣⇕⌉⇔ ⊔⟨⌉ ↕≀⌋⊣↕ ⌋↕⌉∇‖ ⟨⊣∫ ⊔⟨∇⌉⌉ ≀√⊔⟩≀\∫¬ ⇐∞⇒ ‖⌉⌉√ √∇≀⌊⟩\} ⌈⟩{{⌉∇⌉\⊔ ⟨⊣∫⟨

∀△

↕≀⌋⊣⊔⟩≀\ ⊓∫⟩\} ∇⌉⇕≀⊔⌉ ∇⌉⊣⌈∫ ⊓\⊔⟩↕ ⊔⟨⌉ ∇⌉⌋≀∇⌈ ⟩∫ ↕≀⌋⊣⊔⌉⌈ ≀∇ ⊔⟨⌉ ⟨⊣∫⟨ ⊔⊣⌊↕⌉ ⟩∫ ⌉§⟨⊣⊓∫⊔⌉⌈⇔ ⇐∈⇒ ⊓∫⌉ ⊣ ∇⌉⇕≀⊔⌉ ⊒∇⟩⊔⌉ ⊒⟩⊔⟨ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⊔≀ ∇⌉∐⊓⌉∫⊔ ⊔⟨⌉ ≀⊔⟨⌉∇ ∫⟩⌈⌉ ⊔≀ ⌋⟨⌉⌋‖ ⟩⊔∫ \⊣⇕⌉ ⊔⊣⌊↕⌉⇔ ⊣\⌈ ⇐∋⇒ √∇≀⌊⌉ ⊣ {⌉⊒ ⊔⟩⇕⌉∫ ⊣\⌈ ⊔⟨⌉\ ⊔∇⊣\∫{⌉∇ ⌋≀\⊔∇≀↕↙ T⟨⌉ ⌋⟨≀⟩⌋⌉ ≀{ ⊒⟨⟩⌋⟨ ≀√⊔⟩≀\ ⊔≀ ⊓∫⌉ ⟩∫ ⊣√√↕⟩⌋⊣⊔⟩≀\ ⌈⌉√⌉\⌈⌉\⊔ ⊣\⌈ ⟩∫ ∇⌉↕⊣⊔⌉⌈ ⊔≀ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌈≀⟩\} ↕≀≀‖⊓√∫⇔ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ⌉§√⌉⌋⊔⌉⌈ ↕≀≀‖⊓√∫⇔ ⊣\⌈ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⊔∇⊣\∫{⌉∇∇⟩\} ⌋≀\⊔∇≀↕↙ G⟩⊑⌉\ ⊔⟨⌉ ∇⌉↕⊣⊔⟩⊑⌉ ⌋≀∫⊔∫ ≀{ ∇⌉⇕≀⊔⌉ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⟩\ ≀⊓∇ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\⇔ ⊒⌉ ⊓∫⌉ ⊔⟨⌉ ⊘∇∫⊔ ≀√⊔⟩≀\⇔ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⊣⊔ }⟩⊑⌉∫ ⊓∫ ⊔⟨⌉ ⌊⌉∫⊔ √⌉∇{≀∇⇕⊣\⌋⌉↙ C≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⟩∫ ⊣ ⊑⟩⊣⌊↕⌉ ≀√⊔⟩≀\ ⟩\ ≀⊓∇ ⌋⊣∫⌉ ≀\↕† ⟩{ ⊒⌉ ⌉§√⌉⌋⊔ ∫⌉⊑⌉\ ≀∇ ⇕≀∇⌉ ⌋≀↕↕⟩∫⟩≀\∫ ⊔≀ ≀⌋⌋⊓∇ ⟩\ ⊔⟨⌉ ⟨⊣∫⟨ ⊔⊣⌊↕⌉↙ I\ ⊔⟨⌉ ⌋⊣∫⌉ ≀{ ⊔⟨⟩∫ √⊣∇⊔⟩⌋⊓↕⊣∇ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⌉§⊣⇕√↕⌉⇔ ⊔⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ {≀↕↕≀⊒∫ ⊔⟨⌉ ⟩⌈⌉⊣↕ ⇕≀⌈⌉↕ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ ⌉⊣∇↕⟩⌉∇ ∫⌉⌋⊔⟩≀\∫↙ T⟨⊓∫⇔ ⊣↕↕ ∇⌉⇕≀⊔⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ⟩\⊑≀↕⊑⌉ ≀\↕† ⊔∇⊣\∫{⌉∇ ≀{ ⌈⊣⊔⊣↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ⊓∫⌉∇⇔ ⊔⟨⌉ ‖⌉∇\⌉↕⇔ ⊣\⌈ ⊔⟨⌉ ⌋↕⌉∇‖ ⟩\⊑≀↕⊑⌉∫ ≀\↕† ↕≀⌋⊣↕ ⊔∇⊣\∫{⌉∇ ≀{ ⌈⊣⊔⊣ ⊣\⌈ ⌋≀\⊔∇≀↕↙ S⟩\⌋⌉ U↕⊔∇⟩§ ⟨⊣∫ \≀ ⌉{⊘⌋⟩⌉\⊔ ∫⊣⇕⌉↖⇕⊣⌋⟨⟩\⌉ RPC ⇕⌉⌋⟨⊣\⟩∫⇕⇔ ⊒⌉ ⊓∫⌉ ⊔⟨⌉ ⌉§⟩∫⊔⟩\} ∫†∫⊔⌉⇕ ⌋⊣↕↕ ⇕⌉⌋⟨⊣\⟩∫⇕ ⊔≀ ⊔∇⊣\∫{⌉∇ ⌈⊣⊔⊣ ⊣\⌈ ⌋≀\⊔∇≀↕ ↕≀⌋⊣↕↕†↙ I\⟩⊔⟩⊣↕↕†⇔ ⊔⟨⌉ \⊣⇕⌉ ⌋↕⌉∇‖ ⇕⊣‖⌉∫ ⊣ ∫√⌉⌋⟩⊣↕ ∫†∫⊔⌉⇕ ⌋⊣↕↕ ⊔⟨⊣⊔ ⌊↕≀⌋‖∫ ⟩⊔ ⟩\ ⊔⟨⌉ ‖⌉∇\⌉↕↙ W⟨⌉\ ⊣ ⊓∫⌉∇ ∇⌉∐⊓⌉∫⊔ ⟩∫ ⇕⊣⌈⌉⇔ ⊔⟨⌉ ‖⌉∇\⌉↕ ⌊↕≀⌋‖∫ ⊔⟨⌉ ⊓∫⌉∇ ⊣\⌈ ⊓\⌊↕≀⌋‖∫ ⊔⟨⌉ ⌋↕⌉∇‖≃∫ ⌋⊣↕↕↙ T⟨⌉ ⌋↕⌉∇‖ √⌉∇{≀∇⇕∫ ⊔⟨⌉ ∇⌉∐⊓⌉∫⊔⌉⌈ {⊓\⌋⊔⟩≀\ ⊣\⌈ ⌋⊣↕↕∫ ⌊⊣⌋‖ ⟩\⊔≀ ⊔⟨⌉ ‖⌉∇\⌉↕⇔ ⊒⟨⟩⌋⟨ ⊓∫⌉∫ ⊔⟨⌉ ⌋⊣↕↕ ⊣∇}⊓⇕⌉\⊔∫ ⊣∫ ⊔⟨⌉ ∇⌉⊔⊓∇\ ∇⌉∫⊓↕⊔ ≀{ ⊔⟨⌉ ≀∇⟩}⟩\⊣↕ ⊓∫⌉∇ ∇⌉∐⊓⌉∫⊔↙ W⌉ ∫⟨≀⊓↕⌈ ⇕⌉\⊔⟩≀\ ⊔⟨⊣⊔ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟨⌉∇⌉ ⟩∫ ⊣ ↕≀⊒ ↕⌉⊑⌉↕ ∫⌉∇⊑⟩⌋⌉↙ I⊔∫ ≀\↕† ∇⌉∫√≀\∫⟩⌊⟩↕⟩⊔† ⟩∫ ⊔≀ ⟨⌉↕√ ⊔⟨⌉ ‖⌉∇\⌉↕ ⇕⊣\⊣}⌉ ⊔⟨⌉ ⌉§√≀∇⊔ ⊣\⌈ ⟩⇕√≀∇⊔ ≀{ ∫⌉}⇕⌉\⊔ \⊣⇕⌉ ⟩\{≀∇⇕⊣↖ ⊔⟩≀\↙ W⌉ ⟨⊣⊑⌉ ⊔⟨⌉∇⌉{≀∇⌉ ⊓∫⌉⌈ ⊣ ∫⌉⊔ ≀{ ⌋≀⟨⌉∇⌉\⌋† ⇕⌉⌋⟨⊣\⟩∫⇕∫⇔ ∫⊓⌋⟨ ⊣∫ }⌉\⌉∇⊣⊔⟩≀\ \⊓⇕⌊⌉∇∫⇔ √⌉∇⟩≀⌈⟩⌋ ⌋⊣⌋⟨⌉ ⊙⊓∫⟨⌉∫⇔ ⊣\⌈ ‖⌉∇\⌉↕↖∫⊓√√↕⟩⌉⌈ ⟨⟩\⊔∫⇔ ⊔⟨⊣⊔ ⊣∇⌉ ⊣√√∇≀√∇⟩⊣⊔⌉ ⊔≀ ⊔⟨⟩∫ ∫⌉∇⊑⟩⌋⌉↙ U\↖ ⌈≀⊓⌊⊔⌉⌈↕†⇔ ≀⊔⟨⌉∇ ‖⟩\⌈∫ ≀{ \⊣⇕⌉ ∫⌉∇⊑⟩⌋⌉∫ ⇕⊣† ∇⌉∐⊓⟩∇⌉ ⌈⟩{{⌉∇⌉\⊔ ⌋≀⟨⌉∇⌉\⌋† }⊓⊣∇⊣\⊔⌉⌉∫↙ B† ⟩⇕√↕⌉⇕⌉\⊔⟩\} ⊔⟨⌉ ∫⌉}⇕⌉\⊔ \⊣⇕⌉ ∫⌉∇⊑⌉∇⇔ ⊒⌉ }⊣⟩\⌉⌈ ⌉§√⌉∇⟩⌉\⌋⌉ ⊒⟩⊔⟨ ↕≀⌋⊣⊔⟩\} ⟩\{≀∇⇕⊣⊔⟩≀\⇔ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\⇔ ⊣\⌈ ≀∇}⊣\⟩‡⟩\} ⌋↕⌉∇‖∫ ⟩\ ⊔⟨⌉ \⌉⊒ ∫⊔∇⊓⌋⊔⊓∇⌉↙

↙∋↙∋ P⌉∇{≀∇⇕⊣\⌋⌉ T⊣⌊↕⌉ ↙∋ ∫⟨≀⊒∫ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ∫⌉⌉\ ⌊† ⊔⟨⌉ ⊓∫⌉∇ {≀∇ ⌉§√≀∇⊔⟩\}⇔ ⟩⇕√≀∇⊔⟩\}⇔ ⊣\⌈ ⌈⌉↕⌉⊔⟩\} ⊣ ∫⌉}⇕⌉\⊔↙ O\ ⊣↕↕ ⊔⟨∇⌉⌉ ≀√⌉∇⊣⊔⟩≀\∫⇔ ⊔⟨⌉ ‖⌉∇\⌉↕ ⇕⌉⌈⟩⊣⊔⌉∫ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ \⊣⇕⌉ ∫⌉∇⊑⌉∇ ⊣\⌈ ⊔⟨⌉ ⊓∫⌉∇↙ N≀⊔⟩⌋⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⌈⟩{{⌉∇⌉\⌋⌉ ⟩\ ⊔⟩⇕⌉ ⇐∀̸ μs↽ to perform a lookup when the data is available locally and when it is not is comparable to the cost of a remote read operation ↼45 μs↽ from Table 4▷2▷ That is crossmachine communication cost is basically the cost of simple data transfer▷ The information that is retrieved on a lookup operation αts in a single ATM cell▷ With improved same machine communication performance we expect the overall

Table 7▷3. Name Server Performance Elapsed Time ↼¯s) Operation Cached Uncached Export (ADDNAME) 665 N/A Import (LOOKUP) 196 264 Revoke (DELETENAME) 307 N/A LOOKUP with noti�cation 524

performance to improve even further.

The last row represents the cost of doing a lookup operation with control transfer. In this case, the importing clerk performs a remote write with noti�cation. The write contains arguments for the lookup operation including a pointer back to the importer’s exported memory segment. Upon noti�cation, the exporting clerk uses the arguments to do the lookup. The results of the lookup are directly written to the importing clerk’s memory using a remote write. In the meantime, the importing clerk spin waits (at user level) for the data to arrive. Another option, though correspondingly more expensive, is to not spin wait the importer but instead have the exporter use a remote write with noti�cation.

7.4 Example: A Distributed File Service

Distributed �le systems, such as NFS, are perhaps the most common examples of distributed services in daily use. Most distributed �le systems are implemented using RPC-based clients and servers. However, much of the traf�c in a �le system need only involve data transfer; the control transfers are sometimes an unneeded cost imposed by the use of RPC between clients and servers. Recall from Section 7.1 that the bene�ts of eliminating control transfer are: (1) lowered overheads due to context switching, blocking, and procedure invocation, and (2) eliminating the processing overhead for unnecessary data traf�c. In this section, we analytically evaluate the impact of the new structure on the performance of a distributed �le system service using a functional model of the system.

7.4.1 The Distributed File System Model

We assume that the client machine runs a server clerk and that the clerk and the server cache data. This is fairly general model and even encompasses systems such as traditional

NFS (where the client kernel acts as the clerk for the remote server). Since we use caches on clients and servers, it is necessary to have a policy for cache-consistency. However, we are not directly concerned with the particular choice of protocol that is used and our system model does not implement one. Many coherency protocols are well known and are in use in current distributed �le systems, e.g., the Spritely NFS system [62], Sprite [52], and AFS [34] all use cache-consistency schemes. (Even NFS has a cache-consistency policy, albeit a weaker one.) Traditional multiprocessor cache-coherency schemes can also be used, as suggested by the work on the xFS protocol [21].

Although our �le system model does not explicitly account for coherency traf�c, we believe coherency schemes can be built using our communication primitives and our �le system model. For example, workstation-cluster �le system designs such as Calypso [50] use an RPC-based distributed token management scheme to handle cache coherence. This scheme can be extended to use our communication primitives without involving control transfers in most cases. Token acquire and release can be implemented using compareand-swap operations. Token revocation is trickier. One option is to use control transfer (e.g., using Hybrid-1 as described below); another is to delay revocation during certain conditions, as is done in Calypso, which can be done without control transfer. For the commonly occurring sharing patterns in distributed �le systems, we expect the usage of control transfer for coherence to be rare.

Our system model organizes the cache into different distinct areas, each containing different types of information organized as shown below. This organization, allows us to exploit pure data transport mechanisms without the penalty of control transfer.

File Data This is the traditional �le buffer cache that caches regular �le data and forms the bulk of the cache. Data within the cache can be located using a �le handle and block number within the �le.

Name Lookup Data This area contains information to translate �le names to �le handles.

Most conventional systems have a separate name cache that serves this purpose.

File Attributes This cache area contains �le attributes such as creation time, �le size, etc.

Entries in this cache can be retrieved given a �le handle.

Directory Entries We keep the contents of directories in a speci�cally designated area of the cache. This allows fast directory searches. From measurements on our departmental �le server, which is typical, we observed that the entire directory contents of the server could be cached with about 2.5 Mbytes of data. With an additional 40 Kbytes of memory, even symbolic link information on our server can be completely cached. Caching this information is helpful, because reading symbolic links and directory entries accounts for about 8% of the activity in Table 7.1.

Our model of the �le service is simple but captures the performance effect of separating control transfer from data transfer. Our underlying communication primitives allow several alternatives to coordinate the movement of data between server and clerk caches. We consider four of these alternatives below:

Write Requests Only The �rst alternative, and the simplest, is for the source of the data (server or clerk) to supply data to the destination using remote writes with no noti�- cations at all.

Read Requests Only The second alternative is for the eventual destination of the data to fetch the data from the source. This was the method of choice in the name server of the previous section. In the current experiment, we use block read requests to fetch data from the server.

Hybrid-1 Unlike the previous two schemes, which are pure data transfer schemes, this scheme uses a single write request with noti�cation, followed by one or more return write requests. This was one of the alternatives we considered in the name server example. The destination makes a write request (with noti�cation) describing the data transfer parameters. The source then performs one or more return write requests back to the destination.

Hybrid-2 This is the same as Hybrid-1 above except that the source sets the noti�cation bit on the last write request to the destination.

7.4.2 Performance

We show below the quantitative impact of separating control and data transfer on �le system operations. First, as a simple metric, we measured the transfer times for various data transfer sizes, for the four data and control transfer alternatives described above. The measurements were done on DECstation 5000/200s connected to a private ATM network. Figures 7.2a and 7.2b show the performance of the various alternatives. For comparison, we show the performance of the native RPC currently used by distributed services within Ultrix. The Y-axis shows the elapsed time for transferring data, excluding any other clerk or server activity and assuming a perfect hit rate in the remote cache. The X-axis shows the amount of data transferred. Figure 7.2a shows overall performance and Figure 7.2b shows the performance for the small- and medium-sized cases.

The performance �gures for the RPC system include the cost of marshaling and demarshaling data. Native Ultrix RPC uses UDP/IP as its underlying transport. Since the Ultrix UDP implementation does not permit single RPCs larger than 8 Kbytes, we measured the large byte cases using multiple RPCs as needed.

Figure 7.2a: Overall Comparative Performance of Communication Mechanisms

Figure 7.2b: Comparative Performance of Communication Mechanisms for Small Packets

The graphs show that the remote memory schemes have substantially better performance than Ultrix RPC. Even the two hybrid schemes, which involve limited control transfer, outperform RPC. However, the performance of Ultrix RPC must be taken in context, because there are many �nely-tuned RPC systems that have better performance that Ultrix RPC.

To evaluate the impact of separating data and control transfer, we compare the performance of two alternative structures for a distributed �le system. From the perspective of a distributed system, we are interested in two performance metrics: (1) the total latency seen by a client and (2) the load on the server.

We assume both alternatives cache data locally. However, in the �rst alternative, the �le system uses a fast RPC-like cross-machine mechanism, viz., Hybrid-1 (the faster of the two hybrid schemes that transfer control and data). This is similar in spirit to the design of traditional RPC-based systems, e.g., NFS.

The second alternative uses the proposed new structure and relies primarily on a pure data transfer scheme. That is, the clerks and the server directly access each other’s caches using remote reads and writes, just as was done in the name server example of the previous section. If there is a miss in the remote cache, control is transferred to the remote process, where a procedure is activated to locate the missing data and write it back to the source using remote write operations.

We are assuming in our model of the �le service that the caches (as described in Section 7.4.1) are organized as several hash tables in a fashion similar to the name service. Thus, we expect synchronized access to data to be implemented analogously to the name server. That is, a �le system clerk would perform one (or more) remote reads to fetch a block of data or metadata. A �ag word in the block would indicate if the data is valid or not. The atomicity of remote access guarantees this. If the data is valid, then a comparison of the block number shows if there was a miss or not. Thus, we expect only minimal overhead (a few compare and branches) for proper synchronization and miss detection. We have therefore ignored this cost in the comparative measurements below.

For the sake of concreteness, we assume that the �le system presents an interface similar to NFS, i.e., it implements operations like those shown earlier in Table 7.1.

Since both the schemes that we compare cache data locally, the performance of client requests that hit in the local cache would be similar in both. However, the performance of client requests that miss in the local cache could be different. In the �rst scheme, using Hybrid-1, client latency is affected by (1) the time to send the request and control information to the server, (2) the processing time on the server, and (3) the time to write the results back to the client. To evaluate these components, we directly measured the cost of all three for each �le system operation. Items (1) and (3) were measured from our implementation of Hybrid-1. To estimate the processing time at the server, we measured the processing times on an actual NFS server with warm caches on an isolated ATM network.

Ultrix RPC and marshaling costs are not included in this measurement. In the second scheme, the latency seen by the client is dependent primarily on the low-level cost of emulating the remote memory operations, since there is no server involvement.

Figure 7.2: Request Processing Latency Seen by Client

Figure 7.2 compares the performance of the two schemes for representative �le operations. The measurements were done on DECstation 5000/200s connected to a private ATM network. We assume 100% hit rates in the server cache. We also neglect the communication cost between client and clerk. Thus, these are best-case �gures. Note however, that if there is a miss in the server cache, overall performance will be dependent on the disk transfer time rather than differences in the structure of the service. For each �le operation, we show the total latency for that operation implemented using Hybrid-1 (HY), and the total latency for the pure data-transfer scheme (DX). In the case of Hybrid-1, the latency includes two components: the time to transfer data and control, and the server processing time. In the case of pure data transfer, the entire latency is due to the data transfer primitives. We must point out that in the pure data transfer scheme, we have ignored the small cost the clerk incurs in calculating the location of the data that it wants to retrieve from the remote side. This will be typically on the order of a few tens of microseconds to calculate a hash function, and can be neglected relative to the remaining times.

Notice that in all cases, the pure data transfer scheme does signi�cantly better than the RPC-like scheme. As the amount of data transferred increases, the bene�ts of separating control and data decrease a little. This is a natural consequence of the fact that the cost of a single control transfer operation is now amortized over a larger data transfer.

Separation of data and control yields better performance for the operations shown in the graph because each operation is logically a simple one involving only data transfer. The costs of context switching and procedure invocation are overheads of the communication primitive. Thus, a specialized data transfer operation is advantageous.

Figure 7.3: Breakdown of Server Activity

Figure 7.3 shows a detailed breakdown of activity on the server CPU. In the pure data transfer scheme, the server CPU is involved only in emulating incoming and outgoing remote memory operations. With a communications co-processor, even this CPU involvement could be eliminated. In contrast, the hybrid model incurs the cost of control transfer and the cost of executing the server’s procedure, in addition to the cost of data transfer.

For example, in the LookupName operation, the only server processing for the pure data transfer scheme is the data reception, which is the service-side interrupt-level processing of the remote memory read of the name lookup cache. For the same operation in the hybrid scheme, there are four components: data reception (of the request), control transfer, procedure invocation, and data reply (sending the response), as shown in Figure 7.3. On the average, we see that the pure data transfer scheme imposes less than half the server load imposed by control and data transfer schemes; therefore, the server should be able to accommodate more clients using pure data transfer. Once again, we note that as the amount of data transferred increases, the overhead of control transfer can be amortized more effectively.

7.5 Chapter Summary

We have described a new structure for building distributed systems. Traditionally, distributed systems have been organized around the RPC-based client/server model for a variety of good reasons: a simple programming paradigm, and networks with low bandwidth, high latency, and unpredictable reliability. Changes in technology make it both possible and necessary to re-think the structure of distributed systems. Among the things that have changed are the bandwidth, latency, and reliability of networks.

Our alternative structure is based on the observation that by separating the transfer of control from the transfer of data, we can eliminate one or the other if it is not required. The underpinning for our technique is a set of high-performance network access primitives based on the notion of remote memory. Our technique has three elements to it: (1) server clerks and servers that cache data, (2) an ef�cient communication primitive that allows quick access to this cached data on remote hosts, and (3) restricting control transfers to occur predominantly within a machine boundary.

Our experiments and measurements with this structure show the promise for improving distributed system performance and scalability through lowered elapsed times and signi�- cantly reduced server load. For example, our analysis shows a 50 percent reduction in server load for NFS-style �le server operations when using pure data transfer, when compared to a communications model using combined data and control transfer.

The proposed structure is applicable in environments other than distributed systems, e.g., in large-scale dedicated multiprocessors, where the cost of control transfer is high relative to that of data transfer. Traditionally, these multiprocessor systems, e.g., the J- Machine [22], *T [53], etc., have opted for a single primitive that uni�es remote transfer of data and control, in contrast to our approach.

It is important to make two �nal points in passing. First, note that the structure we propose here is one innovative alternative to organizing distributed systems, but not the only one. Second, the proposed structure should be thought of as an application of the network access model, but again, not the only one.

Chapter 8

RELATED WORK

The problem of providing ef�cient access to networks has been studied in the research community for over a decade using a variety of techniques, both software and hardware. At one stage in the state-of-the-art, software protocols were considered the key factor in performance. This led to several studies that tried to reduce the cost of software processing, e.g., [17], [28], [72] and many others. Reduced protocol costs led to research on the structure of network controllers and other host-architectural effects, e.g., [5], [23], [38], [66] to name a few. The advent of a new generation of ATM networks has, in turn, resulted in many new research efforts, including ours, aimed at higher performance network communication.

The work described in this thesis shares similarities with many previous studies. For example, network access based on a memory abstraction has been previously studied in the literature. Similarly, there have been earlier distributed system designs that are related to the approach suggested in this thesis. The following sections compare our work with previous approaches. For the most part, the discussion below is organized in rough chronological order.

8.1 Spector’s Remote References

As far as I am aware,the notion of remote memory access was �rst suggested by Spector [61]. Spector proposed a taxonomy of remote memory access primitives based on �ve factors: (1) whether remote references were fault tolerant in the face of network and host failures, (2) whether references returned values or not, (3) whether they were synchronous with respect to the issuing host and process, (4) whether they were �ow controlled or not, and (5) whether the remote references were executed directly by a specialized privileged communication process or a regular user process that required additional context switching. The model presented in this thesis draws heavily on Spector’s approach but makes signi�cant extensions to support virtual memory, protection, and timeslicing. These issues were largely unaddressed in Spector’s work on the Xerox Altos [65], which neither had virtual memory nor address protection among a set of applications.

Spector implemented a small subset of the possible remote access types from his taxonomy. The subset consisted of processor synchronous remote reads, writes, and testand-set. By implementing the primitives using microcode and software on Altos connected by the experimental Ethernet, Spector demonstrated the feasibility of remote references as a low-level mechanism for data transfer on a workstation cluster. Owing to technology available or anticipated in the late ’70s and early ’80s, Spector’s experiments led him to conclude that realistic multicomputing would not be practical on a cluster of workstations.

In contrast, experience with the model described in this thesis leads us to conclude otherwise. First, it demonstrates that the model can be used as the basis for improving the performance of traditional distributed mechanisms like RPC and for coarse-grained workstation-based multicomputing. Second, it argues that distributed systems can be structured differently by separating the notions of control transfer and data transfer.

8.2 Grapevine

In its use of clerks, our distributed system design has something in common with Grapevine [11]. We have already discussed the relationship between the two systems in Chapter 7, so we only mention the important differences here. Our clerks and servers are more tightly integrated, they are part of the same application, and they trust each other. They do not use RPC for communication, but rely on direct access to each other’s memory.

8.3 VAXclusters

DEC’s VAXclusters system used a set of communication controllers to provide a variety of message operations on a cluster of computers [40]. The controller supported, in hardware, reliable message sends, unreliable datagrams, and block data transfers. The block transfer primitive is similar to a remote write operation, in that the sender speci�es where in destination memory the data is to be deposited.

Like our approach, the goal of VAXclusters was to provide a tight integration of machines in a distributed environment. However, unlike our approach, there is a fairly complex protocol for each host to communicate with the communication controller. Further, the controller itself had a complicated implementation. Also, there was no notion of userlevel access to the controllers. For example, the major use of the block transfer primitive was to transfer data from the disk server directly to �le buffers in kernel memory.

8.4 Mether and Memnet

Mether is another system that provides remote memory accesses on a network of workstations [47]. The primary focus of this system is to provide distributed shared memory (DSM) using the page fault handlers in the VM system. To gain performance, the system has mechanisms to avoid data shipment, leaving the sharing and consistency semantics to the application. In contrast, our model is concerned with the implementation of a general purpose, high-performance communication system suitable for next generation networks and processors. A whole range of DSM protocols can be implemented using our model. Depending on the complexity of the DSM protocols, more or less software needs to be layered on top of our system. We believe that the Mether protocol can be layered quite easily on our model. Thus, though Mether and our design may resemble each other in form, the two are not functionally interchangeable.

The Memnet system, a precursor to Mether, also proposed a memory abstraction to access the network. Memnet implemented a hardware based approach that provided coherent remote page access on a token bus. Like Mether, the focus of this system is on coherent memory abstractions rather than ef�cient data movement per se.

8.5 DEC AN1

The AN1 network designed at the DEC System Research Center is a high-speed point-to-point network [57]. The network controller for AN1 has hardware support that permits some control over the placement of data at the destination.

In the AN1 network, a single �eld, called the BQI, in the link-level packet header provides a level of indirection into a table kept in the controller. The table contains a ring of descriptors that specify host memory buffers into which data is transferred. Incoming network packets contain a BQI �eld that is used by the controller in determining which ring to use. The controller initiates DMA into the next buffer in this ring and hands the buffer to host software.

This mechanism allows some control over data placement, but this is at a much coarser grain than the remote memory model provides. For instance, the sender has no control over where data is placed; only the receiving kernel can do that. Often, the sender knows precisely where the data is to be sent. There are similarities in both approaches, to the extent that both try to provide ef�cient demultiplexing mechanisms for incoming data.

8.6 Active Messages

Active Messages is a low-level mechanism that has been proposed for communicating between nodes in a dedicated, closely-coupled multicomputer [71]. The key idea in this design is that an incoming message carries with it an upcall address of a handler that integrates the message into the computation stream for the node. Thus, using Active Messages, data and control are very closely-coupled. An Active Message arriving on a node exhibits characteristics similar to that of a network packet arriving on a workstation, with the key difference that the interrupt handler can be different for each message. The general notion of remote memory access (as embodied in our model) is substantially different from the notion of interrupt driven messages that is at the core of Active Messages. In particular, as mentioned in previous chapters, our model explicitly separates the notion of data transfer from control transfer.

In Active Messages, the upcall handler refers, in general, to user code. Dedicated multicomputers like the CM-5 [67], on which Active Messages has been implemented, typically have hardware and network support to ensure that the upcalled user code cannot impact performance of other jobs by misbehaving. Workstation hosts on general purpose networks do not have such mechanisms. Thus, implementing the Active Message model in this environment may require additional functionality, e.g., hardware to allow multiple users to map in the network controller or compiler techniques to ensure that the upcall handlers that execute are well-behaved [35].

8.7 Hamlyn

Wilkes describes the design of a hardware controller for a reliable multicomputer interconnection network [74]. Some of the Hamlyn ideas are similar to the ones described in this thesis. For example, fundamental to the design is the concept of �sender-controlled� data transfer where the sender speci�es the location at the receiver where data is to be deposited. Message destinations are kept pinned in memory as long as they are in use. That is, unlike our approach, there is no notion of selectively pinning or unpinning regions of segments. This design choice was made in Hamlyn on the assumption that in a dedicated multicomputing environment the number of senders per node is small enough that each receiver can dedicate memory for each sending node.

The Hamlyn design handles packet noti�cations using a slightly less general model than ours. In Hamlyn, a message is assumed to be composed of multiple packets which are the fundamental units of data transfer. As packets for a message arrive at the receiver, a preloaded counter associated with the message is decremented; when the counter reaches zero a noti�cation is scheduled. Special hardware is provided to keep these per-message counters.

Protected access to the network is provided by using a hardware structure called a �terminus� that acts as a connection end point on the sender and receiver. The terminus is initialized with protection information by trusted operating system software and mapped directly into the user’s address space. There is a �xed number of termini, which is implementation dependent, that can be used in this manner.

Hamlyn shares many of its goals with our work but is primarily concerned with a dedicated multicomputer environment rather than a workstation cluster. Many of the design choices are therefore different in the two approaches. It is dif�cult to make a quantitative comparison of the two designs because, at the time of writing, there is no implementation nor any simulation results based on the paper design described in [74].

8.8 SHRIMP

The network interface for the SHRIMP multicomputer being designed at Princeton also proposes direct remote writes to memory [13]. Like Hamlyn and our work, the SHRIMP approach shares a common ancestry with Spector and VAXclusters. However, the main focus of SHRIMP is (1) to provide hardware-supported memory coherence between multicomputer nodes and (2) permit the overlap of communication and computation at the level of individual instructions.

In SHRIMP, buffers in virtual memory are mapped between communicating nodes, which can then directly perform loads to the mapped buffer. In parallel to the processor, the network interface snoops on the memory bus and forwards the request to the remote network interface which updates remote memory. Virtual to physical address mappings are kept in tables in the network interface. When a physical frame backing a virtual buffer page is paged out, the system performs a page shootdown mechanism to other network interfaces that might be remotely storing to the page.

Many of the techniques used in SHRIMP are speci�c to dedicated multicomputers with specialized hardware. For instance, SHRIMP relies on its ability to selectively change the caching policy of a memory location from write-back to write-through. This is supported on their particular platform but is atypical of hardware platforms. Also, unlike our approach, there are no read operations. Further, the SHRIMP design does not focus on issues of separating control and data transfer in distributed systems.

8.9 Channel Model, V System, Network Objects

The distributed system structure we propose is loosely related to the Channel Model [31], Network Objects [9], and other systems, like V [16], that use RPC for small data and a separate bulk data transport mechanism. Unlike most of these systems, in our model, there is no explicit activity or thread of control at the destination process to handle an incoming stream of data. Also, no speci�c request is required by the receiver to initiate data receipt.

The V system also proposed the notion of �problem-oriented shared memory,� which is related to our idea of using a memory based interface between server clerks and the server. However, the V approach depended on the notion of multicast and remote invocation, neither of which is used in our approach.

Chapter 9

CONCLUDING REMARKS

This dissertation has identi�ed some of the key requirements for high-performance cross-machine communication on next-generation networks. It has tried to argue that, beyond fast processors, networks, and controllers, the view of the network�the �network access model�can have a big in�uence on both the performance and the structure of distributed systems. We have demonstrated the design of a network access model that shows good performance and is useful in a variety of situations that arise in current and future uses of a workstation cluster. The key features of the model are that it • √∇≀⊑⟩⌈⌉∫ ⌉{⊘⌋⟩⌉\⊔ ⊣\⌈ √∇≀⊔⌉⌋⊔⌉⌈ ⊓∫⌉∇↖↕⌉⊑⌉↕ ⊣⌋⌋⌉∫∫ ⊔≀ ⊔⟨⌉ \⌉⊔⊒≀∇‖ • ⌉↕⟩⇕⟩\⊣⊔⌉∫ ⊓\\⌉⌋⌉∫∫⊣∇† ⌈⊣⊔⊣ ⌋≀√⟩⌉∫ • ∫⌉√⊣∇⊣⊔⌉∫ ⊔⟨⌉ ⊔∇⊣\∫{⌉∇ ≀{ ⌋≀\⊔∇≀↕ {∇≀⇕ ⊔⟨⌉ ⊔∇⊣\∫{⌉∇ ≀{ ⌈⊣⊔⊣ • ⊣⌈⇕⟩⊔∫ ⊣ ⊑⌉∇† ∫⟩⇕√↕⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ A\ ⟩⇕√≀∇⊔⊣\⊔ ⟩⇕√↕⟩⌋⊣⊔⟩≀\ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ ⟩∫ ⊔⟨⊣⊔ ∫⟩\⌋⌉ ⟩⊔ ⌈⌉⌋≀⊓√↕⌉∫ ⊔⟨⌉ ⌋≀\⊔∇≀↕ ⊣\⌈ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⌉⌋⟨⊣\⟩∫⇕∫⇔ ⟩⊔ ⊣↕↕≀⊒∫ \⌉⊒⌉∇ ≀∇}⊣\⟩‡⊣⊔⟩≀\∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫↙ T∇⊣⌈⟩⊔⟩≀\⊣↕↕†⇔ ⊔⟨⌉∫⌉ ∫†∫⊔⌉⇕∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ≀∇}⊣\⟩‡⌉⌈ ⊣∇≀⊓\⌈ ⊔⟨⌉ RPC↖⌊⊣∫⌉⌈ ⌋↕⟩⌉\⊔∝∫⌉∇⊑⌉∇ ⇕≀⌈⌉↕ {≀∇ ⊣ ⊑⊣∇⟩⌉⊔† ≀{ }≀≀⌈ ∇⌉⊣∫≀\∫↙ C⟨⊣\}⌉∫ ⟩\ ⊔⌉⌋⟨\≀↕≀}† ⇕⊣‖⌉ ⟩⊔ ⌊≀⊔⟨ √≀∫∫⟩⌊↕⌉ ⊣\⌈ \⌉⌋⌉∫∫⊣∇† ⊔≀ ∇⌉↖⊔⟨⟩\‖ ⊔⟨⌉ ∫⊔∇⊓⌋⊔⊓∇⌉ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫↙ A⇕≀\} ⊔⟨⌉ ⊔⟨⟩\}∫ ⊔⟨⊣⊔ ⟨⊣⊑⌉ ⌋⟨⊣\}⌉⌈ ⊣∇⌉ ⊔⟨⌉ ⌊⊣\⌈⊒⟩⌈⊔⟨⇔ ↕⊣⊔⌉\⌋†⇔ ⊣\⌈ ∇⌉↕⟩⊣⌊⟩↕⟩⊔† ≀{ \⌉⊔⊒≀∇‖∫↙ T⟨⌉ ∫⟩}\⟩⊘⌋⊣\⌋⌉ ≀{ \⌉⊒ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕ ≀∇}⊣\⟩‡⊣⊔⟩≀\∫ ⟩∫ ↕⟩‖⌉↕† ⊔≀ ⟩\⌋∇⌉⊣∫⌉ ⟩\ ⊔⟨⌉ {⊓⊔⊓∇⌉↙ A∫ \⌉⊔⊒≀∇‖∫ ∫√⌉⌉⌈ ⊓√⇔ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⟩∫ ↕⟩‖⌉↕† ⊔≀ ⌈⌉⌋∇⌉⊣∫⌉↙ R⌉↕⊣⊔⟩⊑⌉ ⊔≀ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇⇔ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⟩∫ \≀⊔ ↕⟩‖⌉↕† ⊔≀ ⌈⌉⌋∇⌉⊣∫⌉ ⊒⟩⊔⟨ ⟩\⌋∇⌉⊣∫⌉⌈ √∇≀⌋⌉∫∫≀∇ ∫√⌉⌉⌈↙ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ⊒⌉ ⌉§√⌉⌋⊔ ∇⌉⇕≀⊔⌉ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇∫ ⊔≀ ⌊⌉ ⌉⊑⌉\ ↕⌉∫∫ ⊣⇕⌉\⊣⌊↕⌉ ⊔≀ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\ ⊔⟨⊣\ ↕≀⌋⊣↕ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇∫↙ T⟨⊓∫⇔ ⊣ ∫⊔∇⊓⌋⊔⊓∇⌉ ∫⊓⌋⟨ ⊣∫ ⊔⟨⌉ ≀\⌉ √∇≀√≀∫⌉⌈ ⟨⌉∇⌉ ⊔⟨⊣⊔ ⌉↕⟩⇕⟩\⊣⊔⌉∫ ∇⌉⇕≀⊔⌉ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⟩\ {⊣⊑≀∇ ≀{ ↕≀⌋⊣↕ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⟩∫ ↕⟩‖⌉↕† ⊔≀ ⌊⌉ ≀{ ⟩\⌋∇⌉⊣∫⟩\} √⌉∇{≀∇⇕⊣\⌋⌉ ⌊⌉\⌉⊘⊔↙ T⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ⟩∫ ⊣↕∫≀ ≀{ ⌊⌉\⌉⊘⊔ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈

∞′∞

⇕⌉⇕≀∇† ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫ ⊒⟨⌉∇⌉ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌋≀\⊔∇≀↕ ⊔∇⊣\∫{⌉∇ ⟩∫ ⇕⊓⌋⟨ ↕⊣∇}⌉∇ ⊔⟨⊣\ ⊔⟨⌉ ⌋≀∫⊔ ≀{ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⌊⌉⌋⊣⊓∫⌉ ≀{ ⌈⌉⌈⟩⌋⊣⊔⌉⌈ \⌉⊔⊒≀∇‖ ↕⟩\‖∫ ⊣\⌈ ⟩\⊔⌉∇{⊣⌋⌉∫↙ T⟨⌉ ⊣√√∇≀⊣⌋⟨ ⊒⌉ ∫⊓}}⌉∫⊔ ⟩∫⇔ ⟩\ {⊣⌋⊔⇔ ∐⊓⟩⊔⌉ ⌈⟩{{⌉∇⌉\⊔ {∇≀⇕ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ⊔⟨⟩\‖⟩\} ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⇕⌉⇕≀∇† ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇ ⌉\⊑⟩∇≀\⇕⌉\⊔∫⇔ ⊒⟨⌉∇⌉ ⌋≀\⊔∇≀↕ ⊣\⌈ ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⊣∇⌉ ⊓∫⊓⊣↕↕† ⊓\⟩⊘⌉⌈↙ T⌉⌋⟨\≀↕≀}† ⊔∇⌉\⌈∫ ⟩\ \⌉⊔⊒≀∇‖∫ ⊣\⌈ √∇≀⌋⌉∫∫≀∇∫ ∫⌉⌉⇕ ⊔≀ ⟩\⌈⟩⌋⊣⊔⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ≀{ ⊔⟨⌉ {⊓⊔⊓∇⌉ ⊣∇⌉ ↕⟩‖⌉↕† ⊔≀ ∇⌉∫⌉⇕⌊↕⌉ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⇕⌉⇕≀∇† ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫ ≀{ ⊔≀⌈⊣†↙ T⟨⊓∫⇔ ⊒⌉ ⊣∇}⊓⌉ ⊔⟨⊣⊔ \⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉∫ ⊣\⌈ ∫†∫⊔⌉⇕ ∫⊔∇⊓⌋⊔⊓∇⌉ ∫⟨≀⊓↕⌈ ⌊⌉ ⊔⊣⟩↕≀∇⌉⌈ {≀∇ ⊔⟨⟩∫ ⌉\⊑⟩∇≀\⇕⌉\⊔ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⊣ ↕≀≀∫⌉↕†↖⌋≀⊓√↕⌉⌈ ⌋↕⊓∫⊔⌉∇ ≀{ ⊒≀∇‖∫⊔⊣⊔⟩≀\∫↙ A ∇⌉⌋⊓∇∇⟩\} ⊔⟨⌉⇕⌉ ⟩\ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ⟨⊣∫ ⌊⌉⌉\ ⊔⟨⊣⊔ ⟩⊔ ⟩∫ ⊣⌈⊑⊣\⊔⊣}⌉≀⊓∫ ⊔≀ ⟨⊣⊑⌉ ⊣ ⊔⟩}⟨⊔ ⌋≀⊓√↕⟩\} ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣\⌈ ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇↙ T⟨⟩∫ ⊔⟩}⟨⊔ ⌋≀⊓√↕⟩\} ⌊⌉⊔⊒⌉⌉\ √∇≀⌋⌉∫∫≀∇ ⊣\⌈ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇ ⟩∫ ⊔†√⟩⌋⊣↕↕† ∫⌉⌉\ ⟩\ ⌈⌉⌈⟩⌋⊣⊔⌉⌈ ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫⇔ ⌊⊓⊔ ⊓∫⊓⊣↕↕† \≀⊔ ≀\ ⊣ ⊒≀∇‖∫⊔⊣⊔⟩≀\↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⟩\ ⊣ ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇⇔ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇ ⟩∫ ⊔⟩}⟨⊔↕† ⊔⟩⌉⌈ ⊔≀ ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇ ⊣\⌈ ⟩∫ ⊣⊒⊣∇⌉ ≀{ ⊔⟨⌉ ⌋⊣⌋⟨⌉ ⊣\⌈ ⇕⌉⇕≀∇† ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉↙ T⟨⌉ √∇≀⌋⌉∫∫≀∇ ⇕⊣\⟩√⊓↕⊣⊔⌉∫ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉ ⌈⟩∇⌉⌋⊔↕† ⊓∫⟩\} ⊣ {⌉⊒⇔ ⊑⌉∇† ∫⟩⇕√↕⌉ ⟩\∫⊔∇⊓⌋⊔⟩≀\∫↙ T⟨⌉ \⌉⊔⊒≀∇‖ √⌉∇{≀∇⇕⊣\⌋⌉ ⊑⊣∇⟩⌉∫ ⌈⌉√⌉\⌈⟩\} ≀\ ⊒⟨⌉⊔⟨⌉∇ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉ ⟩∫ ⊣⊔⊔⊣⌋⟨⌉⌈ ⊔≀ ⊔⟨⌉ ⇕⌉⇕≀∇† ⌊⊓∫ ≀∇ ⊔⟨⌉ ⌋⊣⌋⟨⌉ ⌊⊓∫↙ C⊓∇∇⌉\⊔ ⌉§√⌉∇⟩⌉\⌋⌉ ⟩\⌈⟩⌋⊣⊔⌉∫ ⊔⟨⊣⊔ ↕≀⌋⊣⊔⟩\} ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉ ⌋↕≀∫⌉∇ ⊔≀ ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇ }⟩⊑⌉∫ ⌊⌉⊔⊔⌉∇ √⌉∇{≀∇⇕⊣\⌋⌉↙ W⌉ ∇⌉{⌉∇ ⊔≀ ⊔⟨⌉∫⌉ ⊔†√⌉∫ ≀{ ⟩\⊔⌉∇{⊣⌋⌉∫ ⊣∫ √∇≀⌋⌉∫∫≀∇↖⌋⌉\⊔∇⟩⌋↙ I\ ⌋≀\⊔∇⊣∫⊔⇔ ⊔†√⟩⌋⊣↕ ⊒≀∇‖∫⊔⊣⊔⟩≀\ ⌉\⊑⟩∇≀\⇕⌉\⊔∫ ⌋≀\⊔⊣⟩\ I∝O ⌋⌉\⊔∇⟩⌋ \⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉∫↙ T⟨⌉∫⌉ ⟨⊣⊑⌉ ⊔⊒≀ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫↙ F⟩∇∫⊔⇔ ⊔⟨⌉† ⊔∇⌉⊣⊔ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣∫ ⊣ ⌊†⊔⌉↖∫⊔∇⌉⊣⇕ √∇≀⊑⟩⌈⟩\} √∇⟩⇕⟩⊔⟩⊑⌉∫ ⊔≀ ∫⊔∇⌉⊣⇕ ⌈⊣⊔⊣ ⌊⊣⌋‖ ⊣\⌈ {≀∇⊔⟨↙ S⌉⌋≀\⌈⇔ ⊔⟨⌉† ⊔∇⌉⊣⊔ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣∫ ⊣ ⌈⌉⊑⟩⌋⌉ ⊔⟨⊣⊔ ∇⌉∐⊓⟩∇⌉∫ ∫⌉∇⊑⟩⌋⟩\} ⌊† ⊔⟨⌉ ⟨≀∫⊔⇔ ⊣\⌈ ⊓∫⊓⊣↕↕† \≀⊔⟩{† ⟩⊔ ⌊† ⟩\⊔⌉∇∇⊓√⊔∫↙ T⟨⌉† ⊣∇⌉ ⊔†√⟩⌋⊣↕↕† ⊣⌋⌋⌉∫∫⌉⌈ ≀⊑⌉∇ ⊔⟨⌉ I∝O ⌊⊓∫⇔ ⌋≀\⊔⊣⟩\ ↕⟩⇕⟩⊔⌉⌈ ⇕⌉⇕≀∇† ⊣\⌈ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ √∇≀}∇⊣⇕⇕⌉⌈ ⌊† ⊔⟨⌉ ⟨≀∫⊔↙ W⌉ ∇⌉{⌉∇ ⊔≀ ⊔⟨⌉⇕ ⊣∫ I∝O ⌋⌉\⊔∇⟩⌋ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉† ⊣∇⌉ ⌈⌉∫⟩}\⌉⌈ ⊒⟩⊔⟨ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⟩\ ⇕⟩\⌈⇔ ⊔⟨⌉† ≀{{⌉∇ ↕⟩⇕⟩⊔⌉⌈ ∫⊓√√≀∇⊔ {≀∇ ⟨≀∫⊔ ⊣⌋⌋⌉∫∫⌉∫⇔ ⊣\⌈ ⊔⟨⌉† ⊣∇⌉ ⊓∫⊓⊣↕↕† ≀⌊↕⟩⊑⟩≀⊓∫ ⊔≀ ⊔⟨⌉ ⟨≀∫⊔ ⇕⌉⇕≀∇† ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉↙ M⊣\† ⊣∫√⌉⌋⊔∫ ≀{ I∝O ⌋⌉\⊔∇⟩⌋ \⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉∫ ⌉§⊔∇⊣⌋⊔ ⊣ √⌉\⊣↕⊔† {∇≀⇕ ⊔⟨⌉ ⟨≀∫⊔ ⊒⟨⌉\ ⟩⊔ ⊒⊣\⊔∫ ⊔≀ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⌉ ≀⊑⌉∇ ⊔⟨⌉ \⌉⊔⊒≀∇‖↙ A √∇≀⌋⌉∫∫≀∇↖⌋⌉\⊔∇⟩⌋ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊣⌋⌋⌉∫∫ ⇕≀⌈⌉↕ √∇⌉∫⌉\⊔⌉⌈ ⟩\ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ⊣√√⌉⊣∇∫ ⊔≀ ⌊⌉ ⊣ √∇≀⇕⟩∫⟩\} ⊣√√∇≀⊣⌋⟨ ⊔≀ ⌊⊓⟩↕⌈⟩\} {⊓⊔⊓∇⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇∫↙ U∫⟩\} ∫⊓⌋⟨ ⌋≀\⊔∇≀↕↕⌉∇∫⇔ \⌉§⊔ }⌉\⌉∇⊣⊔⟩≀\ √∇≀⌋⌉∫∫≀∇∫⇔ ⊣\⌈ \⌉⊔⊒≀∇‖∫⇔ ⊒⌉ ∫⟨≀⊓↕⌈ ⌊⌉ ⊣⌊↕⌉ ⊔≀ ⌊⊓⟩↕⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫ ⊔⟨⊣⊔ ⊣∇⌉ ⊔∇⊓↕† ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊣⌋∇≀∫∫ ⊔⟨⌉ \⌉⊔⊒≀∇‖⇔ ⌊⊓⊔ ⊒⟨≀∫⌉ ⌋≀⇕√≀\⌉\⊔∫ ⊣∇⌉ ⊔⟩}⟨⊔↕†↖⟩\⊔⌉}∇⊣⊔⌉⌈↙ I⊔ ⟩∫ ⊓\⌈≀⊓⌊⊔⌉⌈↕† ⊔⟨⌉ ⌋⊣∫⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕ ∫⊔∇⊓⌋⊔⊓∇⌉ √∇≀√≀∫⌉⌈ ⟩\ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ⟩∫ ⇕≀∇⌉ ⌋≀⇕√↕⌉§ ⊔⟨⊣\ ⊔⟨⌉ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ≀\⌉↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⟩∫ ⊣√√⌉⊣∇∫ ⊔≀ ⌊⌉ ⊣ ∇⌉⊣∫≀\⊣⌊↕⌉ ⊔∇⊣⌈⌉≀{{ ≀{

∞′∈

√⌉∇{≀∇⇕⊣\⌋⌉ {≀∇ ⌋≀⇕√↕⌉§⟩⊔†↙ T⟨⟩∫ ⟩∫ ∫⟩⇕⟩↕⊣∇ ⊔≀ ⊔⟨⌉ ⊔∇⊣⌈⌉≀{{ ⊔⟨⊣⊔ ⟩∫ ⇕⊣⌈⌉ ⊒⟨⌉\ ⊓\⟩√∇≀⌋⌉∫∫≀∇ √∇≀}∇⊣⇕∫ ⊣∇⌉ ⇕⟩}∇⊣⊔⌉⌈ ⊔≀ ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫ {≀∇ ⟩\⌋∇⌉⊣∫⌉⌈ √⌉∇{≀∇⇕⊣\⌋⌉↙ C≀⇕√⟩↕⌉∇ ⊔≀≀↕∫⇔ ⊣↕≀\} ⊔⟨⌉ ↕⟩\⌉∫ ≀{ ∫⊔⊓⌊ }⌉\⌉∇⊣⊔≀∇∫ ⊣\⌈ √∇≀⊔≀⌋≀↕ ⌋≀⇕√⟩↕⌉∇∫⇔ ⌋⊣\ ⌉⊣∫⌉ ⊔⟨⟩∫ √∇≀⌋⌉∫∫↙ A⊓⊔≀⇕⊣⊔⟩⌋ ⊔≀≀↕∫⇔ ∫⊓⌋⟨ ⊣∫ ⊔⟨⌉∫⌉⇔ ⌋⊣\ ⌊⌉ ≀{ ⌉\≀∇⇕≀⊓∫ ⌊⌉\⌉⊘⊔ ⟩\ ⊔⊣‖⟩\} ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫ ≀{ ∫⌉∇⊑⟩⌋⌉∫ ⊣\⌈ }⌉\⌉∇⊣⊔⟩\} ⊔⟨⌉ ∫⌉∇⊑⌉∇↖⌋↕⌉∇‖ ⊣\⌈ ∫⌉∇⊑⌉∇ √≀∇⊔⟩≀\∫ ≀{ ⊔⟨⌉ √∇≀}∇⊣⇕↙ S⊓⌋⟨ ⊔≀≀↕∫ ⊒⟩↕↕ ⊣↕↕≀⊒ {⊓⊔⊓∇⌉ ⟩⇕√↕⌉⇕⌉\⊔≀∇∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕∫ ⊔⟨⌉ ∫⊣⇕⌉ ⊣⌈⊑⊣\⊔⊣}⌉∫ ⊔⟨⊣⊔ ∫⊔⊓⌊ }⌉\⌉∇⊣⊔≀∇∫ ⊣↕↕≀⊒ ⟩⇕√↕⌉⇕⌉\⊔≀∇∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √∇≀}∇⊣⇕∫ ⊔≀⌈⊣†↙ I\ ⊔⟨⌉ \⌉§⊔ ⌈⌉⌋⊣⌈⌉⇔ ⊒⌉ ⌉§√⌉⌋⊔ ⊔≀ ∫⌉⌉ ⊣ ⊔∇⌉⇕⌉\⌈≀⊓∫ }∇≀⊒⊔⟨ ⟩\ ⊔⟨⌉ ⌈⌉√↕≀†⇕⌉\⊔ ≀{ ∇⌉↖ }⟩≀\⊣↕ ⊣\⌈ \⊣⊔⟩≀\⊣↕ \⌉⊔⊒≀∇‖∫↙ C≀⇕√⊓⊔⌉∇∫ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ⊔⟨⌉∫⌉ \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ↕⟩‖⌉↕† ⊔≀ ⇕≀∇⌉ ⌋≀\⌋⌉∇\⌉⌈ ⊒⟩⊔⟨ ⊔⟨⌉ √∇≀⌊↕⌉⇕∫ ≀{ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⌋≀⇕√⊓⊔⊣⊔⟩≀\↙ T⟨⟩∫ ⟩∫ ⊔≀ ⌊⌉ ⌉§√⌉⌋⊔⌉⌈⇔ ⌊⌉⌋⊣⊓∫⌉ ⊒⌉ ⟨⊣⊑⌉ ∫⌉⌉\ ⊔∇⌉⇕⌉\⌈≀⊓∫ ⟩\⌋∇⌉⊣∫⌉∫ ⟩\ √∇≀⌋⌉∫∫≀∇ √⌉∇{≀∇⇕⊣\⌋⌉ ⊒⟨⟩↕⌉ \⌉⊔↖ ⊒≀∇‖ √⌉∇{≀∇⇕⊣\⌋⌉ ⟨⊣∫ ⌊⌉⌉\ ⇕≀∇⌉ ⇕≀⌈⌉∫⊔↙ I\ ≀⊔⟨⌉∇ ⊒≀∇⌈∫⇔ {≀∇ ⌉{{≀∇⊔∫ ↕⟩‖⌉ ⊔⟨⌉ N⊣⊔⟩≀\⊣↕ I\{≀∇⇕⊣⊔⟩≀\ I\{∇⊣∫⊔∇⊓⌋⊔⊓∇⌉ ⊔≀ ⌊⌉ ⊔∇⊓↕† ∫⊓⌋⌋⌉∫∫{⊓↕⇔ ∇⌉∫⌉⊣∇⌋⟨ ≀∇⟩⌉\⊔⌉⌈ ⊔≀ \⌉⊒ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⇕⌉⌈⟩⊣⇔ ⌈⌉⊑⟩⌋⌉∫⇔ ⊣\⌈ ≀∇}⊣\⟩‡⊣⊔⟩≀\ √∇⟩\⌋⟩√↕⌉∫ ⟩∫ ↕⟩‖⌉↕† ⊔≀ ⌊⌉ ⌋∇⟩⊔⟩⌋⊣↕↙ T⟨⌉ ⟩⌈⌉⊣∫ √∇⌉∫⌉\⊔⌉⌈ ⟩\ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ≀√⌉\ ⊓√ ⇕⊣\† ⌉§⌋⟩⊔⟩\} ⊣⊑⌉\⊓⌉∫ {≀∇ ⊔⟨⌉ {⊓⊔⊓∇⌉↙ T⟨⌉ ⌉§⊔⌉\⊔ ⊔≀ ⊒⟨⟩⌋⟨ ⊔⟨⌉∫⌉ ⟩⌈⌉⊣∫ ⌉\⊔⌉∇ ⟩\⊔≀ ⊔⟨⌉ ⊣⌋⌋⌉√⊔⌉⌈ ⌈⌉∫⟩}\ √∇⟩\⌋⟩√↕⌉∫ {≀∇ \⌉⊔⊒≀∇‖ ⌋≀\⊔∇≀↕↕⌉∇∫⇔ ⊣\⌈ ⊔⟨⌉ ⌈⌉∫⟩}\ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕ ∫⌉∇⊑⟩⌋⌉∫⇔ ⊒⟩↕↕ ⊓↕⊔⟩⇕⊣⊔⌉↕† ⌈⌉⊔⌉∇⇕⟩\⌉ ⊔⟨⌉ ⊘\⊣↕ ⌋≀\⊔∇⟩⌊⊓⊔⟩≀\ ⊣\⌈ ⟩⇕√⊣⌋⊔ ≀{ ⊔⟨⌉ ⊔⟨⌉∫⟩∫↙

B⟩⌊↕⟩≀}∇⊣√⟨† ∪∞⊎ A⌈⊑⊣\⌋⌉⌈ M⟩⌋∇≀ D⌉⊑⟩⌋⌉∫↙ A⇕∃∃′ L≀⌋⊣↕ A∇⌉⊣ N⌉⊔⊒≀∇‖ C≀\⊔∇≀↕↕⌉∇ {≀∇ E⊔⟨⌉∇\⌉⊔ ⇐LANCE⇒⇔ ∞∃∀↙̸ ∪∈⊎ A\⊣\⊔ A}⊣∇⊒⊣↕⇔ D⊣⊑⟩⌈ C⟨⊣⟩‖⌉\⇔ G≀⌈{∇⌉† D≃S≀⊓‡⊣⇔ K⟩∇‖ J≀⟨\∫≀\⇔ D⊣⊑⟩⌈ K∇⊣\‡⇔ J≀⟨\ K⊓⌊⟩⊣⊔≀⊒⟩⌋‡⇔ K⟩†≀∫⟨⟩ K⊓∇⟩⟨⊣∇⊣⇔ B⌉\}↖H≀\} L⟩⇕⇔ G⟩\≀ M⊣⊣⇔ D⊣\ N⊓∫∫⌊⊣⊓⇕⇔ M⟩‖⌉ P⊣∇‖⟩\⇔ ⊣\⌈ D≀\⊣↕⌈ Y⌉⊓\}↙ T⟨⌉ MIT A↕⌉⊒⟩{⌉ ⇕⊣⌋⟨⟩\⌉¬ A ↕⊣∇}⌉↖∫⌋⊣↕⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈↖ ⇕⌉⇕≀∇† ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇↙ T⌉⌋⟨\⟩⌋⊣↕ R⌉√≀∇⊔ MIT∝LCS M⌉⇕≀ TM↖△▽△⇔ L⊣⌊≀∇⊣⊔≀∇† {≀∇ C≀⇕√⊓⊔⌉∇ S⌋⟩⌉\⌋⌉⇔ MIT⇔ ∞∃∃∞↙ ∪∋⊎ T⟨≀⇕⊣∫ E↙ A\⌈⌉∇∫≀\⇔ H⌉\∇† M↙ L⌉⊑†⇔ B∇⟩⊣\ N↙ B⌉∇∫⟨⊣⌈⇔ ⊣\⌈ E⌈⊒⊣∇⌈ D↙ L⊣‡≀⊒∫‖⊣↙ T⟨⌉ ⟩\⊔⌉∇⊣⌋⊔⟩≀\ ≀{ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⊣\⌈ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕ ⌈⌉∫⟩}\↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ △⊔⟨ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ C≀\{⌉∇⌉\⌋⌉ ≀\ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⊣↕ S⊓√√≀∇⊔ {≀∇ P∇≀}∇⊣⇕⇕⟩\} L⊣\}⊓⊣}⌉∫ ⊣\⌈ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫⇔ √⊣}⌉∫ ∞′∀∘∞∈′⇔ A√∇⟩↕ ∞∃∃∞↙ ∪△⊎ T⟨≀⇕⊣∫ E↙ A\⌈⌉∇∫≀\⇔ S⊓∫⊣\ S↙ O⊒⟩⌋‖⟩⇔ J⊣⇕⌉∫ B↙ S⊣§⌉⇔ ⊣\⌈ C⟨⊣∇↕⌉∫ P↙ T⟨⊣⌋‖⌉∇↙ H⟩}⟨↖ ∫√⌉⌉⌈ ∫⊒⟩⊔⌋⟨ ∫⌋⟨⌉⌈⊓↕⟩\} {≀∇ ↕≀⌋⊣↕↖⊣∇⌉⊣ \⌉⊔⊒≀∇‖∫↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ∞∞⇐△⇒¬∋∞∃∘∋▽∈⇔ N≀⊑⌉⇕⌊⌉∇ ∞∃∃∋↙ ∪▽⊎ E⇕⇕⊣\⊓⌉↕ A↙ A∇\≀⊓↕⌈⇔ F∇⊣\�⌋≀⟩∫ J↙ B⟩⊔‡⇔ E∇⟩⌋ C↙ C≀≀√⌉∇⇔ H↙T↙ K⊓\}⇔ R≀⌊⌉∇⊔ D↙ S⊣\∫≀⇕⇔ ⊣\⌈ P⌉⊔⌉∇ A↙ S⊔⌉⌉\‖⟩∫⊔⌉↙ T⟨⌉ ⌈⌉∫⟩}\ ≀{ N⌉⌋⊔⊣∇¬ A \⌉⊔⊒≀∇‖ ⌊⊣⌋‖√↕⊣\⌉ {≀∇ ⟨⌉⊔⌉∇≀}⌉\⌉≀⊓∫ ⇕⊓↕⊔⟩⌋≀⇕√⊓⊔⌉∇∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∋∇⌈ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ C≀\{⌉∇⌉\⌋⌉ ≀\ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⊣↕ S⊓√√≀∇⊔ {≀∇ P∇≀}∇⊣⇕⇕⟩\} L⊣\}⊓⊣}⌉∫ ⊣\⌈ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫⇔ √⊣}⌉∫ ∈′▽∘∈∞⇎ A√∇⟩↕ ∞∃∀∃↙ ∪⊎̸ B∇⟩⊣\ N↙ B⌉∇∫⟨⊣⌈↙ H⟩}⟨ P⌉∇{≀∇⇕⊣\⌋⌉ C∇≀∫∫↖A⌈⌈∇⌉∫∫ S√⊣⌋⌉ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\↙ P⟨↙D↙ ⊔⟨⌉∫⟩∫⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ W⊣∫⟨⟩\}⊔≀\⇔ J⊓\⌉ ∞∃∃′↙ D⌉√⊣∇⊔⇕⌉\⊔ ≀{ C≀⇕√⊓⊔⌉∇ S⌋⟩⌉\⌋⌉ ⊣\⌈ E\}⟩\⌉⌉∇⟩\} T⌉⌋⟨\⟩⌋⊣↕ R⌉√≀∇⊔ ∃′↖′↖̸′∈↙ ∪⊎ B∇⟩⊣\ N↙ B⌉∇∫⟨⊣⌈⇔ T⟨≀⇕⊣∫ E↙ A\⌈⌉∇∫≀\⇔ E⌈⊒⊣∇⌈ D↙ L⊣‡≀⊒∫‖⊣⇔ ⊣\⌈ H⌉\∇† M↙ L⌉⊑†↙ L⟩}⟨⊔⊒⌉⟩}⟨⊔ ∇⌉⇕≀⊔⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ∀⇐∞⇒¬∋∘ ▽▽⇔ F⌉⌊∇⊓⊣∇† ∞∃∃′↙

∞′△

∪∀⊎ B∇⟩⊣\ N↙ B⌉∇∫⟨⊣⌈⇔ T⟨≀⇕⊣∫ E↙ A\⌈⌉∇∫≀\⇔ E⌈⊒⊣∇⌈ D↙ L⊣‡≀⊒∫‖⊣⇔ ⊣\⌈ H⌉\∇† M↙ L⌉⊑†↙ U∫⌉∇↖↕⌉⊑⌉↕ ⟩\⊔⌉∇√∇≀⌋⌉∫∫ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ {≀∇ ∫⟨⊣∇⌉⌈ ⇕⌉⇕≀∇† ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ∃⇐∈⇒¬∞▽∘∞∃∀⇔ M⊣† ∞∃∃∞↙ ∪∃⊎ A\⌈∇⌉⊒ B⟩∇∇⌉↕↕⇔ G∇⌉} N⌉↕∫≀\⇔ S⊓∫⊣\ O⊒⟩⌋‖⟩⇔ ⊣\⌈ E⌈⊒⊣∇⌈ W≀⌊⌊⌉∇↙ N⌉⊔⊒≀∇‖ ≀⌊|⌉⌋⊔∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞△⊔⟨ ACM S†⇕√≀∫⟩⊓⇕ ≀\ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫ P∇⟩\⌋⟩√↕⌉∫⇔ √⊣}⌉∫ ∈∞∘∈∋′⇔ D⌉⌋⌉⇕⌊⌉∇ ∞∃∃∋↙ ∪∞′⊎ A\⌈∇⌉⊒ D↙ B⟩∇∇⌉↕↕↙ S⌉⌋⊓∇⌉ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⊓∫⟩\} ∇⌉⇕≀⊔⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕∫↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ∋⇐∞⇒¬∞∘∞△⇔ F⌉⌊∇⊓⊣∇† ∞∃∀▽↙ ∪∞∞⊎ A\⌈∇⌉⊒ D↙ B⟩∇∇⌉↕↕⇔ R≀† L⌉⊑⟩\⇔ R≀}⌉∇ M↙ N⌉⌉⌈⟨⊣⇕⇔ ⊣\⌈ M⟩⌋⟨⊣⌉↕ D↙ S⌋⟨∇≀⌉⌈⌉∇↙ G∇⊣√⌉⊑⟩\⌉¬ A\ ⌉§⌉∇⌋⟩∫⌉ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⌋≀⇕√⊓⊔⟩\}↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ ACM⇔ ∈▽⇐△⇒¬∈′̸∘∈△⇔ A√∇⟩↕ ∞∃∀∈↙ ∪∞∈⊎ A\⌈∇⌉⊒ D↙ B⟩∇∇⌉↕↕ ⊣\⌈ B∇⊓⌋⌉ J⊣† N⌉↕∫≀\↙ I⇕√↕⌉⇕⌉\⊔⟩\} ∇⌉⇕≀⊔⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕∫↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ∈⇐∞⇒¬∋∃∘▽∃⇔ F⌉⌊∇⊓⊣∇† ∞∃∀△↙ ∪∞∋⊎ M⊣⊔⊔⟨⟩⊣∫ A↙ B↕⊓⇕∇⟩⌋⟨⇔ K⊣⟩ L⟩⇔ R⟩⌋⟨⊣∇⌈ A↕√⌉∇⊔⇔ Z⌉‡⊣∇† D⊓⌊\⟩⌋‖⟩⇔ ⊣\⌈ E⌈⊒⊣∇⌈ W↙ F⌉↕⊔⌉\↙ V⟩∇⊔⊓⊣↕ ⇕⌉⇕≀∇† ⇕⊣√√⌉⌈ \⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉ {≀∇ ⊔⟨⌉ SHRIMP ⇕⊓↕⊔⟩⌋≀⇕√⊓⊔⌉∇↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∈∞∫⊔ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕√⊓⊔⌉∇ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⇔ √⊣}⌉∫ ∞△∈∘∞▽∋⇔ M⊣† ∞∃∃△↙ ∪∞△⊎ J⌉{{∇⌉† S↙ C⟨⊣∫⌉⇔ F∇⊣\‡ G↙ A⇕⊣⌈≀∇⇔ E⌈⊒⊣∇⌈ D↙ L⊣‡≀⊒∫‖⊣⇔ H⌉\∇† M↙ L⌉⊑†⇔ ⊣\⌈ R⟩⌋⟨⊣∇⌈ J↙ L⟩⊔⊔↕⌉⊘⌉↕⌈↙ T⟨⌉ A⇕⌊⌉∇ ∫†∫⊔⌉⇕¬ P⊣∇⊣↕↕⌉↕ √∇≀}∇⊣⇕⇕⟩\} ≀\ ⊣ \⌉⊔⊒≀∇‖ ≀{ ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∈⊔⟨ ACM S†⇕√≀∫⟩⊓⇕ ≀\ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫ P∇⟩\⌋⟩√↕⌉∫⇔ √⊣}⌉∫ ∞△∘∞▽∀⇔ D⌉⌋⌉⇕⌊⌉∇ ∞∃∀∃↙ ∪∞▽⊎ D⊣⊑⟩⌈ R↙ C⟨⌉∇⟩⊔≀\ ⊣\⌈ C⊣∇⌉† L↙ W⟩↕↕⟩⊣⇕∫≀\↙ VMTP ⊣∫ ⊔⟨⌉ ⊔∇⊣\∫√≀∇⊔ ↕⊣†⌉∇ {≀∇ ⟨⟩}⟨↖ √⌉∇{≀∇⇕⊣\⌋⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫↙ IEEE C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ M⊣}⊣‡⟩\⌉⇔ ∈⇐⇏¬∋∘△△⇔ J⊓\⌉ ∞∃∀∃↙ ∪∞⊎̸ D⊣⊑⟩⌈ R↙ C⟨⌉∇⟩⊔≀\↙ T⟨⌉ V ‖⌉∇\⌉↕¬ A ∫≀{⊔⊒⊣∇⌉ ⌊⊣∫⌉ {≀∇ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫↙ IEEE S≀{⊔⊒⊣∇⌉⇔ ∞⇐∈⇒¬∞∃∘△∈⇔ A√∇⟩↕ ∞∃∀△↙

∞′▽

∪∞⊎ D⊣⊑⟩⌈ D↙ C↕⊣∇‖⇔ V⊣\ J⊣⌋≀⌊∫≀\⇔ J≀⟨\ R≀⇕‖⌉†⇔ ⊣\⌈ H≀⊒⊣∇⌈ S⊣↕⊒⌉\↙ A\ ⊣\⊣↕†∫⟩∫ ≀{ TCP √∇≀⌋⌉∫∫⟩\} ≀⊑⌉∇⟨⌉⊣⌈↙ IEEE C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ M⊣}⊣‡⟩\⌉⇔ ∈⇐⇏¬∈∋∘∋⇎ J⊓\⌉ ∞∃∀∃↙ ∪∞∀⊎ D⊣⊑⟩⌈ D↙ C↕⊣∇‖⇔ M⊣∇‖ L↙ L⊣⇕⌊⌉∇⊔⇔ ⊣\⌈ L⟩§⟩⊣ Z⟨⊣\}↙ NETBLT¬ A ⟨⟩}⟨ ⊔⟨∇≀⊓}⟨√⊓⊔ ⊔∇⊣\∫√≀∇⊔ √∇≀⊔≀⌋≀↕↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∀ SIGCOMM S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕⇕⊓\⟩↖ ⌋⊣⊔⟩≀\∫ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⊣\⌈ P∇≀⊔≀⌋≀↕∫⇔ √⊣}⌉∫ ∋▽∋∘∋▽∃⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∀↙ ∪∞∃⊎ D⊣⊑⟩⌈ D↙ C↕⊣∇‖ ⊣\⌈ D⊣⊑⟩⌈ L↙ T⌉\\⌉\⟨≀⊓∫⌉↙ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⊣↕ ⌋≀\∫⟩⌈⌉∇⊣⊔⟩≀\∫ {≀∇ ⊣ \⌉⊒ }⌉\⌉∇⊣⊔⟩≀\ ≀{ √∇≀⊔≀⌋≀↕∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∃′ SIGCOMM S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕↖ ⇕⊓\⟩⌋⊣⊔⟩≀\∫ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⊣\⌈ P∇≀⊔≀⌋≀↕∫⇔ √⊣}⌉∫ ∈′′∘∈′∀⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∃′↙ ∪∈′⊎ D≀⊓}↕⊣∫ C≀⇕⌉∇ ⊣\⌈ J⊣⇕⌉∫ G∇⟩{⊘≀⌉\↙ A \⌉⊒ ⌈⌉∫⟩}\ {≀∇ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕∫¬ T⟨⌉ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ⇕≀⌈⌉↕↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ S⊓⇕⇕⌉∇ ∞∃∃′ USENIX C≀\{⌉∇⌉\⌋⌉⇔ √⊣}⌉∫ ∞∈∘∞∋▽⇔ J⊓\⌉ ∞∃∃′↙ ∪∈∞⊎ M⟩⌋⟨⊣⌉↕ D↙ D⊣⟨↕⟩\⇔ C↕⟩{{≀∇⌈ J↙ M⊣⊔⟨⌉∇⇔ R⊣\⌈≀↕√⟨ Y↙ W⊣\}⇔ T⟨≀⇕⊣∫ E↙ A\⌈⌉∇∫≀\⇔ ⊣\⌈ D⊣⊑⟩⌈ A↙ P⊣⊔⊔⌉∇∫≀\↙ A ∐⊓⊣\⊔⟩⊔⊣⊔⟩⊑⌉ ⊣\⊣↕†∫⟩∫ ≀{ ⌋⊣⌋⟨⌉ √≀↕⟩⌋⟩⌉∫ {≀∇ ∫⌋⊣↕⊣⌊↕⌉ \⌉⊔⊒≀∇‖ ⊘↕⌉ ∫†∫⊔⌉⇕∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∃△ ACM SIGMETRICS ⊣\⌈ PERFORMANCE C≀\{⌉∇⌉\⌋⌉⇔ √⊣}⌉∫ ∞▽′∘∞′̸⇔ M⊣† ∞∃∃△↙ ∪∈∈⊎ W⟩↕↕⟩⊣⇕ J↙ D⊣↕↕†⇔ L⟩\⌈⊣ C⟨⊣≀⇔ A\⌈∇⌉⊒ C⟨⟩⌉\⇔ S≀⟨⊣ H⊣∫∫≀⊓\⇔ W⊣↕⌈⌉⇕⊣∇ H≀∇⊒⊣⊔⇔ J≀\ K⊣√↕⊣\⇔ P⊣⊓↕ S≀\}⇔ B∇⟩⊣\ T≀⊔⊔†⇔ ⊣\⌈ S⌋≀⊔⊔ W⟩↕↕∫↙ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ≀{ ⊣ ⇕⌉∫∫⊣}⌉↖ ⌈∇⟩⊑⌉\ √∇≀⌋⌉∫∫≀∇↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞△⊔⟨ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕√⊓⊔⌉∇ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⇔ √⊣}⌉∫ ∞∀∃∘∞∃⇎ J⊓\⌉ ∞∃∀↙ ∪∈∋⊎ C⟨∇⟩∫ D⊣↕⊔≀\⇔ G∇⌉} W⊣⊔∫≀\⇔ D⊣⊑⟩⌈ B⊣\‖∫⇔ C≀∫⊔⊣∫ C⊣↕⊣⇕⊑≀‖⟩∫⇔ A↕⌉⌈ E⌈⊒⊣∇⌈∫⇔ ⊣\⌈ J≀⟨\ L⊓⇕↕⌉†↙ A{⊔⌉∇⌊⊓∇\⌉∇↙ IEEE N⌉⊔⊒≀∇‖⇔ ⇐△⇒¬∋∘̸△∋⇔ J⊓↕† ∞∃∃∋↙ ∪∈△⊎ B∇⊓⌋⌉ S↙ D⊣⊑⟩⌉↙ A ⟨≀∫⊔↖\⌉⊔⊒≀∇‖ ⟩\⊔⌉∇{⊣⌋⌉ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ {≀∇ ATM↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∃∞ SIGCOMM S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⊣\⌈ P∇≀⊔≀⌋≀↕∫⇔ √⊣}⌉∫ ∋′∘∋∞▽⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∃∞↙ ∪∈▽⊎ G⊣∇† D⌉↕√↙ T⟨⌉ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⊣\⌈ I⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ M⌉⇕\⌉⊔¬ A H⟩}⟨↖S√⌉⌉⌈ S⟨⊣∇⌉⌈ M⌉⇕≀∇† C≀⇕√⊓⊔⌉∇ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ N⌉⊔⊒≀∇‖↙ P⟨↙D↙ ⊔⟨⌉∫⟩∫⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ D⌉↕⊣⊒⊣∇⌉⇔ ∞∃∀∀↙

∞′

∪∈⊎̸ D⟩}⟩⊔⊣↕ E∐⊓⟩√⇕⌉\⊔ C≀∇√≀∇⊣⊔⟩≀\↙ TURBOC⟨⊣\\⌉↕ H⊣∇⌈⊒⊣∇⌉ S√⌉⌋⟩⊘⌋⊣⊔⟩≀\⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∃∞↙ ∪∈⊎ D⟩}⟩⊔⊣↕ E∐⊓⟩√⇕⌉\⊔ C≀∇√≀∇⊣⊔⟩≀\⇔ W≀∇‖∫⊔⊣⊔⟩≀\ S†∫⊔⌉⇕∫ E\}⟩\⌉⌉∇⟩\}↙ PMADD↖AA TURBOC⟨⊣\\⌉↕ E⊔⟨⌉∇\⌉⊔ M≀⌈⊓↕⌉ F⊓\⌋⊔⟩≀\⊣↕ S√⌉⌋⟩⊘⌋⊣⊔⟩≀\⇔ R⌉⊑ ∞↙∈↙⇔ A⊓}⊓∫⊔ ∞∃∃′↙ ∪∈∀⊎ W⟩↕↕⟩⌊⊣↕⌈ A↙ D≀⌉∇⟩\}⌉∇⇔ D≀⊓} D†‖⌉⇕⊣\⇔ M⊣⊔⊔⟨⟩⊣∫ K⊣⟩∫⌉∇⊒⌉∇⊔⟨⇔ B⌉∇\⌈ W⌉∇\⌉∇ M⌉⟩∫↖ ⊔⌉∇⇔ H⊣∇∇† R⊓⌈⟩\⇔ ⊣\⌈ R≀⌊⟩\ W⟩↕↕⟩⊣⇕∫≀\↙ A ∫⊓∇⊑⌉† ≀{ ↕⟩}⟨⊔↖⊒⌉⟩}⟨⊔ ⊔∇⊣\∫√≀∇⊔ √∇≀⊔≀⌋≀↕∫ {≀∇ ⟨⟩}⟨↖∫√⌉⌉⌈ \⌉⊔⊒≀∇‖∫↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫⇔ ∋∀⇐∞∞⇒¬∈′∈▽∘∈′∋∃⇔ N≀⊑⌉⇕⌊⌉∇ ∞∃∃′↙ ∪∈∃⊎ E⌈⊒⊣∇⌈ W↙ F⌉↕⊔⌉\↙ P∇≀⊔≀⌋≀↕ C≀⇕√⟩↕⊣⊔⟩≀\¬ H⟩}⟨↖P⌉∇{≀∇⇕⊣\⌋⌉ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ {≀∇ P⊣∇⊣↕↕⌉↕ P∇≀}∇⊣⇕∫↙ P⟨↙D↙ ⊔⟨⌉∫⟩∫⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ W⊣∫⟨⟩\}⊔≀\⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∃∋↙ D⌉√⊣∇⊔↖ ⇕⌉\⊔ ≀{ C≀⇕√⊓⊔⌉∇ S⌋⟩⌉\⌋⌉ ⊣\⌈ E\}⟩\⌉⌉∇⟩\} T⌉⌋⟨\⟩⌋⊣↕ R⌉√≀∇⊔ ∃∋↖′∃↖′∃↙ ∪∋′⊎ FORE S†∫⊔⌉⇕∫⇔ ∞′′′ G⊣⇕⇕⊣ D∇⟩⊑⌉⇔ P⟩⊔⊔∫⌊⊓∇}⟨ PA ∞▽∈∋∀↙ TCA↖∞′′ TURBO⌋⟨⊣\\⌉↕ ATM C≀⇕√⊓⊔⌉∇ I\⊔⌉∇{⊣⌋⌉⇔ U∫⌉∇≃∫ M⊣\⊓⊣↕⇔ ∞∃∃∈↙ ∪∋∞⊎ D⊣⊑⟩⌈ K↙ G⟩{{≀∇⌈ ⊣\⌈ N⊣⊔⟨⊣\ G↕⊣∫∫⌉∇↙ R⌉⇕≀⊔⌉ √⟩√⌉∫ ⊣\⌈ √∇≀⌋⌉⌈⊓∇⌉∫ {≀∇ ⌉{⊘⌋⟩⌉\⊔ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ⇍∋⇒¬∈▽∀∘∈∀∋⇔ A⊓}⊓∫⊔ ∞∃∀∀↙ ∪∋∈⊎ D⊣\⟩⌉↕ H↙ G∇⌉⌉\⌉ ⊣\⌈ J↙ B∇†⊣\ L†↕⌉∫↙ R⌉↕⟩⊣⌊⟩↕⟩⊔† ≀{ ⊣⌈⊣√⊔⊣⊔⟩≀\ ↕⊣†⌉∇∫↙ I\ P∇≀⊔≀⌋≀↕∫ {≀∇ H⟩}⟨↖S√⌉⌉⌈ N⌉⊔⊒≀∇‖∫ ⇐P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ IFIP ↙̸∞∝↙̸△ W≀∇‖∫⟨≀√⇒⇔ √⊣}⌉∫ ∞∀▽∘∈′∞⇔ ∞∃∃∋↙ ∪∋∋⊎ C↙ A↙ R↙ H≀⊣∇⌉↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩\} ∫⌉∐⊓⌉\⊔⟩⊣↕ √∇≀⌋⌉∫∫⌉∫↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ ACM⇔ ∈∞⇐∀⇒¬̸∘̸⇎ A⊓}⊓∫⊔ ∞∃∀↙ ∪∋△⊎ J≀⟨\ H↙ H≀⊒⊣∇⌈⇔ M⟩⌋⟨⊣⌉↕ L↙ K⊣‡⊣∇⇔ S⟨⌉∇∇⟩ G↙ M⌉\⌉⌉∫⇔ D⊣⊑⟩⌈ A↙ N⟩⌋⟨≀↕∫⇔ M↙ S⊣⊔†⊣↖ \⊣∇⊣†⊣\⊣\⇔ R≀⌊⌉∇⊔ M↙ S⟩⌈⌉⌊≀⊔⟨⊣⇕⇔ ⊣\⌈ M⟩⌋⟨⊣⌉↕ J↙ W⌉∫⊔↙ S⌋⊣↕⌉ ⊣\⌈ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩\ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊘↕⌉ ∫†∫⊔⌉⇕↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ⇍∞⇒¬▽∞∘∀∞⇔ F⌉⌊∇⊓⊣∇† ∞∃∀∀↙ ∪∋▽⊎ W⟩↕∫≀\ C↙ H∫⟩⌉⟨⇔ M↙ F∇⊣\∫ K⊣⊣∫⟨≀⌉‖⇔ ⊣\⌈ W⟩↕↕⟩⊣⇕ E↙ W⌉⟩⟨↕↙ T⟨⌉ √⌉∇∫⟩∫⊔⌉\⊔ ∇⌉↕⌉⊑⊣\⌋⌉ ≀{ IPC √⌉∇{≀∇⇕⊣\⌋⌉¬ N⌉⊒ ⊔⌉⌋⟨\⟩∐⊓⌉∫ {≀∇ ∇⌉⌈⊓⌋⟩\} ⊔⟨⌉ IPC √⌉\⊣↕⊔†↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫

∞′

≀{ ⊔⟨⌉ F≀⊓∇⊔⟨ W≀∇‖∫⟨≀√ ≀\ W≀∇‖∫⊔⊣⊔⟩≀\ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫⇔ √⊣}⌉∫ ∞∀∘̸∞∃′⇔ O⌋⊔≀⌊⌉∇ ∞∃∃∋↙ ∪∋⊎̸ I\⊔⌉↕ S⊓√⌉∇⌋≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫ D⟩⊑⟩∫⟩≀\↙ P⊣∇⊣}≀\ XP∝S P∇≀⌈⊓⌋⊔ O⊑⌉∇⊑⟩⌉⊒⇔ ∞∃∃∞↙ ∪∋⊎ D⊣⊑⟩⌈ B↙ J≀⟨\∫≀\ ⊣\⌈ W⟩↕↕† Z⊒⊣⌉\⌉√≀⌉↕↙ T⟨⌉ P⌉∇⌉}∇⟩\⌉ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ RPC ∫†∫⊔⌉⇕↙ S≀{⊔⊒⊣∇⌉ ∘ P∇⊣⌋⊔⟩⌋⌉ ⊣\⌈ E§√⌉∇⟩⌉\⌋⌉⇔ ∈∋⇐∈⇒¬∈′∞∘∈∈∞⇔ F⌉⌊∇⊓⊣∇† ∞∃∃∋↙ ∪∋∀⊎ H⌉⇕⊣\⊔ K⊣\⊣‖⟩⊣ ⊣\⌈ D⊣⊑⟩⌈ R↙ C⟨⌉∇⟩⊔≀\↙ T⟨⌉ VMP \⌉⊔⊒≀∇‖ ⊣⌈⊣√⊔⌉∇ ⌊≀⊣∇⌈ ⇐NAB⇒¬ H⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ \⌉⊔⊒≀∇‖ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ {≀∇ ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∀∀ SIGCOMM S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⊣\⌈ P∇≀⊔≀⌋≀↕∫⇔ √⊣}⌉∫ ∞▽∘∞∀⇔ A⊓}⊓∫⊔ ∞∃∀∀↙ ∪∋∃⊎ D⊣⊑⟩⌈ K⌉√√⌉↕↙ A √≀∇⊔⊣⌊↕⌉ ⟩\⊔⌉∇{⊣⌋⌉ {≀∇ ≀\↖⊔⟨⌉↖⊙† ⟩\∫⊔∇⊓⌋⊔⟩≀\ ∫√⊣⌋⌉ ⇕≀⌈⟩⊘⌋⊣⊔⟩≀\↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ △⊔⟨ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ C≀\{⌉∇⌉\⌋⌉ ≀\ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⊣↕ S⊓√√≀∇⊔ {≀∇ P∇≀}∇⊣⇕⇕⟩\} L⊣\}⊓⊣}⌉∫ ⊣\⌈ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫⇔ √⊣}⌉∫ ∀∘̸∃▽⇔ A√∇⟩↕ ∞∃∃∞↙ ∪△′⊎ N⊣\⌋† P↙ K∇≀\⌉\⌊⌉∇}⇔ H⌉\∇† M↙ L⌉⊑†⇔ ⊣\⌈ W⟩↕↕⟩⊣⇕ D↙ S⊔∇⌉⌋‖⌉∇↙ VAX⌋↕⊓∫⊔⌉∇∫¬ A ⌋↕≀∫⌉↕†↖⌋≀⊓√↕⌉⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫†∫⊔⌉⇕↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ △⇐∈⇒¬∞∋′∘∞△⇎ M⊣† ∞∃∀↙̸ ∪△∞⊎ K⊣⟩ L⟩ ⊣\⌈ P⊣⊓↕ H⊓⌈⊣‖↙ M⌉⇕≀∇† ⌋≀⟨⌉∇⌉\⌋⌉ ⟩\ ∫⟨⊣∇⌉⌈ ⊑⟩∇⊔⊓⊣↕ ⇕⌉⇕≀∇† ∫†∫⊔⌉⇕∫↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ⇐△⇒¬∋∈∞∘∋▽∃⇔ N≀⊑⌉⇕⌊⌉∇ ∞∃∀∃↙ ∪△∈⊎ J≀⌋⟨⌉\ L⟩⌉⌈⊔‖⌉↙ I⇕√∇≀⊑⟩\} IPC ⌊† ‖⌉∇\⌉↕ ⌈⌉∫⟩}\↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞△⊔⟨ ACM S†⇕√≀∫⟩⊓⇕ ≀\ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫ P∇⟩\⌋⟩√↕⌉∫⇔ √⊣}⌉∫ ∞▽∘∞∀∀⇔ D⌉⌋⌉⇕⌊⌉∇ ∞∃∃∋↙ ∪△∋⊎ R⟩⌋⟨⊣∇⌈ J↙ L⟩⊔⊔↕⌉⊘⌉↕⌈↙ C⟨⊣∇⊣⌋⊔⌉∇⟩‡⟩\} ⊣\⌈ ⊔⊓\⟩\} ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ √⌉∇{≀∇⇕⊣\⌋⌉ ≀\ ⊔⟨⌉ T≀⊓⌋⟨∫⊔≀\⌉ DELTA ⊣\⌈ ⊔⟨⌉ ⟩PSC∝∀′̸↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∃∈ I\⊔⌉↕ U∫⌉∇≃∫ G∇≀⊓√ M⌉⌉⊔⟩\}⇔ √⊣}⌉∫ △∘⇔ O⌋⊔≀⌊⌉∇ ∞∃∃∈↙ ∪△△⊎ C⟨∇⟩∫ M⊣⌉⌈⊣ ⊣\⌈ B∇⟩⊣\ N↙ B⌉∇∫⟨⊣⌈↙ P∇≀⊔≀⌋≀↕ ∫⌉∇⊑⟩⌋⌉ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ {≀∇ ⟨⟩}⟨ √⌉∇{≀∇↖ ⇕⊣\⌋⌉ ⟩\⊔⌉∇\⌉⊔⊒≀∇‖⟩\}↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞△⊔⟨ ACM S†⇕√≀∫⟩⊓⇕ ≀\ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫ P∇⟩\⌋⟩√↕⌉∫⇔ √⊣}⌉∫ ∈△△∘∈▽▽⇔ D⌉⌋⌉⇕⌊⌉∇ ∞∃∃∋↙

∞′∀

∪△▽⊎ H⌉\∇† M⊣∫∫⊣↕⟩\ ⊣\⌈ C⊣↕⊔≀\ P⊓↙ T⟨∇⌉⊣⌈∫ ⊣\⌈ ⟩\√⊓⊔∝≀⊓⊔√⊓⊔ ⟩\ ⊔⟨⌉ S†\⊔⟨⌉∫⟩∫ ‖⌉∇\⌉↕↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∈⊔⟨ ACM S†⇕√≀∫⟩⊓⇕ ≀\ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫ P∇⟩\⌋⟩√↕⌉∫⇔ √⊣}⌉∫ ∞∃∞∘∈′∞⇔ D⌉⌋⌉⇕⌊⌉∇ ∞∃∀∃↙ ∪△⊎̸ R↙M↙ M⌉⊔⌋⊣↕{⌉ ⊣\⌈ D↙R↙ B≀}}∫↙ E⊔⟨⌉∇\⌉⊔¬ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ √⊣⌋‖⌉⊔ ∫⊒⟩⊔⌋⟨⟩\} {≀∇ ↕≀⌋⊣↕ ⌋≀⇕√⊓⊔⌉∇ \⌉⊔⊒≀∇‖∫↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ ACM⇔ ∞∃⇐⇒¬∋∃▽∘△′△⇔ J⊓↕† ∞∃↙̸ ∪△⊎ R≀\⊣↕⌈ G↙ M⟩\\⟩⌋⟨ ⊣\⌈ D⊣⊑⟩⌈ J↙ F⊣∇⌊⌉∇↙ R⌉⌈⊓⌋⟩\} ⟨≀∫⊔ ↕≀⊣⌈⇔ \⌉⊔⊒≀∇‖ ↕≀⊣⌈⇔ ⊣\⌈ ↕⊣⊔⌉\⌋† ⟩\ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⟨⊣∇⌉⌈ ⇕⌉⇕≀∇†↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ T⌉\⊔⟨ IEEE D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ C≀⇕√⊓⊔⟩\} S†∫⊔⌉⇕∫ C≀\{⌉∇⌉\⌋⌉⇔ ∞∃∃′↙ ∪△∀⊎ S⊔⌉⊑⌉\ E↙ M⟩\‡⌉∇↙ B∇≀⊣⌈⌊⊣\⌈ ISDN ⊣\⌈ A∫†\⌋⟨∇≀\≀⊓∫ T∇⊣\∫{⌉∇ M≀⌈⌉ ⇐ATM⇒↙ IEEE C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ M⊣}⊣‡⟩\⌉⇔ ∈⇐∃⇒¬∞∘∈△⇔▽⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∀∃↙ ∪△∃⊎ J⌉{{∇⌉† C↙ M≀}⊓↕ ⊣\⌈ A\⟩⊔⊣ B≀∇}↙ T⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⌋≀\⊔⌉§⊔ ∫⊒⟩⊔⌋⟨⌉∫ ≀\ ⌋⊣⌋⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ △⊔⟨ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ C≀\{⌉∇⌉\⌋⌉ ≀\ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⊣↕ S⊓√√≀∇⊔ {≀∇ P∇≀}∇⊣⇕⇕⟩\} L⊣\}⊓⊣}⌉∫ ⊣\⌈ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫⇔ √⊣}⌉∫ ▽∘∀△⇔ A√∇⟩↕ ∞∃∃∞↙ ∪▽′⊎ A|⊣† M≀⟨⟩\⌈∇⊣ ⊣\⌈ M⊓∇⊔⟨† D⌉⊑⊣∇⊣‖≀\⌈⊣↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊔≀‖⌉\ ⇕⊣\⊣}⌉⇕⌉\⊔ ⟩\ ⊣ ⌋↕⊓∫⊔⌉∇ ⊘↕⌉ ∫†∫⊔⌉⇕↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ S†⇕√≀∫⟩⊓⇕ ≀\ P⊣∇⊣↕↕⌉↕ ⊣\⌈ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ P∇≀⌋⌉∫∫⟩\}⇔ O⌋⊔≀⌊⌉∇ ∞∃∃△↙ ∪▽∞⊎ B∇⊓⌋⌉ J⊣† N⌉↕∫≀\↙ R⌉⇕≀⊔⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕↙ T⌉⌋⟨\⟩⌋⊣↕ R⌉√≀∇⊔ CSL↖∀∞↖∃⇔ X⌉∇≀§ P⊣↕≀ A↕⊔≀ R⌉∫⌉⊣∇⌋⟨ C⌉\⊔⌉∇⇔ M⊣† ∞∃∀∞↙ ⇐A↕∫≀⇔ P⟨↙D↙ ⊔⟨⌉∫⟩∫⇔ C⊣∇\⌉}⟩⌉↖M⌉↕↕≀\ U\⟩⊑⌉∇∫⟩⊔†⇔ CMU↖CS↖∀∞↖∞∞∃⇒↙ ∪▽∈⊎ M⟩⌋⟨⊣⌉↕ N↙ N⌉↕∫≀\⇔ B∇⌉\⊔ B↙ W⌉↕⌋⟨⇔ ⊣\⌈ J≀⟨\ K↙ O⊓∫⊔⌉∇⟨≀⊓⊔↙ C⊣⌋⟨⟩\} ⟩\ ⊔⟨⌉ S√∇⟩⊔⌉ \⌉⊔↖ ⊒≀∇‖ ⊘↕⌉ ∫†∫⊔⌉⇕↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ⇍∞⇒¬∞∋△∘∞▽△⇔ F⌉⌊∇⊓⊣∇† ∞∃∀∀↙ ∪▽∋⊎ R↙ S↙ N⟩‖⟨⟩↕⇔ G↙M↙ P⊣√⊣⌈≀√≀⊓↕≀∫⇔ ⊣\⌈ A∇⊑⟩\⌈↙ ⇑T¬ A ⇕⊓↕⊔⟩⊔⟨∇⌉⊣⌈⌉⌈ ⇕⊣∫∫⟩⊑⌉↕† √⊣∇↖ ⊣↕↕⌉↕ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃⊔⟨ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕√⊓⊔⌉∇ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⇔ √⊣}⌉∫ ∞▽∘̸∞⇎ M⊣† ∞∃∃∈↙ ∪▽△⊎ J↙ M↙ O∇⊔⌉}⊣ ⊣\⌈ R↙ G↙ V≀⟩}⟨⊔↙ S≀↕⊓⊔⟩≀\ ≀{ √⊣∇⊔⟩⊣↕ ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ ⌉∐⊓⊣⊔⟩≀\∫ ≀\ ⊑⌉⌋⊔≀∇ ⊣\⌈ √⊣∇⊣↕↕⌉↕ ⌋≀⇕√⊓⊔⌉∇∫↙ SIAM R⌉⊑⟩⌉⊒⇔ ∈⇐∞△∃⇒⇔ ∞∃∀▽↙

∞′∃

∪▽▽⊎ J≀⟨\ K↙ O⊓∫⊔⌉∇⟨≀⊓⊔↙ W⟨† ⊣∇⌉\≃⊔ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕∫ }⌉⊔⊔⟩\} {⊣∫⊔⌉∇ ⊣∫ {⊣∫⊔ ⊣∫ ⟨⊣∇⌈⊒⊣∇⌉⊥ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ S⊓⇕⇕⌉∇ ∞∃∃′ USENIX C≀\{⌉∇⌉\⌋⌉⇔ √⊣}⌉∫ ∈△∘∈▽⇎ J⊓\⌉ ∞∃∃′↙ ∪▽⊎̸ R⊓∫∫⌉↕ S⊣\⌈⌊⌉∇}⇔ D⊣⊑⟩⌈ G≀↕⌈⌊⌉∇}⇔ S⊔⌉⊑⌉ K↕⌉⟩⇕⊣\⇔ D⊣\ W⊣↕∫⟨⇔ ⊣\⌈ B≀⌊ L†≀\↙ D⌉∫⟩}\ ⊣\⌈ ⟩⇕√↕⌉⇕⌉\⊔⟩≀\ ≀{ ⊔⟨⌉ S⊓\ \⌉⊔⊒≀∇‖ ⊘↕⌉∫†∫⊔⌉⇕↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ S⊓⇕⇕⌉∇ ∞∃∀▽ USENIX C≀\{⌉∇⌉\⌋⌉⇔ √⊣}⌉∫ ∞∞∃∘∞∋′⇔ J⊓\⌉ ∞∃∀▽↙ ∪▽⊎ M⟩⌋⟨⊣⌉↕ D↙ S⌋⟨∇≀⌉⌈⌉∇⇔ A\⌈∇⌉⊒ D↙ B⟩∇∇⌉↕↕⇔ M⟩⌋⟨⊣⌉↕ B⊓∇∇≀⊒∫⇔ H⊣↕ M⊓∇∇⊣†⇔ R≀}⌉∇ M↙ N⌉⌉⌈⟨⊣⇕⇔ T⟨≀⇕⊣∫ L↙ R≀⌈⌉⟨⌉{{⌉∇⇔ E⌈⊒⟩\ H↙ S⊣⊔⊔⌉∇⊔⟨⊒⊣⟩⊔⌉⇔ ⊣\⌈ C⟨⊣∇↕⌉∫ P↙ T⟨⊣⌋‖⌉∇↙ A⊓⊔≀\⌉⊔¬ A ⟨⟩}⟨↖∫√⌉⌉⌈⇔ ∫⌉↕{↖⌋≀\⊘}⊓∇⟩\} ↕≀⌋⊣↕ ⊣∇⌉⊣ \⌉⊔⊒≀∇‖ ⊓∫⟩\} √≀⟩\⊔↖⊔≀↖√≀⟩\⊔ ↕⟩\‖∫↙ IEEE J≀⊓∇\⊣↕ ≀\ S⌉↕⌉⌋⊔⌉⌈ A∇⌉⊣∫ ⟩\ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫⇔ ∃⇐∀⇒¬∞∋∞∀∘∞∋∋▽⇔ O⌋⊔≀⌊⌉∇ ∞∃∃∞↙ ∪▽∀⊎ M⟩⌋⟨⊣⌉↕ D↙ S⌋⟨∇≀⌉⌈⌉∇ ⊣\⌈ M⟩⌋⟨⊣⌉↕ B⊓∇∇≀⊒∫↙ P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ F⟩∇⌉⊙† RPC↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ∀⇐∞⇒¬∞∘∞⇔ F⌉⌊∇⊓⊣∇† ∞∃∃′↙ ∪▽∃⊎ R⟩⌋⟨⊣∇⌈ L↙ S⟩⊔⌉∫⇔ ⌉⌈⟩⊔≀∇↙ A↕√⟨⊣ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ R⌉{⌉∇⌉\⌋⌉ M⊣\⊓⊣↕↙ D⟩}⟩⊔⊣↕ P∇⌉∫∫⇔ O\⌉ B⊓∇↕⟩\}⊔≀\ W≀≀⌈∫ D∇⟩⊑⌉⇔ B⊓∇↕⟩\}⊔≀\⇔ MA ′∞∀′∋⇔ ∞∃∃∈↙ ∪′̸⊎ SPEC \⌉⊒∫↕⌉⊔⊔⌉∇ ⌊⌉\⌋⟨⇕⊣∇‖ ∇⌉∫⊓↕⊔∫↙ S†∫⊔⌉⇕∫ P⌉∇{≀∇⇕⊣\⌋⌉ E⊑⊣↕⊓⊣⊔⟩≀\ C≀≀√⌉∇⊣⊔⟩⊑⌉⇔ ∞∃∃′↙ ∪∞̸⊎ A↕{∇⌉⌈ Z↙ S√⌉⌋⊔≀∇↙ P⌉∇{≀∇⇕⟩\} ∇⌉⇕≀⊔⌉ ≀√⌉∇⊣⊔⟩≀\∫ ⌉{⊘⌋⟩⌉\⊔↕† ≀\ ⊣ ↕≀⌋⊣↕ ⌋≀⇕√⊓⊔⌉∇ \⌉⊔⊒≀∇‖↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ ACM⇔ ∈▽⇐△⇒¬∈△∘̸∈′̸⇔ A√∇⟩↕ ∞∃∀∈↙ ∪∉⊎ V↙ S∇⟩\⟩⊑⊣∫⊣\ ⊣\⌈ J⌉{{∇⌉† C↙ M≀}⊓↕↙ S√∇⟩⊔⌉↕† NFS¬ E§√⌉∇⟩⇕⌉\⊔∫ ⊒⟩⊔⟨ ⌋⊣⌋⟨⌉↖ ⌋≀\∫⟩∫⊔⌉\⌋† √∇≀⊔≀⌋≀↕∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∈⊔⟨ ACM S†⇕√≀∫⟩⊓⇕ ≀\ O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫ P∇⟩\⌋⟩√↕⌉∫⇔ √⊣}⌉∫ △▽∘▽⇔ D⌉⌋⌉⇕⌊⌉∇ ∞∃∀∃↙ ∪∌⊎ J⌉\\⟩{⌉∇ G↙ S⊔⌉⟩\⌉∇⇔ C↕⟩{{≀∇⌈ N⌉⊓⇕⊣\⇔ ⊣\⌈ J⌉{{∇⌉† I↙ S⌋⟨⟩↕↕⌉∇↙ K⌉∇⌊⌉∇≀∫¬ A\ ⊣⊓⊔⟨⌉\⊔⟩↖ ⌋⊣⊔⟩≀\ ∫⌉∇⊑⟩⌋⌉ {≀∇ ≀√⌉\ \⌉⊔⊒≀∇‖ ∫†∫⊔⌉⇕∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ W⟩\⊔⌉∇ ∞∃∀∀ USENIX C≀\{⌉∇⌉\⌋⌉⇔ √⊣}⌉∫ ∞∃∞∘∈′∈⇔ F⌉⌊∇⊓⊣∇† ∞∃∀∀↙ ∪△̸⊎ S⊓\ M⟩⌋∇≀∫†∫⊔⌉⇕∫ I\⌋↙⇔ ∈▽▽′ G⊣∇⌋⟩⊣ A⊑⌉\⊓\⌉⇔ M≀⊓\⊔⊣⟩\ V⟩⌉⊒ CA ∃△′△∋↙ SB⊓∫ S√⌉⌋⟩⊘⌋⊣⊔⟩≀\ B↙′⇔ ∞∃∃′↙

∞∞′

∪▽̸⊎ C⟨⊣∇↕⌉∫ P↙ T⟨⊣⌋‖⌉∇⇔ E⌈⊒⊣∇⌈ M↙ M⌋C∇⌉⟩}⟨⊔⇔ B⊓⊔↕⌉∇ W↙ L⊣⇕√∫≀\⇔ R≀⌊⌉∇⊔ F↙ S√∇≀⊓↕↕⇔ ⊣\⌈ D⊣⊑⟩⌈ R↙ B≀}}∫↙ A↕⊔≀¬ A √⌉∇∫≀\⊣↕ ⌋≀⇕√⊓⊔⌉∇↙ I\ D⊣\⟩⌉↕ P↙ S⟩⌉⊒⟩≀∇⌉‖⇔ C↙ G≀∇⌈≀\ B⌉↕↕⇔ ⊣\⌈ A↕↕⌉\ N⌉⊒⌉↕↕⇔ C≀⇕√⊓⊔⌉∇ S⊔∇⊓⌋⊔⊓∇⌉∫¬ P∇⟩\⌋⟩√↕⌉∫ ⊣\⌈ E§⊣⇕√↕⌉∫⇔ ⌋⟨⊣√⊔⌉∇ ∋∋⇔ √⊣}⌉∫ ▽△∃∘▽∈↙ M⌋G∇⊣⊒↖H⟩↕↕ B≀≀‖ C≀⇕√⊣\†⇔ ∞∃∀∈↙ ∪̸⊎ C⟨⊣\⌈∇⊣⇕≀⟨⊣\ A↙ T⟨⌉‖‖⊣⊔⟨ ⊣\⌈ H⌉\∇† M↙ L⌉⊑†↙ L⟩⇕⟩⊔∫ ⊔≀ ↕≀⊒↖↕⊣⊔⌉\⌋† ⌋≀⇕⇕⊓\⟩⌋⊣↖ ⊔⟩≀\ ≀\ ⟨⟩}⟨↖∫√⌉⌉⌈ \⌉⊔⊒≀∇‖∫↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ∞∞⇐∈⇒¬∞∃∘ ∈′∋⇔ M⊣† ∞∃∃∋↙ ∪⊎̸ T⟨⟩\‖⟩\} M⊣⌋⟨⟩\⌉∫ C≀∇√≀∇⊣⊔⟩≀\↙ CM↖▽ T⌉⌋⟨\⟩⌋⊣↕ S⊓⇕⇕⊣∇†⇔ ∞∃∃∞↙ ∪∀̸⊎ C↙ B∇⌉\⌈⊣\ S↙ T∇⊣⊒ ⊣\⌈ J≀\⊣⊔⟨⊣\ M↙ S⇕⟩⊔⟨↙ A ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ ⟨≀∫⊔ ⟩\⊔⌉∇{⊣⌋⌉ {≀∇ ATM \⌉⊔⊒≀∇‖∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃∃∞ SIGCOMM S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕⇕⊓\⟩⌋⊣↖ ⊔⟩≀\∫ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⊣\⌈ P∇≀⊔≀⌋≀↕∫⇔ √⊣}⌉∫ ∋∞∘∋∈▽⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∃∞↙ ∪∄⊎ L⌉⊒⟩∫ W↙ T⊓⌋‖⌉∇ ⊣\⌈ A↕⊣\ M⊣⟩\⊒⊣∇⟩\}↙ CMMD¬ A⌋⊔⟩⊑⌉ M⌉∫∫⊣}⌉∫ ≀\ ⊔⟨⌉ CM↖▽↙ P⊣∇⊣↕↕⌉↕ C≀⇕√⊓⊔⟩\}⇔ ∈′¬△∀∞∘△∃⇎ N≀⊑⌉⇕⌊⌉∇ ∞∃∃△↙ ∪′⊎ R↙ ⊑⊣\ R⌉\⌉∫∫⌉⇔ H↙ ⊑⊣\ S⊔⊣⊑⌉∇⌉\⇔ ⊣\⌈ A↙ S↙ T⊣\⌉\⌊⊣⊓⇕↙ P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ ⊒≀∇↕⌈≃∫ {⊣∫⊔⌉∫⊔ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕↙ ACM O√⌉∇⊣⊔⟩\} S†∫⊔⌉⇕∫ R⌉⊑⟩⌉⊒⇔ ∈∈⇐△⇒¬∈▽∘∋△⇔ O⌋⊔≀⌊⌉∇ ∞∃∀∀↙ ∪∞⊎ T⟨≀∇∫⊔⌉\ ⊑≀\ E⟩⌋‖⌉\⇔ D⊣⊑⟩⌈ E↙ C⊓↕↕⌉∇⇔ S⌉⊔⟨ C≀√⌉\ G≀↕⌈∫⊔⌉⟩\⇔ ⊣\⌈ K↕⊣⊓∫ E∇⟩‖ S⌋⟨⊣⊓∫⌉∇↙ A⌋⊔⟩⊑⌉ M⌉∫∫⊣}⌉∫¬ A ⇕⌉⌋⟨⊣\⟩∫⇕ {≀∇ ⟩\⊔⌉}∇⊣⊔⌉⌈ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ ⊣\⌈ ⌋≀⇕√⊓⊔⊣⊔⟩≀\↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ ∞∃⊔⟨ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ S†⇕√≀∫⟩⊓⇕ ≀\ C≀⇕√⊓⊔⌉∇ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⇔ √⊣}⌉∫ ∈▽∘̸∉⇔ M⊣† ∞∃∃∈↙ ∪∈⊎ R⟩⌋⟨⊣∇⌈ W↙ W⊣⊔∫≀\ ⊣\⌈ S⊣\⌈† A↙ M⊣⇕∇⊣‖↙ G⊣⟩\⟩\} ⌉{⊘⌋⟩⌉\⌋† ⟩\ ⊔∇⊣\∫√≀∇⊔ ∫⌉∇⊑⟩⌋⌉∫ ⌊† ⊣√√∇≀√∇⟩⊣⊔⌉ ⌈⌉∫⟩}\ ⊣\⌈ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⌋⟨≀⟩⌋⌉∫↙ ACM T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ C≀⇕√⊓⊔⌉∇ S†∫⊔⌉⇕∫⇔ ▽⇐∈⇒¬∃∘∞∈′⇔ M⊣† ∞∃∀↙ ∪∋⊎ S⊔⌉√⟨⌉\ R↙ W⟨⌉⊣⊔⇔ A∇⊔⟨⊓∇ B↙ M⊣⌋⌋⊣⌊⌉⇔ R≀↕{ R⟩⌉∫⌉\⇔ D⊣⊑⟩⌈ W↙ ⊑⊣\ D∇⌉∫∫⌉∇⇔ ⊣\⌈ T↙ M⊣⌋‖ S⊔⊣↕↕⌋⊓√↙ PUMA¬ A\ ≀√⌉∇⊣⊔⟩\} ∫†∫⊔⌉⇕ {≀∇ ⇕⊣∫∫⟩⊑⌉↕† √⊣∇⊣↕↕⌉↕ ∫†∫⊔⌉⇕∫↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ T⊒⌉\⊔†↖S⌉⊑⌉\⊔⟨ A\\⊓⊣↕ H⊣⊒⊣⟩⟩ I\⊔⌉∇\⊣⊔⟩≀\⊣↕ C≀\{⌉∇⌉\⌋⌉ ≀\ S†∫⊔⌉⇕ S⌋⟩⌉\⌋⌉∫⇔ √⊣}⌉∫ ▽∘̸▽̸⇔ ∞∃∃△↙

∞∞∞

∪△⊎ J≀⟨\ W⟩↕‖⌉∫↙ H⊣⇕↕†\�⊣\ ⟩\⊔⌉∇{⊣⌋⌉ {≀∇ ∫⌉\⌈⌉∇↖⌊⊣∫⌉⌈ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫↙ T⌉⌋⟨\⟩⌋⊣↕ R⌉√≀∇⊔ HPL↖OSR↖∃∈↖∞∋⇔ H⌉⊒↕⌉⊔⊔ P⊣⌋‖⊣∇⌈ L⊣⌊≀∇⊣⊔≀∇⟩⌉∫⇔ N≀⊑⌉⇕⌊⌉∇ ∞∃∃∈↙ ∪▽⊎ A↕⌉⌋ W≀↕⇕⊣\⇔ G⌉≀{{ V≀⌉↕‖⌉∇⇔ ⊣\⌈ C⟨⊣\⌈∇⊣⇕≀⟨⊣\ A↙ T⟨⌉‖‖⊣⊔⟨↙ L⊣⊔⌉\⌋† ⊣\⊣↕†∫⟩∫ ≀{ TCP ≀\ ⊣\ ATM \⌉⊔⊒≀∇‖↙ I\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ⊔⟨⌉ W⟩\⊔⌉∇ ∞∃∃△ USENIX C≀\{⌉∇⌉\⌋⌉⇔ √⊣}⌉∫ ∞∘̸∞∃⇔ J⊣\⊓⊣∇† ∞∃∃△↙

V⟩⊔⊣ C⟨⊣\⌈∇⊣⇕≀⟨⊣\ A↙ T⟨⌉‖‖⊣⊔⟨ ∇⌉⌋⌉⟩⊑⌉⌈ ⊔⟨⌉ B⊣⌋⟨⌉↕≀∇ ≀{ T⌉⌋⟨\≀↕≀}† ⌈⌉}∇⌉⌉ ⟩\ E↕⌉⌋⊔∇⟩⌋⊣↕ E\}⟩\⌉⌉∇⟩\} ⇐E↕⌉⌋⊔∇≀\⟩⌋∫⇒ {∇≀⇕ ⊔⟨⌉ I\⌈⟩⊣\ I\∫⊔⟩⊔⊓⊔⌉ ≀{ T⌉⌋⟨\≀↕≀}†⇔ M⊣⌈∇⊣∫⇔ ⟩\ ∞∃∀∈↙ H⌉ ∇⌉⌋⌉⟩⊑⌉⌈ ⊔⟨⌉ M↙S↙ ⌈⌉}∇⌉⌉ ⟩\ E↕⌉⌋⊔∇⟩⌋⊣↕ E\}⟩\⌉⌉∇⟩\} {∇≀⇕ ⊔⟨⌉ U\⟩⊑⌉∇∫⟩⊔† ≀{ C⊣↕⟩{≀∇\⟩⊣⇔ S⊣\⊔⊣ B⊣∇⌊⊣∇⊣⇔ ⟩\ ∞∃∀∋ ⊣\⌈ ⊔⟨⌉ M↙S↙ ⌈⌉}∇⌉⌉ ⟩\ C≀⇕√⊓⊔⌉∇ S⌋⟩⌉\⌋⌉ {∇≀⇕ S⊔⊣\{≀∇⌈ U\⟩⊑⌉∇∫⟩⊔† ⟩\ ∞∃∀∃↙ B⌉⊔⊒⌉⌉\ ∞∃∀∃ ⊣\⌈ ∞∃∃△⇔ ⟨⌉ ⊣⊔⊔⌉\⌈⌉⌈ ⊔⟨⌉ U\⟩⊑⌉∇∫⟩⊔† ≀{ W⊣∫⟨⟩\}⊔≀\⇔ ∇⌉⌋⌉⟩⊑⟩\} ⊣\ M↙S↙ ⟩\ C≀⇕√⊓⊔⌉∇ S⌋⟩⌉\⌋⌉ ⟩\ ∞∃∃∈⇔ ⊣\⌈ ⟨⟩∫ P⟨↙D ⟩\ C≀⇕√⊓⊔⌉∇ S⌋⟩⌉\⌋⌉ ⟩\ ∞∃∃△↙