Synchronous Communication Techniques for Rationally Clocked Systems by Luis Francisco G. Sarmenta

B.S. Physics (1992) B.S. Computer Engineering (1993)

Ateneo de Manila University

Submitted to the Department of Electrical Engineering and Computer Science in partial fulfillment of the requirements for the degree of

Master of Science in Electrical Engineering and Computer Science

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

May 1995

cfl Massachusetts Institute of Technology 1995. All rights reserved.

Author : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : Department of Electrical Engineering and Computer Science May 25, 1995

Certified by : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : Stephen A. Ward Professor of Computer Science and Engineering Thesis Supervisor

Accepted by : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : F. R. Morgenthaler Chairman, Departmental Committee on Graduate Students

Synchronous Communication Techniques for Rationally Clocked Systems by Luis Francisco G. Sarmenta

Submitted to the Department of Electrical Engineering and Computer Science on May 25, 1995, in partial fulfillment of the requirements for the degree of Master of Science in Electrical Engineering and Computer Science

Abstract

An increasingly common problem in designing high-performance computer systems today is that of achieving efficient communication between systems running at different clock speeds. This problem occurs, for example, in uniprocessor systems where the processor runs faster than the bus, and in heterogenous multiprocessor systems where processors of different kinds run at their own maximum speeds. Asynchronous solutions to this problem, which assume the systems’ clocks to be completely independent, are typically inefficient because they must allow for sufficiently long synchronization delays to attain acceptable levels of reliability. Synchronous solutions, on the other hand, though more efficient and reliable, have traditionally lacked flexibility because they require the clock frequencies to be related by integer factors.

An efficient and flexible synchronous solution, called rational clocking, has been proposed that permits data to be transferred reliably and efficiently between two systems whose clock frequencies are related by the ratio of two small integers. This rational frequency constraint allows a wide variety of frequencies to be used, and at the same time assures a periodic relationship between the two clocks that can be used to determine a schedule for data transfers between the two systems.

In this thesis we present, improve, and test the rational clocking technique. We begin with the original table-based implementation, where the communication schedules are precomputed and stored in lookup tables, and discuss some minor variations and improvements. Then, we improve the throughput of this technique with a double-buffering technique that guarantees 100% throughput efficiency for all frequency ratios and timing parameters. We also improve the space-efficiency and flexibility of the scheduling hardware dramatically by using a set of run-time scheduling algorithms that do not require lookup tables. Finally, we test all these ideas using a combination of software and hardware tools, including scheduling software, Verilog simulations, and a custom-designed CMOS VLSI chip.

Thesis Supervisor: Stephen A. Ward Title: Professor of Computer Science and Engineering

Acknowledgments^�

This thesis was made possible by the support of many people. To them, I would like to express my deepest gratitude.

Thanks to the people I work with: my advisor, Prof. Steve Ward, for giving me a great research topic, and for his kind support and help throughout the writing of my thesis; Prof. Gill Pratt, whose remarkable insights helped lead my research in the right directions; and all the members of the NuMesh group and the 6.004 staff, for their help and friendship.

Thanks also to the people at DOST and Ateneo who made it possible for me to go to MIT, especially Fr. Ben Nebres and Mr. Arnie del Rosario.

Thanks to all my friends, who have in different ways made the stress of MIT life a little more bearable. In particular, thanks to my friends in FSA and in the TCC choir, for making me feel at-home halfway around the world from home, to my roommate Marc Ibañez for helping me relax after a long day’s work, and to Cara Galang, for her prayers, and for giving me occasion to go out of MIT once in a while. Special thanks to Victor Luchangco, who not only gave me valuable feedback on my research and thesis, but also helped me with all sorts of other problems, big and small. Finally, thanks to Chê Manua, whose faith and dedication never cease to amaze and inspire me, and who, even though thousands of miles away, is always there to cheer me up and make me smile.

Of course, I would not even be here without my family, whose love, guidance, and encouragement have made all this possible. I would especially like to thank my parents, who have taught me the important things in life. I appreciate them so much more now that I am away from home.

Above all, I would like to thank God, who has been with me and sustained me through all the ups and downs of life. He has made my dreams come true, but at the same time has taught me that His plans for me are more wonderful than anything I can ever dream of.

�Financial support and equipment for the research in this thesis were provided in part by ARPA and MIT. My studies at MIT were supported in part by an Engineering and Science Education Project scholarship from the Philippine Department of Science and Technology, and by a Faculty Development Grant from Ateneo de Manila University.

Contents

1 Introduction 13 1.1 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.1.1 Multiprocessor Systems . . . . . . . . . . . . . . . . . . . . . . . . . 14 1.1.2 Uniprocessor Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 15 1.2 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2 Background and Previous Work 17 2.1 Synchronous Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.1.1 The Communication Model . . . . . . . . . . . . . . . . . . . . . . . 17 2.1.2 Timing Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.1.3 Timing Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.1.4 The Schedule Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.2 Using Different Clocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.2.1 Flow Control and Synchronization . . . . . . . . . . . . . . . . . . . 24 2.2.2 Handshake Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.2.3 Synchronizers and Metastability . . . . . . . . . . . . . . . . . . . . 27 2.3 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.3.1 Pausable Clocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.3.2 The Periodic Synchronizer . . . . . . . . . . . . . . . . . . . . . . . . 31 2.3.3 Synchronous Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Rational Clocking 36 3.1 Clock Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.1.1 Clock Division . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.1.2 Clock Multiplication . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.3 Comparing Clock Division and Clock Multiplication . . . . . . . . . 39 3.2 Table-Based Communication Control Hardware . . . . . . . . . . . . . . . . 40 3.3 Communication Scheduling . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 3.4 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.5 Variations and Improvements . . . . . . . . . . . . . . . . . . . . . . . . . . 45 3.5.1 Generic Lookup Tables . . . . . . . . . . . . . . . . . . . . . . . . . 45 3.5.2 Reducing the Generic Table Size . . . . . . . . . . . . . . . . . . . . 47 3.5.3 Programmable Lookup Tables . . . . . . . . . . . . . . . . . . . . . . 48 3.5.4 Reaction Latency Compensation . . . . . . . . . . . . . . . . . . . . 48 3.5.5 Non-coincident Clocks . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 Double-Buffering 52 4.1 Why Double-Buffering Works . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.2 Communication Scheduling . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.2.1 Slower Transmitter Case . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.2.2 Slower Receiver Case . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 4.3 Hardware Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 4.3.1 Register Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 4.3.2 Communication Scheduling . . . . . . . . . . . . . . . . . . . . . . . 61 4.4 Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 4.4.1 Triple and Quadruple Buffering . . . . . . . . . . . . . . . . . . . . . 62 4.4.2 Using Double-Buffering for Out-of-Phase Communications . . . . . . 64

5 Run-Time Communication Scheduling 66 5.1 The Basic Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 5.1.1 Slower Transmitter Case . . . . . . . . . . . . . . . . . . . . . . . . . 67 5.1.2 Computing y_0 and e_0 . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 5.1.3 Slower Receiver Case . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 5.1.4 Non-integer Timing Parameters . . . . . . . . . . . . . . . . . . . . . 73 5.2 Hardware Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 5.2.1 The R Gen Module . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 5.2.2 The E Gen Module . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 5.2.3 The LD Gen Module . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2.4 Computing Initial Values . . . . . . . . . . . . . . . . . . . . . . . . 77 5.2.5 Performance Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 5.3 Generalized Run-Time Scheduling . . . . . . . . . . . . . . . . . . . . . . . 80 5.3.1 The Algorithm (Slower Transmitter Case) . . . . . . . . . . . . . . . 81 5.3.2 The Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 5.3.3 Slower Receiver Case . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 5.3.4 Choosing P_{begin} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 5.3.5 Generalizing to More Buffers . . . . . . . . . . . . . . . . . . . . . . 94

6 Simulation and Implementation 96 6.1 Communication Scheduling Software . . . . . . . . . . . . . . . . . . . . . . 96 6.1.1 Timing Parameter Units . . . . . . . . . . . . . . . . . . . . . . . . . 97 6.1.2 Scheduling Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . 99 6.1.3 Computation Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 6.1.4 Output Formats and Options . . . . . . . . . . . . . . . . . . . . . . 100 6.1.5 Results and Recommendations . . . . . . . . . . . . . . . . . . . . . 105 6.2 The Prototype Rational Clocking Chip . . . . . . . . . . . . . . . . . . . . . 105 6.2.1 The Counters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 6.2.2 The Lookup Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 6.2.3 The Bootup Control Circuitry . . . . . . . . . . . . . . . . . . . . . 107 6.2.4 Fabricating and Testing the Chip . . . . . . . . . . . . . . . . . . . . 108 6.3 The Demonstration Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 6.3.1 The Transmitter’s Circuitry . . . . . . . . . . . . . . . . . . . . . . . 110 6.3.2 The Receiver’s Circuitry . . . . . . . . . . . . . . . . . . . . . . . . . 112 6.3.3 Clock Generation and Reset Circuitry . . . . . . . . . . . . . . . . . 112 6.3.4 The Communication Control Circuitry and the ROM . . . . . . . . . 114 6.3.5 Results and Recommendations . . . . . . . . . . . . . . . . . . . . . 116 6.4 Verilog Modelling and Simulation . . . . . . . . . . . . . . . . . . . . . . . . 116 6.4.1 The Data Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 6.4.2 The Scheduling Hardware . . . . . . . . . . . . . . . . . . . . . . . . 117 6.4.3 The Bootup Computation Circuitry . . . . . . . . . . . . . . . . . . 117 6.4.4 Results and Recommendations . . . . . . . . . . . . . . . . . . . . . 118

7 Conclusion 121 7.1 Putting It All Together . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 7.2 Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 7.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 A Computing Timing Parameters 125 A.1 Effective Timing Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 125 A.1.1 Delayed Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 A.1.2 Delayed Input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 A.1.3 Delayed Clock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 A.1.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 A.2 The Demonstration Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

B The Scheduling Software 129 B.1 Representing Time with Integers . . . . . . . . . . . . . . . . . . . . . . . . 129 B.1.1 Using Fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 B.1.2 Using Absolute Units with Clock Division . . . . . . . . . . . . . . . 131 B.1.3 Using Absolute Units with Clock Multiplication . . . . . . . . . . . . 131 B.2 Scheduling Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 B.3 Source Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 B.4 LaTEX Support Files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 C The Prototype Chip 167

D Verilog Source Code 169 D.1 Top-Level Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 D.2 Schedulers and Data Channels . . . . . . . . . . . . . . . . . . . . . . . . . 174 D.3 Scheduler Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180 D.4 Bootup Computation Circuitry . . . . . . . . . . . . . . . . . . . . . . . . . 190 D.5 Basic Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 Bibliography 203

List of Figures

1-1 A simple NuMesh system with processors of different speeds. . . . . . . . . 14

2-1 Communication in a synchronous system. . . . . . . . . . . . . . . . . . . . 18 2-2 Synchronous data transfer and the timing parameters involved. . . . . . . . 19 2-3 The schedule diagram of Figure 2-2. . . . . . . . . . . . . . . . . . . . . . . 21 2-4 Problems with using different clocks. (a) Flow control. (b) Synchronization. 24 2-5 A synchronizer. (a) Implementation. (b) Normal operation. (c) Metastability. 28 2-6 Ball and hill analogy for metastability. . . . . . . . . . . . . . . . . . . . . . 29

3-1 Generating rationally-related clocks through clock division. . . . . . . . . . 38 3-2 Clock multiplication. (a) A PLL. (b) A programmable clock multiplier. . . 39 3-3 Interface hardware for rational clocking. . . . . . . . . . . . . . . . . . . . . 41 3-4 Transmitting from system m to system n where M = 5 and N = 6. . . . . . 42 3-5 Throughput efficiency (in %) for different frequency combinations. . . . . . 44 3-6 Equivalent ratios may not be equally efficient. . . . . . . . . . . . . . . . . . 45 3-7 Generic lookup tables. (a) Using two ROMs. (b) Using a single table. . . . 46 3-8 Interface hardware with reaction latency compensation. . . . . . . . . . . . 49 3-9 Using rational clocking with non-coincident clocks. . . . . . . . . . . . . . . 50 3-10 Using non-coincident clocks to increase throughput. . . . . . . . . . . . . . 51

4-1 Throughput efficiency when the timing parameters are doubled. . . . . . . . 53 4-2 Getting 100% throughput efficiency using a second transmit register. . . . . 53 4-3 Avoiding contamination by using a new register for every transmission. . . 54 4-4 Determining R in the slower transmitter case. . . . . . . . . . . . . . . . . . 55 4-5 Determining R in the slower receiver case. . . . . . . . . . . . . . . . . . . . 57 4-6 Scheduling for double-buffering. . . . . . . . . . . . . . . . . . . . . . . . . . 58

4-7 The greedy slower receiver algorithm. . . . . . . . . . . . . . . . . . . . . . 59 4-8 Double-buffered hardware. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 4-9 Modified scheduling hardware . . . . . . . . . . . . . . . . . . . . . . . . . . 62 4-10 Using four buffers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 4-11 Using double-buffering for communication between out-of-phase systems. . . 64

5-1 A schedule plot for the case where M = 5 and N = 6. . . . . . . . . . . . . 68 5-2 Three cases in computing y_0 and e_0. . . . . . . . . . . . . . . . . . . . . . . 71 5-3 Basic run-time scheduler. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 5-4 The E Gen module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 5-5 Using a NOR module instead of a mux in computing the next e_{old}. . . . . . 75 5-6 The LD Gen module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 5-7 Computing mod and div. (a) The MOD module. (b) A sequential circuit. . 77 5-8 Combinational circuit for computing y_0 and e_0. . . . . . . . . . . . . . . . . 79 5-9 Checking for contamination using e. . . . . . . . . . . . . . . . . . . . . . . 82 5-10 Scheduling hardware for the faster system. . . . . . . . . . . . . . . . . . . . 87 5-11 Scheduling hardware for the slower system. . . . . . . . . . . . . . . . . . . 88 5-12 Checking for contamination in the slower receiver case. . . . . . . . . . . . . 89 5-13 Faster system’s hardware for the greedy slower receiver algorithm. . . . . . 91 5-14 Slower system’s hardware for the greedy slower receiver algorithm. . . . . . 92 5-15 Adjusting initial errors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6-1 The communication scheduling software’s menu options. . . . . . . . . . . . 98 6-2 Sample text outputs in pair mode. . . . . . . . . . . . . . . . . . . . . . . . 101 6-3 Sample text output in table mode. . . . . . . . . . . . . . . . . . . . . . . . 101 6-4 A LaTEX format schedule diagram. . . . . . . . . . . . . . . . . . . . . . . . 103 6-5 LaTEX format efficiency table for the demonstration circuit’s timing parameters.104 6-6 The prototype rational clocking chip. . . . . . . . . . . . . . . . . . . . . . . 106 6-7 Measured and simulated clock-to-Q propagation delays of some chip outputs. 109 6-8 Measured and simulated rise and fall times of the chip’s counter outputs. . 109 6-9 The transmitter’s circuitry. . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 6-10 The receiver’s circuitry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 6-11 The clocking and communication control circuitry. . . . . . . . . . . . . . . 113

6-12 The demonstration circuit’s clock waveforms. . . . . . . . . . . . . . . . . . 114 6-13 The ROM inputs and outputs. . . . . . . . . . . . . . . . . . . . . . . . . . 115 6-14 Bit codes for different algorithms. . . . . . . . . . . . . . . . . . . . . . . . . 115 6-15 Mapping between cycle number and ROM address. . . . . . . . . . . . . . . 115 6-16 Slower transmitter case with no flow control. . . . . . . . . . . . . . . . . . 118 6-17 Slower receiver case with no flow control. . . . . . . . . . . . . . . . . . . . 119 6-18 Slower transmitter case with general run-time scheduling and double-buffering.120 6-19 Slower receiver case with general run-time scheduling and double-buffering. 120

7-1 Putting it all together in a single circuit. . . . . . . . . . . . . . . . . . . . . 123

A-1 Possible delay configurations. (a) Output. (b) Input. (c) Clock. . . . . . . . 125 A-2 The demonstration circuit’s delays. (a) Transmit register. (b) Receive register.127 A-3 Worst-case timing parameters of circuit components. . . . . . . . . . . . . . 128

C-1 Layout and pinout of the prototype rational clocking chip. . . . . . . . . . . 168

12 LIST OF FIGURES