' Copyright 1995Scott Hauck

Multi-FPGA SystemsbyScott HauckA dissertation submitted in partial fulfillmentof the requirements for the degree ofDoctor of PhilosophyUniversity of Washington1995Approved by

Co-Chairperson of Supervisory Committee

Co-Chairperson of Supervisory CommitteeProgram Authorized to Offer Degree

Date

In presenting this dissertation in partial fulfillment of the requirements for the Doctoral degree at theUniversity of Washington, I agree that the Library shall make its copies freely available for inspection. Ifurther agree that extensive copying of this dissertation is allowable only for scholarly purposes, consistentwith �fair use� as prescribed in the U.S. Copyright Law. Requests for copying or reproduction of thisdissertation may be referred to University Microfilms, 1490 Eisenhower Place, P.O. Box 975, Ann Arbor,MI 48106, to whom the author has granted �the right to reproduce and sell (a) copies of the manuscript inmicroform and/or (b) printed copies of the manuscript made from microform.�Signature

Date

University of WashingtonAbstractMulti-FPGA Systemsby Scott HauckChairperson of the Supervisory Committee:Associate Professor Gaetano BorrielloDepartment of Computer Science and EngineeringAssociate Professor Carl EbelingDepartment of Computer Science and EngineeringMulti-FPGA systems are a growing area of research. They offer the potential to deliver high performancesolutions to general computing tasks, especially for the prototyping of digital logic. However, to realizethis potential requires a flexible, powerful hardware substrate and a complete, high quality and highperformance automatic mapping system.The primary goal of this thesis is to offer a disciplined look at the issues and requirements of multi-FPGAsystems. This includes an in-depth study of some of the hardware and software issues of multi-FPGAsystems, especially logic partitioning and mesh routing topologies, as well as investigations into problemsthat have largely been ignored, including pin assignment and architectural support for logic emulatorinterfaces. We also present Springbok, a novel rapid-prototyping system for board-level designs.

Table of ContentsLIST OF FIGURES.....................................................................................................................................VILIST OF TABLES.........................................................................................................................................XLIST OF EQUATIONS...............................................................................................................................XICHAPTER 1. GENERAL INTRODUCTION............................................................................................1CHAPTER 2. CIRCUIT IMPLEMENTATION ALTERNATIVES AND TECHNOLOGIES............6OVERVIEW OF CHIP DESIGN STYLES...............................................................................................................6Full custom................................................................................................................................................6Standard cells............................................................................................................................................9Mask-programmable gate arrays............................................................................................................12Programmable logic devices...................................................................................................................13Field-programmable gate arrays............................................................................................................19Discrete components................................................................................................................................32Microcontrollers and DSPs.....................................................................................................................33Design style summary..............................................................................................................................35OVERVIEW OF SINGLE FPGA MAPPING SOFTWARE......................................................................................36Technology mapping................................................................................................................................36Placement................................................................................................................................................37Routing....................................................................................................................................................41Software summary...................................................................................................................................42CHAPTER 3. MULTI-FPGA SYSTEM APPLICATIONS....................................................................43 iiCHAPTER 4. LOGIC VALIDATION......................................................................................................49SIMULATION................................................................................................................................................50PROTOTYPING.............................................................................................................................................51EMULATION.................................................................................................................................................52FORMAL VERIFICATION...............................................................................................................................54COMPLETE LOGIC VALIDATION..................................................................................................................56CHAPTER 5. MULTI-FPGA SYSTEM HARDWARE..........................................................................58CHAPTER 6. SPRINGBOK......................................................................................................................72INTRODUCTION............................................................................................................................................72THE SPRINGBOK ARCHITECTURE................................................................................................................73THE SPRINGBOK MAPPING TOOLS..............................................................................................................77SPRINGBOK VS. OTHER CURRENT APPROACHES.........................................................................................79CONCLUSIONS.............................................................................................................................................82CHAPTER 7. MESH ROUTING TOPOLOGIES...................................................................................83INTRODUCTION............................................................................................................................................83MESH ROUTING STRUCTURES.....................................................................................................................83I/O PIN USAGE OPTIMIZATION....................................................................................................................84INTERNAL ROUTING RESOURCE USAGE OPTIMIZATION..............................................................................88BOUNDS ON SUPERPIN PERMUTATION QUALITY.........................................................................................93OVERALL COMPARISONS............................................................................................................................96AUTOMATIC MAPPING TOOLS.....................................................................................................................99CONCLUSIONS.............................................................................................................................................99 iiiCHAPTER 8. LOGIC EMULATOR INTERFACES............................................................................100INTRODUCTION..........................................................................................................................................100PROTOCOL TRANSDUCERS.........................................................................................................................101EXAMPLE MAPPINGS..................................................................................................................................105Video......................................................................................................................................................105Audio......................................................................................................................................................106PCMCIA................................................................................................................................................107VMEbus Slave........................................................................................................................................109CONCLUSIONS............................................................................................................................................110CHAPTER 9. MULTI-FPGA SYSTEM SOFTWARE..........................................................................112MULTI-FPGA SYSTEM SOFTWARE FLOW.................................................................................................114PARTITIONING AND GLOBAL PLACEMENT.................................................................................................116GLOBAL ROUTING.....................................................................................................................................120PIN ASSIGNMENT.......................................................................................................................................124PLACEMENT AND ROUTING......................................................................................................................129SUMMARY..................................................................................................................................................130CHAPTER 10. BIPARTITIONING........................................................................................................131INTRODUCTION..........................................................................................................................................131METHODOLOGY.........................................................................................................................................133BASIC KERNIGHAN-LIN, FIDUCCIA-MATTHEYSES BIPARTITIONING..........................................................134CLUSTERING AND TECHNOLOGY-MAPPING...............................................................................................135UNCLUSTERING..........................................................................................................................................144 ivINITIAL PARTITION CREATION..................................................................................................................146MULTIPLE RUNS........................................................................................................................................150HIGHER-LEVEL GAINS...............................................................................................................................152DUAL PARTITIONING.................................................................................................................................155PARTITION MAXIMUM SIZE VARIATION...................................................................................................158OVERALL COMPARISON............................................................................................................................162PSEUDOCODE AND COMPUTATIONAL COMPLEXITY.................................................................................164CONCLUSIONS...........................................................................................................................................166CHAPTER 11. LOGIC PARTITION ORDERINGS............................................................................169INTRODUCTION..........................................................................................................................................169PARTITION ORDERING CHALLENGES........................................................................................................170BASIC PARTITION ORDERING ALGORITHM...............................................................................................173ALGORITHM EXTENSIONS..........................................................................................................................178EXPERIMENTS............................................................................................................................................181PSEUDOCODE AND COMPUTATIONAL COMPLEXITY.................................................................................183CONCLUSIONS...........................................................................................................................................187CHAPTER 12. PIN ASSIGNMENT.......................................................................................................188INTRODUCTION..........................................................................................................................................188GLOBAL ROUTING FOR MULTI-FPGA SYSTEMS......................................................................................188PIN ASSIGNMENT FOR MULTI-FPGA SYSTEMS........................................................................................189FORCE-DIRECTED PIN ASSIGNMENT FOR MULTI-FPGA SYSTEMS..........................................................193COMPARISON OF PIN ASSIGNMENT APPROACHES.....................................................................................200PSEUDOCODE AND COMPUTATIONAL COMPLEXITY.................................................................................204 vCONCLUSIONS............................................................................................................................................206SPRING REPLACEMENT RULES..................................................................................................................207CHAPTER 13. CONCLUSIONS AND FUTURE WORK....................................................................210LIST OF REFERENCES...........................................................................................................................218 viList of FiguresFigure 1. Steps in the fabrication of a full custom design..............................................................................8Figure 2. Steps in patterning a layer...............................................................................................................9Figure 3. A standard cell chip layout, and a detail of a portion of the array................................................10Figure 4. The Chaos router chip...................................................................................................................11Figure 5. Floating gate structure for EPROM/EEPROM.............................................................................14Figure 6. PAL and PLA structures...............................................................................................................15Figure 7. One portion of the PAL structure, and the corresponding implementation..................................16Figure 8. The PML structure........................................................................................................................17Figure 9. CPLD structure.............................................................................................................................18Figure 10. Actel�s Programmable Low Impedance Circuit Element...........................................................19Figure 11. The Actel FPGA structure...........................................................................................................20Figure 12. The Actel ACT 3 C-Module and S-Module...............................................................................21Figure 13. Actel routing structure................................................................................................................21Figure 14. Programming bit for SRAM-based FPGAs, and a 3-input LUT................................................23Figure 15. The Xilinx 4000 FPGA structure................................................................................................24Figure 16. Details of the Xilinx 4000 series routing structure.....................................................................25Figure 17. Details of the Xilinx CLB and switchbox...................................................................................26Figure 18. The CLi6000 routing architecture...............................................................................................28Figure 19. Details of the CLi routing architecture.......................................................................................29Figure 20. The CLi logic cell.......................................................................................................................30Figure 21. The Aptix FPIC architecture.......................................................................................................31Figure 22. An example DSP architecture.....................................................................................................34Figure 23. Example of 5-input LUT technology mapping...........................................................................37Figure 24. Placement of the circuit from Figure 23.....................................................................................38Figure 25. An example of a local minima in placement...............................................................................40Figure 26. Routing of the placement from Figure 24...................................................................................41Figure 27. Mesh and crossbar topologies.....................................................................................................58Figure 28. A hierarchy of crossbars.............................................................................................................60 viiFigure 29. The Aptix AXB-AP4 topology....................................................................................................61Figure 30. The Splash 2 topology.................................................................................................................62Figure 31. The Anyboard topology...............................................................................................................63Figure 32. The DECPeRLe-1 topology........................................................................................................63Figure 33. The Marc-1 topology...................................................................................................................64Figure 34. The RM-nc system......................................................................................................................65Figure 35. System similar to the Mushroom processor prototyping system.................................................66Figure 36. Expandable mesh topology similar to the Virtual Wires Emulation System..............................67Figure 37. The MORRPH topology..............................................................................................................69Figure 38. The G600 board...........................................................................................................................70Figure 39. Base module and example topology built in the COBRA system...............................................71Figure 40. The Springbok interconnection pattern, and two connected baseplates......................................73Figure 41. Non-device daughter cards..........................................................................................................74Figure 42. Method for handling bi-directional signals..................................................................................76Figure 43. Springbok software flow diagram...............................................................................................77Figure 44. An FPIC based prototyping board...............................................................................................79Figure 45. Basic mesh topology....................................................................................................................84Figure 46. 4-way, 8-way, and 1-hop mesh routing topologies......................................................................85Figure 47. Distance to reach FPGAs in 4-way, 8-way, and 1-hop topologies..............................................86Figure 48. Bisection bandwidth in 4-way, 8-way, and 1-hop topologies.....................................................86Figure 49. Example of the bandwidth calculation, and relative bandwidth summary..................................87Figure 50. Distances in normal and Superpin connection pattern................................................................89Figure 51. Intuition behind permuted Superpins..........................................................................................90Figure 52. Average and maximum internal routing resource usage.............................................................92Figure 53. Diagram of the lower bound calculation, and a table of the values............................................93Figure 54. Permutations in 8-way meshes....................................................................................................95Figure 55. Multiple paths in a two-dimensional permuted mesh decrease costs..........................................96Figure 56. Graphs of delay from source to nearest destinations...................................................................97Figure 57. Distances of signals under several topologies in a 5x5 array......................................................98Figure 58. Distances of 5-signal buses under several topologies.................................................................98 viiiFigure 59. A communication protocol at three levels: electrical, timing, and logical...............................102Figure 60. Interface transducer board.........................................................................................................104Figure 61. Logic diagram of an interface transducer mapping for incoming video data...........................106Figure 62. PCMCIA interface built with the Intel 82365SL DF PCIC chip..............................................108Figure 63. Multi-FPGA system mapping software flow............................................................................115Figure 64. Example system for topological effects on multi-FPGA system partitioning..........................117Figure 65. An example of the suboptimality of recursive bipartitioning...................................................118Figure 66. Example of iterative bipartitioning...........................................................................................119Figure 67. Crossbar routing topology.........................................................................................................121Figure 68. Multi-FPGA topologies with simple pin assignments..............................................................125Figure 69. Topology for integrated global routing and pin assignment.....................................................127Figure 70. The Fiduccia-Mattheyses variant of the Kernighan-Lin algorithm...........................................134Figure 71. Example for the discussion of the size of logic functions.........................................................139Figure 72. Example of the impact of technology-mapping on partitioning quality...................................143Figure 73. Results from partitioning with random and seeded initialization.............................................148Figure 74. Graphs of cutsizes for runs of both basic KLFM, and our optimized version..........................150Figure 75. Graphs of cutsizes for runs of optimized version versus spectral approaches..........................151Figure 76. Examples for the higher-level gains discussion........................................................................153Figure 77. Graphs of partitioning results as the maximum partition size is increased...............................158Figure 78. Methods of determining the contribution of techniques to the overall results.........................161Figure 79. Details of the comparison of individual features......................................................................164Figure 80. Optimized Kernighan-Lin, Fiduccia-Mattheyses algorithm.....................................................164Figure 81. Presweeping..............................................................................................................................164Figure 82. Connectivity clustering.............................................................................................................165Figure 83. Random initialization................................................................................................................166Figure 84. The KLFM inner loop, augmented with 3rd-level gains..........................................................167Figure 85. Example of iterative bipartitioning...........................................................................................171Figure 86. Topologies for connectedness of partitions and multiple partition creation.............................171Figure 87. Queue formulation of the shortest-path algorithm....................................................................174Figure 88. Examples of multiple cuts in a topology...................................................................................175 ixFigure 89. Ring topology, one of the most symmetric topologies..............................................................176Figure 90. A failure of Global combining, and a comparison of ratio-cut metrics.....................................177Figure 91. Example of parallelizable cuts, and multi-way partitioning opportunities................................179Figure 92. The DECPeRLe-1 board............................................................................................................181Figure 93. The NTT board..........................................................................................................................181Figure 94. The Splash topology..................................................................................................................182Figure 95. Demonstration of the clustering to discover k-way partitioning opportunities.........................182Figure 96. Demonstrations of how the algorithm reacts to different topology parameters........................183Figure 97. Logic partition ordering algorithm............................................................................................184Figure 98. Clustering algorithm for multi-way partitioning.......................................................................184Figure 99. Algorithm for computing probabilities for random route distribution......................................185Figure 100. Network saturation algorithm..................................................................................................185Figure 101. Global combining algorithm....................................................................................................186Figure 102. Local combining algorithm......................................................................................................186Figure 103. Cut parallelization algorithm...................................................................................................186Figure 104. Two views of the inter-FPGA routing problem......................................................................189Figure 105. Checkerboard and wavefront pin assignment placement orders.............................................190Figure 106. Example problem with the Checkerboard algorithm...............................................................191Figure 107. Topologies that cannot be handled by sequential placement pin assignment.........................192Figure 108. Example of spring simplification rules....................................................................................195Figure 109. Topology for demonstrating the advantage of ripple moves...................................................196Figure 110. The Splash and Virtual Wires topologies................................................................................201Figure 111. The NTT topology...................................................................................................................202Figure 112. Schematic of the Marc-1 board................................................................................................203Figure 113. The force-directed pin assignment algorithm..........................................................................205Figure 114. Algorithm for applying ripple moves......................................................................................205Figure 115. Spring system before node U is removed, and after................................................................207 xList of TablesTable 1. Quality comparison of partitioning methods................................................................................132Table 2. Sizes of example circuits..............................................................................................................133Table 3. Quality comparison of clustering methods...................................................................................140Table 4. Performance comparison of clustering methods...........................................................................141Table 5. Quality comparison of clustering methods on technology-mapped circuits................................142Table 6. Quality comparison of unclustering methods...............................................................................145Table 7. Performance comparison of unclustering methods.......................................................................145Table 8. Quality comparison of initial partition creation methods.............................................................146Table 9. Performance comparison of initial partition creation methods.....................................................147Table 10. Quality comparison of spectral initial partition creation methods.............................................149Table 11. Performance comparison of spectral initial partition creation methods.....................................149Table 12. Quality comparison of higher-level gains...................................................................................154Table 13. Performance comparison of higher-level gains..........................................................................154Table 14. Quality comparison of Dual partitioning....................................................................................157Table 15. Performance comparison of Dual partitioning...........................................................................157Table 16. Quantitative speed comparison table..........................................................................................198Table 17. Continuation of Table 16............................................................................................................199Table 18. Routing resource usage comparison table..................................................................................199Table 19. Unconstrained pin assignment distances....................................................................................204 xiList of EquationsEquation 1. FIR filter equation.....................................................................................................................33Equation 2. Connectivity metric for connectivity clustering......................................................................138Equation 3. Multi-partition ratio-cut metric...............................................................................................178Equation 4. Reformulation of the standard force equation.........................................................................197Equation 5. Spring forces in the X and Y direction....................................................................................207Equation 6. Total forces on node, assuming it is placed at its optimal location.........................................208Equation 7. Optimal X position of node expressed in terms of its neighbors� positions...........................208Equation 8. Substitution of Equation 7 into Equation 5.............................................................................208Equation 9. Simplification of Equation 8...................................................................................................208Equation 10. Simplification of Equation 9.................................................................................................208Equation 11. Simplification of Equation 10...............................................................................................209Equation 12. Spring constants for spring replacement, derived from Equation 11....................................209 xiiAcknowledgmentsA thesis is as much a product of the environment it was created in, and the support it received, as it is thework of a graduate student. This thesis is no exception. Although there have been many hands helping mein my work (and I apologize to those I have not recognized here), some people stand out in my mind.In developing the pin assignment software, numerous people generously gave me detailed descriptions oftheir systems, and shared example mappings, making this work possible. These include Patrice Bertin,Duncan Buell, David Lewis, Daniel Lopresti, Brian Schott, Mark Shand, Russ Tessier, Herve Touati,Daniel Wong, and Kazuhisa Yamada.When my partitioning work was in its infancy, Andrew B. Kahng gave me many helpful pointers into theliterature, which helped crystallize my thoughts. He and Lars Hagen were kind enough to give me accessto their spectral partitioning codes, helping to extend my work. Finally, D. F. Wong, and Honghua Yangalso aided in this effort.The routing topologies work was significantly improved by pointers from Michael Butts at Quickturn. Hehas been a consistent source of advice and good ideas, helping in many other places in this thesis. Therehave been several others in the multi-FPGA system community that have encouraged my work, and offeredvaluable criticism. These include members of Anant Agarwal�s Virtual Wires group at MIT (especiallyJonathan Babb and Russ Tessier), as well as Pak Chan and Martine Schlag at UC - Santa Cruz.At the University of Washington, the graduate students and staff have been a great resource in my work.Donald Chinn provided some valuable insights into the lower bounds of the routing topologies work. TheCAD group at U.W., including Pai Chou, Darren Cronquist, Soha Hassoun, Henrik Hulgaard, NeilMcKenzie, and Ross Ortega, has also helped in many ways, not the least of which being a willing set ofguinea pigs to innumerable practice talks (or was it just to get the free food?). Larry McMurchie ranks highin this list as well. Also, his providing his routing software to me, as well as helping me customize it to myproblem, greatly helped the mesh routing topologies work.Undoubtedly the biggest help from my fellow students came from Elizabeth Walkup. Countless times I ranto her with my graph theory problems, wild ideas, and minor complaints, and while we may not havesolved them all, I always walked away better than I arrived. Her hand can be found in numerous placesthroughout this thesis.

xiiiFinancial support is obviously critical to any prolonged research endeavor. This work was funded by boththe Defense Advanced Research Projects Agency under Contract N00014-J-91-4041, as well as an AT&TFellowship.Finally, I am deeply indebted to my faculty advisors, both formal and informal, for their help throughoutthis process. Larry Snyder helped me in the beginning, and got me started on research. Ted Kehl hasalways been a support, even when he has been cutting me down (not that I didn�t usually deserve it). SteveBurns, Carl Ebeling, and Gaetano Borriello have gotten me where I am now, both in pushing me in newdirections and to new opportunities, as well as stepping back and letting me chart my own course. Withoutthese people this thesis would never have been written. This is particularly true of Carl, who�s offhandcomments started this whole endeavor, and Gaetano, whose breakthrough comments at critical timesradically improved much of this work.I thank all the people who helped me in this work, and apologize to those I may have forgotten here.

xivDedicationTo my parents for giving me the tools, to Gaetano, Carl, and Steve for giving me thefreedom, and to my wife Susan for giving me the support to complete this thesis.

Chapter 1. General IntroductionIn the mid 1980s a new technology for implementing digital logic was introduced, the field-programmablegate array (FPGA). These devices could either be viewed as small, slow gate arrays (MPGAs) or large,expensive programmable logic devices (PLDs). FPGAs were capable of implementing significantly morelogic than PLDs, especially because they could implement multi-level logic, while most PLDs wereoptimized for two-level logic. While they did not have the capacity of MPGAs, they also did not have tobe custom fabricated, greatly lowering the costs for low-volume parts, and avoiding long fabrication delays.While many of the FPGAs were configured by static RAM cells in the array (SRAM), this was generallyviewed as a liability by potential customers who worried over the chip�s volatility. Antifuse-based FPGAsalso were developed, and for many applications were much more attractive, both because they tended to besmaller and faster due to less programming overhead, and also because there was no volatility to theconfiguration.In the late 1980�s and early 1990�s there was a growing realization that the volatility of SRAM-basedFPGAs was not a liability, but was in fact the key to many new types of applications. Since theprogramming of such an FPGA could be changed by a completely electrical process, much as a standardprocessor can be configured to run many programs, SRAM-based FPGAs have become the workhorse ofmany new reprogrammable applications. Some uses of reprogrammability are simple extensions of thestandard logic implementation tasks for which the FPGAs were originally designed. An FPGA plus severaldifferent configurations stored in ROM could be used for multi-mode hardware, with the functionality onthe chip changed in reaction to the current demands. Also, boards constructed purely from FPGAs,microcontrollers, and other reprogrammable parts could be truly generic hardware, allowing a single boardto be reprogrammed to serve many different applications.Some of the most exciting new uses of FPGAs move beyond the implementation of digital logic, andinstead harness large numbers of FPGAs as a general-purpose computation medium. The circuit mappedonto the FPGAs need not be standard hardware equations, but can even be operations from algorithms andgeneral computations. While these FPGA-based custom-computing machines may not challenge theperformance of microprocessors for many applications, for computations of the right form an FPGA-basedmachine can offer extremely high performance, surpassing any other programmable solution. While acustom hardware implementation will be able to beat the power of any generic programmable system, andthus there must always be a faster solution than a multi-FPGA system, the fact is that few applications willever merit the expense of creating application-specific solutions. An FPGA-based computing machine,which can be reprogrammed like a standard workstation, offers the highest realizable performance for

2many different applications. In a sense it is a hardware Supercomputer, surpassing traditional machinearchitectures for certain applications. This potential has been realized by many different researchmachines. The Splash system [Gokhale90] has provided performance on genetic string matching that isalmost 200 times greater than all other Supercomputer implementations. The DECPeRLe-1 system[Vuillemin95] has demonstrated world-record performance for many other applications, including RSAcryptography.One of the applications of multi-FPGA systems with the greatest potential is logic emulation. Thedesigners of a custom chip need to verify that the circuit they have designed actually behaves as desired.Software simulation and prototyping have been the traditional solution to this problem. However, as chipdesigns become more complex, software simulation is only able to test an ever decreasing portion of thechip�s functionality, and it is quite expensive in time and money to debug by repeated prototypefabrications. The solution is logic emulation, the mapping of the circuit under test onto a multi-FPGAsystem. Since the logic is implemented in the FPGAs in the system, the emulation can run at near real-time, yielding test cycles several orders of magnitude faster than software simulation, yet with none of thetime delays and inflexibility of prototype fabrications. These benefits have led many of the advancedmicroprocessor manufacturers to include logic emulation in their validation methodologies.While multi-FPGA systems have great potential to provide high-performance solutions to manyapplications, there are several problems that hold back current systems from achieving their full promise.Their hardware structures tend to have much too few I/O connections for their logic capacity to beadequately used. This leads to very low logic utilization, with only 10% to 20% of the available capacityusable. While some of these problems may be unavoidable, since we are using FPGAs targeted to single-chip applications to build multi-chip systems, the routing topologies of multi-FPGA systems need to beimproved to compensate for this. Also, while there are logic emulation systems that meet the needs ofsingle-chip ASIC prototyping, the domain of system-level or board-level prototyping has largely beenignored. These emulation opportunities are quite different from single chip systems, since multi-chipdesigns have a heavy reliance on premade components, and have resource demands that vary much morewidely than that of a single ASIC. Not only does board-level prototyping demand a flexible and extensibleemulation hardware system, one that allows the inclusion of arbitrary premade components, but it alsobrings into sharper focus the need to support external interfaces. Even in single-chip systems, one of themajor benefits of an emulation is that it may be capable of being put into its target environment, thusencountering the true input-output demands of the final implementation. However, an emulation of acircuit will almost always run slower than the final implementation, meaning that it will no longer meet thetiming requirements of the external signaling protocols. Current emulation systems have no answer to this

3problem, forcing the user to develop ad hoc solutions. For board-level prototyping, where a system will berequired to meet several signaling protocols at once, this problem becomes an even greater concern. Thus,a general-purpose solution to the logic emulator interface problem is critical to the success of board-levelprototyping, and can improve emulations of individual ASICs as well.The problems with current multi-FPGA systems are not solely with the hardware. Automatic mappingsoftware is an important part of any multi-FPGA system that hopes to achieve widespread utility, and is anabsolute requirement for any successful logic emulation system. While there are niches for multi-FPGAsystems with hand-mapped solutions, very few people are capable and willing to expend the effort to hand-map to a multi-FPGA system, and without software these systems will only realize a small portion of theirpromise. Unfortunately, today�s mapping software is inadequate for most potential applications. Theydeliver quite poor mappings, and can take huge amounts of time to complete. Creating a mapping withcurrent tools can take almost an entire day to finish. Obviously, this is a tremendous disadvantage, sinceany time savings that could be achieved by running an algorithm on a multi-FPGA system is swallowed upby the time to create the mapping in the first place. Thus, high-quality, high-performance mapping toolsare a necessity for realizing the full potential of multi-FPGA systems.Part of the reason why these deficiencies exist in current multi-FPGA systems is that there has beenrelatively little work done on optimizing the hardware and software structures of these machines. Whilethere are a huge number of multi-FPGA systems proposed and constructed, there are almost no studiesinvestigating what the best architectures really are. The software systems suffer as well, with manyindividual optimizations proposed, but no real understanding of how to bring these optimizations togetherto achieve the best possible results. Thus, today�s systems are largely grab-bags of appealing features withlittle knowledge of what the systems should really look like.In 1992 we were in the same position as many other potential multi-FPGA system builders. We saw theneed for a new system, which in our case was an emulation system optimized for the demands of board-level prototyping. While we knew in general what the system should look like, there was little guidance onexactly what the hardware and software architecture should be. At this point, instead of blindly goingforward with our best guesses on how the system should be, we set out to look at the underlying issues anddetermine what really were the right architectures. By performing a disciplined investigation of multi-FPGA hardware and software systems, we not only would learn how to build our prototyping systemcorrectly, but would also give a better understanding of some of the issues to the multi-FPGA communityat large. It is these investigations that form the heart of this thesis. While we have not yet built our

4prototyping system (the high-level design of which is contained in Chapter 6), our work has yielded insightinto many of the problems facing today�s multi-FPGA systems.Our investigations have focused on several different areas. In the hardware arena, we examined the routingtopologies of multi-FPGA systems. Although the FPGAs in a multi-FPGA system are reprogrammable, theconnections between the FPGAs are fixed by the circuit board implementing the system. With the mainbottleneck in current multi-FPGA systems being the limited bandwidth for inter-FPGA routing, the routingtopology of a multi-FPGA system has a significant impact on the capacity, as well as performance, of amulti-FPGA system. In our investigations we examined how best to construct a multi-FPGA system,yielding topologies with significantly lower I/O requirements, faster performance, and higher bandwidth.Since our goal was to construct a prototyping system for board-level designs, we also had to consider theissue of how to support the external interfaces of a logic emulation system. By examining how to solve thisproblem in general, we have shown that a generic interface transducer, a simple board with FPGAs andmemories for filtering the incoming and outgoing datastreams, is capable of supporting many differenttypes of protocols. It has a flexible architecture that enables it to be prefabricated, yet it still allowscustomization to a specific application�s requirements. Also, the required customization is easy to develop,and a small amount of programming in a high-level hardware description language is usually sufficient.We have also spent time investigating the software required to map to a multi-FPGA system. Perhaps themost critical of these algorithms is partitioning, the process of splitting an input mapping into pieces smallenough to fit into the individual FPGAs in a multi-FPGA system. While much work has been done on thisproblem previously, there was little insight into the best possible approach. Many researchers haveproposed software solutions, but there was little comparative assessment of different approaches. Thus,one major portion of our work was to sift through the different approaches, and develop an algorithm thatbrings together the best possible set of optimizations to achieve the best overall results. This produced asurvey of many of the different approaches, with each optimization implemented in a common framework,and compared quantitatively on a set of benchmark circuits. We now have an algorithm that producesresults significantly better and faster than any other published approach.We also recognized that flexible routing topologies are becoming more common in multi-FPGA systems,with architectures capable of significant customization in their interconnection patterns being proposed. Todeal with these systems, it became apparent that the mapping tools not only needed to be fast and high-quality, but they also must be able to adapt to an arbitrary topology. This is not only important for flexiblemulti-FPGA hardware, but it also results in software that can easily be adapted to different machines. Inpursuit of this goal, we have developed partitioning software capable of mapping to an arbitrary multi-

5FPGA system topology, as well as routing software that can do the same. This routing software has theadded advantage that it improves the quality of the mapping over current approaches, yielding both better-quality mappings and faster run-times. This latter benefit is due to the fact that poor routing complicatesthe following mapping steps, and thus by improving the routing quality we decrease the total mapping time.The result of all of this work is new insights into how best to build and use multi-FPGA systems, as well assolutions to some of the outstanding problems. These results are not just important for building prototypingsystems like the one we envisioned, but to multi-FPGA systems in general. The routing topologies aregenerally useful, offering improved topologies for both emulation and custom-computing. The mappingtools provide fast, high-quality mapping solutions for arbitrary system topologies. Finally, the interfacetransducers deliver a generic solution for interfacing both current single-chip emulators, as well as futureboard-level prototyping systems.This thesis details the results of these investigations. It begins with a discussion of the underlyingtechnologies that make multi-FPGA systems practical, including a survey of FPGAs and other logicimplementation technologies in Chapter 2, as well as the application domains of multi-FPGA systems inChapter 3. Chapter 4 delves deeper into one of the most promising application areas for multi-FPGAsystems, logic emulation. Chapter 5 then gives an overview of current multi-FPGA system hardware.With the background provided by these chapters, we then present some new investigations and approachesto multi-FPGA system hardware. In Chapter 6 we present a new multi-FPGA system optimized for theprototyping of board-level designs. This system combines the inclusion of arbitrary devices with a flexibleand extensible architecture to provide an extremely adaptable prototyping solution. Then, Chapter 7examines routing topologies for multi-FPGA systems. This yields constructs with lower I/O demands,smaller delays, and higher bandwidth than standard topologies. Finally, Chapter 8 investigates how tosupport external interfaces for logic emulators, one of the significant problems with current systems.The discussion of multi-FPGA system software begins with a general introduction in Chapter 9. Chapter10 considers logic partitioning for multi-FPGA systems, presenting a comprehensive investigation intobipartitioning techniques. This results in a combined partitioning algorithm that achieves results better thanthe current state of the art, in significantly less time. Chapter 11 presents an iterative partitioning algorithmthat automatically adapts to an arbitrary topology. This allows bipartitioning to be applied to any multi-FPGA system, as well as multi-sectioning and multi-way partitioning algorithms where appropriate.Finally, Chapter 12 investigates pin assignment algorithms for multi-FPGA systems. This speeds up theplacement and routing time for multi-FPGA systems and produces higher quality results. We conclude thisthesis with some overall results and potential future work in Chapter 13.

Chapter 2. Circuit Implementation Alternatives and TechnologiesOverview of chip design stylesCircuit designers have a range of methods for implementing digital logic, with widely differing capabilitiesand costs. In the following sections we will discuss many of these different alternatives. This will serveboth to explain what FPGAs are, and also to show how FPGAs enable new opportunities that were notpossible with other technologies. Note that throughout this chapter, the pictures are meant merely toillustrate the concepts discussed. Many (less important) details are omitted, and the quantities of resourcesare often reduced to aid visibility.The different methods of implementing digital logic can have significantly different capacity, performance,and costs (both in time and money), as well as differing levels of automation of the design process. Fullcustom designs offer the highest performance and capacity possible. However, they also take the longesttime to be fabricated, have little or no automation in the design process, and cost the most money, in bothper-chip and NRE (non-recurring engineering) costs. NRE�s are initial costs to set up the productionprocess, and thus are paid once for the first chip produced. Other design styles sacrifice some of theperformance and capacity of full-custom design in order to lower costs, speed up the design process, andreduce the fabrication time. Many such technologies will be covered in the following sections.Full customIn full custom design, the designer specifies all the details of how an integrated circuit will be fabricated.This gives the designer the maximum flexibility, yielding the highest possible performance and gatecapacity. Thus, for some applications, this is the only possible method of implementing the desiredfunctionality, since other technologies may not accommodate the application�s capacity or performancedemands. However, this power and flexibility does come at a cost. Since the circuit will be customfabricated, sharing no features with other designs, the fabrication will be costly, and will take a significantamount of time. Other technologies will share some features from design to design, in general yieldinglower costs due to economies of scale, and faster turnaround due to prefabrication of shared features.The designer of a full custom implementation specifies exactly where the different features of the circuitwill be by specifying where the various materials will be placed on the chip. That is, the designer decideswhere diffusion, polysilicon, and metal will be applied to create the desired functionality. There are somedesign rules that restrict the allowed circuit designs. However, these rules are local constraints on circuit

7geometries required to avoid structures that cannot be fabricated. For example, wires must be a certainwidth, and must be spaced apart by a certain distance, in order to avoid breaks or short circuits in signallines. However, the designer still has a considerable amount of flexibility in deciding how to design thecircuit.Because of the high degree of flexibility in full custom circuits, the process of designing such a circuit isquite complex and time-consuming. Since the designer must decide where each circuit feature will beplaced, there are a huge number of decisions to be made. Thus, it takes a large amount of time and effort todevelop a full custom design, time beyond what is required simply to fabricate the circuit. Since eachfabrication of the circuit is quite costly, the designer will also expend a significant amount of time to makesure the design is correct before fabrication. While software can be used to simplify some of this process,most designers of full custom circuits are using this implementation technology specifically to achieve thehighest quality implementation possible, and thus avoid inefficiency due to software designed circuits.Thus, software support for full-custom design is in general restricted to validation of the circuit, and actualdesign of only non-critical subcircuits, places where some inefficiency can be tolerated.The process of fabricating the design is done in multiple steps, building up the layers necessary toimplement the circuit (Figure 1). Early stages make wells inside which the transistors will be placed. Next,diffusion and polysilicon layers will be added to build the actual transistors. Finally, metal layers will becreated to route signals between the different transistors. Note that many processes have multiple metallayers, so steps h-j will be repeated for each metal layer.Each of these layers is created by a photolithographic process (Figure 2) that patterns the layer of material.Photoresist, an acid resistant substance that changes properties when exposed to a light source, is appliedon top of the layer material to be patterned. The photoresist is then exposed to a light source shone througha mask, so that the mask�s image selectively alters the photoresist. Unaltered portions of the photoresist areremoved, and the underlying layer is etched by an acid. Since the areas still coated with photoresist willnot be affected by the acid, the layer is selectively etched in the pattern described by the mask.Because all layers of the design of a full custom circuit are specified by the designer, there is no sharing ofmasks or other layer processing between different designs. Thus, full custom designs are in general themost expensive and time-consuming, since there are little economies of scale. Many other design styleswill standardize some or all processing steps, speeding up the processing, and lowering costs.

8n-SUBSTRATE

(a) field oxide etchingn-SUBSTRATEp-WELL

(b) p-well diffusion n-SUBSTRATEp-WELL

(c) field oxide etching

(d) gate oxidation

(e) polysilicon definition n-SUBSTRATEp-WELLp+ p+(f) p-plus diffusion n-SUBSTRATEp-WELLn+ n+p+p+(g) n-plus diffusionn-SUBSTRATE p-WELL n+n+p+p+(h) oxide growthn-SUBSTRATE n+n+p+p+(i) contact cuts(j) metalization n+n+p+p+n-SUBSTRATEFigure 1. Steps in the fabrication of a full custom design (p-well CMOS) [Weste85].

9

(a)(b)(c)

PhotoresistMask

Figure 2. Steps in patterning a layer [Weste85]. (a) Photoresist covers the layer to be patterned.(b) A light source is shown through a mask, selectively polymerizing the photoresist. (c) Theunpolymerized photoresist is removed, and the wafer is exposed to an acid, which etches only theareas not covered by photoresist.Standard cellsCreating a complete full custom design takes a lot of time and effort, since all the details of the chipcreation must be specified. However, in many cases the complete flexibility of the full custom designprocess are not needed for a given circuit. In these cases, it is advantageous to restrict some of the designflexibility to speed up the design process. This is exactly the approach taken in standard cell design. Astandard cell design restricts the allowed circuit geometries and dictates a specific layout topology. Bydoing so, software tools can be designed to efficiently automate the physical design process, greatlyspeeding up the design process. However, since the layout is more restrictive, this approach delivers lowercapacity and performance than a full custom design.In a standard cell design, all gates are predefined in a library. This library consists of a set of standard cellsthat implement all the different gate structures necessary to map a circuit, as well as possibly some larger,more complex gate structures included for better mapping efficiency. All of these cells have the sameheight, the same placement of power and ground lines (which run horizontally across the cell), and have

10input and output terminals at the top and/or bottom. In this way cells can be abutted horizontally, creating arow of cells with uniform height, and with power and ground lines connecting together. Cells can be ofarbitrary widths, so that cells with widely differing functionality (from a simple inverter to a multiple gatecell) can all be created efficiently. A standard cell chip is laid out in interleaved routing and logic rows(Figure 3). The logic rows are all of uniform height, while the routing rows are as high as necessary toaccommodate the required routing. While horizontal routing is handled in these routing rows (or�channels�), vertical routing is either accomplished in higher metal layers, or by the inclusion of route-through cells which connect signals between adjacent routing channels.

PWRGNDCELL1CELL2

CELL3

CELL4

CELL5CELL6PWRGNDCELL8

CELL7CELL10

CELL9

CELL16CELL15CELL14PWRGNDCELL11CELL12

CELL13

ROUTINGCELLSCELLSROUTINGROUTINGCELLSROUTINGCELLSROUTINGCELLSCELLSFigure 3. A standard cell chip layout (left), and a detail of a portion of the array (right), includinga route-through between CELL 8 and CELL 9.With the layout of the gates handled by a predefined library, the process of creating a standard cell layoutinvolves translating the circuit to be implemented into a collection of standard cell functions (technologymapping), placing these cells to achieve the required performance with the minimum routing channelwidths (placement), and connecting the terminals of the standard cells together in the proper pattern(routing). Because of the regularity of the standard cell layout, each of these problems can be handledautomatically via software. Thus, a logic designer need only specify the desired circuit functionality, andthe software will automatically create a layout. This layout will then be fabricated at a silicon foundryexactly the same way as a full custom design.Since standard cells and full custom designs require exactly the same fabrication processes, the fabricationtime and costs are similar. The big differences between the two styles are the time it takes to ready adesign for fabrication, and the resulting size and performance of the design. In a full custom design, the

11designer can optimize all aspects of the layout, and achieve the highest performance and capacity circuit.However, it takes a significant amount of time to create such a design. A standard cell design can becreated much more quickly, but the capacity and performance will suffer. As a result, full custom design isused primarily where the capacity and performance penalties of standard cells cannot be tolerated, whileother circuits will use standard cells.Figure 4. The Chaos router chip [Bolding93], which includes full-custom (the dark black regions)and standard cell (the regions of scattered black lines) elements.

12The decision of what style to use can occur not only at the chip level, with an entire design created either asa full custom or standard cell layout, but also at the logic level, with the two styles combined within asingle chip. For example, a multiprocessor routing chip may require the highest performance possible inthe datapath, while the control circuitry can be designed somewhat less optimally. Thus, the design willinclude a full-custom datapath, while the control logic will be generated with standard cells (Figure 4).This tradeoff works especially well in this case, since the datapath will have a large amount of regularity,and will thus be somewhat simpler to design by hand, while the potentially complex and irregular controlcircuitry can be automatically created. This gives much of the benefits of both full custom and standardcells in a single design.Another possibility in a standard cell is to include megacells or cores. These are complex, predesignedcircuit elements that can be inserted in a design. For example, there are microcontrollers, DSPs, multipliersand other mathematical functions, standard bus interfaces, and many other functions available as megacellsor cores [Arnold94]. These elements can be included in a standard cell design, providing complex,compact, high performance functionality without the need to custom design these parts. They will besignificantly larger than standard cells, so some provision for including these elements is required.However, current software can in general automatically include these elements in a standard cell design.Mask-programmable gate arraysWhile standard cells simplify the design process over full custom designs, they do nothing about the timeand cost involved in the actual fabrication of the chips. Although standard cell designs restrict thetopologies and logic structures available to the designer, a standard cell design is still fabricated fromscratch. Mask-programmable gate arrays (MPGAs) take the logic standardization of standard cells a stepfurther. They speed up the fabrication process and lower costs, while retaining the ability of standard cellsto harness automatic mapping software.In an MPGA [Hollis87] much of the fabrication of the chip is carried out ahead of time. An MPGA has astandardized logic structure, with the layout of all transistors in the system fixed and predefined. That is, agiven type of MPGA has a specific logic structure dictated to its users. For example, the MPGA mightconsist of simply a sea of individual transistors covering the chip. Others may have sets of four, six, ormore transistors partially interconnected in a pattern optimized for mapping certain types of gates. Tocustomize the MPGA in order to implement a given functionality, the designers are able to interconnectthese logic elements in any manner they desire. Thus, one design can connect four transistors to power,

13ground, and each other in the proper manner to implement a 2-input NAND gate, while another design usesthese transistors as a portion of a complex latch, or whatever else is desired.Because the transistor layouts are fixed for a given MPGA, the foundry can stockpile partially fabricatedchips, with all but the metal layers already created. A designer then specifies the interconnection patternfor the routing layers, and the fabrication of the chips is completed accordingly. In this way, most of theprocessing steps are already completed ahead of time, with the masks shared across all the designs that usea given MPGA. This decreases both processing time, since much of the processing has already beencompleted, as well as amortizing the cost, since much of the processing is shared across numerous designs.The designers still have a great deal of design flexibility, since they can specify an arbitrary interconnectionpattern for the logic elements in the system, as long as there is enough routing area to accommodate therouting demands.There are some limitations to MPGAs. Since the layout of the logic in the MPGA is predetermined, it willnot be optimal for a given design. Some designs may require more or less of a given resource than theMPGA is designed for, leading to inefficiencies. Also, since the locations are predetermined, the routingmay be more complex than in either a standard cell or full custom design. This is especially true inMPGAs that predefine the routing channels on the chip, since these routing channels will inevitably beeither too large or too small for a given design. Thus, either routing resources are wasted because thechannels are too large, or logic resources are sacrificed since the routing necessary to use them is notavailable. Some MPGAs are designed as Sea-of-Gates. In a Sea-of-Gates design, the entire chip area haslogic fabricated on it. To handle routing, some of these logic functions are ignored, and arbitrary routing isperformed over the top of the logic functions. In this way, the restrictions on routing channel size areremoved, yielding greater flexibility in the design. However, even with a Sea-of-Gates design, there arestill numerous inefficiencies due to fixed logic placement and resource mixes, yielding lower performanceand logic capacities than either standard cell or full custom designs.Programmable logic devicesMask-programmable gate arrays reduce some of the fabrication time by prefabricating the logic on thechips. However, customizing an MPGA still requires processing at a silicon foundry, with the associatedtime lag and mask costs. Programmable logic devices (PLDs) in general avoid these costs byprefabricating the entire chip ahead of time. In order to customize the design, the PLD has configurationpoints scattered throughout the system. These configuration points are controlled by static memory cells,antifuses, or other devices that can be programmed after the chip has been fabricated. Thus, to customize

14the chip for a given design, the user programs these elements, which causes the chip to implement thedesired functionality. The amount and locations of these configuration points will be optimized for a givenPLD. Large amounts of configurability yield a much more flexible part, while less configurability yieldhigher capacity and performance (since the configuration points and their programming elements consumechip area and add delay to the signals connected to them).

n+ drain n+ sourceP-Type Silicon access gatefloating gate

Figure 5. Floating gate structure for EPROM/EEPROM. The floating gate is completely isolated.An unprogrammed transistor, with no charge on the floating gate, operates the same as a normal n-transistor, with the access gate as the transistor�s gate. To program the transistor, a high voltageon the access gate plus a lower voltage on the drain accelerates electrons from the source fastenough to travel across the gate oxide insulator to the floating gate. This negative charge thenprevents the access gate from closing the source-drain connection during normal operation. Toerase, EPROM uses UV light to accelerate electrons off the floating gate, while EEPROMremoves electrons by a technique similar to programming, but with the opposite polarity on theaccess gate ([Altera93] pp. 467-471, [Wakerly94] pp. 399-400).A simple example of this type of device is a memory. A memory is a device with N address signals, Moutputs, and M*2N configuration points. The configuration points can take on the value 0 or 1. The addresslines select one of 2N sets of M configuration bits, and the outputs are set to the value of the selected M bits.Thus, the memory can be used to implement any M functions of N inputs, since each combination of theseN inputs can produce a unique output value on each of the M outputs. There are a significant number ofdifferent configuration technologies ([Brown92a] pp. 2-3). Mask-programmable Read-Only Memories(ROM) configure their logic like MPGAs, with the configuration fixed during manufacture at a siliconfoundry. Field-programmable versions also exist, with the programming accomplished without customfabrication. Thus, users can easily customize field-programmable chips at their workbenches. SomeProgrammable Read-Only Memories (PROMs) contain fuses that can be blown by selectively applying ahigh voltage, permanently configuring the PROM. Erasable PROMs (EPROM) allow the configuration to

15be changed by exposure to a UV light source, while Electrically Erasable PROMs (EEPROM) allow thechip to be reprogrammed via a completely electrical process (Figure 5). Finally, Random-AccessMemories (RAM) allow the configuration to be changed on the fly during circuit operation, allowing read-write access to the chip, while ROMs are read-only. Thus, configuration technology enables a large varietyof methods for setting the memory, from custom fabrication to one-time-programmable fuses to thecomplete read-write flexibility of a RAM. Other PLDs (as well as FPGAs, discussed later) will offer mostor all of these same programming technologies to configure their logic.o1o2o3 i6i5i4i3i2i1o1o2o3 i6i5i4i3i2i1Figure 6. PAL (left) and PLA (right) structures [Biehl93].While memories are able to implement logic functions, they are in general too inefficient for mostapplications. The problem is that most logic functions do not need the complete flexibility of the fullmemory structure, and thus using a memory to implement these functions is quite inefficient (the memorymust double in size with each additional input). A better alternative is the Programmable Array Logic(PAL), a device optimized for implementing two-level sum-of-products logic structures (Figure 6 left).The device consists of a set of arbitrary product terms (the AND gates) leading to OR gates that producethe chip�s outputs. As shown in Figure 7, these product terms are logic structures that can be programmedto implement an AND of any or all of its inputs. That is, the output is the NOR of all inputs whoseprogrammable connection is enabled, while the function is insensitive to inputs whose programmableconnections are disabled. By inverting the signals coming into this function, the NOR function becomes anAND. Thus, the product term can become the AND of A and

B

by making connections P2 and P3, and

16disabling all other connections, while connections P2, P4, and P6 would make the AND of A, B, and C.Since these product terms feed into an OR gate, multiple product terms can be ORed together. Byprogramming two product terms leading to the same OR gate with the functions just discussed, the outputwould be

()()()A B ABC A B C+ = +

. While the implementation just discussed is less efficient than asimilar function in a small memory, the efficiency of the memory implementation degrades significantly asthe number of inputs increase. However, a PAL is usually not able to implement all possible functionsbecause there are usually not enough product terms leading to the OR gates. For example, to compute anXOR function of 3 inputs requires 4 product terms (ABC,

ABC

, , ), while the PAL structureshown contains only 3 product terms per output. Actual PALs can have many more inputs, outputs, andproduct terms per output, as well as latches on the outputs with feedback paths to the product term array(i.e., the output of the latch can be included in the product terms in the same way that inputs are handled).Generic Array Logics (GALs) are similar to PALs, except that they are flexible enough to be configured toimplement several different types of PALs. They also can include optional inversions on the output. Thisis important, since it is often much easier to implement the complement of a function in a sum-of-productsform and then invert it than it is to implement the uncomplemented sum-of-products form directly. Forexample, the function

ABCD ( )

requires fifteen product terms to implement in sum-of-products form, whilethe complement requires only one product term.CBA O VddABCO

P1P2P3P4P5P6Figure 7. One portion of the PAL structure (top), and the corresponding implementation (bottom)[Wakerly94]. The circles labeled P are programmable connections. Note that the inverters areswapped between the two versions. In both circuits, the output value O is the AND of any or allvertical lines, depending on which programmable connections are enabled. 17 i6i5i4i3i2i1o1o2o3Figure 8. The PML structure [Biehl93].One limitation of a PAL is that product terms cannot be shared between outputs. Thus, if two outputs bothrequire the product term

ABC

, they would each need to generate the function with their own productterms. A different form of PLD, called a Programmable Logic Array (PLA), allows product terms to beshared between output functions (Figure 6 right). In a PLA, the AND array of product terms (the ANDplane) leads to a similar OR array (the OR plane). These OR functions are implemented the same way theAND functions are, except that instead of inverting the inputs, the outputs are inverted (since the basestructure computes a NOR, instead of inverting the inputs, which produces an AND, inverting the outputproduces an OR). Thus, the OR gates compute an OR of any or all of the input product terms. Thus, theXNOR and majority functions of three inputs can be implemented with five product terms, where a PALstructure would require eight (the product terms are

ABC1=( )

,

ABC2=( )

,

ABC3=( )

,

ABC4 =( )

,

5 =( )

, and the output functions are

XNOR

A= + + +( )1 2 3 4

,

MAJ A= + + +( )2 3 4 5

). While PLAs have more flexibility than PALs since the connectionsbetween the AND and OR gates are programmable, this flexibility results in lower performance. Primarilythe performance degradation is due to the fact that in a PLA a signal must travel through twoprogrammable connections (one in the AND plane, one in the OR plane), while in a PAL the signal goes

18through only one programmable connection. These connections can add significant delay to the system.Historically, PLAs were introduced before PALs, but PALs are today�s most commonly used PLD[Wakerly94].An even more general structure than the PLA is Programmable Macro Logic (PML). As shown in Figure8, instead of separate AND and OR structures in the PLA, the PML has a single array of NAND gates, withthe outputs feeding back into the array. Thus, the output of a NAND gate can be used as an input toanother NAND gate in the same way as a chip input. As we know from basic logic design, a two-levelNAND-NAND structure is identical to a two-level AND-OR structure, which means that the PML canimplement the same structures as a PAL or PLA. However, by combining the AND and OR functionalityinto a single array, the user can trade off the number of AND and OR terms on a per-mapping basis, as wellas choose to implement some outputs in 1, 2, 3, or more levels of logic, simply by using the properfeedback paths. However, just as in a PLA, each level must pass through a programmable connection, somulti-level paths will be significantly slower than one or two-level paths. A similar product, the ERASIC[Jenkins94], uses a single array of NOR gates instead of the PML�s NAND gate structure.o3o4

o1o2

Switch Matrix i1 i2 i3 i4 i5 i6 i7 i8 i9 i10 i11 i12

Figure 9. CPLD structure. The switch matrix provides configurable connectivity between theinputs, logic arrays, and any feedbacks from outputs [Biehl93].

19While the previous structures are fine for small PLDs, they may not scale to larger arrays. Primarily, as thePLD gets larger, the number of connections to a given product term grows larger, slowing down the signalpropagation. To deal with this, Complex Programmable Logic Devices (CPLDs) break the system up intoseveral smaller product term arrays, connected together with a switch matrix (Figure 9). Thus, the CPLDcan be viewed as a collection of smaller PLDs and an interconnection network. In this way, the CPLD canhave much larger capacity than a single PLD, while keeping propagation delays low.Because of the regularity and simplicity of PLDs, it is fairly easy to map to a PLD, a process that has beenautomated by software. These tools can take logic equations and automatically create the configurationfiles for the PLD. CPLDs may complicate the process by having switch matrices with restrictedconnectivity, as well as the requirement of partitioning the logic equations into the separate logic arrays,but the process is still much simpler than for many other technologies.Field-programmable gate arraysProgrammable logic devices concentrate primarily on two-level, sum-of-products implementations of logicfunctions. They have simple routing structures with predictable delays. Since they are completelyprefabricated, they are ready to use in seconds, avoiding long delays for chip fabrication. Field-Programmable Gate Arrays (FPGAs) are also completely prefabricated, but instead of two-level logic theyare optimized for multi-level circuits. This allows them to handle much more complex circuits on a singlechip, but it sacrifices the predictable delays of PLDs. Note that FPGAs are often considered another formof PLD, often under the heading Complex Programmable Logic Device (CPLD). In this thesis, we will usePLD to exclusively refer to the product-term oriented devices discussed in the previous section.

PolysiliconField OxideN+ diffusionONODielectric

Figure 10. Actel�s Programmable Low Impedance Circuit Element (PLICE). As shown at left,an unblown antifuse has an oxide-nitride-oxide (ONO) dielectric preventing current from flowingbetween diffusion and polysilicon. The antifuse can be blown by applying a 16 Volt pulse acrossthe dielectric. This melts the dielectric, allowing a conducting channel to be formed (right).Current is then free to flow between the diffusion and the polysilicon [Actel94, Greene93].

20I/O BlocksI/OBlocksI/OBlocksI/O Blocks

CSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCCSSCSSSSSSSSSSSSFigure 11. The Actel FPGA structure [Brown92a, Actel94]. Logic blocks (C-Modules and S-Modules) are surrounded by horizontal routing channels like an MPGA.Just as in PLDs, FPGAs are completely prefabricated, and contain special features for customization.These configuration points are normally either SRAM cells or antifuses. Antifuses are one-timeprogrammable devices (Figure 10), which when �blown� create a connection, while when �unblown� nocurrent can flow between their terminals (thus, it is an �anti�-fuse, since its behavior is opposite to astandard fuse). Because the configuration of an antifuse is permanent, antifuse-based FPGAs are one-timeprogrammable, while SRAM-based FPGAs are reprogrammable, even in the target system. Since SRAMsare volatile, an SRAM-based FPGA must be reprogrammed every time the system is powered up, usuallyfrom a ROM included in the circuit to hold configuration files. Note that FPGAs often have on-chipcontrol circuitry to automatically load this configuration data. SRAM cells are larger than antifuses,meaning that SRAM-based FPGAs will have less configuration points than an antifuse based FPGA.However, SRAM-based FPGAs have numerous advantages. Since they are reprogrammable, theirconfigurations can be changed for bug fixes or upgrades. Thus they provide an ideal prototyping medium.Also, these devices can be used in situations where they can expect to have numerous differentconfigurations, such as multi-mode systems and reconfigurable computing machines. More details on suchapplications are included in Chapter 3. There are many different types of FPGAs, with many different

21structures. Instead of discussing all of them here, which would be quite involved, this chapter will presenta few typical and well-known FPGAs. Details on many others can be found elsewhere [Brown92a,Rose93, Chan94, Jenkins94, Trimberger94, Oldfield95].Y

S0S1

D00D01D10D11

A1B1A0B0

CLKCLR

DQYFigure 12. The Actel ACT 3 C-Module (left) and S-Module (right) [Actel94].LVTsOutput Tracks

YA1D10D11B1B0A0D01D00YA1D10D11B1B0A0D01D00

LVTs

Output Tracks

Figure 13. Actel routing structure [Actel94]. Circles are antifuses. Signal lines passing straightthrough an antifuse are always connected, while signals meeting at right angles in an antifuse oronly touching the outside are only connected when the antifuse is blown.

22One of the best known antifuse-based FPGAs is the Actel ACT series (we will discuss the third generationFPGA, the ACT 3, in this section). In many ways, the Actel FPGA is essentially a small MPGA that isready to use instantly. The routing structure of the FPGA is very similar to an MPGA, with rows of logiccells between horizontal routing channels (Figure 11). The cells come in two types: C-Modules, for purelycombinational functions, and S-Modules, for sequential logic (Figure 12). Both cells have a logic functionbased on a 4:1 multiplexer, though the control inputs are fed by either an AND or an OR gate. By properlyassigning signals to inputs, this logic block can implement any 2-input function, and many other functionsof up to eight inputs. To implement an arbitrary 2-input function, the two inputs are routed to A0 and A1,with B1=0 & B0=1, and D00-D11 are assigned either 0 or 1 to implement the desired function. Toimplement a function such as a 4-input AND (I1*I2*I3*I4), A1=I1, B1=0, A0=I2, A1=I3, D11=I4, D00=0,D01=0, D10=0. Many other functions are possible. In the S-Module, the logic block feeds into a flip-flopfor implementing stateholding elements.Unlike an MPGA, an FPGA is completely prefabricated, so configuration hardware must be imbedded inthe system. In the Actel FPGA, this is accomplished with antifuses scattered throughout the routingtopology (Figure 13). Horizontal routing channels run between the rows, and are broken into multiplesegments. At the ends of these segments are antifuses, allowing the segments to either be used separatelyfor two different signals (in which case the antifuse is left unblown), or combined together into a singlelonger route. Inputs to the logic cells come from signals in the channel directly above or below the cell(each input can take signals from only one of these tracks, with half coming from the upper and half fromthe lower). Which signal is chosen depends on which antifuse is blown. Antifuses are provided forconnecting the input to any of the signals in the track, including dedicated power and ground lines for tyinginputs to a constant value. The output of a cell is connected to a vertical wire (an output track) traversingthe two channels above and two channels below the cell. There are also vertical wires (LVTs) traversingmost of the chip. Some of these are segmented, though segments can be combined together in a similarfashion to that used for horizontal tracks. Antifuses are provided for connecting an output to any of theLVTs, and for connecting either the LVTs or the output tracks to any signal in the horizontal channels.Overall, the architecture is optimized primarily for horizontal routing, with approximately twice as manywires running horizontally as vertically. Thus, routes will primarily use the dedicated output track to reachthe nearest four channels, and then route horizontally to all the signal destinations. Signals that must movefurther than the dedicated output will reach will have to use the LVTs, but a good logic placement willavoid this as much as possible.Antifuses have a significant impact on both the architecture and usage of these systems. Since antifuses aremuch smaller than other programming technologies, an antifuse-based FPGA has many more configuration

23sites than an SRAM based FPGA. Thus, the number of choices in the routing structure is much higher thanin other FPGAs. On the other hand, since the chips are not reprogrammable, they cannot be changed laterfor bug corrections, upgrades, nor used in reconfigurable systems. This means that an antifuse-basedFPGA is essentially a slow, small MPGA which does not require custom fabrication. They are slower andless dense since in an MPGA the user has more control over the fabrication of the metal layers of the chip,while an antifuse-based FPGA must make the routing general enough to handle a wide range ofapplications. However, since they do not require custom fabrication in order to configure the chip, they areless expensive (at least at low volumes) than MPGAs, and are ready to use instantaneously.READ or WRITE

DATAQQ

I1I2I3 OUT P1P3P5P7P2P4P6P8Figure 14. Programming bit for SRAM-based FPGAs (left) [Xilinx94], and a 3-input LUT(right).In SRAM-based FPGAs memory cells are scattered throughout the FPGA instead of antifuses. As shownin Figure 14 left, a pair of cross-coupled inverters will sustain whatever value is programmed onto them. Asingle n-transistor gate is provided for either writing a value (the ratio of sizes between the transistor andthe upper inverter is set to allow values sent through the n-transistor to overpower the inverter), or reading avalue back out. The readback feature is used during debugging to determine the current state of the system.The actual control of the FPGA is handled by the Q and

Q

outputs. One simple application of an SRAMbit is to have the Q terminal connected to the gate of an n-transistor. If a 1 is assigned to the programmingbit, the transistor is closed, and values can pass between the source and drain. If a 0 is assigned, thetransistor is opened, and values cannot pass. Thus, this construct operates similarly to an antifuse, though itrequires much more area. These programming bits can also be fed into decoders, allowing a few bits tocontrol multiple features where only one feature can be active at a time. One of the most useful SRAM-based structures is the lookup table (LUT). By connecting 2N programming bits to a multiplexer (Figure14right), any N-input function can be implemented. Although it can require a large amount of programmingbits for large N, LUTs of up to 5 inputs can provide a flexible, powerful function implementation medium.N o t e t h a t i n v e r t e r s m a y b e n e c e s s a r y b e t w e e n t h e p r o g r a m m i n g b i t s a n d t h e m u l t i p l e x e r t o a v o i d t h e programming bit�s value from being overwritten during operation.

24I/O BlocksI/OBlocksI/OBlocksI/O Blocks

Figure 15. The Xilinx 4000 series FPGA structure [Xilinx94]. Logic blocks are surrounded byhorizontal and vertical routing channels.One of the best known of all FPGAs is the Xilinx Logic Cell Arrays (LCAs) [Trimberger93, Xilinx94]. Inthis section we will describe their third generation FPGA, the Xilinx 4000 series. As opposed to Actel�schannel architecture, the Xilinx array is an �Island-style� FPGA [Trimberger94]. As shown in Figure 15,the logic cells are embedded in a general routing structure that permits arbitrary point-to-pointcommunication. There is no horizontal bias in the routing (as is found in the Actel FPGAs), and the onlyrequirement for good routing is that the source and destinations be relatively close together. Details of therouting structure are shown in Figure 16. Each of the inputs of the cell (F1-F4, G1-G4, C1-C4, K) comesfrom one of a set of tracks adjacent to the cells. The outputs are similar (X, XQ, Y, YQ), except they havethe choice of both horizontal and vertical tracks. The routing structure is made up of three lengths of lines.Single-length lines travel the height of a single cell, where they then enter a switch matrix (Figure 17 right).The switch matrix allows this signal to travel out vertically and/or horizontally from the switch matrix.Thus, multiple single-length lines can be cascaded together to travel longer distances. Double-length linesare similar, except that they travel the height of two cells before entering a switch matrix (notice that onlyhalf the double-length lines enter the switch matrix, and there is a twist in the middle of the line). Thus,double-length lines are useful for longer-distance routing, traversing two cell heights without the extra

25delay and the wasted configuration sites of an intermediate switch matrix. Finally, longlines are lines thatgo half the chip height, and do not enter the switch matrix. In this way, very long-distance routes can beaccommodated efficiently. With this rich sea of routing resources, the Xilinx 4000 series is able to handlefairly arbitrary routing demands, though mappings emphasizing local communication will still be handledmore efficiently.Longlines

Single-Length Lines

Double-Length Lines CLB F4C4G4YQ

XQF2C2G2

G1C1KF1X

YG3C3F3

CLBF4C4G4YQ

SwitchMatrix

SwitchMatrixSwitchMatrix

Figure 16. Details of the Xilinx 4000 series routing structure [Xilinx94]. The CLBs aresurrounded by vertical and horizontal routing channels containing Single-Length Lines, Double-Length Lines, and Longlines. Empty diamonds represent programmable connections betweenperpendicular signal lines (signal lines touching on opposite sides of the diamonds are alwaysconnected).As shown in Figure 17 left, the Xilinx 4000 series logic cell is made up of three lookup-tables (LUTs), twoprogrammable flip-flops, and multiple programmable multiplexers. The LUTs allow arbitrarycombinational functions of its inputs to be created. Thus, the structure shown can perform any function of

26five inputs (using all three LUTs, with the F & G inputs identical), any two functions of four inputs (thetwo 4-input LUTs used independently), or some functions of up to nine inputs (using all three LUTs, withthe F & G inputs different). SRAM controlled multiplexers then can route these signals out the X and Youtputs, as well as to the two flip-flops. The inputs at top (C1-C4) provide the third input to the 3-inputLUT, enable and set or reset signals to the flip-flops, and a direct connection to the flip-flop inputs. Thisstructure yields a very powerful method of implementing arbitrary, complex digital logic. Note that thereare several additional features of the Xilinx FPGA not shown in these figures, including support forembedded memories and carry chains.G4G3G2G1

LUTF4F3F2F1 LUTLUTS/RDQ

ECS/RDQ

ECC1C2C3C4YQYXQX

K=Figure 17. Details of the Xilinx CLB (left) and switchbox (top right) [Xilinx94]. Themultiplexers, LUTs, and latches in the CLB are configured by SRAM bits. Diamonds in theswitchbox represent six individual connections (bottom right), allowing any permutation ofconnections between the four signals incident to the diamond.While many SRAM-based FPGAs are designed like the Xilinx architecture, with a routing structureoptimized for arbitrary, long-distance communications, several other FPGAs concentrate instead on localcommunication. The �Cellular� style FPGAs [Trimberger94] feature fast, local communication resources,at the expense of more global, long-distance signals. As shown in Figure 18, the CLi FPGA [Jenkins94]

27has an array of cells, with a small amount of routing resources running horizontally and vertically betweenthe cells. There is one local communication bus on each side of the cell. It runs the height of eight cells, atwhich point it enters a repeater. Express buses are similar to local buses, except that there are noconnections between the express buses and the cells. The repeaters allow access to the express buses.These repeaters can be programmed to connect together any of the two local buses and two express busesconnected to it. Thus, a small amount of global communication can be accomplished on the local andexpress buses, with the local buses allowing shorter-distance communications and connections to the cells,while express buses allow longer-distance connections between local buses.While the local and global buses allow some of the routing flexibility of the Xilinx FPGA�s arbitraryrouting structure, there are much fewer buses in the CLi architecture than are present in the Xilinx FPGA.The CLi FPGA instead features a significant amount of local communication resources. As shown inFigure 19, each cell receives two signals from each of its four neighbors. It then sends the same twooutputs (A and B) to all of its neighbors. That is, the cell one to the north will send signals AN and BN,and the cell one to the south will send AS and BS, while both will receive the same signals A and B. Theinput signals become the inputs to the logic cell (Figure 20).Instead of Xilinx�s LUTs, which require a large amount of programming bits per cell, the CLi logic block ismuch simpler. It has multiplexers controlled by SRAM bits which select one each of the A and B outputsof the neighboring cells. These are then fed into AND and XOR gates within the cell, as well as a flip-flop.Although the possible functions are complex, notice that there is a path leading to the B output thatproduces the NAND of the selected A and B inputs, and sending it out the B output. This path is enabledby setting the two 2:1 multiplexers to their constant input, and setting B�s output multiplexer to the 3rdinput from the top. Thus, the cell is functionally complete. Also, with the XOR path leading to output A,the cell can efficiently implement a half-adder. The cell can perform a pure routing function by connectingone of the A inputs to the A output, and any of the B inputs to the B output, or vice-versa. This routingfunction is created by setting the two 2:1 multiplexers to their constant inputs, and setting A�s and B�soutput multiplexer to either of their top two inputs. There are also provisions for bringing in or sending outa signal on one or more of the neighboring local buses (NS1, NS2, EW1, EW2). Note that since there isonly a single wire connecting the bus terminals, there can only be a single signal sent or received from thelocal buses. If more than one of the buses is connected to the cell, they will be coupled together. Thus, thecell can take a signal running horizontally on an EW local bus, and send it vertically on a NS local bus,without using up the cell�s logic functionality. However, by bringing a signal in from the local buses, thecell can implement two 3-input functions.

28logic cell repeater

Figure 18. The CLi6000 routing architecture [Jenkins94]. One 8x8 tile, plus a single set ofsurrounding rows and columns, is shown. The full array has many of these tiles abuttedhorizontally and vertically.The major differences between the Island style architecture of the Xilinx 4000 series and the Cellular styleof the CLi FPGA is in their routing structure and cell granularity. The Xilinx 4000 series is optimized forcomplex, irregular random logic. They feature a powerful routing structure optimized for arbitrary globalrouting, and large logic cells capable of providing arbitrary 4-input and 5-input functions. This provides avery flexible architecture, though one that requires a large amount of programming bits per cell (and thuscells that take up a large amount of space on the chip). In contrast, the CLi architecture is optimized forhighly local, pipelined circuits such as systolic arrays and bit-serial arithmetic. Thus, they emphasize localcommunication at the expense of global routing, and have simple cells. Because of the very simple logic

29cells there will be many more CLi cells on a chip than is found in the Xilinx FPGA, yielding a greater logiccapacity for those circuits that match the FPGA�s structure. Because of the restricted routing, the CLiFPGA is much harder to automatically map to than the Xilinx 4000 series, though the simplicity of the CLiarchitecture make it easier for a human designer to hand-map to the CLi�s structure. Thus, in generalcellular architectures tend to appeal to designers with appropriate circuit structures who are willing to spendthe effort to hand-map their circuits to the FPGA, while the Xilinx 4000 series is more appropriate forhandling random-logic tasks and automatically-mapped circuits.ANEW2BNBAAEW1BBSASBENS2AEABBNS1AAWBWCELL

ANEW2BNBAAEW1BBSASBENS2AEABBNS1AAWBWCELL

Figure 19. Details of the CLi routing architecture [Jenkins94].Compared with technologies such as full-custom, standard cells, and MPGAs, FPGAs will in general beslower and less dense. In the case of SRAM-based FPGAs, this is due to the configuration points, whichtake up a significant amount of space, and add extra capacitance and resistance (and thus delay) to thesignal lines. Thus, the programming bits add an unavoidable overhead to the circuit, which can be reducedby limiting the configurability of the FPGA, but never totally eliminated. Also, since the metal layers in anFPGA are prefabricated, while the other technologies custom fabricate the metal layers for a given circuit,the FPGA will have less optimized routing. This again results in slower and larger circuits. However, evengiven these downsides, FPGAs have the advantage that they are completely prefabricated. This means that

30they are ready to use instantly, while mask-programmed technologies can require weeks to be customized.Also, since there is no custom fabrication involved in an FPGA, the fabrication costs can be amortized overall the users of the architecture, removing the significant NRE�s of other technologies. However, per-chipcosts will in general be higher, making the technology better suited for low volume applications. Also,since SRAM-based FPGAs are reprogrammable, they are ideal for prototyping, since the chips are reusableafter bug fixes or upgrades, where mask-programmed and antifuse versions would have to be discarded.

DQANAEASAW1

BNBEBSBW1

NS1 NS2 EW1 EW2

AB1001Figure 20. The CLi logic cell [Jenkins94].Although, as we just discussed, FPGAs have an unavoidable overhead due to configurability, making themslower and larger than mask-programmed and custom technologies developed in the same processes,SRAM-based FPGAs may give the designer access to better fabrication technology than other approaches.Specifically, as a fabrication process is being readied for production use, the fabricator will produce someearly designs to debug the technology. In general, the first chips off the line are test structures, and thenSRAMs. Increasingly, an SRAM-based FPGA is the next chip to be fabricated on these lines. For thefabricator, SRAM-based FPGAs have the advantages that they can quickly be designed for a giventechnology, since they consist of a single tile replicated across the chip surface, yet are highly testablebecause of their programmability, and have many of the same features of full-custom designs. Thus, anFPGA can quickly be created in a technology, and used for fault location and diagnosis to isolate errors inthe fabrication process. For the FPGA manufacturer (which often do not have their own fabrication lines,and thus use outside fabricators), this gives them the earliest access to a new process technology, increasing

31the performance and capacity of their products. Antifuse-based FPGAs do not have this same advantage.Creating the antifuses requires extra fabrication steps. This complicates the fabrication, relegating antifusemanufacture to older, lower quality fabrication processes. While antifuses are much denser than SRAMbits, which makes antifuse-based FPGAs denser than SRAM-based FPGAs created with the same process,an SRAM-based FPGA�s access to new fabrication technologies may offset this cost.

PFigure 21. The Aptix FPIC architecture [Aptix93a]. The boxed P indicates an I/O pin.A technology similar to SRAM-based FPGAs is Field-Programmable Interconnect Components (FPIC)[Aptix93a] and Devices (FPID) [I-Cube94] (we will use FPIC from now on to refer to both FPIC & FPIDdevices). Like an SRAM-based FPGA, an FPIC is a completely prefabricated device with an SRAM-configured routing structure (Figure 21). Unlike an FPGA, an FPIC has no logic capacity. Thus, the onlyuse for an FPIC is as a device to arbitrarily interconnect its I/O pins. While this is not generally useful forproduction systems, since a fixed interconnection pattern can be achieved by the printed circuit board thatholds the circuit, it can be quite useful in prototyping and reconfigurable computing (these applications arediscussed in Chapter 3). In each of these cases, the connections between the chips in the system may needto be reconfigurable, or this connection pattern may change over time. In a reconfigurable computer, manydifferent mappings will be loaded onto the system, and each of them may desire a different interconnectionpattern. In prototyping, the connections between chips may need to be changed over time for bug fixes and

32functionality upgrades. In either case, by routing all of the I/O pins of the logic-bearing chips to FPICs, theinterconnection pattern can easily be changed over time. Thus, fixed routing patterns can be avoided,hopefully increasing the performance and capacity of the prototyping or reconfigurable computingmachine.There is some question about the economic viability of FPICs. The problem is that they must provide someadvantage over an FPGA with the same I/O capacity, since in general an FPGA can perform the same roleas the FPIC. One possibility is providing significantly more I/O pins in an FPIC than are available in anFPGA. This can be a major advantage, since it takes a significant amount of smaller I/O chips to match thefunctionality of a single high-I/O chip (i.e., a chip with N I/Os requires three chips with 2/3 the I/Os tomatch the flexibility). However, because the packaging technology necessary for such high I/O chips issomewhat exotic, FPICs can be expensive. Another possibility is to provide higher performance or smallerchip size with the same I/O capacity. Since there is no logic on the chip, the space and capacitance due tothe logic can be removed. However, even with these possible advantages, FPICs face the significantdisadvantage that they are restricted to a limited application domain. Specifically, while FPGAs can beused for prototyping, reconfigurable computing, small volume products, fast time-to-market systems, andmulti-mode systems, FPICs are restricted to the interconnection portion of prototyping and reconfigurablecomputing solutions. Thus, FPICs may never become commodity parts, greatly increasing their unit cost.Discrete componentsIn the previous sections we have discussed custom fabricated and field-programmable implementationtechnologies for digital logic. The final alternative is to use standardized, non-programmable chips.Specifically, simple logic structures such as inverters, 2-input to 4-input logic gates, and latches can beprefabricated on individual small chips. By connecting these chips in the proper manner, the desiredfunctionality can be implemented. This interconnection is done at the board level, either by prototypingmethods such as wire-wrap and breadboarding, or by fabricating a custom circuit board to hold the parts.Performing the routing customization at the board level instead of the chip level tends to be cheaper andrequires less lead time, since board fabrication is much simpler than chip fabrication. Also, since the chipsare simple and standardized, they can be prefabricated, and will be quite cheap because of their small sizeand their economies of scale. These discrete components have been used in many different circuits,amortizing many of the costs. However, since each of the chips will hold only a small amount of logic(perhaps four 2-input functions), a large circuit will require a large amount of chips. This slows down thecircuit, complicates the circuit board design, and greatly increases the circuit board size. Thus, while thisapproach may be cheap for small circuits, it quickly becomes unattractive for large systems.

33Microcontrollers and DSPsBy prefabricating all of the components, a discrete component methodology reduces costs and avoidsdelays associated with custom fabrication. In the discrete component approach, all the chips are quitesimple, having very restrictive functionality. However, premade components do not necessarily need to besimple. For example, microprocessors are completely prefabricated, but are some of the most complexchips currently made. Premade components can be found for many standardized, generally usefulapplications. Two types of premade components that merit special consideration are microcontrollers anddigital signal processors (DSPs). These are complex, prefabricated parts that are widely used for manyapplications.

OutCXi ii k= ·( )=�1

Equation 1. FIR filter equation.A microcontroller is essentially a simple microprocessor optimized for embedded control situations. Themicrocontroller has much the same internal structure as a microprocessor, with a datapath capable ofperforming complex operations and control flow dictated by a series of instructions. The major differencebetween a microcontroller and a microprocessor is that the microcontroller tends to be smaller, slower, andhave a smaller address space, but it has more interfaces for external communications. Manymicrocontrollers are only 8-bit or 16-bit processors, with memories on the order of only a few kilobytes.However, because they are simple, they can be very cheap. This makes them ideal for control applications,moderating the operation of embedded systems such as automobile engines, microwave ovens, and manyother applications. Since they have good external connectivity, and since the performance demands ofthese applications are in general relatively low, a microcontroller becomes a very cheap alternative to eithera large number of discrete components, or expensive custom ASICs. The operation of the microcontrolleris completely dictated by a program stored either in an internal or external PROM, making it field-programmable much in the same way as PLDs and FPGAs. However, a microcontroller is capable of muchmore complex control flow than an equivalent PLD or FPGA, albeit at a much slower speed, making itvaluable for many applications. Also, since many applications will fit into the on-chip ROM, amicrocontroller provides a complete, highly integrated processing element for many applications.Replacing a microcontroller with a standard microprocessor would require several more chips, sincestandard microprocessors require separate chips to implement the ROM and the external interfaces.

34DATARAMREGISTER ALU MUX MULTIPLIER

ACCUMULATOR

SHIFTER

REGISTER

PCPROGRAMCONTROLLER

I/OCONTROLLER

PROGRAMROM

Data BusProgramBusAddressAddressFigure 22. An example DSP architecture [Lee88]. The datapath is at left, which is optimized forhigh-speed multiply-accumulate computations. Shifters are provided to scale values to avoidoverflows. At center is the data RAM addressing hardware, and at right is the program fetchhardware and the I/O controller.Digital signal processors (DSPs) [Lee88, Lee89] are also quite similar to microprocessors, but instead ofusing slow, simple processors to reduce costs like a microcontroller, a DSP is highly optimized to providethe highest possible performance for a restricted application domain. A DSP is designed to performmultiply-accumulate operations (A := A + B*C) as fast as possible. An example of a DSP architecture isshown in Figure 22. As can be seen, the DSP includes instruction and data addressing hardware like amicroprocessor, but the datapath is optimized for multiply-accumulate operations instead of the moregeneral operations found in a standard processor. Because of the restricted application domain, theprocessor can be optimized to achieve high performance operations, at least for those operations that fit theDSP�s computation model. This yields a programmable processor capable of handling many signalprocessing tasks. For example, a finite impulse response (FIR) filter computes the function shown in

35Equation 1, where

Xi

is the input value received i steps previous. This computation fits the multiply-accumulate model quite well, and current DSPs can compute a k-input FIR filter in one step per input.Design style summaryIn the previous sections we have discussed many different methods for implementing digital logic. Fortraditional logic implementation tasks the choice of implementation technology is usually most constrainedby capacity, performance, and price. Full-custom designs provide the highest capacity and highestperformance, but at a significant price. Other implementations tend to be cheaper (at least in lowervolumes), but have lower capacity and performance. In order, from highest capacity and performance tolowest, are Standard Cell, MPGA, FPGA, PLD, and discrete component implementations. The sameordering is true in price, at least at low volumes, with Standard Cell and MPGA implementations costingthe most, and FPGA, PLD, and discrete component implementations costing the least. Thus, whenchoosing an implementation technology, the designer will use the lowest price device that can meet theircapacity and performance demands. FPGA and MPGA designs are normally preferred over full-customimplementations, but they may not be powerful enough to handle the designer�s needs. Note that as thevolume of parts produced increases, the cost of the various technologies changes. Specifically, whileFPGAs and PLDs are much cheaper than other technologies at low volumes, since they have no up-frontcosts for masks and other fabrication costs, their unit costs are much higher than other technologies. Fullcustom designs have the highest startup costs, because none of their fabrication is shared with otherproducts, and the design process is quite complex. However, as the quantity of parts produced grows, thisfixed cost is amortized over a larger number of chips. This makes the per-chip costs dominate, and a full-custom design becomes the cheapest implementation.In some cases, the most important feature of an implementation technology is not cost, capacity, orperformance, but is instead some other issue. For example, time-to-market can often be a primary factor.If a product must wait for the design and fabrication of a full-custom design, it will take many months oreven years for the product to reach the market. However, if an FPGA or PLD implementation is chosen,the logic might be ready in a matter of days. Note that a hybrid approach is also possible. A product canbe quickly implemented in FPGAs, and brought to market quickly. While the FPGA-based version isshipped, an MPGA or full-custom implementation can be readied. Once this design is debugged andfabricated, it will replace the FPGAs in the product being shipped. Thus, the lower per-unit costs of anMPGA or full-custom design decrease costs for later products, while the FPGA implementation allows theproduct to be brought to market as soon as possible.

36There are many other situations where the unique abilities of FPGAs play a critical role. These are detailedin Chapter 3. As we will show, the reprogrammability of FPGAs, coupled with their ability to containsignificant amounts of logic, open up many opportunities not possible in other technologies.Overview of single FPGA mapping softwareWhile some circuits are designed by hand, in many cases automatic mapping software is critical to logicdevelopment. This is particularly true for technologies such as FPGAs, where in general the completemapping process is carried out by mapping software. In the following sections we will discuss some of themost important steps in mapping to LUT (lookup-table) based FPGAs. Note that the process is similar, butnot identical, for other types of FPGAs. First is technology mapping, which restructures the input netlistinto the logic blocks of the FPGA. Next, placement decides which specific logic blocks inside the FPGAwill contain the logic functions created by technology mapping. Finally, routing determines what routingresources inside the FPGA will be used to carry the signal from where they are generated to where they areused. A more detailed treatment of all of these tasks can be found elsewhere [Venkateswaran94].Technology mappingThe user of an FPGA provides as input a circuit specified as some interconnection of basic logic gates andfunctions. These functions may havemore or less inputs than the LUT in the FPGAs that will implementthem. When the logic gate has too many inputs, it needs to be split into smaller functions that can fit insidethe LUTs in the FPGAs. If the gates have too few inputs, several interconnected gates could be combinedto fit into a single LUT, decreasing the amount of LUTs needed to handle the mapping. By reducing thenumber of LUTs, more logic can be fit in the same sized FPGA, or a smaller FPGA could be used. Theprocess of restructuring the logic to best fit the logic blocks in an FPGA is called technology mapping.There are many different methods and approaches to the technology mapping of circuits for FPGAimplementation [Brown92a, Vincentelli93]. An example of this process is shown in Figure 23. The circuitat left is restructured into four 5-input LUTs, designated by the gray loops at right. Some of the logicfunction, such as gate 7 at left, have more inputs than the LUT can handle. Thus, the gate will bedecomposed into two gates (7 and 8 at right). Then, the gates are grouped together into LUTs, while tryingto minimize the total number of LUTs required. Note that this grouping can be complex. For example,even though gates 1 and 3 each have three inputs, and thus should not fit into a single LUT with gate 2,since input C is shared between the two gates a single 5-input LUT can handle all three gates. Finding thisreconvergent fanout can be difficult. Also, this grouping process can cause the logic to be restructured.For example, gate 5 at left is duplicated, creating gates 5 and 6 at right. Although this seems like it would

37increase the hardware cost, replicating the logic can actually reduce the logic cost. In the example shown,if gate 5 was not replicated, it could not be grouped with either of its fanouts, since by grouping a gate withits fanout the gate�s output is no longer available to other functions. However, by duplicating the gate, theduplicates can each be grouped with one of the fanouts, reducing the total LUT count.

ABDEFGHIJKLMNC

XYZ123459

7ABDEC

FGHIJKLMN

XYZ123456789LUT 1LUT 2LUT 3LUT 4Figure 23. Example of 5-input LUT technology mapping. The input circuit (left) is restructuredand grouped together into 5-input functions (right). The gray loops at right indicate individualLUTs. The numbers on the gates are for identification.Many approaches and optimizations are possible for technology mapping. Instead of just mapping for LUTcount, some algorithms optimize for performance or routeability (i.e., how easy it is to route the logicgenerated by technology mapping). Also, real FPGAs usually have logic blocks that are more complexthan a single n-input LUT, and thus require more complex mapping algorithms. Numerous approaches tothese and other mapping issues are presented in the literature.PlacementPlacement takes the logic functions formed by technology mapping and assigns them to specific logicblocks in the FPGA. This process can have a large impact on the capacity and performance of the FPGA.Specifically, routing between distant points in an FPGA requires a significant amount of routing resources.

38Thus, this path will be much slower, and use up many valuable resources. Because of this, the primary goalof placement is to minimize the length of signal wires in the FPGA. To do this, logic blocks thatcommunicate with one another are placed as close together as possible. For example, Figure 24 shows aplacement of the logic functions created by technology mapping in Figure 23. Since function 2 takes theoutput of function 1 as an input, and shares inputs F, G, and H with function 3, function 2 is placedbetween function 1 and function 3. Also, F, G, and H are assigned to I/O blocks close to function 2.

1234ABCDEFGHIJKLMN

Figure 24. Placement of the circuit from Figure 23. The numbers are the number of the LUT(from the technology mapping) assigned to that logic block, while the letters are the assignment ofinput signals to I/O blocks.Placement is a complex balancing act. Logic circuits tend to have a significant amount of connectivity,with many different functions communicating together. Trying to find the best 2D layout of these elementscan be quite difficult, since many functions may want to be placed together to minimize communications,while only a small fraction will fit within a given region of the FPGA. Thus, the placement tool mustdecide which functions are most important to place together, not just to minimize the distances ofcommunications between these functions, but to minimize the total communication in the system.

39The most common technique for performing placement for FPGAs (as well as other technologies) issimulated annealing [Shahookar91]. In order to use simulated annealing to solve an optimization problem,the programmer must generate a cost function and a move function. A cost function looks at a state of thesystem and assigns a value to the desirability of that state, with a lower value indicating a better result. Forplacement, a state of the system would be an assignment of logic functions to logic blocks, and I/Oconnections to I/O blocks. A cost function could be the total wirelength necessary to route in thisconfiguration (this would need to be an estimate, since exact numbers are time-consuming to calculate, andsimulated annealing requires the cost metric to be quickly computed). Thus, states that have the smallestcost would require the least amount of routing, and thus would be better placements. More complex costmetrics, which take into account issues such as critical paths, are also possible. A move function is simplya method of transforming the current state of the system into a new state. Through repeated applications,this function should be capable of transforming any state of the system to any other. For placement, amove function could be to randomly pick two logic blocks in the FPGA and swap their contents.

DABCd4d2d1c4c3c2c1b4b3b2b1a4a3a2a1d3

ABDCd2d1c4c3c2c1b4b3 d3d4a1a2a3a4b1b2

DACBd2d1c4c3c2c1b4b3

Figure 25. An example of a local minima in placement. The circuit at center, placed as shown atleft, is in a local minima. No swap of logic or I/O functions will reduce the total wirelength.However, the placement at right is significantly better.One way to perform placement once a cost and move function are defined is to first pick a random startingpoint. The algorithm then repeatedly applies the move function to the current state of the system,generating a new state. If this state has a lower cost than the current state, it is accepted, and replaces thecurrent state. Otherwise the current state is retained. Thus, this algorithm will greedily accept good moves,and move into a local minimum in the cost function�s state space. The problem is that most cost functionshave a huge number of local minima, many of which are much worse than the optimal placement (Figure

4025). Specifically, from a given state there may be no way to swap two logic functions and reduce the cost(thus, we are in a local minima), though two or more pairs of swaps can greatly improve the placement.Simulated annealing avoids the problem of getting caught in local minima. Like the greedy algorithm,simulated annealing takes the current state, uses the move function to generate a new state, and comparesthe cost metric in both states. If the move is a good move (that is, the cost function is lower for the newstate than the old state) the new state replaces the current state. However, instead of rejecting all badmoves (move that increase the cost function), simulated annealing accepts some bad moves as well. In thisway, the algorithm can get out of a local minima by accepting one or two bad moves. Subsequent goodmoves will then improve the results again, hopefully finding better results than the previous local minima.The method of how to determine what bad moves to accept is critical. The probability of accepting a badmove is usually

exp(/)- DC T

, where

DC

is the difference between the current and the new state�s costfunctions, and T is the temperature, a parameter that allows more or less bad moves to be accepted.Whenever the algorithm finds a bad move, it calculates the different between the current and new state.The algorithm then randomly determines whether to accept this bad move, and it is more likely to acceptmoves causing small increases in the cost function than big increases in the cost function (that is, the worsethe move, the less like it is to be accepted). Also, over time it gets pickier, accepting less and less badmoves. This is done by lowering the temperature parameter T. At the beginning of the annealing thealgorithm accepts many bad moves, and randomly wanders around the search space. Since it alwaysaccepts good moves, it tends to stay in the portion of the search space where better states are found, but thelarge amount of bad moves accepted keep it from getting stuck in any one place. As time goes on, T isdecreased, and the algorithm accepts less and less bad moves. As this happens, it gets harder for thealgorithm to wander away from the areas in the cost function where the better states are found. Thus, it isstuck in one region of the state space based on very coarse-grain measures of goodness, and it begins tostay in parts of this region where better states are found. The algorithm continues to accept less and lessbad moves, until eventually it accepts only good moves. At this point, the algorithm is zeroing in on a localminima, though this minima tends to be much better than the average local minima in the search space,since the algorithm has slowly gravitated to areas in the search space where better states are found. In thisway, simulated annealing can find much better results than greedy approaches in complex search spaces.By applying simulated annealing to a placement problem, the complex relationships between the functionsin the mapping can be considered. The algorithm will slowly optimize the state, coming up with a goodfinal placement. Note that simulated annealing can be quite time-consuming. This is because the

41algorithm must be allowed to accept many good and bad moves at each acceptance level, so that thealgorithm can explore much of the search space. Thus, multiple hour annealing runs are not exceptional.RoutingRouting for FPGAs is the process of deciding exactly which routing resources will be used to carry signalsfrom where they are generated (the source) to where they are used (the destinations). Unlike many othertechnologies, FPGAs have prefabricated routing resources. Thus, instead of trying to limit the size ofrouting channels (the goal in standard cell routing), an FPGA router must work within the framework of thearchitecture�s resources. Thus, the router must consider the congestion of signals in a channel, making surethan no more routes are made through a region than there are resources to support them. Otherwise, if toomany resources are required the routing fails, while in other technologies the region could just be enlarged.

1234ABCDEFGHIJKLMN

Figure 26. Routing of the placement from Figure 24. The small black squares are theconfiguration points used for this mapping.An example of the routing of the placement from Figure 24 is shown in Figure 26. The router must decidewhich inputs and outputs of the logic blocks to connect to, which channels to route through, and how to

42connect through the switchboxes in the architecture. It is allowed to choose which terminal on the logicblock to connect to because the logic is implemented in LUTs, and all inputs to a LUT are equivalent(assuming the programming of the LUT is modified accordingly). In deciding which channels and wires touse, and how to connect through the switchboxes, the router must ensure that there are enough resources tocarry the signal in the chosen routing regions, as well as leaving enough resources to route the other signalsin the system. One algorithm for performing this routing is presented in [Brown92b]. Here, the algorithmis divided into a global and a detailed router. The global router picks which routing regions the signal willmove through. Thus, it will select the routing channels used to carry a signal, as well as the switchboxes itwill move through. In this process, it takes care not to assign more signals to a channel than there arewires. However, the global router does not decide which specific wires to use to carry the signal. Thedetailed router handles this problem, making sure that it finds a connected series of wires, in the channelsand switchboxes chosen by the global router, that connects from the source to all the destinations. Bothalgorithms worry both about congestion-avoidance, making sure that all signals can be successfully routed,as well as minimizing wirelength and capacitance on the path, attempting to optimize the performance ofthe circuit. By running both algorithms together, a complete routing solution can be created.Software summaryTools are available that automatically map a structural circuit into FPGA logic. This involves several steps.First, technology mapping restructures the logic to fit the logic blocks of the FPGA, attempting to minimizethe number of blocks required. Then, placement assigns these functions to locations in the FPGA,attempting to minimize the routing required. Finally, routing determines which specific resources in theFPGA will carry the signals from source to destinations, simultaneously attempting to route the largestnumber of signals, and achieve the fastest implementation. Once routing is done, there is a completedescription of how the circuit should be mapped to the FPGA. A simple translation takes this descriptionand creates a programming file that, when downloaded to the FPGA, implements the desired functionality.As discussed, mapping to a single FPGA is a highly automated process. The user is only required tospecify the desired functionality, and the software automatically creates a realization. This thesis concernssystems of FPGAs used to implement circuits. While many of the issues are different for the multi-chipcase than for the single chip implementations discussed here, single-chip mapping tools are still important.Specifically, several software steps, applied in series, reduce a multi-FPGA mapping into several single-FPGA mappings. Then, single-chip mapping tools are applied to the system�s chips. In Chapter 9 wediscuss the algorithms necessary to convert a multi-FPGA mapping into several single-FPGA mappings.

Chapter 3. Multi-FPGA System ApplicationsIn Chapter 2 we discussed many different implementation technologies for digital logic, consideringprimarily how these various mediums support standard circuit designs. However, with the development ofFPGAs, there are now opportunities for implementing quite different systems than were possible with othertechnologies. In this chapter we will discuss many of these new opportunities, especially those of multi-FPGA systems.When FPGAs were first introduced, they were primarily considered to be just another form of gate array.While they had lower speed and capacity, and had a higher unit cost, they did not have the large startupcosts and lead times necessary for MPGAs. Thus, they could be used for implementing random logic andglue logic in small volume systems with non-aggressive speed and capacity demands. If the capacity of asingle FPGA was not enough to handle the desired functionality, multiple FPGAs could be included on theboard, distributing the functionality between these chips.FPGAs are more than just slow, small gate arrays. The critical feature of (SRAM-based) FPGAs is their in-circuit reprogrammability. Since their programming can be changed quickly, without any rewiring orrefabrication, they can be used in a much more flexible manner than standard gate arrays. One example ofthis is multi-mode hardware. For example, when designing a digital tape recorder with error-correctingcodes, one way to implement such a system is to have separate code generation and code checkinghardware built into the tape machine. However, there is no reason to have both of these functions availablesimultaneously, since when reading from the tape there is no need to generate new codes, and when writingto the tape the code checking hardware will be idle. Thus, we can have an FPGA in the system, and havetwo different configurations stored in ROM, one for reading and one for writing. In this way, a single pieceof hardware handles multiple different functionalities. There have been several multi-configurationsystems built from FPGAs, including the just mentioned tape machine, generic printer interface cards withconfigurations for specific printers, pivoting monitors with landscape and portrait configurations, as well asothers [Xilinx92, Fawcett94].While the previous uses of FPGAs still treat these chips purely as methods for implementing digital logic,there are other applications where this is not the case. A system of FPGAs can be seen as a computingsubstrate with somewhat different properties than standard microprocessors. The reprogrammability of theFPGAs allows one to download algorithms onto the FPGAs, and change these algorithms just as general-purpose computers can change programs. This computing substrate is different from standard processors,in that it provides a huge amount of fine-grain parallelism, since there are many logic blocks on the chips,

44and the instructions are quite simple, on the order of a single five input, one output function. Also, whilethe instruction-stream of a microprocessor can be arbitrarily complex, with the function computed by thelogic changing on a cycle by cycle basis, the programming of an FPGA is in general held constantthroughout the execution of the mapping (exceptions to this include techniques of partial reconfigurability[Lysaght94, Hadley95, Jones95, Wirthlin95], which change a portion of the logic while the rest of thesystem continues operating). Thus, to achieve a variety of different functions in a mapping, amicroprocessor does this temporally, with different functions executed during different cycles, while anFPGA-based computing machine achieves variety spatially, having different logic elements computedifferent functions. This means that microprocessors are superior for complex control flow and irregularcomputations, while an FPGA-based computing machine can be superior for data-parallel applications,where a huge amount of data must be acted on in a very similar manner. Note that there is work being doneon trying to bridge this gap, and develop FPGA-processor hybrids that can achieve both spatial and limitedtemporal function variation [Ling93, Bolotski94, Maliniak94].There have been several computing applications where a multi-FPGA system has delivered the highestperformance implementation. An early example is genetic string matching on the Splash machine[Gokhale90]. Here, a linear array of Xilinx 3000 series FPGAs was used to implement a systolic algorithmto determine the �edit distance� between two strings. The edit distance is the minimum number ofinsertions and deletions necessary to transform one string into another, so the strings �flea� and �fleet�would have an edit distance of 3 (delete �a� and insert �et� to go from �flea� to �fleet�). As shown in[Lopresti91], a dynamic-programming solution to this problem can be implemented in the Splash system asa linear systolic circuit, with the strings to be compared flowing in opposite directions through the lineararray. Processing can occur throughout the linear array simultaneously, with only local communicationnecessary, producing a huge amount of fine-grain parallelism. This is exactly the type of computation thatmaps well onto a multi-FPGA system. The Splash implementation was able to offer an extremely highperformance solution for this application, achieving performance approximately 200 times faster thansupercomputer implementations. There have been many other applications where a multi-FPGA systemhas offered the highest performance solution, including: mathematics applications such as longmultiplication [Bertin89, Vuillemin95], modular multiplication [Cuccaro93], and RSA cryptography[Vuillemin95]; physics applications such as real-time pattern recognition in high-energy physics [H�gl95],Monte Carlo algorithms for statistical physics [Monaghan93, Cowen94], second-level triggers for particlecolliders [Moll95], and Heat and Laplace equation solvers [Vuillemin95]; general algorithms such asMonte Carlo yield modeling [Howard94b], genetic optimization algorithms [Scott95], stereo matching for

45stereo vision [Vuillemin95], hidden Markov Modeling for speech recognition [Schmit95], and geneticdatabase searches [Lopresti91, Hoang93, Lemoine95].One of the most successful uses for FPGA-based computation is in ASIC logic emulation. The problem isthat the designers of a custom ASIC need to make sure that the circuit they designed correctly implementsthe desired functionality. Software simulation can perform these checks, but does so quite slowly. In logicemulation, the circuit to be tested is instead mapped onto a multi-FPGA system, yielding a solution severalorders of magnitude faster than software simulation. A more detailed discussion of logic validationoptions, and how logic emulation fits into this process, can be found in Chapter 4.There are many different types of FPGA-based systems. In this thesis we concentrate on multi-FPGAsystems, namely those systems that contain more than one FPGA, and are constrained by the inter-chipconnection topology. Before we discuss what kinds of systems fit this multi-FPGA system model, we firstneed to detail some of the systems that do not fall into this category. These are �topology-less� systems,systems where there are no specific, predefined connections between the FPGAs in the system. Topology-less systems are single-chip and custom multi-chip systems, which includes both the standard gate arrayapplications of FPGAs, as well as the multi-mode hardware applications. Here the user is not constrainedby any specific board topology, since the printed circuit board will be designed and fabricated after themappings to the FPGAs have been determined, and these mapping will dictate the board interconnectionpattern. Thus, if there will be more than a single FPGA in the system, the connections between theseFPGAs are designed in response to the needs of the specific application. This tends to make the inter-FPGA routing problem much less significant than in the multi-FPGA domain, greatly altering the solutionsadopted.While topology-less systems have been the subject of significant amounts of work [Kuznar93, Woo93,Kuznar94a, Chan95, Huang95], it is not clear how important this domain really is. This is because many ofthese systems have their mapping finalized after the circuit board is sent for fabrication. In some cases, theneed to get the system completed is significant enough that the board design cannot wait for the FPGA�slogic to be completely specified. In others, even though a mapping may have been generated for theFPGAs before the board was designed, new functionality or bug fixes may mandate revisions to the FPGAmappings. In either case, the final mapping to the FPGAs must fit within the fixed inter-FPGA topology,and the requirements of a fixed topology move these systems into the multi-FPGA system domain. Notethat some multi-FPGA systems are actually treated as a set of single-chip mappings, with each FPGAhaving a specific role independent of the other chips in the system, and the communication protocol

46between the chips is fixed. These systems would be considered topology-less, since they also avoid mostmulti-chip implementation issues.As we just discussed, the primary characteristic of a multi-FPGA system is that it includes several FPGAsconnected in a constrained routing topology. Within this multi-FPGA system domain, the most significantattribute is whether the system will be the target of automatic mapping software, or if it will be usedprimarily for hand-generated mappings. This difference can have a significant impact on the structure ofthe multi-FPGA system, since features that automatic-mapping software can best optimize for are oftenquite different from those that are appropriate for a human designer.The ideal answer is to have all mappings to a multi-FPGA system generated by automatic-mappingsoftware, since the hand-mapping process is often quite complex and time-consuming. Thus, if automatic-mapping software could deliver high-quality mappings quickly, there would be no reason for a human towaste time on this process. However, the problem is that current automatic-mapping software usuallydelivers much lower quality mappings than a human can achieve, especially on simple or highly-structuredcircuits. Thus, for many domains, automatic-mapping software simply produces unacceptable results, andthe user is either forced to map the circuit by hand, or not use a multi-FPGA system at all.To some extent, the applications for multi-FPGA systems can be seen as a spectrum, with highly structured(and thus easily hand-mapped) circuits at one end, and highly irregular (and thus impossible to hand-map)on the other. Currently, automatic-mapping software is only able to support the highly irregular mappings,not because the tools are somehow able to provide particularly good results for these circuits, but becausethe circuits are too complex for a human to do a reasonable job of hand-mapping. Thus, logic emulationtasks, where quite complex circuits are mapped to a multi-FPGA system, rely completely on automatic-mapping software. However, currently the more highly-structured applications are almost exclusively thedomain of hand-mappings. One of the major research areas in multi-FPGA systems is developingautomatic-mapping software that can produce higher-quality mappings. As this happens, the portion of thespectrum handled by automatic-mapping software will grow, taking over some of the mapping taskscurrently the exclusive domain of the hand-mapping approach. This is a welcome development not onlyfrom the standpoint of lowering the amount of effort needed to use a multi-FPGA systems, but also becauseit increases the application domains of multi-FPGA systems. This is because there are many circuits thatcould perform well on a multi-FPGA system, but the unacceptable quality delivered by current automatic-mapping software, as well as the excessive effort necessary to hand-map these applications, forces theseusers to seek other solutions. Thus, while automatically-mapping circuits to a multi-FPGA systemcurrently has a somewhat restricted application domain, as the automatic-mapping software improves this

47domain will become increasingly important. In this thesis we concentrate on hardware and softwaresystems for multi-FPGA systems designed to support automatically-mapped circuits.This distinction between multi-FPGA systems for hand-mappings and those for automatic-mappings isquite significant, and affects the entire implementation effort. When mapping by hand, the algorithm to bemapped is carefully chosen to fit the requirements of the multi-FPGA system, and may be quite differentfrom the approach taken when the target is a microprocessor or other implementation medium. Most or allsteps in the mapping are done by the user, who exerts significant effort to create the best possible mapping.The multi-FPGA system itself is designed to be simple and regular, with an emphasis on localcommunication, since this matches the structure of the circuits that can reasonably be hand-mapped. Whilethis is how many of the high performance mappings have been developed for multi-FPGA systems, it limitsthe areas in which a multi-FPGA system can be used. In many situations, potential beneficiaries of a multi-FPGA system�s performance do not have the time or the expertise to create a hand-mapping of theirapplication, or the application may be too complex for anyone to reasonably map by hand. Thus, they willnever adopt this strategy. However, hand-mapping may be necessary in some applications to achievereasonable speedups over a microprocessor implementation, since current automatic-mapping softwarecannot develop truly high quality mappings.In multi-FPGA systems designed for automatically-mapped circuits, the burden of taking a circuit fromspecification to implementation is handled by software (though variants that harness software for onlylower-level portions of the mapping, or as assistants to a hand-mapping approach, are possible). Currentlythis is a fairly restricted class of systems, since the automatic mapping software often does not delivernearly the mapping quality of hand-mappings. However, as the tools get better we should see moreapplications using automatic mapping software. Also, if multi-FPGA systems are to ever becomecommonplace, they will need to be mapped to automatically, because only a small portion of the possibleusers are willing and able to hand-map their circuits and algorithms.The distinction between multi-FPGA systems for hand-mappings and systems for automatic mappings ismore than a software issue. The design of the multi-FPGA system itself may be altered by how mappingsare generated. For example, a system created for hand-mappings will usually have a simple topology, sothat it is easier for the designer to use the system. However, complex and irregular features that automatic-mapping software can optimize for could be included in a system targeted for automatic mappings, whilethese features would only complicate the problem for a designer creating a mapping by hand. The pinpermutations of Chapter 7 are a good example of this. While they can improve the quality of automaticallygenerated mappings, they are probably too irregular to be used for hand-mappings.

48In this thesis, we will be concerned primarily with multi-FPGA systems designed to support automatically-mapped circuits, though some of the results will also be applicable to hand-mappings as well. This bias isimportant, because many of the concerns of multi-FPGA systems with constrained topologies are quitedifferent from topology-less systems. As indicated earlier, when a mapping does not need to fit into apredefined topology, the inter-FPGA routing problem is much less of a concern. Also, mapping turnaroundtime is a much greater concern in the systems we consider, since a fixed topology can be ready to useinstantly, while custom multi-FPGA systems will need to wait for boards to be fabricated.In the next chapter we will discussion logic validation, and how multi-FPGA systems can form an integralpart of a complete validation strategy. Chapter 5 will then provide an overview of current multi-FPGAsystem hardware. Multi-FPGA system software is covered in Chapter 9.

Chapter 4. Logic ValidationLogic emulation is one of the most promising application domains for multi-FPGA systems. In this chapterwe explore logic emulation in greater depth, and show how emulation fits into a complete logic validationmethodology.Logic validation is the process of determining whether a realization of a logic circuit exhibits the desiredfeatures. While this statement sounds simple, logic validation is in fact a fairly complex procedure, withmany different possible approaches. The major issue is in defining what the �desired features� are for agiven piece of logic. There are many different answers. One possibility is that the behavior of animplementation matches the behavior of some predefined specification. However, whether thespecification actually matches the users� desires is not always clear, especially if the specification is quitecomplex. We could define �desired features� as simply whatever the users desire, but the users may notknow exactly what they want. Thus, giving the users a system they can examine and test to help definetheir desires can also be an important part of logic validation. Some validation goals can be quite easy todefine. These include the requirements that the system achieve a certain cycle time (performance), or thatit avoid certain erroneous behavior, such as deadlock or other failure modes.Another important facet of the logic validation issue is the definition of what is a �realization of a logiccircuit�. Logic validation will often be performed on a version of the logic somewhat abstracted from thefinal, physical realization. Early in the design cycle, all that may be available is a high-level specificationof the circuit functionality. The designers may want to test this specification before implementing it.Catching errors in the specification can allow much simpler fixes, with much less wasted effort, than if theerrors are allowed to propagate all the way to the completed implementation. In general, errors correctedearlier in the design cycle are much easier to fix than errors fixed later in the process, since as the designprogresses the implementation becomes more detailed, and thus more complex. Even when theimplementation is completed, there may still be the need to test an abstracted version of the circuit. Somelogic validation techniques require that the circuit be simplified somewhat, either because the techniquecannot handle all the details of the system, or because adequate performance can only be achieved bysimplifying the logic. For example, software simulators can simulate most of the electrical behavior of acircuit, modeling the voltage levels on all signals in the system, but a much faster simulator can be built forpure functional testing, where signal voltage values are abstracted to purely �true� and �false� values.As we will see in the following sections, there are a number of different methods for performing logicvalidation. They each have different strengths and goals, with different models of how user desires for the

50logic are expressed, and operate on different realizations of the circuit�s functionality. As we will discussin the final section of this chapter, the proper method for logic validation is not a single technique, butinstead an integrated system of techniques that takes advantage of the differing strengths of each of theseapproaches.SimulationProbably the most powerful and most widely used logic validation method is software simulation. Here,the logic realization is executed in software. The software models whatever portions of the electrical andfunctional behavior of the elements in the logic realization the user desires, and the resulting behavior canbe observed. For example, in a unit-delay functional simulator (i.e., a simulator where all electrical effectsare ignored, the circuit is represented as gates, and all gates take exactly one time unit to react to newinputs), the software examines the inputs to all gates, and computes the appropriate values for each gate�soutput(s). By assigning different values to the inputs of the system, the user can see how the system willreact to different situations. By applying sequences of inputs, the sequential behavior of the system canalso be examined. Simulators need not only be unit-delay functional simulators, but can also incorporatemore complex models of circuit timing and electrical behavior. For example, a simulator can include adetailed model of the capacitances on a signal line, and the drive strengths of the transistors generating thissignal, to compute the predicted voltage levels on the wire at any given time.The advantages of software simulation are that they have good observability and controllability, and areeasy to use. Since each signal value must be maintained by the software to process the simulation, thesoftware can tell the user the value of a wire at any time in the simulation, and can follow the changingvalue over time. In this way, the user gains a great deal of information about the system�s behavior,information that might not be available in the final hardware realization. Also, since the values on thewires are simply numbers stored inside the computer, these values can quite easily be manipulated by theuser. For example, the user may want to understand the behavior of the system once it is in some specificconfiguration. In the final logic implementation, it may be quite difficult to force the system into this state.The user of a software simulator can simply instruct the simulator to put the system into the desired state,and then observe the subsequent behavior. The user can also experiment with the system, evaluatingdifferent configurations and designs. This allows the designer to efficiently explore the design space,leading to better implementations. In terms of ease of use, software simulators can be constructed to acceptany reasonable circuit description. Thus, simulators can execute high-level specifications, specificationsthat are quite distant from their eventual hardware implementations. In this way, users can begin testingtheir designs very early in the design cycle, thus saving significant effort by fixing bugs before they

51propagate to more detailed (and more time-consuming to modify) implementations. Also, portions of agiven specification can be tested in isolation, making it easier to understand that subcircuit�s behavior.The flexibility of software-simulation is also its biggest weakness. It takes a significant amount ofinstructions for a standard processor to process the logic elements in the realization to be tested. Thismeans that the software simulation is going to operate significantly slower than the real circuit. Thus, asecond of circuit operation can take a software simulator minutes, hours, or more to process. Work hasbeen done on providing specialized simulation-accelerators to speed up software simulation [Blank84,Zycad94b, Zycad94c]. Also, simulators can operate on abstracted versions of the logic, ignoring somedetails of the implementation such as detailed timing and voltage levels, thus providing faster simulation.While software accelerators and simulators that work on abstracted versions of the logic can give boosts inperformance, it still takes a software simulation significantly longer to execute than a true hardwareimplementation of the circuit. This tends to relegate software simulation to those situations where eitherthe time penalty is not severe, or the flexibility and observability of software simulation is required. Theseinclude testing subcircuits of complex designs and early testing of specifications, where short executions ofthe software can discover problems in the realizations, as well as executions of trouble situations wherebugs have been discovered by other methods, where software simulation can help the designer understandthe failure.PrototypingPrototyping is the process of creating a physical implementation of the circuit under validation. Forexample, one method of testing a circuit is to actually construct it, and then test this implementation undernormal working conditions. Since one now has the real circuit, results obtained from testing it will be themost accurate, since there is no abstraction, modeling, or other hidden assumptions in the process. Thusexact performance, suitability, reliability, and other evaluations can be made. Not only can more accuratetests be performed, but the prototype can also be given to users for evaluation. This allows the users todetermine whether the system will actually handle their needs and demands, something that is difficult todo with just the initial specification. Also, prototypes usually operate at or near target system speeds,allowing tests to be completed much faster than software simulation. Note that a prototype of the systemcan be made differently than the eventual production system. For example, techniques of breadboardingand wire-wrap allow a prototype to be created quickly. These techniques are simply methods to wiretogether standard components to implement the system. As such, they allow a prototype to easily beconstructed, but the implementation technology (chips scattered across generic boards with individual wireconnections) is different from the final product. This introduces some discrepancies between the prototype

52and the eventual system, introducing some inaccuracy in the modeling. One specific example is inperformance, where wire-wrap and breadboard prototypes cannot handle cutting-edge performance, andthus such systems will need to be slowed down. Also, both wire-wrap and breadboarding are somewhatunreliable. Thus, the debugging process for these technologies is more complex, since the implementationtechnology must always be considered a potential culprit in any anomalous behavior.While prototyping has the benefits of a high degree of accuracy and high-speed testing, it also suffers fromsome significant problems. First, to build a prototype one must have the system to be prototypedcompletely designed. Because of this in general one cannot prototype a specification or behavioraldescription. As a result prototyping is only useable fairly late in the design process. Also, constructing theprototype can be a costly process, both in terms of materials (since a complete implementation of a circuitmay involve circuit board or ASIC fabrication) and in construction time. These prototypes are usuallydifficult to alter, so to avoid the costs of multiple fabrications prototyping is again relegated to very late inthe design process, when (hopefully) errors will be few. Finally, it is hard to test a prototype, since there isusually little or no access to the internal state of the system, and it is difficult to control system behavior.Specifically, while a software simulator can display and alter the value of any signal in the system, this isnot possible in most prototypes, making it much more difficult to detect and isolate erroneous behavior.Even though prototypes are costly to create and difficult to use, they are the only truly accurate method oflogic validation. All other methods of logic validation make abstractions and assumptions about theelectrical and behavioral characteristics of actual circuits, making the results somewhat suspect. Thus,testing a prototype is an essential portion of any logic validation process, though it is usually relegated toquite late in the design process. Detection and correction of most bugs in the system is handled by othervalidation methods.EmulationLogic emulation is a method of logic validation that shares many of the advantages (and disadvantages) ofboth prototyping and software simulation. Like a prototype, the circuit to be evaluated is implemented inhardware so that it can achieve high performance test cycles. However, like software simulation, theemulation can easily be observed and altered to help isolate bugs. Logic emulation takes a gate-leveldescription of a logic circuit and maps it onto a multi-FPGA system. This multi-FPGA system is aprefabricated, reprogrammable compute engine that can be configured to implement the desired circuitfunctionality in a matter of seconds. However, to transform the circuit description into a mapping suitablefor this multi-FPGA system can take multiple hours to complete. This mapping process is usually

53completely automated by the emulator�s system software. Once the circuit is mapped to the multi-FPGAsystem, the emulator provides a complete, functional implementation of the circuit that can evaluatemillions of circuit cycles per second. This is orders of magnitude faster than even simulation-accelerators,since the multi-FPGA system can implement the complete circuit functionality in parallel, whileaccelerators simply provide one or more sequential logic evaluation processors.Emulators provide a middle-ground between software simulation and prototyping. Compared to softwaresimulation, an emulation executes much faster than a simulation. However, it can take a significant amountof time to map a circuit onto the emulator, and it is more difficult to observe and modify the behavior of thecircuit. Thus, software simulation is a better choice for testing small subcircuits or small numbers ofcomplete circuit cycles, where the software�s flexibility and ease of use outweighs the performancepenalties. Compared to a prototype, an emulation is much easier and faster to create, and it has muchgreater observability, controllability, and modifiability than a prototype. However, the emulation cannotrun at the same speed as the target system. Thus, the emulator is a much better choice for providing a hugenumber of test cycles than a prototype when one expects to find bugs in the system, but it is no replacementfor final checkout of the system via a prototype. For circuits that will execute software programs, anemulator can be used to debug this software much earlier in the design process than a physical prototype.This is because an emulation can be created from a high-level specification of the circuit, while prototypingmust wait until the complete circuit has been designed. Simulation in general cannot be used for softwaredevelopment, since it is much too slow to execute enough cycles of the software. Also, just like aprototype, an emulation can be given to the end-user so that the circuit can be evaluated before the design iscompleted. In this way, the user can get a much better feeling for whether or not the design will fulfill theuser�s needs, something that is difficult with just a written specification. The emulation can be inserted intothe target environment (as long as some method for reducing the performance demands on the system canbe provided, such as those described in Chapter 8), and the system can be evaluated in a more realisticsetting. This helps both to debug the circuit, and also to test the circuit interfaces and environment. Forexample, often a custom ASIC and the circuit board that will contain it will be developed simultaneously.An emulation of the ASIC can be inserted into this circuit board prototype, testing both the ASICfunctionality as well as the board design.One limitation of emulation is that it retains only the functional behavior of the circuit, which means thatvalidation of the performance and timing features of a circuit cannot be performed on a logic emulator.Once a prototype is constructed, both logic emulation and software simulation are still valuable tools.When an error is found in a physical prototype, it can be difficult to isolate the exact cause in the circuit.An emulator can be used to reproduce the failure, since it can execute nearly as many cycles as the

54prototype, and the emulator�s observability can be used to isolate the failure. Then, detailed testing can beperformed by software simulation. Thus, logic emulation plays a complementary role to both softwaresimulation and prototyping in logic validation.Formal VerificationFormal verification [Yoeli90] includes techniques that can determine whether two logic realizations areidentical, as well as techniques to decide whether a given logic realization could ever exhibit a certainbehavior. For example, the designer of a circuit may work from a high-level specification to create animplementation of the circuit. Formal verification techniques can examine both of these realizations of thelogic and determine whether they have exactly the same behavior. Note however that most formalverification techniques are restricted to functional validation (that is, they ignore the detailed timing andelectrical characteristics of circuits). Thus, an actual implementation of the circuit could not be tested viaformal verification, and would have to be abstracted into a functional description of the implementation.This abstraction process could be somewhat inexact, adding the potential for errors. However, ignoringthis issue, formal verification techniques can tell designers whether or not they have successfullyimplemented a given specification. This is not the same as determining whether the implementation isactually what the user desires, since the specification may not have reflected these properly. However, ifthe two realizations differ, it is quite likely that there is an error in the implementation. Also, bydetermining that an implementation is the same as a specification, a user can then examine the specificationto determine whether the implementation meets their needs. Since specifications will usually be muchsimpler than their implementations, this can simplify the validation process. Note that there is anotherapproach to this process of ensuring that specification and implementation are identical: automaticsynthesis methods that ensure �correct-by-construction� implementations. These systems translate aspecification into an implementation by applying a set of transformations that have been formally provencorrect. That is, the creator of the transformational system has examined each transformation, and proventhat the circuit created by applying the transformation is always identical to the circuit to which thetransformation is applied. Thus, if an implementation is derived from a specification via a �correct-by-construction� system, the designer already knows that the implementation is identical to the specification,and thus it is not necessary to apply formal verification to determine this.There is a second portion of formal verification: the determination of whether a given realization can everexhibit certain behaviors. For example, the designer of a resource controller may need to insure that tworequesters can never access the resource at the same time (i.e., ensure mutual exclusion). The designermight use software simulation, as well as the execution of a completed prototype, to demonstrate that this

55requirement is met. However, in most complex systems it is impossible to exhaustively test the circuit, andthus all that the simulation and/or prototype execution can prove is that the requirement is not violated inthe situations that have been tested. For many applications, especially safety-critical applications, thisguarantee is not sufficient. Formal verification techniques hold perhaps the only solution to this problem.Formal verification methods examine a given realization of a circuit and efficiently determine either thatthe realization can never violate the constraint, or provide a counter-example where the circuit does violatethe constraint. The counter-example is an allowable excitation of the circuit (i.e., a series of input signalsthat are not prohibited by the input signaling protocols) that will cause the constraint to be violated. Bothof these results are valuable. In the case where the constraint is proven to be upheld, we have much greaterconfidence in the system than any other technique can achieve (note that this result may not be an absoluteproof, since the representation of the circuit tested will at best be an abstracted version of theimplementation, and this abstraction process may introduce errors). In the case where a counter-example isprovided, this counter-example serves as a guide to understanding the failure mode and determining a fix.While formal verification and �correct-by-construction� techniques offer the best hope for creatingcompletely correct circuits, these techniques are not sufficient by themselves to handle the complete logicvalidation task. There are three problems with these techniques that somewhat restrict their utility. First,when applying these techniques to generate an implementation, we assume that the specification is in factwhat the user desires. However, user needs and requirements are often ill-defined, and any attempt tocodify them in a formal specification will inevitably introduce errors, misunderstandings, and unexpectedresults. Many of these problems are due to the fact that before users have actually used a system they maynot know exactly what they really want, and early attempts to express these needs may be na�ve. Second,these formal techniques in general require abstract mathematical models of the actual circuit behavior.These abstractions will be somewhat inexact, and there is a potential for errors both in translating a�correct-by-construction� realization into a real circuit implementation as well as in abstracting a circuitimplementation into a form that formal verification techniques can examine. Finally, while formalverification techniques can efficiently handle some circuits, real circuits can be quite complex, with hugestate spaces, greatly increasing the task of formal verification. These techniques, at least as developed sofar, are not capable of handling complete, complex systems. Thus, formal verification techniques can beapplied only to smaller subcircuits. However, even if individual subcircuits are verified to be correct, whenthey are composed together there is still the potential for failures due to their interactions.

56Complete Logic ValidationAs we have just discussed, there are numerous methods for performing logic validation, each with its ownstrengths and weaknesses. Current practice in general involves only software simulation during earlydesign phases, followed by the construction and testing of a hardware prototype. Unfortunately, thisignores the fact that only formal verification can discover some kinds of unlikely, but still possible, failuremodes of the circuit. Also, logic emulation can greatly improve the completeness of pre-prototype testing.In an ideal validation environment - one where some of the current shortcomings of formal verification andlogic emulation have been overcome - the methodology would take advantage of the strengths of eachapproach, while using multiple approaches to avoid their individual deficiencies. In early design phases,the user would be creating and modifying a specification of the circuit to be designed. Software simulationwould handle most of the validation needs in this step, though formal verification techniques could beapplied to discover failure modes in the specification. As this specification is subsequently refined into acomplete implementation, correct-by-construction logic synthesis systems or formal verification techniquescould be applied to avoid adding errors during this refinement process. At some point, software simulationwill have uncovered most of the simple bugs, and further testing would only discover new failures after alarge number of test cycles. At this point, emulation would become a better testing method than softwaresimulation simply on performance grounds. Emulation may also be necessary earlier in the process toprovide a platform for concurrent software development, and to provide a demonstration vehicle for end-user evaluation. Once failures are discovered via emulation, software simulation could help isolate theerrors and develop the bug fixes. Eventually, the designers would have confidence that the current designis relatively bug-free. At this point, the time and expense of prototype construction are justified, and aprototype would be built. This would probably be done via a complete fabrication of the circuit, avoidingthe unpredictable failures and inaccuracies of wire-wrap or breadboarding. The prototype could then becompletely tested under true operating conditions. When failures occur, both emulation and softwaresimulation could be brought to bear to isolate and correct the errors.Under this ideal validation process several interesting things occur. Formal verification is applied touncover failures that no other method would ever uncover. With the complexity of current systems, it isimpossible to exhaustively test the circuit, and some unlikely situations would not be examined. Withoutformal verification, errors that occur only in these unlikely situations would only be discovered after theuser is bitten by these bugs. Emulation also provides improved capabilities to the validation process. Sinceemulation could be applied much earlier in the design process than prototyping, many more test cyclescould be completed in the early design phases. This would uncover failures earlier in the process, making

57the resulting debugging and correction easier and faster. Also, emulation provides a software executionplatform much sooner than prototyping, allowing software development to begin much earlier in theprocess. It provides an early, working prototype of the system, which could be used for interface testing(such as when an emulated ASIC is inserted into the circuit board designed to contain it so that the boardand board-chip interactions could be tested), as well as for early end-user evaluation. The latter is quiteimportant, since the goal of logic validation is not just to determine whether the circuit meets thespecification, but also make sure that the design is actually what the end-user really wants. Finally,emulation could delay the need for the construction of a physical prototype, saving much of the time andmoney that would otherwise be wasted on multiple prototype fabrications.As we have argued, the best validation methodology is a combined methodology, taking advantage of thebenefits of software simulation, emulation, prototyping, and formal verification. Software simulation helpsthe designers understand the design they are working on, and detect problems on a small scale. Emulationexpands this capability to the complete system, giving the designers and end-users their earliest look at thecomplete system in operation. Prototyping provides the final sanity check, with no hidden errors due tofalse assumptions or incorrect abstractions of the true system behavior. Formal verification guards againstthe unlikely (yet still possible) error conditions, detecting problems that could be discovered via no othermethod. In this way, the best overall validation solution could be delivered.In the next chapter we discuss current multi-FPGA systems, concentrating on their hardware structures.Then in Chapter 6 we present Springbok, a system for the logic emulation of board-level designs.

Chapter 5. Multi-FPGA System HardwareIn Chapter 3 we discussed the applications of multi-FPGA systems, and concentrated on logic emulation inChapter 4. In this chapter we will explore some of the existing multi-FPGA systems themselves. There area large number of systems that have been constructed, for many different purposes, with a wide range ofstructures. Note that this section is intended to illustrate only the types of systems possible, and is notmeant to be an in-depth discussion of all the details of existing systems. Thus, some details of thetopologies, as well as the amount of connectivity on links in the systems, have been omitted.

ZYXWDCBAFEDCBAFigure 27. Mesh (left) and crossbar (right) topologies. In the crossbar, chips A-D are routing-only, while W-Z hold all the logic in the system.The most important difference between multi-FPGA systems is in the topology chosen to interconnect thechips in the system. The most common topologies are mesh and crossbar (or bipartite graph) topologies.In a mesh, the chips in the system are connected in a nearest-neighbor pattern (Figure 27 left). Thesetopologies have the advantage of simplicity, because of the purely local interconnection pattern, as well aseasy expandability, since meshes can be grown by adding resources to the edge of the array. Numerous 2Dmesh-based systems have been built [Kean92, Shaw93, Bergmann94, Blickle94, Tessier94, Yamada94], aswell as 3D meshes [Sample92, Qu�not94]. Linear arrays, which are essentially 1-dimensional meshes,have also been built [Gokhale90, Raimbault93, Monaghan94]. More details on mesh topologies can befound in Chapter 7.Crossbar topologies separate the chips in the system into logic-bearing and routing-only (Figure 27 right).The logic-bearing FPGAs contain all the logic in the system, while the routing-only chips are used purelyfor inter-FPGA routing. Routing-only chips are connected only to logic-bearing FPGAs, and (usually)have exactly the same number of connections to all logic-bearing FPGAs. Logic-bearing FPGAs are

59connected only to routing-only FPGAs. The idea behind this topology is that to route between any set ofFPGAs requires routing through only one extra chip, and that chip is any one of the routing-only chips.Because of the symmetry of the system, all routing-only chips can handle this role equally well. This givesmuch more predictable performance, since regardless of the locations of the source and destinations, thedelay is the same. In a topology like a mesh, where it might be necessary to route through severalintermediate chips, there is a high variance in the delay of inter-FPGA routes. There are two negativefeatures of this topology. First, crossbar topologies are not expandable, since all routing-only chips need toconnect to all logic-bearing FPGAs, and thus the system is constrained to a specific size once theconnections to any specific routing-only chip are determined. Second, the topology potentially wastesresources, since the routing-only chips are used purely for routing, while a mesh can use all of its chips forlogic and routing. However, since the bottleneck in multi-FPGA systems is the inter-chip routing, thiswaste of resources may be more than made up for by greater logic utilization in the logic-bearing chips.Also, some of the cost of the wasted resources can be avoided by using less expensive devices for therouting-only chips. Possibilities include FPICs, crossbars, or cheaper FPGAs (either because of oldertechnology or lower logic capacity). Several pure crossbar topologies have been constructed [Chan92,Ferrucci94, Kadi94, Weiss94].A middle-ground between the two topologies, which combines the expandability of meshes and the simplerrouting of crossbars, is hierarchical crossbars [Varghese93]. As shown in Figure 28, crossbars can bestacked together hierarchically, building up multiple levels of routing chips. There are two simplecrossbars in the system, one consisting of routing-only chips E-H and logic-bearing FPGAs M-P, and asecond one consisting of routing-only chips I-L and logic-bearing FPGAs Q-T. Routing chips E-L will becalled the first-level crossbars, since they connect directly to the logic-bearing FPGAs. To build thehierarchy of crossbars, the simple crossbars in the system can be thought of as logic-bearing chips in aneven larger crossbar. That is, a new crossbar is built with routing-only chips and logic-bearing elements,but in this crossbar the logic-bearing elements are complete, simple crossbars. Note that the connectionswithin this higher-level crossbar go to the routing-only chips in the simple crossbars, so first-level andsecond-level routing-only chips are connected together. This hierarchy can be continued, building up othercrossbars with third-level and higher routing-only chips. In an N-level hierarchical crossbar, the chips arearranged as above, with routing-only chips at the Ith level connected to chips at the (I+1)th and (I-1)thlevel, where the 0th level is the logic-bearing chips. Note that in contrast to the simple crossbar topology,in a hierarchical crossbar the logic-bearing FPGAs are not connected to all the routing-only chips (eventhose at the first-level). Full connectivity occurs at the top (Nth) level, where all Nth-level routing chips areconnected to all (N-1)th level routing chips.

60TSRQPONMLKJIHGFEDCBAFigure 28. A hierarchy of crossbars. FPGAs M - T hold all the logic in the system. Chips E-Hand I-J form two first-level crossbars, and chips A-D form a second-level crossbar.Routing between two logic-bearing FPGAs in the system simply requires determining the level at which thesource and destination share an ancestor, and then routing from the source up to one of these sharedancestors, and back down to the destination. The routing from the source to the shared ancestor requiresrouting through exactly one routing-only chip in the intervening levels, as does the routing from theancestor to the destination. Because of the symmetry of the topology (and ignoring conflicts from otherroutes), any of the ancestors of the source (for the route up) or destination (for the route down) at a givenlevel can be used to handle the routing, regardless of what other chips are part of the route.As mentioned earlier, the advantage of a hierarchical crossbar topology is that it has much of theexpandability of a mesh, yet has much of the simplified routing of a crossbar. Since levels of hierarchy canbe added to a hierarchical crossbar, it can easily grow larger to handle bigger circuits. Levels of thehierarchy tend to map onto components of the system, such as having a complete first-level crossbar on asingle board, a complete second-level crossbar contained in a cabinet, and a complete third-level crossbarformed by interconnecting cabinets [Butts91]. The routing simplicity, as shown above, demonstrates a

61large amount of flexibility in the routing paths, and a large amount of symmetry in the system. How easy itis to route between logic-bearing FPGAs is simple to determine, since if two logic-bearing chips are withinthe same first-level crossbar, then they are as easy to route between as any other pair of logic-bearing chipswithin that crossbar. Thus, when mapping onto the topology, the system tries to keep most of thecommunication between chips in the same first-level crossbar, and most of the rest of the communicationbetween chips in the same second-level crossbar, and so on.

ABCDEFPONMLKQRSTJIHGFPIC1FPIC2FPIC4FPIC3Figure 29. The Aptix AXB-AP4 topology [Aptix93b]. Logic-bearing FPGAs are connected onlyto routing-only FPICs, but the FPICs connect to both FPGAs and other FPICs.There are two downsides to this topology. First, signals may have to go through many more routing-onlychips than in a simple crossbar, since they could potentially have to go all the way up to the top level of thehierarchy to make a connection. However, the maximum routing distance is less than in a mesh, since thelength (in chips routed through) of the maximum route in a mesh grows by

N

(where N is the number of

62logic-bearing FPGAs in the system), while the length in a hierarchical crossbar grows by log(N). The otherproblem is that the hierarchical crossbar topology requires a large amount of resources to implement therouting-only chips in the system. If one could instead use the routing-only chips as logic-bearing chips, thecapacity of the system might be greatly increased. However, if this extra logic capacity cannot efficientlybe used, it will be of little value.Some systems use a two-level topology, which is somewhat similar to the pure crossbar topologies. Just asin the crossbar topologies, FPGAs in the system are connected only to routing-only chips. However, unlikethe pure crossbar, the routing-only chips in the system are connected to both logic-bearing and routing-onlychips. That is, there is a topology of connections between the routing-only chips in the system, and theFPGAs connect to these chips. Thus, these systems are similar to multiprocessors, in that for twoprocessing elements to communicate (the FPGAs in a two-level topology), they must send signals througha router connected to the source (an FPIC or crossbar). The signal then travels through intervening routersuntil it reaches the router connected to the destination, at which point it is sent to that processor (an FPGAin our case). An example of such a system is the Aptix AXB-AP4 [Aptix93b]. As shown in Figure 29, fiveFPGAs are connected to each FPIC, and all the FPICs are connected together. In this system, the longestroute requires moving through 2 FPICs, and no intermediate FPGAs are used for routing. If instead a meshwas built out of the 20 FPGAs in this system, it potentially could require routing through many FPGAs toreach the proper destination, increasing the delay, and using up valuable FPGA I/Os. However, whetherthe routing flexibility of the two-level topology justifies the substantial cost of the FPICs is unclear. Othertwo-level systems have been constructed with a variety of topologies between the routing-only chips[Adams93, Galloway94, Nj¿lstad94].

ABCDEFGHRExternal InterfaceExternal Interface RAM Figure 30. The Splash 2 topology [Arnold92]. The linear array of FPGAs (A-H) is augmented bya routing-only crossbar (R). Note that the real topology has 16 FPGAs in the linear array.

63ABCDEFGHRAMRAMRAMRAMRAMRAMRAMHost InterfaceFigure31. The Anyboard topology [Thomae91]. The linear array of FPGAs is augmented with aglobal bus.

ABCDEFGHIJKLMNOPRUQWTVSRAMRAMRAMRAMHost Interface

Figure32. The DECPeRLe-1 topology [Vuillemin95]. The central 4x4 mesh (A-P) is augmentedwith global buses to four support FPGAs (Q-T), which feed to three other FPGAs (U-W).

64Some systems are more of a hybrid between different topologies than a single topology. One example ofthis is the Splash 2 architecture [Arnold92]. The Splash 2 machine takes the linear array of its predecessorSplash [Gokhale90], and augments it with a crossbar interconnecting the FPGAs (Figure 30). In this waythe system can still efficiently handle the systolic circuits that Splash was built to support, since it retainsthe nearest-neighbor interconnect, but the crossbar supports more general communication patterns, either insupport of or as replacement to the direct interconnections. There are several other augmented linear arrays[Benner94, Box94, Darnauer94, Carrera95]; one example is the Anyboard [Thomae91], which has a lineararray of FPGAs augmented by global buses (Figure 31). Another hybrid topology is the DECPeRLe-1board [Vuillemin95], which has a 4x4 mesh of FPGAs augmented with shared global buses going to foursupport FPGAs (Figure 32). These are then connected to three other FPGAs that handle global routing,connections to memory, and the host interface. The DECPeRLe-0 board is similar [Bertin93].

ADGBEHCFI12345MemorySystemFPU4545232345231Figure 33. The Marc-1 topology [Lewis93]. The complete topology consists of two copies of theleft subsystem (A-I, Memory & FPU), and one copy of the right (1-5). Numbers by themselvesindicate connections to the FPGAs at right.

65Some topologies are unique [Engels91, Cox92, Erdogan92, Casselman93, Herpel93, Lewis93,Wazlowski93, Howard94a, Nguyen94, Saluvere94, Hayashi95, H�gl95, Van den Bout95]. These are oftenmachines primarily built for a specific application, and their topology is optimized for the features of thatapplication domain. For example, the Marc-1 (Figure 33) [Lewis93] is a pair of 3x3 meshes of FPGAs (A-I), where most of the mesh connections link up to a set of FPGAs intended to be used as crossbars (1-5).While the vertical links are nearest-neighbor, the horizontal links are actually buses. There is a complexmemory system attached to some of the FPGAs in the system, as well as a floating point unit. Thismachine architecture was constructed for a specific application - circuit simulation (and other algorithms)where the program to be executed can be optimized on a per-run basis for values constant within that run,but which may vary from dataset to dataset. For example, during circuit simulation, the structure of thegates in the circuit are fixed once the program begins executing, but can be different for each run of thesimulator. Thus, if the simulator can be custom compiled on a per-run basis for the structure of the circuitbeing simulated, there is the potential for significant speedups. Note that this is different than logicemulation, since a special-purpose processor is mapped onto the Marc-1 system, and this processormapping simulates the circuit, while a logic emulator directly maps the logic onto the multi-FPGA system.Because of the restricted domain of compiled-code execution, the topology was built to contain a special-purpose processor, with the instruction unit in FPGAs A-C, and the datapath in the FPGAs D-I.

RAMRAMRAMRAMRAMRAMRAMRAMRAMABFCGDHEIFigure 34. The RM-nc system [Erdogan92]. The linear arrays can be grown larger than thesystem shown.Another example of a system optimized for a specific task is the RM-nc system [Erdogan92]. As shown inFigure 34, the system has a controller chip A, and two linear arrays of FPGAs B-E and F-I. Each FPGAhas a local memory for buffering data. The system contains three major buses, with the outside buses

66going to only one linear array each, while the center bus is shared by all FPGAs in the system. This systemis optimized for neural network simulation, with the controller chip handling global control andsequencing, while the FPGAs in the linear array handle the individual neuron computations. A similarsystem for neural-network simulation, with buses going to all FPGAs in the system, and with no directconnections between neighbors, has also been built [Eldredge94].

GFECBDAVMEbus

Cache Memory

Register File ALU FPUProcessor Bus

Figure 35. System similar to the Mushroom processor prototyping system [Williams91].One of the most common domains for the development of a custom multi-FPGA system is the prototypingof computers. A good example of this is the Mushroom system [Williams91], which is a system of FPGAs,memories, and computation chips meant to be used for processor prototyping (the exact interconnectionpattern is unavailable, but an approximate version is shown in Figure 35). Seven FPGAs are included inthe system, and each of these has a specific role. FPGA A is a cache controller, B & C serve as a VMEbusinterface, D handles register accesses, E is for processor control, F performs instruction fetches, and G isfor tag manipulation and checking. Memories are included for caches and the register file, while an ALUand FPU chip are present for arithmetic operations. The advantage of this system is that the FPGAs can bereconfigured to implement different functions, allowing different processor structures to be explored. Thearithmetic functions and memory, features that are inefficient to implement in FPGAs and which arestandard across most processors, are implemented efficiently in chips designed specifically for theseapplications. Other systems have adopted a similar approach, including another system intended fordeveloping application-specific processors [Wolfe88], a workstation design with FPGAs for I/O functionsand for coprocessor development [Heeb93], and a multiprocessor system with FPGA-based cache

67controllers for exploring different multiprocessor systems and caching policies [�ner95]. A somewhatrelated system is the CM-2X [Cuccaro93], a standard CM-2 supercomputer with the floating-point unitreplaced with a Xilinx FPGA. This system allows custom coprocessors to be built on a per-algorithm basis,yielding significant performance increases for some non-floating-point intensive programs.

Figure 36. Expandable mesh topology similar to the Virtual Wires Emulation System[Tessier94]. Individual boards are built with edge connectors and a small amount of logic, and canbe interconnected to form a larger mesh.There are interesting features of multi-FPGA systems beyond just the interconnect topology. One of theseis the ability to increase the size of the multi-FPGA system. As described previously, systems based onhierarchical crossbars [Varghese93] can grow in size by adding extra levels of hierarchy. Other systemsprovide similar expandability, with special interconnection patterns for multi-board systems [Amerson95,

68H�gl95]. In the case of meshes and linear arrays, the systems can be built of a basic tile with externalconnectors and a small amount of on-board logic (Figure 36), and the system can be expanded byconnecting together several of these boards [Thomae91, Arnold92, Shaw93, Tessier94, Drayer95]. TheGERM system [Dollas94] is similar, except that the four external connectors are built to accommodateribbon cables. In this way, fairly arbitrary topologies can be created.Multi-FPGA systems are often composed of several different types of chips. The majority of systems arebuilt from Xilinx 3000 or 4000 series FPGAs [Xilinx94], though most commercial FPGAs have beenincluded in at least one multi-FPGA system. There are some system designers that have chosen to avoidcommercial FPGAs, and develop their own chips. Some have optimized their FPGAs for specificapplications, such as general custom-computing and logic emulation [Amerson95], emulation oftelecommunication circuits [Hayashi95], or image processing [Qu�not94]. Another system uses FPGAsoptimized for inter-chip communication on an MCM substrate [Dobbelaere92], since MCMs will be usedto fabricate the system to achieve higher density circuits. A final example is the Pegasus system[Maliniak94], which uses a hybrid processor/FPGA chip with multiple configurations. By rapidlyswitching configurations the hardware can be time-division multiplexed. In this way, the hardware isreused and the communication pipelined, hopefully yielding higher density mappings.Many multi-FPGA systems include non-FPGA chips. By far the most common element to be included ismemory chips. These chips are usually connected to the FPGAs, and are used as temporary storage forresults, as well as general-purpose memories for circuit emulation. Other systems have included integerand/or floating point ALUs [Wolfe88, Williams91, Lewis93, Benner94], DSPs [Engels91, Bergmann94,vom B�gel94, Zycad94a], and general-purpose processors [Shaw93, Raimbault93, Benner94, Koch94, vomB�gel94, Zycad94a] to handle portions of computations where dedicated chips perform better than FPGAsolutions. Another common inclusion into a multi-FPGA system is crossbars or FPICs (Chapter 2). Forexample, a multi-FPGA system with a crossbar or hierarchical crossbar topology requires chips purely forrouting. An FPIC or crossbar chip can handle these roles. If the FPIC or crossbar has a lower unit cost, iscapable of higher performance or higher complexity routing, or has a larger number of I/O pins, then it canimplement the routing functions better than a purely FPGA-based solution. There have been severalsystems that have used crossbar chips or FPICs in crossbar [Kadi94, Weiss94] and hierarchical crossbartopologies [Varghese93], as well as hybrid crossbar/linear array topologies [Arnold92, Darnauer94,Carrera95] and other systems [Adams93, Aptix93b, Casselman93, Galloway94, Nj¿lstad94, H�gl95, Vanden Bout95].

69ADEBCFHost Interface

Figure 37. The MORRPH topology [Drayer95]. Sockets next to the FPGAs allow arbitrarydevices to be added to the array. Buses connected to external connectors allow multiple boards tobe hooked together to build an arbitrarily large system.While adding fixed, non-FPGA resources into a multi-FPGA topology may improve quality for some typesof mappings, it is possible to generate a more general-purpose solution by allowing the inclusion ofarbitrary devices into the array. For example, in the MORRPH topology [Drayer95] sockets are placednext to the FPGAs so that arbitrary devices can be inserted (Figure 37). Thus, in a mapping that requiresextra memory resources, memories can be plugged into the array. In other circumstances, DSPs or otherfixed-function chips can be inserted to perform complex computations. In this way, the user has theflexibility to customize the array on a per-mapping basis. Other systems have adopted a similar strategy[Butts91, Sample92, Aptix93b], with a limited ability to insert arbitrary chips into the multi-FPGA system.Some systems are more of an infrastructure for bringing to bear the best mix of resources rather than aspecific, fixed multi-FPGA system. One example of this is the G800 system [Giga95]. The board containstwo FPGAs, some external interface circuitry, and four locations to plug in compute modules (Figure 38).Compute modules are cards that can be added to the system to add computation resources, and can bestacked four deep on the board. Thus, with four locations that can be stacked four deep, a total of 16compute boards can be combined into a single system. These compute boards are connected together, andto the FPGAs on the base board, by a set of global buses. Compute modules can contain an arbitrary mix

70of resources. Examples include the X210MOD-00, which has two medium Xilinx FPGAs, and theX213MOD-82, which has two large FPGAs, 8MB of DRAM, and 256 KB of SRAM. The users of thesystem are free to combine whatever set of modules they desire, yielding a system capacity ranging fromonly two medium FPGAs (a single X210MOD-00), to 32 large FPGAs (16 X213MOD-82s) and asignificant amount of RAM. Similar systems include DEEP [vom B�gel94] and Paradigm RP [Zycad94a].The Paradigm RP has locations to plug in up to eight boards. These boards can include FPGAs, memories,DSPs, and standard processors. In the G800 and Paradigm RP systems, cards with new functionality ordifferent types of chips can easily be accommodated.

FPGA

FPGA 71 FPGA

Host Interface

DCABFigure39. Base module (upper left) and example topology built in the COBRA system [Koch94].The mapping includes a tower of three base modules surrounded by three bus modules (top), abase module (center), a RAM module (bottom), and an I/O module (right).In the following chapters we will delve into several issues in multi-FPGA system hardware, includingmulti-chip system prototyping in Chapter 6, routing topologies for multi-FPGA systems in Chapter 7, andinterface support for logic emulators in Chapter 8. Chapter 9 begins the discussion of software support formulti-FPGA systems.

Chapter 6. SpringbokIntroductionAs pointed out in Chapter 4, logic emulation should be an important part of any logic validationenvironment. To perform logic emulation requires an appropriate hardware substrate and an integratedsoftware mapping solution. In Chapter 5 we described many multi-FPGA systems. In general, theyprovide a constrained amount and type of resources in a fixed hardware system. For ASIC emulation tasksthis is usually sufficient. However, board-level designs, designs where multiple chips are connected on acircuit board, will not fit onto these systems. The problem is that many of the chips in such systems arequite complex. Thus, if they had to be mapped onto a standard multi-FPGA system, they would require ahuge amount of FPGA resources. In some cases, this process may not even be possible, since themanufacturers of these complex chips will (rightfully) be reluctant to divulge the exact implementationdetails of their chips. However, most or all of the chips used to construct the board-level design will beprefabricated. Thus, if we could include the actual chips into the logic emulation, this will yield a muchmore efficient implementation.While some multi-FPGA systems allow the inclusion of a few arbitrary chips, most multi-FPGA systemsare not designed to support a emulation style primarily dependent on premade components. This is becausethese systems rely primarily on FPGAs to implement the logic in the system, and the number of premadecomponents is limited.In the rest of this chapter we will discuss Springbok, a system to aid in the development and debugging ofboard-level designs. It has a flexible topology and resource mix, with the ability to include arbitrary chipsinto the system. While there are other multi-FPGA systems that have much of Springbok�s capabilities(such as COBRA [Koch94] and MORRPH [Drayer95], described in Chapter 5), Springbok predates all ofthese systems [Hauck94]. An alternative approach to prototyping with a multi-FPGA system is the Aptixfield-programmable circuit boards, which offer a sea-of-holes for plugging in arbitrary devices. However,the system is based around very expensive FPIC chips and multi-layer boards. Also, since the Aptixsystems are based around FPIC hubs, there is no logic capacity (other than the chips added to the topology)for handling random logic, chip slow-down circuitry, or Virtual Wires multiplexing.In the next section we discuss the proposed Springbok architecture, and then the mapping tools. We alsoconsider Field-Programmable Interconnects (FPICs), and flexible multi-FPGA systems, which arepromising approaches to circuit board testing, and compare them to the Springbok system. 73 Device

DeviceFPGA

FPGADaughter CardDevice

Daughter CardFPGAFigure 40. The Springbok interconnection pattern (left), and two connected Springbok baseplateswith four daughter cards (right). The card at front is similar to the other daughter cards, but isshown upside-down.The Springbok ArchitectureThe Springbok system is based on the philosophy that to develop and test board-level designs one needs apractical way to perform incremental development and testing using many of the actual chips of the finalsystem without incurring the effort and expense of either wire-wrap or complete board fabrication. Ourapproach is to allow the important, complex chips comprising a design to be embedded in an FPGA-basedstructure, which uses these FPGAs for both the routing and rerouting of signals, as well as theimplementation of random logic (Figure 40). To allow a specific circuit to be implemented in thisstructure, the Springbok system is comprised of a baseplate with sites for daughter cards. The daughtercards are large enough to contain both an arbitrary device on the top, as well as an FPGA on the bottom.Note that the device can be a chip, such as a processor or memory, I/O elements such as switches and LCDinterfaces, or whatever else is necessary to implement the system. If necessary, daughter cards can be builtthat span several locations on the baseplate to handle higher space or bandwidth requirements. Thedaughter cards plug into the baseplate, which handles power, ground, and clock distribution, FPGA

74programming, and inter-daughter card routing. The baseplates include support for communicating with ahost computer, both for downloading programming and for uploading data captured during prototype runs.The baseplates are constructed such that they can be connected together with each other, forming anarbitrarily large surface for placing daughter cards. The inter-daughter card routing structure is a 1-hopmesh, with the specific pin interconnections as detailed in Chapter 7. In many ways, this approach issimilar both to mesh-connected multiprocessors, as well as the approach suggested in [Seitz90].

Device

DeviceDevice

Device

DeviceDeviceFigure 41. Non-device daughter cards and extender cards, including cards to add more FPGAlogic (top left), bandwidth (double-sized card at top right), long-distance communication (middle),and edge bandwidth (bottom middle and bottom right). All but the edge bandwidth cards haveFPGAs on the bottom.An important feature of the Springbok system is the ability to insert system-specific chips on daughtercards placed into the array. This also allows us to include other, specialized daughter cards. For example,early in the design cycle the specific chips to be used to implement much of the logic may be unspecified.Thus, instead of inserting only chip-carrying daughter cards into the array, other cards with only FPGAs onthem could be included. As in most other FPGA systems, there is also the potential that the simpleconnection scheme described above will not be able to accommodate all of the logic or routing assigned to

75a given location. However, as opposed to a fixed multi-FPGA system, we can insert new �extender� cardsbetween a daughter card and the baseplate to deal with these problems (Figure 41). For example, if thelogic assigned to a given FPGA simply will not fit, an extender card with another FPGA can be inserted sothat it can handle some of the logic. If too many signals need to be routed along a given link in the meshstructure, an extender card spanning several daughter card positions can be added, with new routing pathsincluded on the inserted card. Note that while most routing limitations could be dealt with via VirtualWires (Chapter 9), added cards for routing will still serve a purpose by reducing the reliance on VirtualWires, thus decreasing cycle time and increasing logic capacity. For signals that must go long distances inthe array, sets of extender cards with ribbon cable connections can be inserted throughout the array to carrythese long-distance wires. Also, at the edge of the mapping where edge effects can limit availablebandwidth, dummy daughter cards which simply contain hardwired connections between their neighborscan be inserted. Thus, the Springbok approach to resource limitations is to add resources wherevernecessary to map the system. In contrast, a fixed array cannot afford a failure due to resource limitations,since it would then have to redo the costly step of mapping to all of the constituent FPGAs. Thus fixedarrays must be very conservative on all resource assignments, underutilizing resources throughout thesystem, while Springbok simply fixes the problems locally as they arise.Another important benefit of Springbok is how it supports hardware subroutines. In many designenvironments there will not be just one system developed, but instead a family of products may be built.Many of these products have subsystems shared across the entire family. For example, a companydeveloping disk controllers would have SCSI interfaces on most of its products, as well as an interface tothe host computer�s bus (e.g. [Katz93]). In the Springbok model, such heavily replicated elements can befabricated or wire-wrapped as a single daughter card, and from then on used as a hardware subroutine forall subsequent designs. One could use a similar approach in a wire-wrap domain by developingprototyping boards with these functionalities fabricated on the board. However, in such a system one mustfix the number and type of these subroutines ahead of time, and this mix cannot be increased. Thus, aprototyping board designed with one SCSI interface would be useless for prototyping a two SCSI portcontroller, and a board for one type of computer bus could not be used for a different bus. In Springbokthis is not an issue, because the number and type of daughter cards can vary from system to system, andcards with functionality not even considered in the first system of a family can be added easily in laterdesigns.While the construction of the Springbok system fixes many problems encountered in rapid-prototyping,there are two important concerns that remain. First, the physical wires in the target system are replacedwith digital connections in Springbok. Second, while speeds achieved may be orders of magnitude faster

76than simulation, they will still be less than the final system speeds. The problem with the way Springbokhandles wires is that not all physical wires in mapped systems are used in a purely digital, unidirectionalmanner. While some systems use analog subsystems, this is beyond the scope of Springbok, and any suchsubsystems will need to be either included as specialized daughter cards, or not handled at all. For non-unidirectional flow, signals such as buses and bi-directional signals must be handled. As shown in Figure42, a tristate bus can be replaced by a pure logic structure [Butts91]. Note that the circuit shown at rightimplements a floating low bus. A floating high bus can be constructed by inverting the inputs and outputsof the circuit. Once the tristate bus is converted to the implementation shown, the gates implementing thecommunication can be mapped to the FPGA identically to the rest of the random logic in the system.E1

I1O1E2I2O2E3I3O3

E1I1O1E2I2O2E3I3O3Figure 42. Method for handling bi-directional signals [Butts91]. The tristate bus at left isreplaced with the logic structure at right. Note that all signals are unidirectional in the structure atright.The second problem mentioned above, that a Springbok mapping will almost always be somewhat slowerthan the system being prototyped, causes several concerns. First, one of the goals of a prototype is to testthe system in the actual target environment. However, other systems that interact with the circuit will beexpecting certain timing assumptions to be upheld, such as those contained in a bus protocol. This sameproblem has been encountered by ASIC logic emulator vendors such as Quickturn, and their customershave dealt with this by building protocol-specific buffering solutions. Such an approach would workequally well with Springbok. An even better answer is detailed in Chapter 8, which presents a generalsolution to the logic emulator interface issue.The second manifestation of the slow-down problem is that the chips used in the system must be sloweddown as well. Many chips can simply be operated at the slower clock rate and still function properly.Springbok mappings will operate fast enough that charge leakage from dynamic nodes will not be an issuefor most chips. The primary concern is for chips with phase-locked loops which can only operate at certainclock frequencies. Solutions to this problem include stalling processor chips either through manipulation of

77an explicit stall signal or insertion of stall instructions into the chip�s instruction stream, dummy data andbuffering for pipelined chips, or even replacement of very restrictive chips with slower members of the chipfamily or mapping it into FPGA logic.The Springbok Mapping ToolsAs is found with logic emulators, the target architecture is only half the system. Just as important as aflexible medium for implementing the desired functionality is the need for an integrated software system tomap target designs onto the architecture.Structural Circuit Description

Chip ReplacementPartitioning & Global PlacementGlobal Routing & Virtual WiresFPGA Place & Route

Programming Files

Floorplan

Failures

Extender Card Insertion

FailuresFailuresFigure 43. Springbok software flow diagram.The overall software system flow in Springbok is shown in Figure 43. The mapping tools start with astructural description of the system to be mapped, where the system logic can either be assigned to specificchips, or possibly have portions of random logic which have not yet been assigned to chips. Through aseries of steps this logic is mapped down to a form that can be placed onto the Springbok architecture,producing both a floorplan describing how daughter cards and extender cards must be placed ontobaseplates, and programming files for configuring the individual FPGAs.The first step in the mapping process is chip replacement. We expect Springbok to handle systems rangingfrom those with only the critical components specified (the rest left as random logic) to those with most orall of the logic implemented with specific chips. All logic not assigned to chips in the original structuraldescription will be handled by FPGAs in Springbok, and the Springbok system may decide to assign logicmapped to chips in the description to FPGAs as well. For example, in a completely specified design, a chipthat simply buffers signals might be included in the original description, but would not be necessary in the

78Springbok prototype. Thus, by replacing this chip with the corresponding logic, the resulting mappingmight save some hardware. Also, logic placed into a specific FPGA in the source description restricts theplacement choices in the Springbok implementation, and might also be removed. Finally, since Springbokis fairly FPGA-intensive, mappings will be more compact if a certain percentage of the system is random,unassigned logic. Thus, during chip replacement the software could use a greedy algorithm to replacechips with random logic until the optimal percentage of random logic is reached. That is, greedilyremoving the chip with the least logic assigned to it should allow the removal of the most number of chipsbefore reaching the target percentage of logic in the FPGAs, thus reducing the total amount of hardware. Itmight also be useful to break up the highest fanout chip (i.e., that chip connected to the most other chips) toease the resulting routing congestion and delay, though how exactly to integrate these two considerationsrequires study. Note that the user can specify that any or all chips be left unreplaced.The next step, partitioning and global placement, determines the overall layout of the Springbok mapping.It must decide which daughter cards to use, where to place them, and what logic will be implemented byeach of these cards. Standard methods for partitioning such as k-way partitioning are difficult to use forthis problem, since these algorithms ignore the locality required in mesh communication patterns, and alsogenerally require that the number of partitions be fixed. As opposed to most current systems, the size andcomposition of the Springbok substrate is flexible, expanding or contracting to most efficiently map thetarget system. This flexibility makes the partitioning more difficult, but allows greater optimizationopportunities. An overview of our partitioning approach is contained in Chapter 9, with further details inChapter 10 and Chapter 11.After partitioning and global placement, routing must be considered. The problem of deciding whichintermediate FPGAs to route through is fairly straightforward, and is very similar to the single-FPGArouting problem. Thus, we can use much of the research on single-FPGA routing (such as [McMurchie95])to handle this portion of the routing problem. However, this still leaves the problem of determining whichindividual I/O pins to use to route between the FPGAs. In order to handle pin assignment for multi-FPGAsystems, we have developed a new technique that simultaneously reduces the routing resource usage,reducing both area requirements and delay, while also speeding up the mapping process (Chapter 12).With partitioning, global placement, and routing completed, it is then necessary to place and route theindividual FPGAs. For these tasks we can use one of several reasonable commercial software packagesavailable. Some of their underlying algorithms are discussed in Chapter 2.As shown in the software flow diagram, any mappings that fail are fixed by software that inserts extendercards into the Springbok array. Then, partitioning and global routing are rerun, maintaining as much of the

79previous mapping as possible while easing demands on the failing FPGAs. Note that this portion of theflow is also important for incremental alteration of a prototype. Specifically, as a system is debuggederrors will need to be fixed, hopefully without requiring a completely new mapping of the circuit. Byextending the partitioning and global routing steps to handle incremental alterations to fix failed FPGAmappings, we also have support for incremental alterations for bug fixes.

FPIC

Figure 44. An FPIC based prototyping board [Aptix93a].Springbok vs. Other Current ApproachesAs mentioned earlier, another promising approach for the rapid prototyping of board-level designs is Field-Programmable Interconnects (FPICs), such as those developed by Aptix [Aptix93a]. An FPIC is a chip thatcan create an arbitrary interconnection of its pins. In the case of the Aptix chips, there are 936 user pins perchip, and the connections formed are passive path wire connections. This latter feature is helpful, since itmeans that the concerns Springbok has with bi-directional signals such as buses are easily handled withAptix products. To use these chips for prototyping, Aptix provides circuit boards consisting of a large gridof holes for inserting arbitrary chips (Figure 44). These holes are grouped into sections, with all holes in asection leading to pins on the same FPIC. The FPIC chips communicate between themselves with directhardwired connections. There are about 50-140 connections between each pair of Aptix FPICs (the exactnumber varies by the Aptix board chosen). Power and ground routing are handled by separate busesdistributed throughout the grid, and jumpers can be used to connect chip pins to the power and ground

80lines. Clock distribution is supported with special low skew paths in the Aptix chips. Mapping to such asystem is easier than for Springbok, since all that is necessary is to partition the chips into sections,minimizing wire crossings at the same time, and then route the signals through the FPICs.There are several differences between Springbok and an FPIC approach to rapid-prototyping of board-leveldesigns. As mentioned earlier, the software for an FPIC approach is simpler, and there is no difficulty withbi-directional signals. However, these benefits are outweighed by several problems. Most importantly, anFPIC approach is quite expensive. Since both the circuit boards necessary to handle the FPIC�s highpincount package, as well as the FPICs themselves, use very aggressive technologies, they are much moreexpensive than standard chips and boards. In contrast, we expect the cost of a Springbok mapping to besignificantly less, since it uses commodity FPGAs and simple circuit boards. Also, many Springbokmappings will use the FPGAs of the underlying routing structure to handle some of the circuit logic. Thus,much of the silicon used to implement Springbok will already be required in the target mapping, decreasingcosts.A second problem with the pure FPIC approach is that of flexibility. As stated earlier, if a mappingrequires more pins than the Aptix board allows, there is no way of mapping it short of purchasing a largerboard and extra FPICs, adding more expense. In contrast, the Springbok system easily expands to largersizes, since all that is required to add more capacity is the addition of another baseplate. Thus, instead ofrequiring several Aptix boards in several sizes, Springbok baseplates can be used in any size mapping.Also, the Aptix boards have a fixed 50-140 pin limit on communication between FPIC sections of the grid.Again, if this number is exceeded, there is no way of mapping the prototype. In Springbok, capacity can beadded to deal with any pin limitations. Also, Virtual Wires (Chapter 9), a method usable in Springbok toease some pin limitations, cannot be directly used in an FPIC system since the FPICs do not haveprogrammable logic with which to multiplex signals. Thus, to use Virtual Wires an FPIC system wouldhave to add extra FPGAs, FPGAs that will also increase the number of pins in the mapping, pins whichmust also pay the per-pin costs.Just as many of the Springbok FPGAs will be used to implement logic from the system being mapped,other portions of the FPGAs will be required to slow down chips. Both Springbok and FPIC mappings willoperate slower than the target system. As discussed earlier, some chips cannot simply be clocked at aslower rate, but instead require special additional logic to operate correctly. In Springbok, this logic can beaccommodated in the FPGAs connecting that chip into the Springbok routing structure. In an FPIC system,extra FPGAs would have to be added to handle this functionality, increasing total pin count. Moreimportantly, these added FPGAs are not directly connected to the chip to be slowed, but instead must

81communicate with it through the FPIC. The FPIC introduces delays, reducing the portion of the clockperiod available in the FPGA slowing the chip, which makes it more difficult to properly perform theseslowing functions.A final limitation of the FPIC approach is that it does not support hardware subroutines well. As discussedearlier, in many design environments there are common subsystems used in several different circuits. InSpringbok, these subsystems can be built into custom daughter cards, and then used freely in subsequentmappings. In an FPIC system one would need to develop a custom board (an activity Aptix supports withspecial software) which would contain the subsystem logic as well as the FPICs and the pin grid. Thismeans not only that the resulting new board would be more complex than that necessary for the Springboksystem, it also establishes a limit on both the number of such subsystems and the number of chip pins thatcan be used. This is because both the number of subsystems as well as the size of the pin grid is fixed onany specific Aptix board. Again, in the Springbok system, building a custom daughter card only fixes thecontents of that daughter card. Springbok mappings are still free to choose the type and number of customdaughter cards to use, and the mapping can still grow to any size.While we have spent most of this section discussing the difficulties with using a purely FPIC solution toboard-level prototyping, an interesting alternative is to add FPICs into the Springbok framework. FPICscould be included on extender cards, cards which could help ease routing in hotspots of a given mapping.Also, special connections could be built into the baseplates which could lead to a centralized FPIC hub.These baseplate connections would connect a small number of pins on every daughter card position to thecentralized FPIC hub. In this way, a network for more efficiently handling long-distance connections couldbe built without requiring many ribbon-cable extender boards scattered throughout the array. In each ofthese cases, the FPICs are used sparingly. Hopefully, this could yield a system with all of Springbok�sadvantages, while harnessing the power of FPICs to perform relatively quick, arbitrary connection patterns.Whether the added functionality is worth the increased cost is unclear, and requires further study.As mentioned earlier (Chapter 5), there have been many multi-FPGA systems developed. However, mostof these are unusable for board-level prototyping, since they do not allow the inclusion of arbitrary chipsinto the array, or do so to a limited extent. Some systems, such as the G800 or the Paradigm RP, allow asmall amount of custom boards to be included into the system. However, many multi-chip systems willrequire tens or hundreds of chips to be included into the prototype, something that is beyond thecapabilities of these systems.Two systems (which were proposed after Springbok) with a lot of potential for board-level prototyping areCOBRA and MORRPH (Chapter 5). Like Springbok, these systems are based around a flexible

82interconnection topology that allows the system to grow to an arbitrary size. The COBRA system is basedaround tiles with fixed resource mixes, in a fixed mesh structure. However, adding a prototyping boardwith sockets for arbitrary devices, as well as boards with long-distance communication links, should not bedifficult. The MORRPH system is based around a single tile type, with sockets for arbitrary devices.However, there is nothing in the system construction that precludes adding boards with differentfunctionalities and capacities. Thus, if we combine COBRA�s ability to include arbitrary cards withMORRPH�s ability to include arbitrary devices onto these cards, we would achieve much of the flexibilityof Springbok.ConclusionsAs we have shown, Springbok is a novel approach to the rapid-prototyping of board-level designs thatoffers many advantages over current systems. Its flexible architecture accommodates a great range ofsystem sizes and topologies. With the ability to solve problems as they occur, Springbok more efficientlyuses its resources than fixed FPGA-based systems, which require a very conservative style. Includingarbitrary devices and subsystems into the Springbok structure allows even greater efficiency and accuracy.Finally, the use of FPGAs instead of FPICs for the routing structure reduces overall costs, adds flexibility,and more easily handles the functionality necessary to interface to timing-inflexible components.In the following chapters, we will discuss many of the issues necessary to implement Springbok. Meshrouting topologies are covered in Chapter 7, yielding topologies with higher bandwidth, lower delay, andreduced I/O pin usage. Then we discuss how the external interfaces of a prototype can be supported(Chapter 8). On the software end of multi-FPGA systems, we consider an efficient bipartitioning algorithm(Chapter 10), as well as methods for recursively applying bipartitioning to an arbitrary topology (Chapter11). We also cover pin assignment software (Chapter 12), which handles part of the global routing step formapping to multi-FPGA systems.

Chapter 7. Mesh Routing TopologiesIntroductionAs discussed in Chapter 3, multi-FPGA systems have great potential for logic emulation and reconfigurablecomputing tasks. An important aspect shared by all of these systems is that they do not use single FPGAs,but harness multiple FPGAs, preconnected in a fixed routing structure, to perform their tasks. WhileFPGAs themselves can be routed and rerouted in their target systems, the pins moving signals betweenFPGAs are fixed by the routing structure on the implementation board. FPICs (Chapter 2) may removesome of the topology concerns from small arrays. However, large FPGA systems with FPICs for routingwill still need to fix the topology for inter-FPIC routing.Chapter 5 has demonstrated that there are many different possible multi-FPGA system topologies. Therouting structure used in a multi-FPGA system has a large impact not only on system speed, but also oncapacity and system extendibility. Crossbar topologies provide a predictable routing delay, but theysacrifice scaleability and chip utilization. Hierarchical crossbar structures have less predictable routingdelays, since signals may have to pass through many FPGAs, but have improved scalability. Meshconnections are scaleable, and may have better utilization than the other structures, but have even worserouting predictability. Although mesh topologies have been criticized due to perceived pin limitations, newtechniques such as Virtual Wires [Babb93, Selvidge95] and future high-I/O FPGA packages make meshesa very viable alternative.Determining the proper routing topology for a multi-FPGA system is a complex problem. In fact, themultiprocessor community has been struggling with similar questions for years, debating the bestinterconnection topology for their routing networks. The necessary first step is to determine the best wayto use a given routing topology, so that an honest comparison between different topologies can beperformed. In this chapter, we examine mesh topologies, and present several constructs for more efficientstructures. We then provide a quantitative study of the effects of these constructs, and examine their impacton automatic mapping software. Architectural studies of multi-FPGA systems based on crossbars[Chan93b] and hierarchical crossbars [Varghese93] can be found elsewhere.Mesh Routing StructuresThe obvious structure to use for a mesh topology is a 4-way interconnection (Figure 45), with an FPGAconnected to its direct neighbors to the north, south, east and west. All the pins on the north side of an

84FPGA are connected to the south edge of the FPGA directly to the north, and the east edge is connectedsimilarly. In this way the individual FPGAs are stitched together into a single, larger structure, with theManhattan distance measure that is representative of most FPGAs carried over to the complete arraystructure. In this and other topologies an inter-FPGA route incurs a cost in I/O pin and internal FPGArouting resources. The rest of this chapter will attempt to reduce usage of each of these resources. In thisway, we not only optimize the delay in the system by shortening routes, but we also reduce the area neededto map a circuit.

DCBALKJIEFGHFigure 45. Basic mesh topology.I/O Pin Usage OptimizationIn order to reduce the average number of I/O pins needed to route signals, we can increase the number ofneighbors connected to an FPGA. Instead of the simple 4-way connection pattern (Figure 46 top left), wecan adopt an 8-way topology. In the 8-way topology (Figure 46 bottom left) an FPGA is not onlyconnected to those FPGAs horizontally and vertically adjacent, but also to those FPGAs diagonallyadjacent. A second alternative is to go to a 1-hop topology (Figure 46 right), where FPGAs directlyadjacent vertically and horizontally, as well as those one step removed, are connected together. One couldalso consider 2-hop, 3-hop, and longer connection patterns. However, these topologies greatly increasePCB routing complexity, and wiring delays become significant.We assume here that all connected FPGAs within a specific topology have the same number of wiresconnecting them, though a topology could easily bias for or against specific connections. Since the 8-wayand 1-hop topologies have twice as many neighbors as the 4-way topology, and FPGAs have a fixed

85number of pins, each pair of connected FPGAs in these topologies have half as many wires connectingthem as in the 4-way case. N/2

N/2Figure 46. 4-way (top left), 8-way (bottom left), and 1-hop (right) mesh routing topologies.Switching from a 4-way to an 8-way or 1-hop topology has two major impacts: average I/O pin usage, andbandwidth. Figure 47 shows one quadrant of a mesh under the three different topologies, with each boxcorresponding to an FPGA. The number indicates how many I/O connections are required to reach thatFPGA from the source FPGA at the lower-left corner (shown with an asterisk). As we can see, both the 8-way and 1-hop topologies can reach more FPGAs within a given number of I/O connections than can the 4-way topology. In fact, if we consider an entire mesh instead of a single quadrant, the 8-way can reachtwice as many FPGAs as the 4-way within a given number of I/O connections, and the 1-hop topology canreach three times as many FPGAs as a 4-way topology (while within a single I/O connection there are onlytwice as many neighbors as the 4-way, at longer distances it reaches three times or more). On average aroute in a 1-hop topology requires about 40% less I/O pins than a route in a 4-way topology. Another

86interesting observation is that the 1-hop topology can reach almost all the same FPGAs as the 8-waytopology can in the same number of I/O connections. The only exceptions to this are the odd numberedFPGAs along the diagonals from the source in the 8-way topology. What this means is that there is littlebenefit in using a combined 8-way & 1-hop topology, since the 1-hop topology gives almost all the benefitof the 8-way topology.3*112233122334412233442334455233445534455664455666*123456112345622234563333456444445655555566666666*12345612345672345678345678945678910567891011789101112Figure 47. Distance (in number of I/O connections required) to reach FPGAs in 4-way (left), 8-way (center), and 1-hop (right) topologies. Distances are from the FPGA in the lower-left corner.

Figure 48. Bisection bandwidth in 4-way (left), 8-way (center), and 1-hop (right) topologies.Three times as many connections cross the bisecting line in the 8-way and 1-hop topologies thanin the 4-way topology, though each connection contains half as many wires. This results in a 50%increase in bisection bandwidth.One would expect the I/O pin usage optimization to come at the price of lower bandwidth in the mesh.However, this turns out not to be the case. The standard method for measuring bandwidth in a network isto determine the minimum bisection bandwidth. This means splitting the network into two equal groupssuch that the amount of bandwidth going from one group to the other is minimized. This number isimportant, since if routes are randomly scattered throughout a topology half of the routes will have to usepart of this bandwidth, and thus twice the bisection bandwidth is an upper bound on the bandwidth in thesystem for random routes. In the mesh topologies we have presented, the minimum bisection bandwidthcan be found by splitting the mesh vertically or horizontally into two halves. As shown in Figure 48,

87cutting each row or column in a 4-way mesh splits one pair of connected neighbors, while in an 8-way and1-hop topology it splits 3 pairs. Since there are three times as many neighbor pairs split, though each pairhas half the bandwidth (remember that the 4-way topology has half the number of neighbors, so each pairof neighbors is connected by twice the wires), the 8-way and 1-hop topologies thus have 50% morebisection bandwidth than the 4-way mesh.DstSrc

4-wayDstSrc

8-way2.02.01.252.01.51.752.01.251.751.51.752.01.251.51.51.251.250.751.250.51.51.50.51.5*8-way vs. 4-way2.02.02.02.03.02.02.02.02.01.52.02.01.252.01.02.02.00.51.250.51.53.00.51.0*1-hop vs. 4-wayFigure 49. Example of the point-to-point fast bandwidth calculation in 4-way (top left) and 8-way(bottom left) meshes. The 8-way routes are only allowed to use three I/O connections, the numberof I/O connections necessary to reach the destination in the 4-way topology. Also included is acomplete relative bandwidth summary of 8-way vs. 4-way (center) and 1-hop vs. 4-way (right)topologies.An alternative way to view bandwidth is point-to-point bandwidth. If we simply ask how much bandwidthis available from one specific FPGA to another, then (barring missing connections at mesh edges) allmeshes have exactly the same point-to-point bandwidth. This is because there are independent paths(�independent� implying two routes don�t share individual I/O connections, though they may move throughthe same FPGAs) from every wire leaving any source FPGA to any destination FPGA. A more interestingissue is that of fast bandwidth. Specifically, we realize that since a 4-way mesh has twice as manyconnections to each of its neighbors than an 8-way or 1-hop topology, the 4-way topology can send twiceas many signals to that destination using a single I/O connection as can the other topologies. Byextrapolation, we would expect that the 4-way topology has more bandwidth to those FPGAs two or moreI/O connections away than the other topologies. However, if we allow each topology to use the samenumber of I/O connections (specifically, the minimum number of I/O connections necessary to reach that

88FPGA in a 4-way topology), the 8-way and 1-hop topologies actually have greater fast bandwidth. Asshown in Figure 49 left, if we route to an FPGA two steps north and one step east, it requires three I/Oconnections in the 4-way topology, and there are two independent paths between the FPGAs. If we allowthe 8-way topology to use three I/O connections, it actually has five independent paths between the twoFPGAs (Figure 49 bottom left). Since each path in an 8-way topology has half the bandwidth as a path in a4-way topology, the 8-way has 25% more fast bandwidth between these FPGAs. Figure 49 right shows acomplete comparison for a quadrant of the mesh, with the numbers given representing the ratio of 8-wayvs. 4-way fast bandwidth (center), and 1-hop vs. 4-way fast bandwidth (right). The ratio numbers are forbandwidth between each FPGA and the FPGA at lower left. As can be seen, in all cases except the FPGAsdirectly adjacent vertically, horizontally, or diagonally, the 8-way and 1-hop topologies have greater fastbandwidth than the 4-way topology, up to a factor of two or more.Thus, as we have shown, the 1-hop topology reduces average I/O pin usage by 40%, increases minimumbisection bandwidth by 50%, and has greater point-to-point fast bandwidth than the 4-way topology toalmost all other FPGAs, up to three times as great.Internal Routing Resource Usage OptimizationIn this section we describe FPGA pin interconnection patterns that minimize FPGA internal routingresource usage. While most of the optimizations described here apply equally well to 4-way, 8-way, and 1-hop topologies, we�ll concentrate on 4-way topologies for simplicity. Also, we�ll abstract the individualFPGAs into a grid of internal routing resources, with the grid width equal to the distance between adjacentFPGA pins. Finally, we optimize for random-logic applications such as logic emulators and softwareaccelerators. Mappings of systolic or otherwise highly regular and structured circuits may require differenttopologies.As described earlier, the obvious way to build a 4-way topology is to connect all the pins on the east side ofan FPGA to the pins on the west side of the FPGA directly to the east (the north edge is connectedsimilarly). The problem with this construct is demonstrated in Figure 50 top. Because the pins connectingan FPGA to its neighbor to the east are on the opposite FPGA edge from the pins connected to the neighborto the west, and pins connected to the south are opposite to pins connected to the north, a signal movingthrough several FPGAs must traverse the length or width of the intervening FPGAs. Thus, as shown inFigure 50 top, moving from the top of the FPGA at left to the FPGA at right requires a large amount ofinternal routing resources.

89Scale:APBCDONMEFGHLKJIAPBCDONMEFGHLKJI

APBCDONMEFGHLKJIFigure 5 0 . Distances from the X in leftmost FPGA in normal (top) and Superpin (bottom)connection pattern, on a scale from black (shortest) to white (longest). Superpin connections aregiven by letters, with Superpins with the same letter connected together in adjacent FPGAs.An alternative is to scatter the pins connecting pairs of FPGAs around the edges of the FPGAs. We formgroups called Superpins, and within a Superpin is one pin connected to each of that FPGA�s neighbors.Thus, a Superpin in a 4-way topology has four pins, and a Superpin in an 8-way or 1-hop topology haseight pins. Within a Superpin, pins that are likely to be routed together in a mapping are grouped together.Specifically, long-distance signals will usually require pins going in opposite directions to be connectedtogether in intermediate FPGAs. Thus, around the edge of an FPGA in a 4-way topology we order the pinsN,S,E,W,N,S,E,W�, and in a 1-hop the pins are ordered NN,SS,EE,WW,N,S,E,W,NN,SS,EE,WW�,where the pin NN is connected to an FPGA two steps north of the source FPGA. In an 8-way topology along-distance route that doesn�t connect together pins going in opposite directions will instead probablyconnect signals 45 degrees off of opposite (e.g. S and NW or NE). Thus, the connection patternN,S,SW,NE,E,W,NW,SE,S,N,NE,SW,W,E,SE,NW,N,S� is used, since it puts opposite pins together, andpins 45 degrees off of opposite are at most 2 pins distant.

90Scale:BBBOJBIEPLDKNGCAHFMAPBCDONMEFGHLKJIPPBMKJAEHLGIOCNDBICBCBIFigure 51. Intuition behind permuted Superpins. A single connection (at top) gives most of thebenefit of full unpermuted Superpins. By changing connection C to the lower-right corner(middle), more short routes are achieved. Note that connection I is simply connection C for themiddle FPGA. Bottom shows full permuted Superpins, with even shorter routes in further FPGAs.The scale ranges from black (shortest) to white (longest).

91As shown in Figure 50 bottom, if we connect the Superpins together in the obvious manner, with Superpinsin one FPGA connected to the corresponding Superpins in neighboring FPGAs, we get significant routingresource usage improvements. The Superpin topology almost removes incremental routing resource usagein intermediate FPGAs.We can do better than the Superpin strategy just presented by realizing that not only can we scatter theconnections between neighboring FPGAs around their edges, but we can also scatter the connections tospecific sides of these FPGAs around its neighbor�s edges. Put differently, instead of connecting Superpinsin one FPGA to corresponding Superpins in adjacent FPGAs, we can instead permute these connections toimprove routing resource usage. As shown in Figure 51 top, simply making the connection labeled �B�gives most of the benefit of the complete unpermuted Superpin pattern given in Figure 50. Thus,connecting �C� as we did in Figure 50 will give little extra benefit, since the short routes the �C�connection creates will lead to locations that already have short routes due to the �B� connection. If weinstead connect �C� in the first FPGA to a location on the lower right edge of the adjacent FPGA (Figure51 middle), we create short routes to locations that only had long routes through �B�. By continuing thisapproach, we route Superpin connections so that not only are there short routes from one location in oneFPGA to its direct neighbors, but we permute the Superpins such that all locations in the source FPGA haveshort routes to all locations in all other FPGAs (Figure 51 bottom).An interesting observation is that by having two (identical) permutations in series in Figure 51 bottom, wein fact use less routing resources to reach locations in FPGAs two steps away (the rightmost FPGA) thanwe need for locations in adjacent FPGAs (middle FPGA in Figure 51 bottom). This effect does diminishwith more permutations in series, so that average internal routing resource usage begins to increase againfurther away from the source, as the incremental cost of routing resources in intermediate FPGAsdominates the gain of additional permutations.It is possible to generate even better topologies by using several different permutations in a single system.As described later in this chapter, having different permutations in different directions takes advantage ofreconvergent paths by having the short routes along one path lead to different locations than the shortroutes along another path. However, in our experience several different permutations yield at most a 1%improvement in routing costs, and some of these benefits would probably not be realizable by automaticmapping software.Later in this chapter we present a lower bound on the quality of permutations. Unfortunately, we do nothave a simple, deterministic construction method for finding optimum permutations. However, it is fairlyeasy to write a simple simulated annealing program for permutations which gives very good results. Our

92admittedly inefficient and unoptimized annealer is less than 500 lines of C code, and has consistently foundpermutations within a few percent of the lower bounds. Although the runtimes are up to a few days on aSparc 10, these times are very reasonable for the design of a fixed multi-FPGA system, something that willbe done infrequently, and which takes weeks or months to complete.

050100150

Internal Routing Resources

0

50

100

150N Nearest FPGAsAverageBaseline

Permuted Superpins

Superpins

Normal

050100150200250

Internal Routing Resources

0

50

100

150N Nearest FPGAsMaximumFigure 52. Average (left) and maximum (right) internal routing resource usage from eachlocation in the source FPGA to all locations in the N nearest destination FPGAs in a 1-hoptopology.A quantitative comparison of the internal routing resource usage under the Superpin and PermutedSuperpin constructs, all within a 1-hop topology, is presented in Figure 52. These graphs represent theaverage and maximum resource usage from every point in a source FPGA to every point in the nearest Nneighbor FPGAs in the system (FPGAs are represented by grids as described earlier, with 36 pins on aside). An interesting observation is that while the Superpins have a great impact, almost totally removingincremental resource usage in intermediate FPGAs, the Permutations only decrease resource usage byabout 28%. One reason for this is the theoretic lower bound (�Baseline�) shown above. This lower boundcomes from the observation that in any 1-hop topology, a route must use at least enough routing resourcesto go from the route starting point to the nearest pin on the source FPGA, plus at least one routing resourcein each intermediate FPGA, plus enough resources to go between the route ending point and the closest pinon the destination FPGA. As shown, the greatest conceivable improvement over the standard Superpinpattern (assuming we stay within a 1-hop topology) is approximately 60%, and the permutations achievealmost half of this potential. However, when designing a multi-FPGA system, the benefits of permutationsmust be carefully weighed against the increased board layout complexity.

93Bounds on Superpin Permutation QualityAs implied earlier, a �permutation� of Superpins is simply a connection of Superpins between adjacentFPGAs. One way to think about this is that a permutation forms a one-to-one relation between Superpinson adjacent FPGAs. Given this model, we can develop some bounds on how good a permutation can be.We rate permutations based on the average of the minimum distances of each Superpin on the local FPGAto each Superpin on a destination FPGA, measured in Superpin steps. We do not add any cost for inter-FPGA connections, since it is assumed that we will always make the minimum number of chip crossings,and since the permutations do not affect this crossing number. For example, two connected FPGAs withtwo Superpins each would have an average cost of 0.5, since half of the Superpin cross-product pairs aredirectly connected (0 Superpin steps away), and the other half are one step away. Note that where theSuperpin steps are taken does not matter to our goodness metric. For example, if the best route between alocation on FPGA A to a location on FPGA B traverses FPGA C, and uses 2 Superpin steps on A, 1 on B,and 3 on C, the overall distance is considered to be 6. 0 1 2 3 4 5 60 1 2 2 2 2 2 21 1 4 8 12 16 20 242 1 6 18 38 66 102 1463 1 8 32 88 192 360 6084 1 10 50 170 450 1,002 1,9705 1 12 72 292 912 2,364 5,336LN

321S123

101212212101212212L=0L=1L=2Figure 53. Diagram of the lower bound calculation (left), and a table of the values (right). Thenumbers in the pin locations at left indicate the distance of the Superpin from the source S, withthe arrows indicating direct connections. These pins form an exponentially expanding fanout treeof possible short paths.We can generate a lower bound on how good a permutation can be by assuming each FPGA has an infinitenumber of Superpins. We then determine how many Superpins could possibly be reached in exactly NSuperpin steps, given that we are moving L FPGAs away (that is, we travel through L-1 intermediateFPGAs plus the destination FPGA). L=0 indicates that we remain on the source FPGA. We use an FPGAwith an infinite number of Superpins because in a finite FPGA, reconverging paths may cause less pins tobe reached in a certain distance than is possible in theory. An example of this entire process is shown inFigure 53. Note that we assume that all Superpin steps are taken along the outside edge of the FPGA.While this ignores the fact that the opposite edge of the chip can be reached more quickly by moving

94directly across the chip than by moving around the outside, these paths will never be minimal in thepermutations we use, and thus can be safely ignored. We can generate a formula for the resulting functionby realizing that to reach a Superpin in exactly N steps, you must reach a Superpin in the previous FPGA ini steps, 0 £ i £ N, and then move across to the destination FPGA. Since a Superpin in the previous FPGAreached in i < N steps leads to two N-step neighbors (one clockwise, the other counterclockwise), but aSuperpin with i = N leads only to one N-step Superpin (the one directly connected to it), we have theformula

F(N,L) = F(N,L − 1) + 2∗ F(i,L − 1) i=0N−1 ∑

, where F(N, L) is the number of locations reachablein exactly N steps when moving L FPGAs away. Note that this is equivalent to

F(N,L) = F(N,L − 1) + F(N − 1,L − 1) + F(N − 1,L)

. The boundary cases are

F(0,L) = 1

,

F(j,0) = 2 j > 0

.To determine the lower bound for a permutation on FPGAs with finite numbers of Superpins, we know thatno permutation can reach more pins in N steps than the formula given above, and may reach less due toreconverging paths. Thus, for an FPGA with M Superpins, we get a lower bound by assuming that the firstF(0, L) pins are reached in 0 steps, F(1, L) are reached in 1 step, and so on until all pins are assigned. Theweighted average of these distances is the optimum value for Superpin permutations for that FPGA sizeand routing distance. Note that for specific permutations we would have to calculate distances from eachsource Superpin to each destination Superpin, but since all source pins will have the same optimumdistances, the average from one source pin is identical to the average from all source pins. For a specificexample, the optimums for an FPGA with 18 Superpins for L=1 is (0*1 + 1*4 + 2*8 + 3*5)/18 = 1.944, forL=2 is (0*1 + 1*6 + 2*11)/18 = 1.556, and for L=3 is (0*1 + 1*8 + 2*9)/18 = 1.444. While this lowerbound is not tight for single permutations (provable by brute force search for an 8 Superpin FPGA, whereno single permutation is optimum for both L=1 and L=2, though optimums for each separately exist), in ourexperience permutations exist that either equal or come within a few percent of the lower bound.While the previous discussion gives a lower bound along a single path of permutations, in order to extendthem to a two-dimensional mesh there are a couple observations to be made. First, a permutation must notonly work well for signals going from a source FPGA A to a destination B, but also for the reverse routefrom B to A. However, the inverse of a permutation (the permutation seen by a route moving backwardsthrough the original permutation) is in fact exactly as good as the original permutation. This is due to thefact that the measure of a permutation is the average distance from all sources to all sinks, which isidentical to the average distance from all sinks to all sources, which is the measure of the inverse�sgoodness.

95B’BBB’FPGAA’AA’ASourceSinkAA’AA’A’AAA’FPGAA’AA’AFigure 54. Permutations in 8-way meshes. The pattern at left, with a single permutation A, andits inverse A�, causes some paths to use both the permutation and the inverse, as shown at center.The pattern at right, with permutations A and B, avoids this problem. The two permutations arechosen to be independent, so that permutation A and inverse A� work well with both permutationB and inverse B�, and vice-versa.The next issue is that in a two-dimensional mesh, paths do not necessarily travel in a single direction, butmay be required to change direction to reach their destinations. However, as illustrated in Figure 54, usinga single permutation in a mesh may make a route pass through both a permutation and its inverse. Notethat this doesn�t result in a total cancellation of the permutation�s benefit, since a permutation followed byits inverse has at least the benefit of the inverse permutation. This can be seen by realizing that any signalcould just take direct connections through the first permutation, without sideways steps in the sourceFPGA, and then take the minimal path through the inverse permutation, allowing sideways steps in themiddle and end FPGAs. Because we do not penalize for crossing chip boundaries, the average distancethrough a permutation and its inverse is thus at most the average distance through the inverse permutationonly. There exists a single-permutation 8-way topology that avoids the problem of paths with both apermutation and its inverse, but requires different routing from different locations (i.e., while thepermutation leading south from one FPGA may be A, another FPGA might have A� leading south). Twopermutations, one for the horizontal and vertical moves, and another for the diagonals, can also fix theinversion problem while keeping the same pattern in every FPGA (see Figure 54 right).The final observation is that for some destinations, there is more than one path between two FPGAs thatmoves through the minimum number of intermediate FPGAs. For example, to move two FPGAs north inan 8-way mesh, a route can move through either the FPGA directly to the north, northeast, or northwest.We can use this fact to our advantage by choosing combinations of permutations such that the shorter

96routes through one intermediate FPGA lead to where longer routes through other intermediate FPGAs end(see Figure 55). Thus, every destination will have a short path through some intermediate FPGA, yieldinga better set of permutations overall. In this way, if there are P paths between FPGAs, then there couldconceivably be P times as many pins reached in N steps as predicted by the above lower bound. Note thatin this case, it would actually be advantageous to have different permutations in an 8-way mesh on the twodiagonals leaving an FPGA. This is so that a path leading northwest then northeast would have a differentpermutation order from a path leading northeast then northwest. Three permutations are sufficient, becauseno minimal path will move by both a horizontal (east or west) and a vertical (north or south) edge, since asingle diagonal step would replace these two steps.

ABCH*DGFEDCBACBD1102112201112221

21S3143201111110

Figure 55. Example of how multiple paths in a two-dimensional permuted mesh decrease routingcosts. A portion of the permutations leading northeast and east from the asterixed FPGA is shownat left. Each FPGA has 8 Superpins. At right is the resulting distances from the upper rightSuperpin (labeled �S�) in the lower left FPGA. Notice that in the FPGA at top right there are twodifferent Superpins 0 steps away. This is because the paths leading through different permutationorders lead to different points.Overall ComparisonsWe can make an overall comparison of all the topological improvements, both I/O pin and internal routingresource optimization, by examining inter-FPGA routing delays. As shown in Figure 56, we present theaverage and maximum delay from every point in a source FPGA to every point in the nearest N neighborFPGAs in the system. The FPGAs are represented as grids with 36 pins on a side, and the delay incurred inusing an FPGA�s I/O pin is 30 times greater than a single internal routing resource. These numbers aresimilar to delays found in the Xilinx 3000 series. Note that this approximates possibly quadratic delays ininternal routing resources as a linear function. As shown, an 8-way topology decreases delays by 22% overthe standard 4-way topology, while a 1-hop topology decreases delays by 38%. By using the permutedSuperpin pattern, the delays are decreased by an additional 25%, reducing overall delays by a total of 63%.

97050100150200250300

Delay

0

50

100

150N Nearest FPGAsAverage1-hop Baseline

1-hop Permuted

1-hop Superpins

1-hop

8-way

4-way

0100200300400500

Delay

0

50

100

150N Nearest FPGAsMaximumFigure 56. Graphs of average (left) and maximum (right) delay from each location in the sourceFPGA to all locations in the N nearest destination FPGAs.While the above numbers give an idea of how the features decrease routing costs at different distances, theyignore the fact that we do not just route a single signal, but in fact have many signals fighting for the sameresources. To measure these conflicts, we have used the router developed for the Triptych FPGA project[McMurchie95], which can be retargeted to different domains by altering a routing resource template. Thisrouter optimizes both area utilization and delay, making it a good experimental platform for this domain.As before, we abstracted the individual FPGAs to a Manhattan grid, and allowed signals to share edges inthis grid. Thus, this model ignores internal routing conflicts. However, these conflicts would have thegreatest impact on those topologies that use the most routing resources, especially resources nearest theFPGA center. Thus, ignoring these conflicts will in general decrease the benefit of better topologies, sincethey use less resources, and the resources they use are primarily at the chip edge. We also do not includesignals that begin and end on the same FPGA, because these are unaffected by the inter-chip topologies.The first two graphs (Figure 57) show the average and maximum cost for signals in each of the routingtopologies, assuming a random distribution of sources and sinks of signals across a 5 by 5 array of FPGAs.Note that the same random data sets are used for all topologies at a given size, since this means that alltopologies will be subjected to similar routing conditions. Again, moving between chips costs 30 times asmuch as a single step inside an FPGA, and the FPGAs have 36 pins on a side. The horizontal axis for bothgraphs is the total number of signals routed in a given trial, and eight trials are averaged together togenerate each point. Trials were run at 50 signal increments until the router failed to route all signals.There is a question of how well some of the topologies handle multi-signal buses and other situations whereseveral signals move between the same sources and sinks. Specifically, one might expect the permutation

98topologies to have trouble with buses, since while there is a short path between most sources and sinks,there are few if any parallel paths. To determine if this is true, the second set of graphs (Figure 58) is for apopulation of 5 signal bundles with random sources and sinks, though signals within a bundle share thesame source and sink.

050100150200250

Delay

0

100

200

300

400Number of SignalsAverage

1-hop Permuted

1-hop Superpins

1-hop

8-way

4-way

0100200300400500600

Delay

0

100

200

300

400Number of SignalsMaximumFigure 57. Average and maximum distance of signals under several topologies in a 5x5 array.

0

50

100

150

250

300

350Number of SignalsAverage

1-hop Permuted

1-hop Superpins

1-hop

8-way

4-way

0100200300400500

Delay

0

50

150

200

250

350Number of SignalsMaximumFigure 58. Average and maximum distance of signals under several topologies in a 5x5 array,with all signals in 5-signal buses.The most striking aspect of the previous graphs is how little congestion seems to affect routing distance.Although samples were taken in 50-signal increments until the router failed, there seems to be littleresulting extra routing necessary. Although the graphs of maximum lengths do show increases, this may bemostly due to the fact that a larger number of elements from a random distribution will tend to include

99greater extremes. The graphs for buses are less flat than the other trials, but this is probably due to the factthat each bus data set has one fifth as many random points, increasing the variance. More importantly, thebenefits shown in our original graphs (Figure 56) are demonstrated in actual routing experiments. The 8-way topology is approximately 21% better than the 4-way topology, and the 1-hop is 36% better.Superpins improve the 1-hop topology by about 31%, with permutations saving an additional 5%. Also, inthe first set of graphs the 8-way and 1-hop topologies successfully route 40% more signals than the 4-waytopology, demonstrating the increase in minimum bisection bandwidth.Automatic Mapping ToolsSince many multi-FPGA systems will not be used for hand mappings, but instead depend on automaticmapping tools, it is important that a routing topology not only decrease routing costs, but do so in a waythat automatic tools can exploit. Since our previous comparisons involved using an automatic routing toolin the congestion examples, and since these experiments yielded distances equivalent to our previousaverage distance measurements, it is fairly clear that routing tools can exploit our improved topologies. Asdescribed in Chapter 12, we have developed a pin assignment tool (similar to a detailed router) for inter-FPGA routing, and the only impact of the improved topologies on this tool is the loss of a slight speedoptimization opportunity. Partitioning tools are also easily adapted, since the locality needed for meshs isstill the primary concern, though the number of closest neighbors is increased. Thus, automatic mappingstools for standard 4-way meshes should be able to be easily extended to the topologies presented here.More details on multi-FPGA system software can be found later in this thesis, starting with Chapter 9.ConclusionsWe have presented several techniques for decreasing routing costs in mesh interconnection schemes: 1-hopinterconnections, Superpins, and Permutations. Through the retargeting of an automatic routing tool, wehave demonstrated an overall improvement of more than a factor of 2. While better mesh topologies maybe feasible, especially if we allow permutations to operate on individual signals instead of Superpins,theoretical lower bounds (the baseline in Figure 52) prove that there is little room for improvement. Realimprovements might come from increasing the direct neighbors of an FPGA from 8 to 26 (a 3-D mesh) ormore, but the Superpin and Permutation techniques would still be applicable.The major open question is whether any mesh system makes sense, or if trees, hypercubes, crossbars, orsome other general topology is a better choice. However, if this chapter is any indication, the bestimplementation of a given topology may not be obvious, requiring a close look at individual candidatetopologies before overall topological comparisons can be completed.

Chapter 8. Logic Emulator InterfacesIntroductionAs pointed out in Chapter 4, logic emulation is an important part of the logic validation process. Whilecurrent systems are capable of performing emulation for single-chip systems, Chapter 6 presents a methodfor raising these benefits to the system level. In this way, board-level designs can be prototyped, speedingtime-to-market for these circuits. Chapter 7 delved into some of the issues of how to build multi-FPGAhardware for emulation and other applications. However, in order to handle chip-level and board-levelemulation, the system must not only provide an efficient method for mapping the logic, but also a meansfor handling the external communications of the circuit under validation.One of the strongest potential reasons for using logic emulation instead of simulation is that an emulationof a system might be capable of operating in the target environment of the prototype circuit. In this way,the emulation would be exercised with real inputs and outputs, providing a much more realistic evaluationof the circuit�s functionality, while providing a fully functional prototype for further experimentation.Unfortunately, while it is clear that placing the emulation into its target environment is valuable, it isunclear how this can be accomplished in general. Because the environment expects to be communicatedwith via some protocol, and while the final circuit will obey the protocol, it is not clear that the emulationwill meet the protocol�s requirements. This problem is twofold: some protocols have timing constraintsfaster than the emulator can support, and the process of emulation slows the prototype�s clock.Some protocols have timing assumptions much faster than FPGA-based prototypes can deliver. Forexample, while logic emulators can reach speeds in the hundreds of kilohertz, or even a few megahertz,many communication protocols operate in the tens of megahertz range. Thus, unless the protocol willautomatically slow down to the speed of the slowest communicator, the logic emulation will be unable tokeep pace with the communication protocol, and thus cannot be placed in the target environment.Even if the protocol is slow enough that the logic emulator could keep pace, the emulation will still notmeet the protocol�s timing requirements. This is because a logic emulation does not run at the same speedas the original circuit, and there will inevitably be slowdown of the emulation�s clock speed. For example,a 50 MHz circuit built to communicate on a channel that requires responses at 1 MHz will communicateonce every 50 clock cycles. If we use logic emulation for this circuit, we might achieve a performance of10 MHz from the emulation. However, the emulation will still be communicating only once every 50 clockcycles. This achieves a communication performance of 200 KHz, much too slow to respond to a 1 MHz

101channel. In general, the emulation cannot be altered to communicate in less clock cycles, both because itmay be busy performing other work during this time period, and also because so altering the emulationwould change its behavior, and we would not be testing the true system functionality.One solution to this problem is to build a custom interface transducer, a circuit board capable of taking thehigh rate communication interface that the environment assumes and slow it down sufficiently for the logicemulation to keep pace. This approach has already been taken by Quickturn Design Systems, Inc. with itsPicasso Graphics Emulation Adapter [Quickturn93], which takes video output from a logic emulation andspeeds it up to meet proper video data rates. This board is essentially a frame buffer, writing out the lastcomplete frame sent by the emulation while reading in the next frame. Although this board is adequate forthe specific case of video output, it will be useless for many other communication protocols, or even forvideo input to the logic emulation. With the large number of communication protocols, it is clear thatspecial-purpose transducers cannot be marketed to handle every need. Expecting the user to develop andfabricate these transducers is also impractical, since now to emulate one chip or circuit board, the user mustdevelop other circuit boards to handle the interfaces. Thus, the user has to do extra development anddebugging work to use a system meant to simplify the development and debugging process.In this chapter, we explore an alternative solution for handling logic emulation interfaces: the developmentand use of a single generic, standardized interface transducer for most logic emulation interfaces. In thenext section, we discuss some of the details of communication interfaces. We also describe a standard,generic transducer board. Then, in the sections that follow we present some case studies, describing howseveral communication protocols can be mapped to this structure. These include NTSC video, digitalaudio, PCMCIA, and VMEbus. Finally, we discuss some of the general techniques and limitations of thisapproach, as well as some overall conclusions.Protocol TransducersAs shown in Figure 59, communication protocols can be considered to have three levels of requirements:electrical, timing, and logical. At the electrical level, the protocol specifies the proper signaling voltages,the amount of current driven onto signals, termination resistors, allowed capacitances, and other featuresthat interact with the electrical properties of the signaling medium. At the timing level, the protocolspecifies the minimum and maximum time delay between transitions on signal wires. At the logical level,the protocol specifies the order of transitions necessary to accomplish various actions, both on the sender�sand on the receiver�s end of the communications. To properly communicate using a given protocol asystem must obey the restrictions of all levels of the specification.

102LogicalTimingElectricalCurrent sourced by board at 0.6 V,including leakage current: IOZL+IIL £ 600 uACurrent sunk by board at 2.4 V,including leakage current: IOZL+IIL £ 50 uATotal capacitive load on signal, including signal trace, for system controllers (which have drivers): CT£ 20 pF330 W– 5%0.1 mf+5 V – 5%470 W– 5%SIGNAL LINE

A01-A31*LWORD*AS*DTACK*BERR*DSA*

10ns min

30ns min

0ns min

MASTER

SLAVEDRIVE AS* to lowDrive WRITE* high Receive addressWait for DTACK* and BERR* Receive address modifier (indicates that previous slave Receive LWORD*, IACK*, AS* is no longer driving data bus) If address is valid for this SLAVEDrive DS0* to low and DS1* to high Then select on-board device FETCH DATA

Figure 59. A communication protocol can be considered to have three levels: electrical, timing,and logical. Examples in this figure are adapted from the VMEbus specification [VMEbus85].Most of the problems for the interfaces of logic emulations occur at the timing level. Since the circuitbeing emulated has been designed to communicate using the required protocols, it will already be capableof handling the logical level of the protocol. This means that the emulation will already know how torespond to any given set of input transitions, and will generate output transitions in the right order.However, the emulation will send and receive these transitions much more slowly than the final circuit is

103intended to, since the logic emulator will not be able to achieve the same performance as the customhardware. The emulator may also not meet the electrical level specifications of the protocol. However, ingeneral the electrical requirements are simple, and easily met by a small amount of interface hardware. Insome cases, the protocol will perform all signaling using standard voltage values, with almost norequirements in the electrical level. This is most common when the protocol is used to communicatedirectly between only two systems. In this case, most programmable logic, including the logic contained inthe interface transducer, will meet the electrical level specifications of the protocol. In other cases, therewill be more stringent requirements on the emulation. However, most protocols will have a standard set ofcomponents that meet their electrical level specification (e.g., standard bus drivers, video input and outputcoders). As long as the emulator (with the help of a protocol transducer) is capable of meeting the logicaland timing level specifications, the standard set of interface components can be used to meet the electricallevel of the protocol.The interface transducer for a logic emulator will be almost entirely focused on meeting the timing level ofthe specification. While the details of this vary greatly between protocols, there are in general twomethods: slowing down the protocol, or filtering the data to reduce the amount of communication.Many protocols are designed to allow a great deal of flexibility in the speed, cost, and quality of thesystems involved in the communication. These protocols use a handshaking between the communicators,with both sides of a communication indicating both when they are ready to start or accept acommunication, and also when they have finished with a communication. These protocols allow either endof a communication to slow down the actions taking place, and thus it is easy for a emulation to slow thecommunication sufficiently for it to keep up.Some communications are not built with a handshake, and instead assume that any system using a givenprotocol is able to meet the specified timing requirements. Obviously, while the final circuit will meetthese requirements, the emulation may not, and something must be done to compensate. What is necessaryis to slow down the data coming into the emulation, and speed up the data leaving the emulation. Ingeneral, we wish the emulation to keep up with all incoming data streams, and not simply keep an everincreasing buffer of unreceived communications. Unfortunately, the emulation is capable of processingonly a small fraction of the incoming communications. Thus, we must somehow reduce the number ofcommunications coming into the emulation. The general approach is to throw away enough of thecommunications to allow the emulation to keep pace, while not throwing away any essential information.Obviously, simply throwing away all but the nth clock tick�s worth of data will not normally work, sincethe information coming in will usually be totally corrupted. One possibility, applicable to protocols such as

104video input, is to throw away all but the nth packet or frame of data. In this way the emulation receivescomplete frames of video, though from the emulation�s point of view the objects in the video are movingvery fast. For other situations, we can throw away communications that do not include important data. Forexample, in a bus-based protocol, many of the transactions will not be intended for the emulation, and mostsystems can safely ignore them. Alternatively, for a voice recognition system an interface transducer canthrow away the �dead air�, and retain only those portions of the input surrounding high volume levels.External InterfaceEmulator Interface

Prototyping RegionFPGARAM2RAM1

FPGARAM2RAM1

Programmable Delay

Clock

Figure 60. Interface transducer board.The details of meeting the timing requirements of different protocols can vary greatly. However, thehardware necessary to do so can be generic and simple (see Figure 60): reconfigurable logic to performfiltering and meet timing delays, external RAM for holding intermediate results, and programmable delaylines to generate timing signals. Also important is a small prototyping area to accommodate any requiredstandard components for meeting the electrical level requirements of the protocol. Note that there willoften need to be communication between the FPGAs in the transducer so they can coordinate their actions.This can be accomplished by connecting together some of the unused wires leading from the prototypingregion to the FPGAs, or from the FPGAs to the emulator interface. In general, the number of suchconnections will be small, since the number of actions the FPGAs will perform will be very limited.Flexibility is not only important in the number of interconnections between FPGAs, but also in the numberand type of components used for a given mapping. Specifically, some interfaces will require only a singlesmall FPGA, while others may need several large FPGAs plus a significant amount of RAM. This

105flexibility can be handled by using standard sockets for all chips. For example, a socket for the PQFP208package can accommodate chips ranging from the Xilinx XC4003H (a high-I/O chip with relatively littleinternal logic) to the XC4025 (the largest capacity Xilinx FPGA) [Xilinx94]. In this way, a single boardcan be built to handle wide varieties of resource demands.Example MappingsIn the following sections, we consider several different communication protocols, and describe how theyare mapped onto the interface transducer board detailed above. This includes continuous streams of data(video and audio), as well as packetized protocols (PCMCIA and VMEbus).VideoVideo data is transmitted in a steady stream of video frames, arriving at a continuous rate (for the US�sNTSC video the rate is 30 frames a second). Because the video arrives at a steady rate we must ignoresome frames, throwing away enough data so that the remainder can be handled by the emulator. Whatremains are complete, sequential frames of video, though any motion in the pictures will seem artificiallysped up to the emulator. This should be sufficient for most applications.As mentioned earlier, to handle the constraints of a protocol we must handle the electrical, timing, andlogical levels of that protocol. For video, there are standard chips available for handling the electricalcharacteristics of NTSC video [Philips92]. These chips take in the analog waveform containing the videodata and convert it into a stream of digital data. Most video applications will use these or similar chips, anda transducer can rely on these chips to handle the electrical level of the interface.The digital video data coming from the standard chipset arrives at a rate of 13.5 MHz, faster than mostemulators can handle. To slow the video down, the protocol transducer maintains a buffer of video framesin the memories, filling up buffers as the logic emulator consumes them. In the simplest case, there needsto be only two frames worth of buffer space, one for the frame being sent to the emulator, and one for theframe being read from the external interface. In cases such as motion detection, the interface transducermay need to store several consecutive frames of video, increasing the memory demands. Because of theprotocol transducer�s socketed design the memory capacity can easily be increased, and the controllinglogic in the FPGAs adjusted accordingly. Note that since the transducer will be writing arriving data to thememories at the same time as it is reading data to send to the emulator, there could be memory accessconflicts with a single memory system. With the two memories of the proposed transducer interleaving ordouble-buffering can be used to avoid conflicts.

106A similar mapping can handle outgoing video data as well. The primary difference is that since there isless data coming out of the emulator than the external interface expects, we must fill in the time betweenframes. A solution is simply to repeatedly output the last complete frame of data from the logic emulatoruntil the next frame has been fully received.Standard Video ChipsetLogic EmulatorInterface TransducerFrame Start DetectorBuffer Manager

Input CounterOutput CounterMemory InterfaceFPGAPipeline StagesPipeline StagesMem1Mem2

Figure 61. Logic diagram of an interface transducer mapping for incoming video data.As we have just shown, there is relatively little logic necessary in an interface transducer to handle videodata. A diagram of the logic for the input side is given in Figure 61. The logic contains a detector to findthe beginning of an incoming frame. This information is passed to a buffer manager, which checks for anempty buffer in memory, and if so the incoming data frame is routed into this buffer. If there are no emptybuffers, the frame is discarded. Two counters, one for incoming and one for outgoing data, index into thememory buffers. This is fed to a simple memory interface, which routes requests to the proper memory,and generates the proper read and write signals. To achieve the best performance these steps are all heavilypipelined. Since the data comes in at a steady, predictable pace, usually with no latency constraint, heavypipelining can easily be achieved.We implemented the interface transducer mapping as described above by specifying it in Verilog (a high-level design language). It was converted to a Xilinx 4000 mapping with completely automatic mappingtools, and easily achieved the required performance.AudioEven though audio is slower than video, and is well within the performance constraints of logic emulators,audio is actually more difficult to handle than video. Even though a mapping running on a logic emulator

107could meet the performance requirements for most audio applications, the problem is that the system underemulation was not designed to run on the logic emulator, but was in fact designed to run at a higher clockrate. Thus, it will accept or generate audio data on every nth clock cycle. Since the clock cycle on thelogic emulator is slower, the system will not be keeping up with the external world.Since the prototype on the logic emulator will not keep up with the required data rates of audio I/O, it willneed an interface transducer to fix the problem. Unfortunately, unlike video, audio is not broken intoframes, and there is no clear way to find data that can be ignored. For some situations, such as the input tovoice recognition systems, the signal can be expected to have large gaps of silence, and a transducer couldlook for the �noisy� periods of time. The mapping takes all incoming data and stores it in one of thetransducer�s memories. The transducer looks for noisy periods, places where the signal amplitude is abovesome threshold. When such a period is discovered the transducer transfers the noisy period, along with asecond or more of data on either side, to the next memory. We need this extra time period to catch the lessnoisy start and end of the signal, which is why we store all incoming data in the first memory. The datafrom the second memory is sent to the logic emulator, and can be padded with null data if necessary. Inthis way we can detect uninteresting data and throw it away.Other, more common situations are harder to handle. In most cases we wish to preserve all of the audiodata in the system. For example, if the system is generating or recording music there will always beinteresting data in the audio signal, and there is no �dead air� to throw away. In such situations it isnecessary is to save all of the data, perhaps to tape or disk, and use this storage as a buffer to change thespeed of the data. For audio this is obviously feasible, since we already store large amounts of audio ontoday�s systems. Thus, it may be worthwhile to augment the transducer hardware with a hard diskinterface. Even in protocols and mappings where this feature is not necessary for buffering, the disk couldstill be used to record the data passing on the channel, serving as a debugging aid. However, for higherdata rate signals (i.e., video), there may be too much data to store, and using secondary storage would notbe sufficient.PCMCIAPCMCIA [Mori94] is a card format and bus protocol used to add peripherals to computer systems. Itallows standardized memory cards, modems, disk drives, and other computer cards to be added to anycompatible host, including systems from portable computers to Newton MessagePads. The interface can bemoderated by standard chips such as the Intel 82365SL DF PC Card Interface Controller (PCIC) [PCIC93],which connects two PCMCIA card slots to an ExCA/ISA bus (see Figure 62).

108ExCA/ISA BusHostSystemCard1Card282365SLDFPC CardInterface Controller ChipSupport CircuitrySlotBSlotA

InternalPeripheral(s)Host Processor

Figure62. PCMCIA interface built with the Intel 82365SL DF PCIC chip.Communications to the PCMCIA cards are initiated by the host processor. The PCIC chip routes thesemessages to the proper card slot based on the address sent by the processor. This card then has the optionof asserting a WAIT signal to indicate that it needs extra time to process the current cycle. Once the cardhas finished processing the current cycle, either by reading in data sent by the host or by writing outrequested data, it will deassert the WAIT signal. All signals are then returned to their prior (idle) state, andthe system is available for another bus cycle.Implementing a transducer for either a PCMCIA card or a PCMCIA host system is quite simple. Theelectrical level of the specification is handled by the Intel 82365SL DF PCIC chip plus some standardsupport hardware for the host side, while the card side requires little electrical adaptation. The timing levelis also easy to meet because it is always obvious what subsystems are involved in a given communication,only one communication can be in progress at a time, and almost all timing constraints on the host systemand the PCMCIA cards are minimum delays, not maximums. Note that conversely, the timing constraintson the PCIC chip itself are mostly maximums, making it difficult to emulate the PCIC chip itself. On thecard side of the protocol, the transducer can use the WAIT signal to slow down the communication.Performing these actions inside the transducer�s FPGAs is quite easy, and is well within the performancecapabilities of current devices.One important concern raised by examining the PCMCIA specification is that while it is trivial to handlethe interfaces for the host system and for PCMCIA cards, it is much harder to meet the timing constraintson the controller chip itself. While most of the delays on the host and the cards are minimum delays, thereare numerous maximum allowable delays on the controller chip, and these delays are on the order of tens ofnanoseconds. The emulator will most likely be unable to meet the required delays, and it is unclear if thereis any way to put an emulation of the controller chip into its target environment. The reason for this

109difference is quite simple. When we design protocols to interconnect many types of circuit boards we mustrealize that some of the boards will be much more complicated, or made from low-cost parts, slowing downtheir communications. Thus, inter-board protocols are designed to tolerate slower cards. However, whenwe design the interfaces to integrated circuits we expect a certain level of performance. The scope of thetasks required from these ICs are often limited and well defined, and thus we can require it to respond toexternal communications within a certain amount of time. Thus, meeting the external interface timings forsystem-level prototyping is in general simpler than for chip-level prototyping.VMEbus SlaveThe VMEbus [VMEbus85] is a backplane bus capable of supporting multiple Master (controller) boards, aswell as Slave boards. One of the features that makes this system different than the others discussed so far isthe fact that communication is bus-based, meaning that many of the transactions a component sees areintended for some other subsystem, and thus that component has no control over the processing of thattransaction.A VMEbus Master requests control over the bus via an arbitration process. Once it has gained control ofthe bus, it writes an address out onto the bus. Boards in the system are mapped into a common addressspace, and the address written to the bus will uniquely determine with which board the Master wishes tocommunicate. This board will respond to the Master�s request, either reading or writing a data value ontothe bus. The Master may then request additional data transfers from the same target board, eithercommunicating several data values in the same direction at once, or performing a read-modify-writeoperation.Slowing down the bus communications for an emulated slave can be difficult, primarily because theemulation will not be involved in all transactions that occur on the bus, and thus many of thesecommunications will not give the emulation a chance to slow them. For transfers actually involving theemulation we can simply delay the interface signals to re-establish the proper minimum delays from theemulation�s perspective. Communications that do not involve the emulation cannot be handled so simply,because the system does not wait for the emulation to process a transaction that is not intended for it.However, the emulation may not function correctly if these transactions proceed faster (in its slowed frameof reference) than the required minimum delays. There are two solutions to this problem. First, since theranges of addresses a board responds to are fixed, we can program the interface transducer to simply ignoreall transactions that are not intended for the emulation. A second choice is to allow the interface transducerto present a transaction to the emulation regardless of what board it is destined for, and delay it sufficiently

110to meet the minimum delays in the emulation�s time frame. If the transaction is not destined for theemulation, this and other transactions can complete while the emulation is still receiving the originaltransaction. These transactions are ignored, and the interface only presents a new transaction when the lasttransaction has been completely received by the emulation. Since the transactions are very simple,requiring less than 100 bits, the data can easily be cached inside the FPGAs in the transducer. Theemulation will not miss any transactions that are intended for it, since such a transaction would still bewaiting for it when it completes the previous transaction. This second solution has the advantage that theemulation experiences transactions that are not intended for it, thus allowing the designer to test that theboard does indeed ignore communications not intended for it. Note however that a emulation cannot�snoop� on the bus, attempting to overhear and capture communications not intended for it, since there willinevitably be transactions communicated on the bus that must be filtered out.One significant problem with the VMEbus specification is that it contains several built-in time-outs.Specifically, if a board does not respond in a reasonable amount of time to a bus communication orarbitration, the system may decide to rescind the transaction. While these delays should be quite large,since these time-outs are only meant to free the bus in exceptional situations, it is possible that theemulation will operate too slowly to meet these upper bounds. In such a case, the logic that administersthese time-outs will need to be modified or removed to allow proper operation of the emulation.ConclusionsAs we have shown, many logic emulator interfaces can be handled by a simple, generic interface transducerboard. The board consists of FPGAs, memories, programmable delays, and perhaps an interface to asecondary storage device. This board is responsible for meeting the timing level specifications of theprotocol. The electrical level of the protocol is met by standard chips where necessary, and the logicallevel is met in the emulator itself. The FPGAs on the transducer perform filtering and padding on the datastream, and make sure all required timing relationships are upheld. The memories are used for temporarystorage and buffering, with two memories per FPGA to avoid read/write conflicts. The programmabledelays are used to generate timing signals, both for the interfaces to the memories, and to help the FPGAmeet the protocol�s timing constraints. While the protocol transducer mappings can be somewhat involved,we have found that they can be quickly developed in a high-level language, and automatically translatedinto FPGA logic.In this chapter, we described how this generic board can be used to handle NTSC video, digital audio,PCMCIA, and VMEbus. From these examples several general techniques have emerged, techniques that

111are applicable to many other situations. Interface transducers must somehow slow the external interfacedown to the speed of the logic emulator, either by delaying the communication, or filtering away data.Many protocols obey a strict handshaking, or have explicit wait or delay signals. In these cases, theincoming data rate can be slowed down to meet the emulator�s speed simply by properly delaying thesesignals. In some cases (such as the VMEbus) data will be sent on a common medium between manysubsystems, but only the sender and receiver of this data have control of the handshaking. In thesesituations the interface transducer can simply ignore data not intended for the emulation.Other protocols do not have an explicit method for slowing the incoming data. Video and audio are goodexamples of this. In these cases it is necessary to filter away some of the data that is arriving, throwingaway less interesting data, while storing the more important portions. In some cases this may require alarge amount of buffer space, possibly even the use of secondary storage.Timing constraints on individual signals must be respected by the protocol transducers. However, it is ingeneral true for system-level prototyping that most of the timing constraints on the system are minimums,meaning that the emulator should not respond too quickly. Obviously this is not a problem. Note that ifthe emulation is of an individual chip, meeting the timing constraints can be much more difficult. This isbecause protocols are more likely to impose maximum response-time constraints on individual chips thanon complete systems. The one exception to this is fault-tolerance features, features that impose a largemaximum response time constraint on the system, reasoning that only a defective system will ever exceedthese delays. In many cases, the emulation will meet these delays; in others, there is no choice but todisable the fault-tolerance features.Although we did not encounter such protocols in our study, there are some types of interfaces that simplycannot be handled by any protocol transducer. Specifically, the logic emulation will run more slowly thanthe target system, and this will significantly increase the response-time of the system. Thus, the protocolmust be able to tolerate large communication latencies. Also, there must be some method of reducing theincoming data rate. If the interface delivers data at a steady rate, and all data must be received by thesystem, there will be no way to reduce the data rate.As we have shown, the design of a generic interface transducer is possible, and can meet most of theinterface demands of current and future emulation systems. With a small amount of design effort, whichcan in general be carried out in a high-level design language, such systems can be run in their targetenvironment, greatly increasing their utility.

Chapter 9. Multi-FPGA System SoftwareIn Chapter 5 we presented numerous multi-FPGA systems, and described the varied roles of these systems.In the chapters that followed we described several important aspects of multi-FPGA hardware. However,hardware is not enough. In order for multi-FPGA systems to achieve widespread use, they not only requirean efficient hardware implementation medium, but also a complete, automatic software flow to mapcircuits or algorithms onto the hardware substrate. Similar to a compiler for a standard programminglanguage, the mapping software for a multi-FPGA system takes in a description of the circuit to beimplemented, and through a series of transformations creates an implementation of the circuit in the basicinstructions of the hardware system. In a multi-FPGA system, this implementation is programming filesfor the FPGAs in the system. This chapter will describe multi-FPGA system software in general, includingsome existing techniques from the literature. In the chapters that follow, we will detail the contributions ofthis thesis to multi-FPGA system mapping software.Before we discuss the specific steps necessary to map onto a multi-FPGA system, it is necessary toconsider some of the features of a multi-FPGA system that impact upon this software flow. One of themost important concerns in multi-FPGA systems is that while the FPGAs are reprogrammable, theconnections between the FPGAs are fixed by traces on the circuit board. Thus, not all FPGA may beinterconnected, and communication between FPGAs must be carried on these limited resources. If thesource and destination of a route are on different FPGAs, and the FPGAs are not directly connected, thissignal will need to traverse intermediate FPGA(s). This adds extra delay to the routing, and uses upmultiple FPGA I/O pins. This latter constraint is the major bottleneck in many multi-FPGA systems, withI/O resource constraints limiting achieved logic utilization to 10%-20%. Thus, the primary concern ofmapping tools for a multi-FPGA system is limiting the amount of I/O resources needed by a mapping. Notonly does this mean that most signals should be kept within a single FPGA, but also that those signals thatneed to be communicated between FPGAs should be communicated between neighboring FPGAs. Thus,the mapping tools need to understand what the topology of the multi-FPGA system is, and must optimize tobest fit within this routing topology. Note that some topologies use crossbars or FPICs, devices meant toease this I/O bottleneck. However, even these chips have finite I/O resources, and the connections betweenthem and the FPGAs are fixed. Thus the restrictions of a fixed topology occur even in these systems.Since the routing topology is a critical feature of a multi-FPGA system, it would be tempting to come upwith a topology-specific mapping solution. However, as was shown in Chapter 5, there are numerousdifferent multi-FPGA topologies, and solutions that are only appropriate to a single topology are obviouslyof limited utility. Also, there are systems such as Springbok (Chapter 6), as well as others, which have a

113very flexible topology, with fairly arbitrary resource mixes. If the mapping solution cannot adapt to anarbitrary topology, it will not be able to meet the demands of these types of systems. Finally, as we willdiscuss later, incremental updates may require that only a subset of a multi-FPGA system be remapped, andthis subset can be any arbitrarily complex portion. The shape of these subsets can be difficult topredetermine, and requires that the mapping tools adapt to an unpredictable topology.Not only must the tools be topology-adaptive, but in many circumstances they must also be fully automatic.In the case of logic emulation, the user of the system has no desire to learn all the details of a multi-FPGAsystem, and will be unwilling to hand-optimize their complex design to a multi-FPGA system. The systemis meant to speed time-to-market of the system under validation, and without an automatic mappingsolution the speed benefits of an emulation will be swamped by the mapping time. Also, for a multi-FPGAsystem targeted to general software acceleration, the users of the system will be software programmers, nothardware designers. While there are niches where a hand-optimized solution may be the right answer, formany other domains a complete, automatic mapping system is a necessity.The final major constraint is that the performance of the mapping system itself is an issue. A multi-FPGAsystem is ready to use seconds after the mapping has been developed, since all that is necessary is todownload the FPGA configuration files to the system. Thus, the time to create the mapping dominates thesetup time. If the mapping tools take hours or days to complete, it is difficult and time-consuming to makealterations and bug fixes to the mapping. This is especially important for rapid-prototyping systems, wherethe multi-FPGA system is part of an iterative process of bug detection, correction, and retesting. If themapping time is excessive, the multi-FPGA system will be used relatively late in the design cycle (wherebugs are few), which greatly limits their utility. With a mapping process that takes only minutes, itbecomes possible to use the benefits of logic emulation much earlier in the design cycle, increasing theusefulness of a multi-FPGA system.Note that there is a major tradeoff to be made between the conflicting goals of high performance mappingtools and high quality mappings, where mapping quality is primarily measured in I/O resource usage.Many of the algorithms that can create the best quality mappings (such as simulated annealing[Shahookar91]) take a significant amount of time to complete. Faster mapping tools will often achievetheir speed by sacrificing mapping quality. The proper answer to this dilemma may not be a single tool thatstrikes some compromise between these goals, but instead a pair of tools. One tool would create thehighest quality mappings, and may take multiple hours to complete. Another tool would create a mappingmuch more quickly, but by sacrificing mapping quality to some degree. With the pair of mapping tools, wecan adopt the following methodology. In some cases the resources are not the primary concern, either

114because we are testing only a subset of the complete circuit, but we have the resources for the entire circuit,or because the logic emulator users decided to buy excess hardware to avoid mapping quality constraints.In these situations we use the high speed, moderate quality mapping tool. When resources are at apremium, the high quality mapper is applied, perhaps running overnight. This will create the best possiblemapping, and will probably leave some excess resources scattered around the system. Users will then workwith this high quality mapping, and will discover bug fixes and other modifications necessary to themapping. Instead of iterating back to the high quality mapper, we can apply the high speed, moderatequality mapper only to the portions of the multi-FPGA system affected by the modification. In this wayonly a small portion of the mapping is degraded by the lower quality mapper, though hopefully themapping will still fit within the excess resources left in the system. In this way the system is quickly backup and running. These �corruptions� of the high quality mapping are allowed to continue through the dayor week. Then, when the users can afford to have the system taken down overnight or over the weekend,the high quality mapper can be rerun, developing a fresh base for further incremental alteration. In thisway the user avoids constant long latency remapping steps, yet still achieves high quality mappings,although with a slight degradation. Thus, a pair of mapping systems, one high quality but slow, anotherhigh speed but lower quality (and which can work on arbitrary subsets of the system) better serves theneeds of the user than a single system.Multi-FPGA System Software FlowThe input to the multi-FPGA mapping software may be a description in a hardware description languagesuch as Verilog or VHDL, a software programming language such as C or C++ [Agarwal94, Wo94,Galloway95, Iseli95], or perhaps a structural circuit description. A structural circuit description is simply arepresentation of a circuit where all the logic is implemented in basic gates (ANDs, ORs, latches, etc.), orin specific, premade parts (i.e., microprocessors, memories, etc.). Programming language descriptions(Verilog, VHDL, C) differ from structural descriptions in that the logic may be described more abstractly,or �behaviorally�, with the functions described by what needs to be done, not by how it should beimplemented (note that structural descriptions may be found in higher-level languages as well, but theseportions can be handled identically to complete structural descriptions). Specifically, an addition operationin a behavioral description would simply say that two values are added together to form a third number,while a structural description would state the exact logic gates necessary to perform this computation. Toimplement the behavioral descriptions, there are automatic methods for converting such descriptions intostructural circuit descriptions. Details of such transformations can be found elsewhere [McFarland90].

115Structural Circuit Description

Programming Files

Technology MappingPartitioning & Global PlacementGlobal RoutingPin AssignmentFPGA RoutingFPGA Placement

Figure 63. Multi-FPGA system mapping software flow.To convert from a structural circuit description to a multi-FPGA realization requires a series of mappingsteps (Figure 63). For elements assigned to specific chips (memories, microprocessors, etc.), it is assumedthat the implementation hardware will include such devices, and there is little processing necessary to mapthese elements. If such chips are not available, the logic must be converted into basic gates so that it can behandled similarly to the rest of the random logic in the source description. This requires that there be adescription of the logic in the chip, and this description will be inserted to replace the chip in question.To map the random logic requires technology mapping, partitioning & global placement, global routing,and FPGA placement and routing. FPGA placement and routing, as well as technology-mapping, areidentical to the tools used for single FPGAs, and were described in Chapter 2. In the pages that follow, wewill first give a brief overview of the process. A more in-depth discussion of each of the steps appears laterin this chapter.The first mapping step is technology mapping. Technology mapping restructures the logic to best fit thelogic blocks in the FPGAs. This primarily requires the grouping together of small gates to form largerfunctions that better use a single function block�s resources, though it may be necessary to split high fanoutgates, resynthesize logic, and duplicate functions to produce the best implementation.

116After technology mapping, partitioning takes the single input circuit description and splits it into piecessmall enough to fit into the individual FPGAs in the system. The partitioner must ensure not only that thepartitions it creates are small enough to fit the logic capacity of the FPGAs, but must also ensure that theinter-FPGA routing can be handled within the constraints of the multi-FPGA routing topology. In generalglobal placement, the process of assigning partitions to specific FPGAs in the system, is combined with thepartitioning stage. Otherwise, it is unclear where a given partition resides within the multi-FPGA topology,and thus it is difficult to properly optimize the interpartition connectivity.After partitioning and global placement, global routing handles the routing of inter-FPGA signals (i.e., thesignals that need to be communicated between partitions). This phase can be broken up into abstract globalrouting and detailed global routing (pin assignment). Abstract global routing (hereafter referred to simplyas global routing) determines through which FPGAs an inter-FPGA signal will be routed. Pin assignmentthen decides which specific I/O pins on each of the FPGAs will carry the inter-FPGA signals.Once partitioning, global placement, global routing, and pin assignment are completed, all that is left is theplacement and routing of the individual FPGAs in the system. When this is completed, there are nowconfiguration files prepared for each FPGA in the system. Downloading these files to the multi-FPGAsystem then customizes the multi-FPGA system, so there will then be a completed realization of the desiredfunctionality.Partitioning and Global PlacementAs mentioned earlier, the user of a multi-FPGA system specifies the desired functionality as a single, largestructural circuit. This circuit is almost always too large to fit into a single FPGA, and must instead be splitinto pieces small enough to fit into multiple FPGAs. When the mapping is split up, there will some signalsthat will need to be communicated between FPGAs, because two or more logic elements connected to thissignal reside on different FPGAs. This communication is a problem for a multi-FPGA system, because theamount of I/O resources on the FPGAs tends to be used up long before the logic resources are filled.Because I/O resources are the primary limitation on logic capacity in a multi-FPGA system, the primarygoal of the partitioner, the tool that splits logic up into FPGA-sized partitions, is to minimize thecommunication between partitions. There have been many partitioning algorithms developed which haveas a primary goal the reduction of inter-partition communication, and which can split a mapping up intomultiple pieces. Unfortunately, these algorithms are not designed to work inside a fixed topology.Specifically, most multi-way partitioning algorithms, algorithms that break a mapping into more than 2parts, assume that there is no restriction on which partitions communicate. They only seek to minimize the

117total amount of that communication, measured as either the total number of nets connecting logic in two ormore partitions (the net-cut metric), or the total number of partitions touched by each of these cut nets (thepin-cut metric). These are reasonable goals for when the partitioner is run before the chips areinterconnected, and is used in cases where someone is building a custom multi-FPGA system for a specificapplication (note that Chapter 11 discusses some fixed topologies where these methods are alsoappropriate). However, most multi-FPGA systems are prefabricated, with the FPGAs connected in arouting topology designed for general classes of circuits, and these connections cannot be changed. Thus,some FPGAs may be interconnected in the topology, and others will not, and the partitioner needs tounderstand that the cost of sending a signal between pairs of FPGAs depends on which FPGAs arecommunicating.

3412Figure 64. Example system for topological effects on multi-FPGA system partitioning.For example, consider a linear array of 4 FPGAs, numbered 1-4 (Figure 64). A signal communicatedbetween FPGAs 1 & 2 will consume two I/Os, one on each FPGA, since the FPGAs are directly connected.A signal between FPGAs 1 & 4 will consume six I/Os, two between 1 & 2, two between 2 & 3, and twobetween 3 & 4. Thus, when partitioning onto this linear array of FPGAs, it is better to have two signalsbeing communicated, one between 1 & 2, and one between 2 & 3, than it is to have a single signalcommunicated between 1 & 4. Thus, in order to do a reasonable job of partitioning onto a multi-FPGAsystem, the partitioner needs to understand the topology onto which it is partitioning. For this reason thestep of global placement, the assigning of partitions to specific FPGAs in the system, is often donesimultaneously with partitioning. Otherwise it is hard for a partitioner to understand the cost ofcommunication within a given topology if it does not know where the partitions it is creating lie within thistopology.As mentioned earlier, the best method for mapping onto a multi-FPGA system is probably a pair ofmapping approaches, one high quality but slow mapper, and another high speed mapper that can work onarbitrary subsets of the system. For the high quality approach we believe a system such as that developedby Roy and Sechen [Roy93] is the proper approach. This algorithm applies simulated-annealing onto acircuit being mapped to a multi-FPGA topology, and performs simultaneous partitioning and globalplacement. During its processing it knows which FPGA a given logic element will be assigned to, and itperforms routing of the inter-FPGA signals to determine how expensive a given connection pattern is, and

118to look for severe congestion points in the system. In this way the partitioner optimizes to a specific multi-FPGA topology, and can attempt to find the global optimum for this mapping situation. Unfortunately,simulated annealing is a very slow process, especially when it is necessary to also perform routing as partof the cost metric. Thus, while this algorithm provides an ideal method to perform mapping onto a multi-FPGA system when mapping time is not an issue, it is too slow to be used for incremental updates and localbug fixes, or for situations that are not resource constrained. Note that Vijayan has presented an algorithmwith a similar goal [Vijayan90]. Unfortunately, the algorithm is exponential in the number of partitions,making it unsuitable for most complex multi-FPGA systems, which may have tens to hundreds of FPGAs.

BCDAFEHIJGLKNOPMRQ231564897BCDAFEHIJGLKNOPMRQ231564897123Figure 65. An example of the suboptimality of recursive bipartitioning. We are partitioning tothe multi-FPGA system at middle, and the best first cut is shown at left (gray line). The nextpartitioning would have to cut nine signals. We can instead partition as shown at right, cutting atotal of two signals.The partitioning work presented in this thesis has focused on the other half of the partitioning problem. Itdetails a partitioning algorithm that is fast, yet still develops good quality partitions, and is capable ofworking on an arbitrary subset of a multi-FPGA system. Such an algorithm would be appropriate in non-resource constrained situations (such as when a user has decided to spend extra on hardware in order to usefaster mapping algorithms), as well as for incremental updates during testing and debugging, wheremapping speed can be a major issue. The algorithm is based on the concept of iterative bipartitioning.Specifically, one can take a mapping and partition it into two parts. If one then reapply bipartitioning tothese parts, one gets four parts. This process can be continued until the system is broken up into as manypieces as there are FPGAs in the system.

119There are two problems with iterative bipartitioning onto a multi-FPGA system: it is greedy, and it ignoresthe multi-FPGA topology. It is greedy because the first bipartitioning attempts to find the best possiblebipartitioning. While it may find a good way to split a mapping if it is only going to be broken into twoparts, it may be a poor choice as a starting point for further cuts. The first split may require only a smallamount of communication between the two halves of the system, but later cuts may require much morecommunication. We may have been better served having a somewhat larger initial cut, which could letsubsequent cuts require much less communication. An example of this is shown in Figure 65.

CBAG

FEDH

1CBAG

12CBAG 123

ABCDEFGH

CircuitABEFCDGH

EFGHABCDFigure 66. Example of iterative bipartitioning. The circuit (top left) is partitioned onto the multi-FPGA topology (bottom left) in a series of steps. Each partitioning corresponds to the mostcritical bottleneck remaining in the multi-FPGA system, and after each partitioning the placementof the logic is restricted to a subset of the topology (labeling on circuit partitions).The greediness of iterative bipartitioning can be taken advantage of in order to map onto a specific multi-FPGA topology. Specifically, the multi-FPGA topology itself will have some bottleneck in its topology,some place where the expected communication is much greater than the routing resources in the multi-FPGA topology. For example, going back to the linear array of FPGAs discussed earlier (Figure 64), it isclear that if the number of wires connecting adjacent FPGAs is the same throughout the system, then thewires between the middle FPGAs, numbers 2 & 3, will be the most heavily used, since with an equalnumber of FPGAs on either side of this pair of FPGAs, the communication demand should be the highest.Not all multi-FPGA systems will be linear arrays of FPGAs, but within most of them will be some set oflinks that are the critical bottleneck in the system. If we iteratively partition the circuit being mapped ontoa topology such that the first cut in the circuit falls across this critical bottleneck, with the logic in onepartition placed on one side of the bottleneck, and the other partition on the other side of the bottleneck,then this greedy early cut is performed exactly where the best cut is necessary. We can continue thisprocess, performing partitionings corresponding to the remaining bottlenecks in the system. In this way wetake advantage of the greedy nature of iterative bipartitioning, performing the early, greedy cuts where

120necessary to relieve the most significant bottlenecks in the topology, while later cuts (which are hurt by thegreediness of earlier cuts) are performed where lower quality cuts can be tolerated, since they correspond tolocations that are not critical bottlenecks in the system. An example of this process is shown in Figure 66.While this does not totally avoid the suboptimality of iterative bipartitioning, it does help limit it.In order to implement such a partitioner, it is necessary both to develop an efficient bipartitioningalgorithm, as well as an algorithm to find the critical bottlenecks in the multi-FPGA system. In Chapter 10we discuss a bipartitioning algorithm that is fast and develops very high quality partitionings. Then inChapter 11 we discuss an algorithm that can look at a topology and determine where the critical bottlenecksare in the multi-FPGA system. Thus, this algorithm can be used to determine the order in whichbipartitionings should be iteratively performed to best map onto the multi-FPGA topology. Note that thesebipartitionings might not be equipartitionings (that is, they might not attempt to split the circuit into twopartitions each holding half of the circuit), but may in fact be unbalanced. Specifically, if the criticalbottleneck in a multi-FPGA system splits the topology into one part containing 80% of the logic capacity,and the other part containing 20% of the logic capacity, then the bipartitioning of the circuit will attempt toform a split with one side having 80% of the logic, and the other having 20% of the logic. Also, after oneor more bipartitionings there may be information about logic placement that needs to be transmittedbetween partitions. For example, in Figure 66 during the last partitioning, if logic X in subcircuit AB isconnected to logic in subcircuit CD, then when partitioning subcircuit AB we need to know that X shouldbe in partition B. Otherwise, there will be an additional signal that needs to be communicated from FPGAA to B because of the required connection to logic in subcircuit CD. There are standard techniques, such asthose described in [Dunlop85], for handling such situations. What happens is that signals that cross earliercuts (such as that between AB and CD) are represented by terminals, where this terminal is a logic nodepermanently assigned to the partition next to the cut. So in the case described before, there would be alogic node permanently assigned to partition B, which is connected to the signal going to X. X is still freeto be assigned to partition A, but if it does so the algorithm will realize that the net from X to the terminal iscut, and thus will properly take into account this extra cost when optimizing. Note that similar techniquescan be used to handle fixed logic and fixed external connections, situations where certain signals mustreside in a specific FPGA or else they will contribute to the inter-FPGA communication costs in the multi-FPGA system.Global RoutingGlobal routing is the process of determining through which FPGAs to route inter-FPGA signals. Note thatthe related problem of determining which specific pins to use to carry a signal is often handled separately;

121it will be discussed later in this chapter. In cases where a signal needs to connect between only two directlyconnected FPGAs, this step is usually simple. No intermediate FPGA is needed to carry this signal, and therouting can be direct. However, in some cases the wires that directly connect these FPGAs may be used upby other signals. The signal will need to take alternate routes, routes that may lead through other FPGAs.For long-distance routing, there may be many choices of FPGAs to route through. A global router attemptsto choose routes in order to make the most direct connections, thus minimizing delay and resource usage,while making sure that there are sufficient routing resources to handle all signal.Routing is a problem in numerous domains, including standard cells, gate arrays, circuit board layout, andsingle FPGAs. Global routing for multi-FPGA systems is similar to routing for single FPGAs.Specifically, in an FPGA the connections are fixed and finite, so that the router cannot add resources tolinks that are saturated, and the connections may not obey strict geometrical distance metrics. The same istrue for a multi-FPGA system. In the cases of standard cells and gate arrays, the size of routing channelscan (usually) be increased, and in circuit board routing extra layers can be added. Thus, in order to handlemulti-FPGA routing, we can use many of the techniques from single-FPGA routing.

DCBAZYXWFigure 67. Crossbar routing topology. The chips at top are used purely for routing, while theFPGAs at bottom handle all the logic in the system.There have been some routing algorithms developed specifically for multi-FPGA systems. Thesealgorithms focus on crossbar topologies (Figure 67). In a crossbar topology, a signal that needs to berouted between FPGAs will always start and end at logic-bearing FPGAs, since routing-only chips have nologic in them. Thus, to route any signal in the system, regardless of how many FPGAs it needs to connectto, requires routing through exactly one other chip, and that chip can be any of the routing-only chips. Thisis because each routing-only chip connects to every logic-bearing FPGA, and the routing-only chips haveexactly the same connectivity. Thus, routing for a crossbar topology consists simply of selecting which

122routing-only chip an inter-FPGA signal should route through, and a routing algorithm seeks only to routethe most number of signals. Note that this does require some effort, since some assignments of signals torouting-only chips allow much less communication than others. For example, assume that each of theconnections between chips in Figure 67 consist of 3 wires, and assume that we are attempting to routethree-terminal wires, with connections evenly distributed between the logic-bearing FPGAs. If we routesignals between FPGAs ABC through W, ABD through X, ACD through Y, and BCD through Z, we willbe able to route three signals through each routing-only chip, for a total of 12 signals. At this point, nofurther routing can be performed, even of two-terminal wires. We can instead route one ABC, one ABD,one ACD, and one BCD wire through each of the routing-only chips, achieving a total of 16 routed signals.There have been several algorithms proposed for the routing of signals in crossbar topologies. [Mak95]presents an algorithm that is optimal for 2-terminal routing, as well as proof that routing for multi-terminalnets is NP-Complete. The routing algorithm is based on the idea that if too many routes are assigned to agiven routing-only chip, there must be some routing-only chip that is underutilized. Otherwise, therewould be no possible routing for this mapping. Given this fact, the routes going through these two chipscan be balanced, so that there is almost an identical number of nets going to each of these routing-only chipfrom each logic-bearing chip. Thus, to perform the routing for a crossbar topology, simply assign all of thenets to a single routing-only chip, and then iteratively balance the demand on routing-only chips until therouting is feasible. Since the problem of routing multi-terminal nets in a crossbar topology is NP-Complete, heuristic algorithms have been proposed [Butts91, Kadi94]. These greedily route signalsthrough routing-only chips based on their current utilization. Because of this, they may not always find arouting solution in situations where such a solution exists, even in the case of purely 2-terminal routing.Thus, there may be some benefit in combining a heuristic approach to multi-terminal net routing with theoptimal approach to 2-terminal net routing, though it is not clear how this could be done.Another interesting approach to the global routing phase for multi-FPGA systems is the concept of VirtualWires [Babb93, Selvidge95]. Virtual Wires attempts to deal with the I/O bottleneck in multi-FPGAsystems by time-division multiplexing all external communications. As we mentioned earlier, most logicemulation systems achieve only 10%-20% logic utilization because of I/O limitations. Also, these systemstend to run at clock frequencies ten times or more slower than the maximum clock frequency of the FPGAs.For example, many FPGAs can easily achieve 30-50 MHz operation, while logic emulations using thesechips achieve only 1-5 MHz at best.The Virtual Wires approach is based on the observation that there are extra logic resources, and higherclock rates, available to use to ease the I/O congestion. Imagine that we generate a clock rate at twice the

123frequency of the emulation clock. This clock toggles a 2:1 multiplexer at each output, and a 1:2demultiplexer at each input to the FPGAs in the system. This extra logic may take up 10% of the logiccapacity of the FPGAs. However, since there is logic capacity and clock frequency available to performthese operations, the logic inside the FPGA sees an interface with twice the number of I/O pins, since twosignals can go out each output, and two signals can come in each input, in a single emulation clock cycle.Although 10% of the logic capacity is consumed in doing this multiplexing and demultiplexing, we haveroom to spare in the FPGA. Thus, we should now be able to fit twice as much inside each FPGA,achieving perhaps 20%-40% utilization of the logic resources. The amount of multiplexing can beincreased until the logic capacity and the multiplexing overhead use up the entire chip area. In this way,significantly greater logic capacities can be achieved.As one might expect, there are many details that must be taken care of to fit a circuit into the modeldescribed above. Primarily, the order in which signals are sent from chip to chip must be carefullycontrolled, since when a signal is sent from one chip to another its value must be completely determined,and may not be changed later in the clock cycle. Methods for performing this analysis, architectures forbest performing this multiplexing, and methods for transforming certain circuit features into the well-formed synchronous logic necessary for this approach have all been dealt with in the Virtual Wires system[Babb93, Dahl94, Tessier94, Selvidge95]. The important point with this system is that by applying thesetechniques, they have been able to increase the external connectivity of the FPGAs by a factor of almosteight [Tessier94].Applying Virtual Wires to a multi-FPGA system has a significant impact on the mapping software.Primarily, Virtual Wires allows the mapping to a specific FPGA to trade off useful logic capacity with I/Oresources. That is, if we apply greater multiplexing to the I/O pins, there is greater I/O capacity, but lesslogic capacity (this capacity is consumed by the logic necessary to perform the multiplexing). Similarly,less multiplexing yields greater usable logic capacity, but lower I/O capacity. This means that whenpartitioning onto a system using Virtual Wires, I/O and logic capacities of the partitions cannot be treatedseparately. However, these types of constraints have already been dealt with in the literature with the ratio-cut partitioning metric [Wei89]. This metric removes strict size bounds on partitions, and instead has aunified cost metric that combines size balancing and I/O limiting features. More details on the ratio-cutmetric can be found in Chapter 11. While the ratio-cut metric may not be exactly the right metric to applyin this situation, it shows that these concerns can be added to standard partitioning metrics, including theFiduccia-Mattheyses variant of the Kernighan-Lin algorithm described in this thesis (Chapter 10).

124Another issue of concern with Virtual Wires is global routing. While in most systems it is simplynecessary to minimize congestion on each link, making sure that no more signals are passed betweenFPGAs than there are wires to carry them, global routing under Virtual Wires introduces timeslices into theproblem. Specifically, since the wires will be time-division multiplexed, several signals can be sent on asingle wire during an emulator clock cycle. Thus, there are multiple �timeslices� on a wire, where eachtimeslice is a single tick of the faster clock used to multiplex the wires. Unfortunately, not all signals willbe ready to be sent during any specific timeslice, since a signal can only be sent when all its inputs havearrived, and its logic has been given enough time to compute its value. However, the arrival of the inputs isdependent upon how they are routed, and which timeslice they are assigned to. Thus, the global routermust understand the Virtual Wires model, and properly optimize the communication in both the normalspatial domain (which wire to use), and the Virtual Wires timeslice domain. Techniques for handling thisrouting have been developed as part of the Virtual Wires project.Pin AssignmentPin assignment is the process of deciding which I/O pins to use for each inter-FPGA signal. Since pinassignment occurs after global routing, which FPGAs long-distance routes will pass through has alreadybeen determined. Thus, if we include simple buffering logic in these intermediate FPGAs (this bufferinglogic can simply be input and output pads connected by an internal signal), all inter-FPGA signals nowmove only between adjacent FPGAs. Thus, pin assignment does not do any long-distance routing, and hasno concerns of congestion-avoidance or too few resources.The problem of pin assignment has been studied in many other domains, including routing channels inASICs [Cai91], general routing in cell-based designs [Yao88, Cong91], and custom printed circuit boards(PCBs) [Pf�rtner92]. These approaches assume that the terminals of the logic can be placed into arestricted set of locations, and they attempt to minimize the inter-cell or inter-chip routing distances.Unfortunately, these approaches are unsuitable to the multi-FPGA pin assignment problem for severalreasons. The most obvious is that while the cell, channel, and PCB problems seek to minimize the routingarea between the logic elements, in a multi-FPGA system the routing between pins in the system is fixed.Thus, the standard approaches seek to optimize something that in the multi-FPGA problem is fixed andunchangeable. The standard approaches also tend to ignore the details of the logic, assuming that pinassignment has no effect on the quality of the logic element implementations. In the multi-FPGA problem,the primary impact of a pin assignment is on the quality of the mapping to the individual FPGAs, whichcorrespond to logic elements in the other approaches. Thus, standard algorithms would ignore therouteability of the individual FPGAs, the most important factor to optimize in multi-FPGA pin assignment.

125Finally, only specific sets of pins in a multi-FPGA system are connected, and the distances of routesleaving neighboring pin locations may not obey any standard geometric relationship, both of which aredepartures from the model assumed by the standard pin assignment methods. Because of these differences,there is no obvious way to adapt existing pin assignment approaches for other technologies to the multi-FPGA system problem.

ABDCFPIC1BACDEFPIC4FPIC1FPIC3FPIC2HGCDFEAB

FPIC3

FPIC4

FPIC2

FPIC1Figure 68. Multi-FPGA topologies with simple pin assignments.There are existing methods of pin assignment for certain multi-FPGA topologies. The most obvious is forsystems connected only through a single FPIC, crossbar chip, or routing-only FPGA (Figure 68 top left).In these situations, it is assumed that the routing chip can handle equally well any assignment of signals toits I/O pins, and thus the only consideration for pin assignment is the routeability of the logic-bearing chips.Since no logic-bearing chips are directly connected, because all routing is through the single routing chip,

126we can place these FPGAs independently. These placement runs can be almost completely unconstrained,allowing inter-FPGA signal pins the freedom to be assigned to any I/O pin going to the routing chip. Oncethe individual placements have completed, the pin assignments created by the placement tools induce a pinassignment onto the routing chip. That is, pins on the routing chip must be assigned such that they lie onthe opposite end of the board trace connected to the appropriate pin on the FPGAs. In general this is atrivial problem, since there are one-to-one connections between FPGA pins and routing chip pins. Sincethe routing chip is capable of handling any pin connection pattern equally well, the routing chip need onlybe configured to handle this connection pattern, and the mapping to the multi-FPGA system is complete. Asimilar approach works for two-level topologies (Chapter 5) where there are multiple routing chips, but notwo logic-bearing chips are directly connected, and no logic-bearing chip is connected to more than onerouting chip (Figure 68 right). Again, the logic-bearing chips can be placed independently, and this inducesa pin assignment onto the routing-only chips.In a multi-FPGA topology where no two logic-bearing chips are directly connected, but with logic-bearingFPGAs connected to two or more routing-only chip (Figure 68 bottom left), the algorithm must be slightlymodified. Depending on which I/O pin on an FPGA a signal is assigned to, it may go to a different routing-only chip. However, its ultimate destination may only be connected to one of these routing-only chips, andso the choice of which chip to route through is critical. Even if the destination of the route is connected tothe same chips as the source, if the placements of these two FPGAs independently choose different routing-only chips to send the signal through, there will need to be an additional connection between these routing-only chips. Such connections may not exist, or may be too heavily congested to handle this routing. Thus,the placements cannot be free to choose the routing-only chip to which to connect a signal. However, thisis not a problem. The global routing step determines which chips to route inter-FPGA signals through, andis capable of picking which routing-only chip is the best to use for any given route. Thus, all that isnecessary is to make sure the pin assignment respects these connections. This is easy to accomplish, sinceit is clear which I/O pins on a logic-bearing FPGA are connected to which routing-only chip. Thisestablishes constraints on the placement tool, telling it to assign individual logic pins to certain subsets ofthe chip�s I/O pins. In this way, we can again place all the FPGAs independently, and let their placementinduce a pin assignment on the routing-only chips.As described in [Chan93b], there are some topologies that can avoid the need to have global routingdetermine the routing-only chip to route through, and instead everything can be determined by theplacement tool. The simplest such topology is a crossbar topology with two logic-bearing and tworouting-only chips (Figure 69 left). The pin connection pattern of the logic-bearing chips has alternating

127connections to the two different routing-only chips (Figure 69 right), so that each connection to onerouting-only chip is surrounded by connections to the other routing-only chip.

A12B212121121212212121121212

Figure 69. Topology for integrated global routing and pin assignment (left), with the FPGAs atbottom used for logic, and the FPGAs at top for routing only. The detailed pin connections of thelogic-bearing FPGAs are given at right. The numbers in the pin positions indicate to whichrouting-only chip that pin is connected.In a topology such as the one described, the logic-bearing FPGAs can be placed independently, without anyrestriction on the routing-only chip the signals must move through. The inter-FPGA routing pins can beplaced into any I/O pin connected to a routing-only chip, but they are not constrained to any specificrouting-only chip. While this gives the placement tool the flexibility to create a high quality placement, thesource and destination pins of an inter-FPGA signal may end up connected to different routing-only chips.Obviously, this is not a valid placement, since there are no inter-routing chip wires to connect theseterminals. However, since the problem terminals connect to different routing-only chips, and since theneighboring I/O pin positions go to different routing-only chips, moving one of the logic pins to one of theneighboring I/O pins fixes the routing problem for this signal. While this move may require moving thelogic pin that already occupies the neighboring I/O pin, an algorithm for efficiently handling this problem ispresented in [Chan93b] (hereafter referred to as the Clos routing algorithm). It will require moving pins atmost to a neighboring I/O pin location, and can fix all routing problems in the topology presented above.Since this is only a slight perturbation, the placement quality should largely be unaffected. The alternatesolution, where global routing determines which routing-only chip a signal should be routed through, canhave a much more significant impact. Assume that in the optimum placement of the logic in the chip,where inter-FPGA signals are ignored, a set of 10 logic pins end up next to each other in the FPGA�s I/Opins. Under the method just presented, these pins might be slightly shuffled, but will still occupy pinswithin one I/O pin position of optimum. Under the global router solution, the router might have assignedthese 10 pins to be routed through the same routing-only chip. This would require these I/O connections to

128be scattered across every other pin position (since only half the pins in the region go to any given routing-only chip), forcing some of the connections a significant distance from the optimum.While the Clos routing algorithm requires somewhat restricted topologies, it can be generalized from thetopology in Figure 69. Specifically, there can be more than two logic-bearing chips, and more than tworouting-only chips. The main requirements are that the logic-bearing chips are connected only to routing-only chips, the routing-only chips only to logic-bearing chips, and there are the same number ofconnections between each pair of logic-bearing and routing-only chips. The pin connections are similar tothose shown in Figure 69 right, with connections interspersed around the logic-bearing FPGA�s periphery.Specifically, if there are N routing-only chips in the system, then there are N-pin regions on the logic-bearing FPGA�s periphery that contain connections to each of the N routing-only chips. In this way, whenthe pin assignment is adjusted after placement, a pin need only move within this group to find a connectionto the appropriate routing-only chip, yielding a maximum movement of N-1 pin positions from optimal.The pin assignment methods described above are adequate for systems where logic-bearing FPGAs arenever directly connected. However, as we showed in Chapter 5, there are many multi-FPGA systemswhere logic-bearing FPGAs are directly connected. An algorithm for handling such systems is described inChapter 12. It analyzes the logic assigned to each chip in the system, and determines the best way to assignthe pins to create a good placement for all the FPGAs in the system. While it can handle routing-only chipsreasonably, the techniques just discussed may deliver better mappings. The reason is that our pinassignment algorithm determines a specific pin assignment for all logic pins in the system based onsomewhat abstracted information about the logic and FPGA architecture. The algorithms discussed in thissection are able to use more detailed information on the FPGA architecture and logic to create a better pinassignment, but only for restricted multi-FPGA topologies. The best solution to the pin assignmentproblem may be a combined approach, which uses the algorithms from this section where appropriate,while relying on the algorithm from Chapter 12 for the rest of the system.We can create a combined pin assignment algorithm as follows. Partitioning, global placement, and globalrouting are run normally. The pin assignment algorithm from Chapter 12 is then applied, creating aspecific assignment for all pins in the system. This includes a specific assignment for pins that should bestbe assigned by one of the algorithms from this section, since this helps create a better pin assignment for allpins in the system. We then remove the assignments for those pins that can be handled by the algorithmspresented in this section, namely those pins that need to connect to a routing-only chip. In cases where thepins are not interspersed as necessary for the Clos routing algorithm, the pins are restricted to the I/O pinsconnected to the routing-only chip the global router has picked for this pin to communicate with. Thus, it

129has the freedom to pick any pin going to the proper routing-only chip. For I/O pins arranged in thetopology needed for the Clos routing algorithm, the logic pins going to these routing-only chips are allowedto be assigned to any of the I/O pins going to any of the routing-only chips. Thus, we are ignoring both theassignment created by the pin assignment algorithm, as well as the routing creating by the global router, forsignals that can best be handled by the Clos routing algorithm. The FPGAs are then placed independently,and the Clos routing algorithm is applied to the necessary logic pins. In this way, we get the benefits of allthree algorithms, applied where appropriate. Note that the pin assignment tool does extra work assigningpins going to routing-only chips, and the global router does extra work routing signals that will be handledby the Clos routing algorithm. However, this allows the tools to factor in the requirements of these signalswhen routing and assigning the other signals in the system, without causing any restrictions to these pins.Placement And RoutingIn many ways, the placement and routing tools necessary to map to the FPGAs in a multi-FPGA system areidentical to standard single-FPGA placement and routing tools. Just as with single-FPGA systems, theplacement and routing tools for a multi-FPGA system seek to fit a circuit into the logic and routingresources of the FPGA, managing resource conflicts while trying to create the highest performancemapping. It must be capable of accepting a predefined pin assignment, which assigns logic pins to I/Olocations on the chip. If it also allows the restriction of pins to a subset of the possible I/O pin locations, itis possible to use the algorithms of the previous section to handle signals going to routing-only chips.The only major difference between placement and routing for individual FPGAs and placement and routingof FPGAs in a multi-FPGA system is the need for fast mapping turnaround. For a system using a singleFPGA, the quality of the mapping is often much more important than the amount of time it takes to createthe mapping. Thus, high quality but low performance algorithms such as simulated annealing are thestandard methods for these tasks. However, multi-FPGA systems are often used interactively, withnumerous changes to the logic for bug fixes and augmented functionality. Since these changes areoccurring in an interactive environment, and there may be hundreds of FPGAs in the multi-FPGA system,the time to place and route the FPGAs can be a serious concern. Also, many systems will use only a smallfraction of the available resources, often using only 10%-20% of the logic resources. Thus, quality can besomewhat ignored, and high speed, moderate quality algorithms may be more appropriate. Because theplacement and routing of each of the FPGAs can be performed independently, since all dependenciesbetween the FPGAs are handled by the global routing and pin assignment algorithms, parallel execution ofsingle-FPGA mapping runs is critical. If the mapping runs can be performed in parallel, on differentmachines connected to a shared network, then the multi-FPGA system can be back up and running much

130more quickly. This raises the issue of distributed processing and load balancing on multiple workstations.However, since the parallelism is quite coarse-grain (i.e., the unit of work is the placement and routing of acomplete FPGA, a complex and time-consuming activity), the support software should be quite simple.One final issue is the need to allow for future modifications when an FPGA is placed and routed.Specifically, in working with a design on a multi-FPGA system, the user may need to add test probes to thesystem, probes that allow the user to determine what is happening on a given signal in the system. Thiscorresponds to a new signal in the multi-FPGA system, a signal that must be routed from the test point toan external connection. In order to handle these requirements smoothly, the placement and routing toolsshould attempt to leave extra resources available in the system so that these test signals can beaccommodated in the extra resources. Also, the placement and routing tools should be able to create a newmapping for the FPGA, which includes the new signal, without the need to create the mapping fromscratch. If the earlier mapping was created with adding future signals as a goal, then the remapping shouldbe able to reuse most of this previous mapping, saving significant mapping time. It is not clear how wellthese goals can be accomplished, and there may be many interesting research problems involved indeveloping such mapping tools for multi-FPGA systems.SummaryAs we have pointed out in this chapter, one of the keys to widespread use of multi-FPGA systems is acomplete, automatic method for mapping circuits onto the system. Such a system should be fast, so that thesystem can be used interactively. It should adapt to the multi-FPGA topology, so that it can be used onmany different systems, on flexible topologies, and for iterative updates.The mapping software consists of six steps: technology-mapping, partitioning & global placement, globalrouting, pin assignment, FPGA placement, and FPGA routing. Three of the steps (technology-mapping,FPGA placement, and FPGA routing) are currently supported by standard tools. Global routing is similarto routing for single FPGAs, and similar techniques can be applied. That leaves two major areas ofconcern: partitioning & global placement, and pin assignment. In Chapter 10 we discuss methods forperforming logic bipartitioning efficiently and effectively. Then, Chapter 11 presents a method forrecursively applying bipartitioning onto an arbitrary multi-FPGA topology. These chapters suggest analgorithm to handle the partitioning & global placement of multi-FPGA system mapping. Finally, Chapter12 describes a pin assignment tool for arbitrary multi-FPGA systems. By combining the work contained inthe following chapters with existing tools and techniques, a complete automatic-mapping system for multi-FPGA systems can be developed. Such a system would be fast, efficient, and topology-adaptive.

Chapter 10. BipartitioningIntroductionAs detailed in Chapter 9, automatic-mapping tools for multi-FPGA systems are important to their success.A major part of this process is a fast partitioning algorithm that effectively minimizes inter-partitioncommunication. In this chapter we present such a tool. Specifically, we investigate how best to quicklysplit logic into two parts. Along with the techniques discussed in Chapter 11, this forms a multi-waypartitioning algorithm capable of optimized to an arbitrary, fixed multi-FPGA system topology.Logic partitioning is also a critical issue for digital logic CAD in general. Effective algorithms forpartitioning circuits enable us to apply divide-and-conquer techniques to simplify most of the steps in themapping process. For example, standard cell designs can be broken up so that a placement tool need onlyconsider a portion of the overall design at any one time, yielding higher quality results, in a shorter periodof time. Also, large designs must be broken up into pieces small enough to fit into multiple devices.For all of these tasks, the goal is to minimize the communication between partitions while ensuring thateach partition is no larger than the capacity of the target device. While it is possible to solve the case ofunbounded partition sizes exactly [Cheng88], the case of balanced partition sizes is NP-complete[Garey79]. As a result, numerous heuristic algorithms have been proposed.In a 1988 survey of partitioning algorithms [Donath88] Donath stated �there is a disappointing lack of datacomparing partitioning algorithms�, and �unfortunately, comparisons of the available algorithms have notkept pace with their development, so we cannot always judge the cost-effectiveness of the differentmethods�. This statement still holds true, with many approaches but few overall comparisons. Thischapter addresses the bipartitioning problem by comparing many of the existing techniques, along withsome new optimizations. It focuses primarily on those approaches that build on the Kernighan-Lin,Fiduccia-Mattheyses (KLFM) algorithm [Kernighan70, Fiduccia82].One of the surprising results to emerge from this study is that by appropriately applying existing techniquesan algorithm based upon KLFM can produce results better than the current state-of-the-art. In Table 1 wepresent the results of our algorithm (Optimized KLFM), along with results of three of the best currentmethods (Paraboli [Riess94], EIG1 [Hagen92], and Network Flow [Yang94]), on a set of standardbenchmarks [MCNC93]. Note that the EIG1 algorithm is meant to be used for ratio-cut partitioning, notmincut partitioning as presented here.

132Table 1. Quality comparison of partitioning methods. Values for KLFM and Optimized KLFM1are the best of ten trials. The EIG1 and Paraboli results are from [Riess94] (though EIG1 wasproposed in [Hagen92]), and the Network Flow results are from [Yang94]. All tests requirepartition sizes to be between 45% and 55% of the total circuit sizes.MappingBasic KLFMOptimized KLFMEIG1ParaboliNetwork Flows3858424352765547s35932136461056249s15850105462159167s13207105622419174s923465452277470Geom. Mean118.849.8156.573.160.3Normalized2.3861.0003.1431.4681.211The results show that our algorithm produces significantly better solutions than the current state-of-the-artbipartitioning algorithms, with the nearest competitor producing results 21% worse than ours (thus, ouralgorithm is 17% better). Our algorithm is also fast, taking at most 7 minutes on the largest examples.Note that bipartitioning with replication has shown some promising results (all of the algorithms in thetable do not use replication). [Kuznar94a, Kuznar94b] has reported results only 7-10% worse than ours.However, these results have no cap on the maximum partition size, while all other trials have a maximumpartition size of 55% of the logic. In fact, some of Kuznar et al�s runs have partitions of size 60% or larger.As will be demonstrated, allowing a partitioning algorithm to use a larger maximum partition size cangreatly reduce the cutset size. Also, their work does not include primary inputs connected to both partitionsas part of the cutset, while the cutsizes reported for the other approaches, including ours, do include suchprimary inputs in the cutset.In the rest of this chapter we discuss the basic KLFM algorithm and compare numerous optimizations tothe basic algorithm. This includes methods for clustering and unclustering circuits, initial partitioncreation, extensions to the standard KLFM inner loop, and the effects of increasing the maximum allowedpartition size and the number of runs per trial.

1 Optimized KLFM includes recursive connectivity clustering, presweeping, per-run clustering on gate-levelnetlists, iterative unclustering, random initialization, and fixed 3rd-level gains. Each of these techniques isdescribed later in this chapter.

133Although the work described in this chapter is applicable to many situations, it has been biased by the factthat we are targeting multi-FPGA systems. One part of this is that the time it takes to perform thepartitioning is important, and is thus a primary concern in this work. In tasks such as ASIC design, we canafford to allow the partitioner to run for hours or days, since it will take weeks to create the finalimplementation. In contrast, a multi-FPGA system is ready to use seconds after the mapping has beencompleted, and users demand the highest turnaround time possible. If the mapping software can completea mapping in minutes instead of hours, the user can use the multi-FPGA system more interactively and thusmore efficiently. Thus, there is significant interest in using an efficient partitioning method, such as KLFMpartitioning, as opposed to more brute force approaches such as simulated annealing, which can takemultiple hours to complete. Targeting our partitioning work towards multi-FPGA systems has severalother impacts, which will be discussed later in this paper.MethodologyIn our work we have integrated numerous concepts from the bipartitioning literature, along with somenovel techniques, to determine what features make sense to include in an overall system. We are primarilyinterested in Kernighan-Lin, Fiduccia-Mattheyses based algorithms, though we do include some of thespectral partitioning approaches as well. Note that there is one major omission from this study: the use oflogic replication (i.e., the duplication of nodes to reduce the cutset). This is primarily because ofuncertainty in how to limit the amount of replication allowed in the multi-FPGA partitioning problem. Weleave this aspect to future work.Table 2. Sizes of example circuits.Mappings38584s35932s15850s13207s9234s5378Nodes (gates, latches, I/Os)224511988011071944560983225The best way to perform this comparison would be to try every combination of techniques on a fixed set ofcircuits, and determine the overall best algorithm. Unfortunately, we consider such a large number oftechniques that the possible combinations reach into the thousands, even ignoring the ranges of numericalparameter settings relevant to some of these algorithms. Instead, we use our experience with thesealgorithms to try and choose the best possible set of techniques, and then try inserting into this mix eachtechnique that was not chosen. In some cases, where it seemed likely that there would be some benefit ofexamining multiple techniques together and exploiting synergistic effects, we also tested those sets oftechniques. In the comparisons that follow we always use all the features of the best mix of techniquesfound except where specifically stated otherwise.

134The 6 largest circuits from the MCNC partitioning benchmark suite [MCNC93] are used as test cases forthis work (Table 2). One of the largest, s38417, was not used because it was found to be corrupted at thestorage site. While these circuits have the advantage of allowing us to compare with other existingalgorithms, the examples are a bit small for today�s partitioning tasks (the largest is less than 25,000 gates)and it is unclear how representative they are for bipartitioning. We hope that in the future a standardbenchmark suite of real end-user circuits, with sizes ranging up to the hundreds of thousands of gates, willbe available to the community.Create initial partitioning;While cutsize is reduced {While valid moves exist {Use bucket data structures to find unlocked node in eachpartition that most improves/least degrades cutsize whenmoved to other partition;Move whichever of the two nodes most improves/least degradescutsize while not exceeding partition size bounds;Lock moved node;Update nets connected to moved nodes, and nodes connected tothese nets;} endwhile;Backtrack to the point with minimum cutsize in move series justcompleted;Unlock all nodes;} endwhile;Figure 70. The Fiduccia-Mattheyses variant of the Kernighan-Lin algorithm.Basic Kernighan-Lin, Fiduccia-Mattheyses BipartitioningOne of the best known, and most widely extended, bipartitioning algorithms is that of Kernighan and Lin[Kernighan70], especially the variant developed by Fiduccia and Mattheyses [Fiduccia82]. Pseudo-codefor the algorithm is given in Figure 70. It is an iterative-improvement algorithm, in that it begins with aninitial partition and iteratively modifies it to improve the cutsize. The cutsize is the number of netsconnected to nodes in both partitions, and is the value to be minimized. The algorithm moves a node at atime, moving the node that causes the greatest improvement, or the least degradation, in the cutsize. If weallowed the algorithm to move any arbitrary node, it could decide to move the node just moved in theprevious iteration, returning to the previous state. Thus, the algorithm would be caught in an infinite loop,making no progress. To deal with this, we lock down a node after it is moved, and never move a lockednode. The algorithm continues moving nodes until no unlocked node can be moved without violating thesize constraints. It is only after the algorithm has exhausted all possible nodes that it checks whether it hasimproved the cutset. It looks back across all the intermediate states since the last check, finding the

135minimum cutsize. This allows it to climb out of local minima, since it is allowed to try out badintermediate moves, hopefully finding a better later state. After it moves back to the best intermediatestate, it unlocks all nodes and continues. Once the algorithm fails to find a better intermediate statebetween checks it finishes with the last chosen state.One important feature of the algorithm is the bucket data structure used to find the best node to move. Thedata structure has an array of lists, where each list contains nodes in the same partition that cause the samechange to the cutset when moved. Thus, all nodes in partition 1 that increase the cutset by 5 when movedwould be in the same list. When a node is moved, all nets connected to it are updated. There are foursituations to look for: 1) A net that was not in the cutset that now is. 2) A net that was in the cutset thatnow is not. 3) A net that was firmly in the cutset that is now removable from the cutset. 4) A net that wasremovable from the cutset that is now firmly in the cutset. A net is �firmly in the cutset� when it isconnected to two nodes, or a locked node, in each partition. All other nets in the cutset are �removablefrom the cutset�, since they are connected to only one node in one of the partitions, and that node isunlocked. Thus, the net can be removed from the cutset by moving that node. Each of these four situationsmeans that moving a node connected to that net may have a different effect on the cutsize now than itwould have had if it was moved in the previous step. All nodes connected to one of these four types of netsare examined and moved to a new list in the bucket data structure if necessary.The basic KLFM algorithm can be extended in many ways. We can choose to partition before or aftertechnology-mapping. We can cluster circuit nodes together before partitioning, both to speed up thealgorithm�s run-time, and to give some better local optimization properties to the KLFM�s primarily globalviewpoint. We also have a choice of initial partition creation methods, from completely random to moreintelligent methods. The main search loop can be augmented with more complex cost metrics, possiblyadding more lookahead to the choice of nodes to move. We can uncluster the circuit and reapplypartitioning, using the previous cut as the initial partitioning of the subsequent runs. Finally, we canconsider how these features are improved or degraded by larger or smaller maximum partition sizes, and bymultiple runs. In this chapter, we will consider each of these issues in turn, examining not only how thedifferent approaches to each step compare with one another, but also how they combine together to form acomplete partitioning solution.Clustering and Technology-MappingOne of the most common optimizations to the KLFM algorithm is clustering, the grouping together ofnodes in the circuit being partitioned. Nodes grouped together are removed from the circuit, and the

136clusters take their place. Nets that were connected to a grouped node are instead connected to the clustercontaining that node. Clustering algorithms are applied to the partitioning problem both to boostperformance, and also to improve quality. The performance gain is due to the fact that since many nodesare replaced by a single cluster, the circuit to be partitioned now has fewer nodes, and thus the problem issimpler. Note that the clustering time can be significant, so we usually cluster the circuit only once, and ifseveral independent runs of the KLFM algorithm are performed we use the same clustering for all runs.The ways in which clustering improves quality are twofold. First, the KLFM algorithm is a globalalgorithm, optimizing for macroscopic properties of the circuit. It may overlook more local, microscopicconcerns. An intelligent clustering algorithm will often focus on local information, grouping together a fewnodes based on local properties. Thus, a smart clustering algorithm can perform good local optimization,complementing the global optimization properties of the KLFM algorithm. Second, it has been shown thatthe KLFM algorithm performs much better when the nodes in the circuit are connected to at least anaverage of 6 nets, while nodes in circuits are typically connected to between 2.8 and 3.5 nets [Goldberg83].Clustering should in general increase the number of nets connected to each node, and thus improve theKLFM algorithm. Note that most algorithms (including the best KLFM version we found) will partitionthe clustered circuit, and then use this as an initial split for another run of partitioning, this time on theunclustered circuit. Several variations on this theme will be discussed in a later section.The simplest clustering method is to randomly combine connected nodes. The idea here is not to add anylocal optimization to the KLFM algorithm, but instead to simply exploit KLFM�s better results when thenodes in the circuit have greater connectivity. A maximum random matching of the circuit graph [Bui89]can be formed by randomly picking pairs of connected nodes to cluster, and then reclustering as necessaryto form the maximum number of disjoint pairs. Unfortunately, this is complex and time-consuming,possibly requiring O(n3) time [Galil86]. We chose to test a simpler algorithm (referred to here as r a n d o m clustering), that should generate similar results while being more efficient and easier to implement. Eachnode is examined in random order and clustered with one of its neighbors (note that a node connected to aneighbor by N nets is N times as likely to be clustered with that neighbor). A node that was previously thetarget of a clustering is not used as a source of a clustering, but an unclustered node can choose to join agrouping with an already clustered node. Note that with random clustering a separate clustering is alwaysgenerated for each run of the KLFM algorithm.Numerous more intelligent clustering algorithms exist. K-L clustering [Garbers90] (not to be confusedwith KL, the Kernighan-Lin algorithm) is a method that looks for multiple independent short paths betweennodes, expecting that these nodes should be placed into the same partition. Otherwise, each of these pathswill have a net in the cutset, degrading the partition quality. In its most general form, the algorithm

137requires that two nodes be connected by k independent paths (i.e., paths cannot share any nets), of lengthsat most l1�lk respectively, to be clustered together. Checking for K-L connectedness can be very time-consuming, especially for longer paths. The biggest problem is high fanout nets, which are quite commonin digital circuits. Specifically, if we are looking for potential nodes to cluster, and the source node of thesearch is connected to a clock or reset line, most of the nodes in the system are potential candidates, and ahuge number of paths need to be checked. However, since huge fanout nets are the most likely to be cut inany partitioning, we can accelerate the algorithm by ignoring all nets with fanout greater than someconstant. Also, if l1 = 1, then the potential cluster-mates are limited to the direct neighbors of a node(though transitive clustering is possible, with A and C clustered together with B because both A and C areK-L connected with node B, while A and C are not directly K-L connected). In our study of K-L clusteringwe ignored all nets with fanout greater than 10, and used k = 2, l1 = 1, l2 = 3. The values of maximumconsidered fanout and l1 were chosen to give reasonable computation times. While [Garbers90]recommends k = 3, l1 = 1, l2 = 3, l3 = 3, we have found that this yielded few clustering opportunities (thisw i l l b e d i s c u s s e d l a t e r ) , a n d t h e p a r a m e t e r s w e c h o s e g a v e t h e g r e a t e s t c l u s t e r i n g o p p o r t u n i t i e s w i t h reasonable run time. Using l2 = 4 would increase the clustering opportunities, but would also greatlyincrease run time.A much more efficient clustering algorithm, related to K-L clustering, has been proposed [Roy93] (referredto here as bandwidth clustering). In this method, each net e in the circuit provides a bandwidth of 1/(|e|-1)between all nodes connected to it, where |e| is the number of nodes or clusters connected to that net. Allpairs of nodes that have a total bandwidth between them of more than 1.0 are clustered. Thus, nodes mustbe directly connected by at least two 2-terminal nets to be clustered, or a larger number of higher fanoutnets. This clustering is similar to K-L clustering with k = 2, l1 = 1, l2 = 1, though it requires greaterconnectivity if the connecting nets have more than two terminals. Transitive clustering is allowed, so if thebandwidth between A&C is zero, they may still be clustered together if A&B and B&C each have abandwidth of greater than 1.0 between them. There is an additional phase (carried out after all passes ofrecursive clustering, discussed below) that attempts to balance cluster sizes.A clustering algorithm similar to bandwidth clustering, but which does not put an absolute lower bound onthe necessary amount of bandwidth between the nodes, and which also considers the fanout of the nodesinvolved, has also been tested. It is based upon work done by Schuler and Ulrich [Schuler72], with severalmodifications. We will refer to it as connectivity clustering. Like random clustering, each node isexamined in a random order and clustered with one of its neighbors. If a node has already been clustered itwill not be the source of a new clustering attempt, though more than two nodes can choose to cluster withthe same node. Nodes are combined with the neighbor with which they have the greatest connectivity.

138Connectivity is defined in Equation 2. Bandwidthij is the total bandwidth between the nodes (as defined inbandwidth clustering), where each n-terminal net contributes 1/(n-1) bandwidth between each pair of nodesto which it is connected. In this method nodes are more likely to be clustered if they are connected bymany nets (the bandwidthij in the numerator), if the nodes are small (the sizei & sizej in the denominator),and if most of the nodes� bandwidth is only between those two nodes (the fanouti - bandwidthij & fanoutj -bandwidthij terms in the denominator). While most of these goals seem intuitively correct for clustering,the reason for the size limits is to avoid large nodes (or subsequent large clusters in recursive clustering,defined below) attracting all neighbors into a single huge cluster. Allowing larger nodes to form hugeclusters early in the clustering will adversely affect the circuit partitioning.

connectivity bandwidth sizesizefanout fanout

ij ij

i j i ij j ij

= * * -

( ) * - ( )

Equation 2. Connectivity metric for connectivity clustering.While all the clustering techniques described so far have been bottom-up, using local characteristics todetermine which nodes should be clustered together, it is possible to perform top-down clustering as well.A method proposed by Yeh, Cheng, and Lin [Yeh92] (referred to here as shortest-path clustering)iteratively applies a partitioning method to the circuit until all pieces are small enough to be consideredclusters. At each step it considers an individual group at a time, where a group contains all nodes that havealways been on the same side of the cuts in all prior partitionings. The algorithm then iteratively chooses arandom source and sink node, finds the shortest path between those nodes, and increases the flow on theseedges by 0.1. The flow is a number used in computing net lengths, where the current net length isexp(10*flow). Before each partitioning, all flows are set to zero. When the flow on a net reaches 1.0, thenet is part of the cutset. Once there is no uncut path between the random pairs of nodes chosen in thecurrent iteration, the algorithm is finished with the current partitioning. In this way, the algorithm proceedsby performing a large number of 2-terminal net routings on the circuit graph, with random source and sinkfor each route, until it exhausts the resources in the system. Note that the original algorithm limits thenumber of subpartitions of any one group. Since this is not an important issue for our purposes, it was notincluded in our implementation. Once the algorithm splits up a group into subpartitions, the sizes of thenew groups are checked to determine if they should be further subdivided. For our purposes, the maximumallowable cluster size is equal to (total circuit size)/100, which is half the maximum partition size variation.There are several alterations that can be made to this algorithm to boost performance, details of which canbe found in Chapter 11.

139P inputsM inputs

F1F2F1F2(M+P-1) inputs

Figure 71. Example for the discussion of the size of logic functions. The P-input and M - i n p u t functions cascaded together (left) are fit into a (M+P-1) input LUT (right).Before describing the last clustering method, it is necessary to discuss how to calculate the size of a logicnode in the circuit being clustered. For our application (multi-FPGA systems), we are targeting FPGAssuch as the Xilinx 3000 series [Xilinx94], where all logic is implemented by lookup-tables (LUTs). A LUTis a logic block that can implement any function of N variables, where N is typically 4 or 5. Since we willbe partitioning circuits before technology-mapping (the reasons for this will be discussed later), we cannotsimply count the number of LUTs used, since several of the gates in the circuit may be combined into asingle LUT. An important aspect of a LUT-based implementation is that we can combine an M-inputfunction with a P-input function that generates one of the M inputs into an (M+P-1)-input function (seeFigure 71). The reason that it is an (M+P-1)-input function, and not an (M+P)-input function, is that theoutput of the P-input function no longer needs to be an input of the function since it is computed inside theLUT. A 1-input function (inverter or buffer) requires no extra inputs on a LUT. We can therefore say alogic node of P inputs uses up P-1 inputs of a LUT, and thus the size of a P-input function is (P-1), with aminimum size of 0. Any I/O nodes (i.e., external inputs and outputs) have a cost of 0. This is because ifsize keeps an I/O node out of a partition in which it has neighbors (i.e., nodes connected to the same net asthe I/O node), a new I/O must be added to each partition to communicate the signal across the cut. Thus,moving an I/O node to a partition in which it has a neighbor never uses extra logic capacity. Althoughlatches should also have a size of 0, since most FPGAs have more than sufficient latch resources, forsimplicity we treat them identically to combinational logic nodes.The last clustering technique we explored is not a complete clustering solution, but instead a preprocessor(called presweeping) that can be used before any other clustering approach. The idea is that there are somenodes that should always be in the same partition. Specifically, one of these nodes has a size of zero, andthat node can always be moved to the other node�s partition without increasing the cut size. The mostobvious case is an I/O node from the original circuit which is connected to some other node N. This I/Onode will have a size of zero, will be connected to one net, and moving the I/O node to node N�s partitioncan only decrease the cut size (the cut size may not actually decrease, since another node connected to thenet between N and the I/O node may still be in that other partition). Another situation is a node R, which is

140connected to exactly two nets, and one of these two nets is a 2-terminal net going to node S. Again, node Rwill have a size of zero, and can be moved to S�s partition without increasing the cutsize. The presweepingalgorithm goes through the circuit looking for such situations, and clusters together the involved nodes (Rwith S, or N with the I/O node). Note that presweeping can be very beneficial to some clusteringalgorithms, such as K-L and Bandwidth, since such algorithms may be unable to cluster together the pairsfound by presweeping. For example, an I/O node connected to only one net will never be clustered by theK-L clustering algorithm. Since the presweeping clustering should never hurt a partitioning (except due torandom variation), presweeping will always be performed in this study unless otherwise stated.Table 3. Quality comparison of clustering methods. Values are minimum cutsize for ten runsusing the specified clustering algorithm, plus the best KLFM partitioning and unclusteringtechniques. Source mappings are not technology-mapped. The �No Presweep� column isconnectivity clustering applied without first presweeping. All other columns include presweeping.MappingRandomK-LBandwidthConnectivityShortest-PathNo Presweeps3858417788112575059s359327386277474570s158507090124605965s132071099487737279s9234637956525165s5378847888686766Geom. Mean89.785.6108.758.856.567.1Results for the various clustering algorithms are presented in Table 3 and Table 4. The shortest-pathclustering algorithm generates the best results, with connectivity clustering performing only about 4%worse. In terms of performance, the shortest-path algorithm takes more than twice as long as theconnectivity clustering algorithm. This is because clustering with the shortest-path algorithm takes morethan 15 times as long as the connectivity approach. Shortest-path clustering would thus be even worsecompared to connectivity clustering if the partitioner does not share clustering between runs. As we willshow later, it is sometimes a good idea not to share clusterings. Because of the significant increase in runtime because of shortest-path clustering, with only a small increase in quality, we use the connectivityalgorithm for all of our other comparisons. We can also see that presweeping is a good idea, sinceconnectivity clustering without presweeping does about 14% worse in terms of cutsize, while taking about13% longer.

141Table 4. Performance comparison of clustering methods. Values are total CPU seconds on aSPARC-IPX for ten runs using the specified algorithm, plus the best KLFM partitioning andunclustering techniques. The �No Presweep� column is connectivity clustering applied withoutfirst presweeping. All other columns include presweeping.MappingRandomK-LBandwidthConnectivityShortest-PathNo Presweeps38584215720412631198147152183s35932301412472123210032522114s158507805008716431354713s132076484286295491279696s9234326266460333669416s5378120147223181447189Geom. Mean710.4526.5824.4667.61412.5751.5One surprising result is that K-L clustering only does slightly better than random clustering, and Bandwidthclustering actually does considerably worse. The reason for this is that these clustering algorithms seem torequire technology-mapping, and the comparisons in the tables are for non-technology-mapped circuits.Technology-mapping for Xilinx FPGAs is the process of grouping together logic nodes to best fill a CLB(an element capable of implementing any 5-input function, or two 4-input functions). Thus, it combinesseveral basic gates into a single CLB. The reason that K-L and Bandwidth clustering perform poorly onnon-technology-mapped (gate-level) circuits is that there are very few clustering opportunities for thesealgorithms. Imagine a sum-of-products implementation of a circuit. In general, any specific AND gate inthe circuit will be connected to two or three input signals and some OR gates. Any AND gates connectedto several of the same inputs will in general be replaced by a single AND gate. The OR gates areconnected to other AND gates, but will almost never be connected to the same AND gate twice. The onepossibility, an OR gate connected to an AND gate�s output as well as producing one of that AND gate�sinputs, is a combinational cycle, and usually not allowed. Thus, there will be almost no possibility offinding clusters with Bandwidth clustering, and few K-L clustering opportunities. While many gate-levelcircuits will not be simple sum-of-products circuits, we have found that there are still very few clusteringopportunities for the K-L and Bandwidth algorithms.Unfortunately, technology-mapping before partitioning is an extremely poor idea. In Table 5, columns 2through 4 shows results for applying the various clustering algorithms to the Xilinx 3000 technology-mapped versions of the circuits (note that only four of the examples are used, because the other examples

142were small enough that the size of a single CLB was larger than the allowed partition size variation).Column 5 (�No Tech Map�) has the results for connectivity clustering on gate-level (non-technology-mapped) circuits. The results show that technology-mapping before partitioning almost doubles thecutsize. The K-L and Bandwidth clustering algorithms do perform almost as well as the connectivityclustering for these circuits, but we are much better off simply partitioning the gate-level circuits. This hasan added benefit of speeding up technology-mapping as well, since we can technology-map each of thepartitions in parallel. Note that we may increase the logic size by partitioning before technology-mapping,because there are fewer groupings for the technology-mapper to consider. However, in many technologies(especially multi-FPGA systems) the amount of logic that can fit on the chip is constrained much more bythe number of I/O pins than on the logic size, and thus decreasing the cutsize by a factor of two is worth asmall increase in logic size. This increase in logic size is likely to be small since the gates that technology-mapping will group into a CLB share signals, and are thus likely to be placed into the same partition.Table 5. Quality comparison of clustering methods on technology-mapped circuits. Values areminimum cutsize for ten runs using the specified algorithm. The values in the column marked�Unclusterable� are the results of applying Connectivity clustering to technology-mapped files,but allowing the algorithm to uncluster the groupings formed by the technology-mapping. Notethat only the four largest circuits are used, because technology-mapping for the others causesclusters to exceed allowed partition size variation.MappingK-LBandwidthConnectivityNo Tech MapUnclusterables385841691591205760s359321551571434753s158508690876060s132071181191167372Geom. Mean127.7127.9114.758.560.9It is fairly surprising that technology-mapping has such a negative effect on partitioning. There are twopossible explanations: 1) technology-mapping produces circuits that are somehow hard for the KLFMalgorithm to partition or 2) technology-mapping creates circuits with inherently much higher minimumcutsizes. There is evidence that the second reason is the underlying cause, that technology-mapped circuitssimply cannot be partitioned as well as gate-level circuits, and that it is not simply due to a poorpartitioning algorithm. To demonstrate this, we use the fact that the technology-mapped circuits for theXilinx 3000 series contain information on what gates are clustered together to form a CLB. This lets us to

143consider the technology-mapping not as a permanent restructuring of the circuit, but instead simply asanother clustering preprocessor. We allowed our algorithm to partition the circuit with the technology-mapped files, with connectivity clustering applied on top, then uncluster to basic gates and partition again.The results are shown in the final column of Table 5. Although the results for this technique are slightlyworse than pure connectivity clustering, they are is still much better than the permanently technology-mapped versions. The small example circuit (Figure 72) demonstrates the problems technology-mappingcan cause. There is a balanced partitioning of the circuit with a cutsize of 2, as shown in gray at left.However, after technology-mapping (CLBs are shown by gray loops), the only balanced partitioning putsthe smaller CLBs in one partition, the larger CLB on the other. This split has a cutsize of 5.The effects of technology mapping on cutsize have been examined previously by Weinmann[Weinmann94], who determined that technology-mapping before partitioning is actually a good idea,primarily for performance reasons. However, in his study he used only a basic implementation ofKernighan-Lin (apparently not even the Fiduccia-Mattheyses optimizations were applied), thus generatingcutsizes significantly larger than what our algorithm produces, with much slower performance. Thus, thebenefits of any form of clustering would help the algorithm, making the clustering provided by technology-mapping competitive. However, even these results report a 6% improvement in arithmetic mean cutsize forpartitioning before technology-mapping, and the difference in geometric mean is actually 19% 2.

27351733111923253113292735173311192325311329Figure 72. Example of the impact of technology-mapping on partitioning quality. The circuit s27is shown (clock, reset lines, and I/O pins are omitted). At left is a balanced partition of theunmapped logic, which has a cutsize of 2. Gray loops at right indicate logic grouped togetherduring technology-mapping. The only balanced partitioning has the largest group in one partition,the other two in the other partition, yielding a cutsize of 5.

2 Throughout this chapter we use geometric instead of arithmetic means because we believe improvements topartitioning algorithms will result in some percentage decrease in each cutsize, not a decrease of some constantnumber of nets in all examples. That is, it is likely that an improved algorithm would reduce cutsizes for allcircuits by 10%, and would not reduce cutsizes by 10 nets in both large and small examples. Thus, thegeometric mean is more appropriate.

144UnclusteringWhen we use clustering to improve partitioning, we will usually partition the circuit, uncluster it, andpartition again. There are several ways to uncluster. Most obviously, we can either choose not to unclusterat all (no unclustering), or we can completely remove all clustering in one step (complete unclustering).However, there are better alternatives. The important observation is that while clustering we can build ahierarchy of clusters by recursively applying a clustering method, and then uncluster it in a way thatexploits this hierarchy. In recursive clustering, after the circuit is initially clustered we reapply theclustering algorithm again upon the already clustered circuit. Clusters are never allowed to grow largerthan half the allowed partition size variation. Recursive clustering continues until no more clusters can beformed. While we are clustering we remember what clusters are formed at each step, with clusters formedin the ith pass forming the ith level of a clustering hierarchy.There are two ways to take advantage of the clustering hierarchy formed during recursive clustering. Themost obvious method is that after partitioning completes (that is, when a complete pass of moving nodesfails to find any state better than the results of the previous pass) we remove the highest level of theclustering hierarchy, leaving all clusterings at the lower levels alone, and continue partitioning. That is,subclusters of clusters at the highest level, as well as those clusters that were not reclustered in the highestlevel, will remain clustered for the next pass. This process repeats until all levels of the clustering havebeen removed (note that clustering performed by presweeping is never removed, since there is nothing tobe gained by doing so). In this way, the algorithm performs very coarse-grain optimization during earlypasses, very fine grain optimization during late passes, as well as medium-grain optimization during themiddle passes. This algorithm, which we will refer to here as iterative unclustering, is based on work byCong and Smith [Cong93].An alternative to iterative unclustering is edge unclustering. This technique is based on the observationthat at any given point in the partitioning there is likely to be some fine-grained, localized optimization, andsome coarse-grained, global optimization that should be done. Specifically, those nodes that are very closeto the current cut should be very carefully optimized, while nodes far from the cut need much less detailedexamination. The edge unclustering algorithm is similar to iterative unclustering in that it keepsunclustering the highest levels of clustering remaining in between runs of the KLFM partitioning algorithm.However, instead of removing all clusters at a given level, it only removes clusters that are adjacent to thecut (i.e., those clusters connected to edges that are in the cutset). In this way, we will end up eventuallyunclustering all clusters next to the cut, while other clusters may remain together. When there are no moreclusters left adjacent to the cut, we completely uncluster the circuit and partition one final time with KLFM.

145Table 6. Quality comparison of unclustering methods. Values are minimum cutsize for ten runsusing the specified algorithm. Source mappings are not technology-mapped, and are clustered bypresweeping and connectivity clustering.Single-level ClusteringRecursive ClusteringMappingNo UnclusterCompleteUnclusterNo UnclusterCompleteUnclusterIterativeUnclusterEdgeUnclusters385849577167885756s3593215715690754746s158507767123846062s1320710179119897372s92346861105545258s53787968125706868Geom. Mean92.480.1119.375.658.859.7Table 7. Performance comparison of unclustering methods. Values are run times on a SPARC-IPX for ten runs using the specified algorithm. Source mappings are not technology-mapped, andare clustered by presweeping and connectivity clustering.Single ClusteringRecursive ClusteringMappingNo UnclusterCompleteUnclusterNo UnclusterCompleteUnclusterIterativeUnclusterEdgeUnclusters38584122017091104178419812023s35932122416641359179821002127s15850380491301485643646s13207375525282429549572s9234219283145262333335s537810414482132181162Geom. Mean411.4557338.9533.6667.6664.8As the results in Table 6 and Table 7 show, using recursive clustering and a hierarchical unclusteringmethod (iterative or edge unclustering) has a significant advantage. The methods that do not uncluster aresignificantly worse than all other approaches, by up to more than a factor of two. Using only a single

146clustering pass plus complete unclustering yields a cutsize 36% larger than the best unclustering (iterative),and even complete unclustering of a recursively clustered mapping yields a 29% larger cutsize. Thedifference between the two hierarchical unclustering methods is only 1.5%, with three mappings havingsmaller cutsizes with edge unclustering, and two mappings having smaller cutsizes with iterativeunclustering. Thus, it appears that the difference between the two approaches is slight enough to be wellwithin the margins of error of this survey, with no conclusive winner. In this survey, we use iterativeunclustering except where explicitly stated otherwise.Initial Partition CreationKLFM is an iterative-improvement algorithm that gives no guidance on how to construct the initialpartitioning that is to be improved. As one might expect, there are many ways to construct this initialpartitioning, and the method chosen has an impact on the results.The simplest method for generating an initial partition is to just randomly create one (random initialization)by randomly ordering the clusters in the circuit (initial partition creation takes place after clustering), andthen finding the point in this ordering that best balances the total cluster sizes before and after this point.All nodes before this point are in one partition, and all nodes after this point are in the other partition.Table 8. Quality comparison of initial partition creation methods. Values are minimum cutsizefor ten runs using the specified algorithm.MappingRandomSeededBreadth-firstDepth-firsts3858457575756s3593247474747s1585060606060s1320773758074s923452685252s537868798078Geom. Mean58.863.461.460.2An alternative to this is seeded initialization, which is based on work by Wei and Cheng [Wei89]. The ideais to allow the KLFM algorithm to do all the work of finding the initial partitioning. It randomly choosesone cluster to put into one partition, and all other clusters are placed into the other partition. The standardKLFM algorithm is then run with the following alterations: 1) partitions are allowed to be outside the

147required size bounds, though clusters can not be moved to a partition that is too large, and 2) at the end ofthe pass, it accepts any partition within size bounds instead of a partition outside of the size bounds. Thus,the KLFM algorithm should move clusters related to the initial �seed� cluster over to the small partition,thus making all nodes that end up in the initially 1-cluster partition much more related to one-another than arandomly generated partitioning.Table 9. Performance comparison of initial partition creation methods. Values are total CPUseconds on a SPARC-IPX for ten runs using the specified algorithm.MappingRandomSeededBreadth-firstDepth-firsts385841981187619022033s359322100205320902071s15850643604613584s13207549531561533s9234333302319325s5378181186177173Geom. Mean667.6641.0652.5647.5We can also generate an initial partitioning that has one tightly connected partition by breadth-firstinitialization. This algorithm again starts with a single node in one of the partitions, but then performs abreadth-first search from the initial node, inserting all nodes found into the seed node�s partition. Once theseed partition grows to contain as close to half the overall circuit size as possible the rest of the nodes areplaced into the other partition. To avoid searching huge fanout nets such as clocks and reset lines, whichwould create a very unrelated partition, nets connected to more that 10 clusters are not searched. Depth-first initialization can be defined similarly, but should produce much less related partitions.Results for these initial partition construction techniques are shown in Table 8 and Table 9. The data showsthat random is actually the best initialization technique, followed by depth-first search. The �moreintelligent� approaches of seeded and breadth-first do 7% and 4% worse than random, respectively, and thedifferences occur only for the three smaller mappings. There are three reasons for this. First, recursiveclustering and iterative unclustering seem to be able to handle the larger circuits well, regardless of how thecircuit is initialized. With larger circuits there are more levels of hierarchy and the algorithms consistentlyget the same results. For smaller mappings there are fewer levels and much greater variance in results.Since there are thus many potential cuts that might be found when partitioning these smaller circuits,getting the greatest variance in the starting point will allow greater variety in results, and better values will

148be found (as will worse, but we only accept the best value of ten runs). Thus, the more random startingpoints perform better (random and depth-first initialization). Also, the more random the initial partitioning,the easier it is for the partitioner to move away from the initial partitioning. Thus, the partitioner is nottrapped in a potentially poor partitioning, and can generate better results. Some of these effects can be seenin Figure 73, which contains the distribution of results for ten runs of both random (black bars) and seeded(gray bars) initialization. As can be seen, there is little variation in the larger circuits. There is greatervariation for smaller circuits, and for the random algorithm in general. Also, the random algorithm seemsto be finding very different results from the seeded initialization, since few of the same cuts are found bythe two algorithms for smaller circuits.

s38584

s35932

s15850

s13207

s9234

s5378Figure 73. Distribution of results from partitioning with random (black bars) and seeded (graybars) initialization. The ith bar from the left represents the ith best cutsize found by eitheralgorithm, and the height indicates how many different runs of the algorithm (out of ten) achievedthat result. There is little variation in the larger circuits. There is more variation in smallercircuits, and more variation in random initialization results in general.While the previous discussion of initial partition generation has focused on simple algorithms, we can infact use more complex, complete partitioning algorithms to find initial partitions. Specifically, there existsa large amount of work on �spectral� partitioning methods (as well as others) that constructs a partitioningfrom scratch. We will consider here the IG-Match [Cong92], EIG1 and EIG-IG [Hagen92] spectralpartitioning algorithms. One important note is that these algorithms are designed to optimize for the ratio-cut objective [Wei89], which does not necessarily generate balanced partitions. However, we obtained theprograms from the authors and altered them to generate only partitions with sizes between 49% and 51% ofthe complete circuit size, the same allowed partition size variation used throughout this chapter. These

149algorithms were applied to clustered circuits to generate initial partitionings. These initial partitioningswere then used by our KLFM partitioning algorithm.Table 10. Quality comparison of spectral initial partition creation methods. IG-Match [Cong92],EIG1 and EIG-IG [Hagen92] are spectral partitioning algorithms, used here to generate initialpartitions. Entries labeled �n/a� are situations where the algorithm failed to find a partitioningwithin the required partition size bounds. Some of the spectral algorithms may move severalclusters from one side of the cut to the other at once, missing the required size bounds (requiredonly for our purposes, not for the ratio-cut metric for which they were designed). �All Spectral� isthe best results from all three spectral algorithms.MappingRandomEIG1EIG1-IGIG-MatchAll Spectrals385845757575757s359324747474747s158506060969660s1320773111828282s9234525454n/a54s5378687878n/a78Geom. Mean58.865.066.8n/a61.8Table 11. Performance comparison of spectral initial partition creation methods. Values are totalCPU seconds on a SPARC-IPX for the clustering, initialization, and partitioning algorithmscombined. Values marked with �*� do not include the time for the failed IG-Match runs. �AllSpectral� is the combined times for all three spectral partitionings.MappingRandomEIG1EIG1-IGIG-MatchAll Spectrals38584198133644512071988s3593221004444635401447s1585064389102206397s132075497995152326s92343334256n/a98*s53781812639n/a65*Geom. Mean667.6102.3127.8n/a365.2*

150As the results show (Table 10 and Table 11), the algorithms (when taken as a group, under �All Spectral�)produce fairly good results, but are still 5% worse than random initialization. They do have the advantageof faster run times (including the time to perform spectral initialization on the clustered circuits), since theydo not require, and cannot use, multiple partitioning runs. Also, as we will show in the next section thespectral approaches are competitive when our KLFM algorithm is restricted to the same runtimes as thespectral algorithm. However, the extra complexity of the spectral algorithm, along with their inability totake advantage of multiple runs, make us conclude that spectral initialization is not worthwhile.

050100150200

Minimum Cutsize

0

10

20

30

40

50Number of RunsBasic KLFMOptimized KLFMFigure 74. Graphs of cutsizes for different numbers of runs of both basic KLFM, and ouroptimized version of KLFM. Values shown are the geometric means of the results for all 6 testcircuits.Multiple RunsWhile all of our tests have involved ten separate runs of the algorithm under consideration, and we retainthe best result of these ten runs, we can consider using more or less runs per test. Basic KLFM isnotoriously variable from run to run, and using multiple runs (up to even a hundred or more) is essential forachieving good results. To test how our algorithm responded to multiple runs, we ran one hundred runs ofour best algorithm. We then used these datasets to determine the expected best cutsize found by an

151arbitrary number of runs of the algorithm. The results are shown in Figure 74, as well as similar results forthe basic KLFM algorithm. As can be seen, not only does our optimized algorithm generate better resultsthan the base KLFM algorithm, but it also has much less variability than the original algorithm, thusrequiring fewer runs to be performed in general. Multiple runs are still valuable, since running thealgorithm twice produces results 10% better on average than only a single run, and ten runs producesresults 18% better than a single run. However, there are significantly diminished returns from further runs.Twenty runs produce results only 2% better than ten runs, and the best values found from all one hundredruns are only 5% better than those produced from ten runs. It is unclear exactly how many runs should beused in general, since for some situations a 2% improvement in cutsize is critical, while for others it isperformance that is the primary concern. We have chosen to use ten runs for all of the tests presented inthis chapter unless stated otherwise.

5560657075

Minimum Cutsize

0

1

2

3

4

5Number of RunsEIG1EIG1-IGBothFigure 75. Graphs of cutsizes for different numbers of runs of our optimized version of KLFMversus the spectral initialization approaches. The spectral approaches are placed horizontally sothat they line up to the equivalent amount of time spent on the optimized KLFM algorithm.Values shown are the geometric means of the results for all 6 test circuits.Figure 75 shows details of the optimized KLFM runs from Figure 74, as well as the results from thespectral initialization approaches discussed earlier. The spectral results are placed horizontally so that they

152line up to the equivalent amount of time spent on the optimized KLFM algorithm. That is, in the time ittakes to run both EIG1 and EIG1-IG initialized runs of our optimized KLFM algorithm approximately 3.2runs of the optimized KLFM algorithm with random initializations could be performed. Note that the timeto perform clustering is factored into the time to perform the first run of the optimized KLFM algorithm.As can be seen, the spectral approaches are somewhat more time efficient than our optimized algorithm,and thus might be useful in extremely time critical situations. However, multiple runs of our optimizedalgorithm can be run in parallel, performing better than the spectral approaches, and with slightly moretime sequential runs of our optimized algorithm on a single processor produce better quality than thespectral approaches. Because of this, and also because the spectral approaches are much more complexthan the optimized algorithm (since the spectral approaches perform spectral initialization, a complexprocess, and then run our entire optimized algorithm as well), we will use random initialization for ouroptimized algorithm.Higher-Level GainsThe basic KLFM algorithm evaluates node moves purely on how much the move immediately affects thecutsize. However, there are often several possible moves that have the same effect on the cutsize, but thesemoves may have very different ramifications for later moves. Take for example the circuit in Figure 76left. If we move either B or E to the other partition, the cutsize remains the same. However, by choosingto move B, we can reduce the cutsize by one by then moving A to the other partition. If we move E, it willtake two further moves (C and D) to remove the newly cut three-terminal net from the cutset, and thiswould still keep the cutsize at 2 because of the edge from C to the rest of the logic.To deal with this problem, and give the KLFM algorithm some lookahead ability, Krishnamurthy proposedhigher-level gains [Krishnamurthy84]. If a net has n unlocked nodes in a partition, and no locked nodes inthat partition, it contributes an nth-level gain of 1 to moving a node from that partition, and an (n+1)th-level gain of -1 to moving a node to that partition. The first-level gains are identical to the standard KLFMgains, with a net currently uncut giving a first-level gain of -1 to its nodes, and a net that can be uncut bymoving a node A gives a first-level gain of 1 to node A. The idea behind this formulation is that an nth-level gain of 1 indicates that by moving N nodes, including the node under consideration, we can remove anet from the cutset. An (n+1)th-level gain of -1 means that by moving this node, we can no longer removethis net by moving the n nodes connected to the net in the other partition. Moves are compared based onthe lowest-order gain in which they differ. So a node with gains (-1, 1, 0) (1st-level gain of -1, 2nd-level of1, 3rd-level of 0) would be better to move than a node of (-1, 0, 2), but worse to move than a node of (0, 0,0). To illustrate the gain computation better, we give the examples in Figure 76 right. Net 123 has one

153node in the left partition, giving a 1st-level gain of 1 for moving a node out of this partition, and a 2nd-levelgain of -1 for moving a node to this partition. It has two nodes in the right partition, giving a 2nd-level gainof 1 for moving a node from this partition, and a 3rd-level gain of -1 for moving a node to this partition.Thus, node 1 has a gain vector of (1,0,-1), and nodes 2 and 3 have gains of (0,0,0), since the 2nd-level gainsof 1 & -1 cancel each other. This makes sense, because after moving either node 2 or 3 you have almostthe same situation for net 123 as the current state. Note that if node 3 were locked, node 2 would have again vector of (0,-1,0), and node 1 would have a gain vector of (1,0,0), since there is no longer anycontribution to the gain vector of net 123 from the state of the right partition. For net 45 there is a 2nd-order gain of 1 for moving nodes out of the left partition, and a 1st-order gain of -1 for moving nodes intothe right partition, giving nodes 4 and 5 a gain vector of (-1,1,0). If node 4 was locked, then node 5 wouldhave a gain vector of (-1,0,0), since there is no longer any contribution to the gain vector of net 45 from thestate of the left partition. Net 678 is similar to 45, except that it has a 3rd-order, not a 2nd-order, gain of 1.So, we can rank the nodes (from best to move to worst) as 1, 23, 45, 678, where nodes grouped togetherhave the same gains. If we do move 1 first, 1 would now be locked into the other partition, and nodes 2and 3 would have a 1st-level gain of -1, and no other gains. Thus, they would become the worst nodes tomove, and node 4 or 5 would be the next candidate. AB

Complex Logic

DEComplex Logic

45231687Figure 76. Examples for the higher-level gains discussion.Note that the definition of nth-level gains given above is slightly different than Krishnamurthy�s.Specifically, in Krishnamurthy�s definition the rule that gives an nth-level gain to a net with n unlockednodes in a partition is restricted to nets that are currently in the cutset. Thus, nets 678 and 45 would bothhave gains (-1, 0, 0). However, as we have seen, allowing nth-level gains for nets not in the cutset allowsus to see that moving a node on 45 is better than moving a node on 678, since it is easier to then remove 45from the cutset than it is 678. Also, this definition handles 1-terminal nets naturally, while Krishnamurthyrequires no 1-terminal nets to be present in the circuit. A 1-terminal net with our definitions would have a1st-level gain of 1 for having only one node in the starting partition, but a 1st-level gain of -1 because thereare no nodes in the other partition, yielding an overall 1st-level gain of 0. Note that 1-terminal nets arecommon in clustered circuits, occurring when all nodes connected to a net are clustered together.

154Table 12. Quality comparison of higher-level gains. Numbers in column headings are the highesthigher-level gains considered. Note that a fixed gain-level of 1 is identical to KLFM withouthigher-level gains. Values are minimum cutsize for ten runs using the specified algorithm.FixedMappingDynamic123420s38584575757575757s35932494749474747s15850606462606060s13207757777737373s9234525652525252s5378667170686868Geom. Mean59.261.260.458.858.858.8Table 13. Performance comparison of higher-level gains. Numbers in column headings are thehighest higher-level gains considered. Values are total CPU seconds on a SPARC-IPX for tenruns using the specified algorithm.FixedMappingDynamic123420s38584190416061652198120783910s35932232118301862210022972766s15850630509518643678956s13207551425446549572815s9234338252250333355466s5378186130134181185241Geom. Mean677.2524.5536.4667.6703.8990.8There is an additional problem with using higher-level gains on clustered circuits: huge runtimes. TheKLFM partitioning algorithm maintains a bucket for all nodes with the same gains in each partition. Thus,if the highest fanout node has a fanout of N, in KLFM without higher-level gains there must be 2*N+1buckets per partition (the N-fanout node can have a total gain between +N and -N). If we use M-level gains(i.e., consider higher-level gains between 1st-level and Mth-level inclusive), we would require (2*N+1)M

155different buckets. In unclustered circuits this is fine, since nodes will have a fanout of at most 5 or 6.Unfortunately, clustered circuits can have nodes with fanout on the order of hundreds. This causes not onlya storage problem, but also a performance problem, since the KLFM algorithm will often have to perform alinear search of all buckets of gains between occupied buckets, and buckets will tend to be sparsely filled.We have found two different techniques for handling these problems. First, the runtimes are acceptable aslong as the number of buckets is reasonable (perhaps a few thousand). So, given a specific bound N on thelargest fanout node (which is fixed after every clustering and unclustering step), we can set M to the largestvalue that requires less than a thousand buckets be maintained. This value is recalculated after everyunclustering step, allowing us to use a greater number of higher-level gains as the remaining cluster sizesget smaller. We call this technique dynamic gain-levels. An alternative to this is to exploit the sparsenature of the occupied gain buckets. That is, among nodes with the same 1st- and 2nd-level gains, therewill be few different occupied gain buckets. What we can do is perform the dynamic gain-levelcomputation to determine the number of array locations to use, but each of these array locations is actuallya sorted list of occupied buckets. That is, once the dynamic computation yields a given M, all occupiedgain buckets with the same first M gains will be placed in the list in the same array location. In this way,circuits with large clusters, and thus very sparse usage of the possible gain levels, have only 2 or 3 gain-levels determining the array location, while circuits with small or no clusters, and thus more dense usage ofthe smaller possible gain locations, have more of their gain orders determining the array locations. In thislatter technique, called fixed gain-levels, the user can specify how many gain-levels the algorithm shouldconsider, and the algorithm automatically adapts its data structures to the current cluster sizes.As shown in Table 12 and Table 13, using more gain levels improves the results, but only up to a point.Once we consider gains up to the 3rd level, we get all the benefits of up to 20 gain levels. Thus, extra gainlevels beyond the 3rd level only serve to slow down the algorithm, up to a factor of 50% or more. Dynamicgain-levels produces results between those of 2-level and 3-level fixed gains. This is to expected, since athigh clustering levels the dynamic algorithm uses only 2 gain levels, though once the circuit is almosttotally unclustered it expands to use several more gain-levels. In this survey we use fixed, 3-level gains.Dual PartitioningDuring partitioning, the goal is to minimize the number of nets in the cutset. Because of this, it seems oddthat we move nodes from partition to partition instead of moving nets. As suggested by Yeh, Cheng, andLin [Yeh91], we can combine both approaches in a single partitioning algorithm. The algorithm consists ofPrimal passes, which are the basic KLFM outer loop, and Dual passes, which are the KLFM outer loop,except that nets are moved instead of nodes. In this way, the Dual pass usually removes a net from the

156cutset at each step, though this may be more than balanced by the addition of other nets into the cutset. Justas in the KLFM algorithm, a single Primal or Dual pass moves each node or net once, and when no moreobjects can be moved the state with the lowest cutsize is restored. Primal and Dual passes are alternated,and the algorithm ends when two consecutive passes (one Primal, one Dual, in either order) produce noimprovement. When performing unclustering, we start with a Primal pass after each unclustering.While the concept of moving nets may seem straightforward, there are some details to consider. First,when we move a net, we actually move all nodes connected to that net to the destination partition. Nodesalready in that partition remain unlocked, while moved nodes are locked. Because we are moving nets andnot nodes, the bucket data structure holds nets sorted by their impact in the cutsize, not nodes. An oddsituation occurs when a net is currently in the cutset. Since it has nodes in each partition, it is a candidateto be moved to either partition. Also, because we are moving nets and not nodes, it is unclear how to applyhigher-level gains to this problem, so higher-level gains are only considered in the Primal passes.One of the problems with the Dual partitioning passes is that they are excessively slow. When we move anet, it not only affects the potential gain/loss of moving neighboring nets (where two nets are neighbors ifthey both connect to a shared node), it can affect the neighbor�s neighbors as well. The gain of moving anet is the sum of the gain of removing the net from the cutset (1 if the net is currently cut, 0 otherwise), plusgains or losses from adding or removing neighboring nets from the cutset (by moving a node connected to aneighboring net, we may add or remove that net from the cutset). Thus, when we move a net, we may addor remove a neighboring net to or from the cutset. That neighbor�s neighbors may have already expected toadd or remove the neighbor from the cutset, and their gains may need to be recalculated. In a recursivelyclustered circuit, or even in a circuit with very high fanout nets (such as clocks and reset lines), most of thenets in the system will be neighbors or neighbors of neighbors. Thus, each move in a Dual pass will needto recalculate the gains of most of the nets in the system, taking a significant amount of time.The solution we adopted is to ignore high fanout nets in the Dual pass. In our study, we do not considermoving high fanout nets (those nets connected to more than 10 nodes) since it is unlikely that moving ahigh fanout net will have a positive effect on the cutsize. We also do not consider the impact of cuttingthese high fanout nets when we decide what nets to move. Thus, when a neighbor of this net is moved, wedo not have to recalculate the gains of all neighbors of this high fanout net, since these nets do not have toworry about cutting or uncutting the high fanout net. Note that this makes the optimization inexact, and atthe end of a Dual pass we may return to what we feel is the best intermediate state, but which is actuallyworse than other states, including the starting point for this pass. To handle this, we re-evaluate the cutsize

157at this state, and only accept it if it is in fact better than the original starting point. Otherwise, we backtrackto the starting point. In our experience the cutsize calculation is almost always correct.Table 14. Quality comparison of Dual partitioning. Values are minimum cutsize for ten runs ofthe specified algorithm. The data does not include the largest circuit due to excessive runtimes.MappingNo Dual PassesDual Passess359324747s158506062s132077375s92345251s53786867Geom. Mean59.259.5Table 15. Performance comparison of Dual partitioning. Values are total CPU seconds on aSPARC-IPX for ten runs of the specified algorithm. The data does not include the largest circuitdue to excessive runtimes.MappingNo Dual PassesDual Passess35932210010695s1585064319368s132075498415s92343338293s53781815445Geom. Mean667.69532.5Data from testing the Dual partitioning passes within our best algorithm is shown in Table 14 and Table 15.As can be seen, there is little difference in the quality of the two solutions, and in fact using the Dual passesactually degrades the quality slightly. The Dual passes also slow overall algorithm runtimes by a factor ofover 14 times, even with the performance enhancements discussed previously. Obviously, without anysigns of improvement in partitioning results, there is no reason to suffer such a large performancedegradation.

1582030405060

Cutsize (Geometric Mean)

50

55

60

65

70

75Maximum Partition Size (% of Total Circuit)Clustering with 1% Max SizeNormal Clustering

Separate Clustering Per Run

2030405060

Cutsize (Geometric Mean)

50

55

60

65

70

75Maximum Partition Size (% of Total Circuit)Smallest 4 CircuitsLargest 2 Circuits

All CircuitsFigure 77. Graphs of partitioning results as the maximum allowed partition size is increased. Atleft are the results for separate clustering calculations for each run of the algorithm (�SeparateClustering Per Run�), one clustering for each partition size (�Normal Clustering�), and oneclustering for each partition size, plus a maximum cluster size of 1% of the total circuit(�Clustering with 1% Max Size�). At right we have more detail on the �Separate Clustering PerRun�, with the results for all circuits, plus one line for just the largest 2 circuits, and one for thesmallest 4. Both �Largest 2� and �Smallest 4� lines are scaled to have the same value as �AllCircuits� for the leftmost data point.Partition Maximum Size VariationVariation in the allowed partition size can have a significant impact on partitioning quality. In partitioning,we put limits on the sizes of the partitions so that the partitioner cannot place most of the nodes into asingle partition. Allowing all nodes into a single partition obviously defeats the purpose of partitioning inmost cases, since we are usually trying to divide the problem into manageable pieces. The variance inpartition size defines the range of sizes allowed, such as between 45% and 55% of the entire circuit. Thereare two incentives to allow as much variance in the partition sizes as possible. First, the larger the

159allowable variation, the greater the number of possible partitionings. With more possible partitionings, it islikely that there will be better partitionings available, and hopefully the partitioner will generate smallercutsizes. The second issue is that there needs to be enough variance in partition sizes to let each node movebetween partitions. If the minimum partition size plus the size of a large node is greater than the maximumpartition size then this node can never be moved. This will artificially constrain the placement of this nodeto the node�s initial partition assignment, which is often a poor choice. While we might expect that the sizeof the nodes in the graph being partitioned will be small, and thus not require a large variation in partitionsizes, we will usually cluster together nodes before partitioning, greatly increasing the maximum node size.A smaller partition variation will limit the maximum cluster size, limiting the effectiveness of clusteringoptimizations. In general, we will require that the maximum cluster size be at most half the size of theallowable variation in partition sizes. In this way, if we have maximum-sized clusters as move candidatesfrom both partitions, at least one of them will be able to move.Conflicting with the desire to allow as much variation in partition sizes as possible is the fact that the largerthe variation, the greater the wastage of logic resources in a multi-chip implementation, particularly amulti-FPGA system. Specifically, when we partition to a system of 32 FPGAs, we iteratively apply ourbipartitioning algorithm. We split the overall circuit in half, then split each of these partitions in half, andso on until we generate a total of 32 subpartitions. Now, consider allowing partition sizes to vary between40% and 60% of the logic being split. On average, it is likely that better partitions exist at points where thepartition sizes are most unbalanced, since with the least amount of logic in one partition there is the leastchance that a net is connected to one of those nodes, and thus the cutsize is likely to be smaller. Thismeans that many of the cuts performed may yield one partition containing nearly 60% of the nodes, and theother containing close to 40%. Thus, after 5 levels of partitioning, there will probably be one partitioncontaining .65 = .078 of the logic. Now, an FPGA has a fixed amount of logic capacity, and since we needto ensure that each partition fits into an individual FPGA, all FPGAs must be able to hold that amount oflogic. Thus, for a mapping of size N, we need a total FPGA logic capacity of 32*(.078*N) = 2.488*N,yielding a wastage of about 60%. In contrast, if we restrict each partition to between 49% and 51%, themaximum subpartition size is .515 = .035, the required total FPGA logic capacity is 1.104*N, and thewastage is about 10%. This is a much more reasonable overhead and we will thus restrict the partitionsizes considered in this chapter to between 49%-51% of the total logic size. Note that by a similarargument we can show that partitioning algorithms that lack strong control over partition sizes, such asratio-cut algorithms [Wei89], are unsuitable for our purposes.As we just discussed, the greater the allowed variation in partition sizes, the better the expected partitioningresults. To test this out, we applied our partitioning algorithm with various allowed size variations. The

160results are shown in Figure 77, and contain all of the optimizations discussed in this chapter, except: the�Clustering with 1% Max Size� only allows clusters to grow to 1% of the total circuit size, while the othersallow clusters to be as large as half the allowed partition size variation (that is, maximum partition size -50%). The �Separate clustering� line does not share clusterings, while the other lines share one clusteringamong all runs with the same partition size bound. As is shown, the achieved geometric means of the sixcircuits decreases steadily as we increase the maximum partition size. However, how we performclustering has an impact on achieved quality, and the difference is greater for larger allowed partition sizes.Specifically, when the maximum allowed partition size is 51%, using the same clustering for all runs of thealgorithm produces results as good as using separate clusterings for each run. Using a shared clustering isalso faster than separate clustering, at least when all runs are performed sequentially. However, as theallowed partition size gets larger, it becomes important to use multiple different clusterings. Note thatwhile each of these runs is performed with the connectivity clustering algorithm, the algorithm randomlychooses nodes as starting points of clusters, and thus different runs will produce somewhat differentclusterings.The reason why a single clustering does poorly for larger partition sizes is that it reduces the value ofmultiple runs, with almost all runs producing identical results. Specifically, as the allowed partition sizegrows, the allowed cluster size grows as well. When a partition is only allowed to be at most 51% of thetotal circuit size, no cluster can contain more than 1% of the circuit, and there will be at least 100 clusters.When the maximum partition size is 75%, a cluster can be 25% of the circuit size, and there will berelatively few top-level clusters. Thus, when partitioning is performed with this few clusters, all of thedifferent runs will get the same results before the first unclustering, even though we create the initialpartitionings randomly. Since the algorithm is totally deterministic, all of these runs will produce the samevalues. In fact, for partition sizes greater than 60% all ten runs of the algorithm for each circuit with sharedclusterings produced the same results, and only s15850 had more than one result for a maximum partitionsize of 60%. To deal with this, we also ran the algorithm with a maximum cluster size of 1% of the totalcircuit size regardless of the maximum partition size. This technique is successful not only in better usingmultiple partition runs, with many different results being generated for a circuit with a specific maximumpartition size, but also produces results that are up to 14% lower than the normal clustering results.However, this is still not as good as separate clusterings per run, which produces results up to 9% lowerthan clustering with a fixed maximum size. Because of this, for partition maximum sizes larger than 51%we use separate clusterings for each run of the partitioner.While increasing the maximum partition size can produce lower cutsizes, most of this gain is due toimprovement on the smaller circuits, while the larger circuits sometimes actually have worse results as the

161size variation increases. The line �Largest 2 Circuits� in Figure 77 right is the geometric mean of only thelargest two circuits, s38584 and s35932, while �Smallest 4 Circuits� represents the other test cases. Theselines have been scaled to be identical to the �All Circuits� value at the leftmost data-point, so that if thebenefit of increasing the maximum partition size was uniform across all circuits, the three lines should lineup perfectly. However, our algorithm does worse on the larger circuits as the maximum partition sizeincreases, with the geometric mean actually increasing at the rightmost trials. The true optimum cutsizecannot get larger with larger maximum partition sizes, since when increasing the allowed partition size, thealgorithm could still return a partitioning that satisfies the smaller partition bounds. Thus, the resultsshould never increase as the maximum partition size increases, and should in general decrease. We areforced to conclude that our algorithm is unable to exploit the larger partition size bounds for the largercircuits, and in fact gets sidetracked by this extra flexibility.

0

10

20

30

40

50

60Increase in CutsizeConnectivity ClusteringNo Technology MappingRecursive ClusteringIterative UnclusteringHigher-Level GainsPresweepingRandom Initialization

0255075100125Connectivity Clustering, Complete UnclusteringNo Technology MappingRecursive Clustering, Iterative UnclusteringRandom InitializationPresweepingHigher-Level GainsBest Cutsize

Figure 78. Two methods of determining the contribution of individual partitioning techniques tothe overall results. At left are the results of comparing our best algorithm vs. taking the specifiedtechnique and replacing it with the worst alternative in this chapter. At right are the resultingcutsizes after starting with the worst algorithm, then iteratively adding the technique that gives thegreatest improvement at that point.

162Overall ComparisonWhile throughout this chapter we have discussed how individual techniques impact an overall partitioningalgorithm, it is natural to wonder which of these techniques is the most important, and how much of thecutsize improvement is due to any specific technique. We have attempted to answer this question in twoways. First, we can take the comparisons we have made throughout this chapter, and bring them togetherinto a single graph (Figure 78 left). Here we show the difference between the cutsizes generated by ourbest algorithm and the cutsizes generated with the same algorithm, except the specified technique has beenreplaced with the worst alternative considered in this chapter. For example, the �Connectivity Clustering�line is the difference between our best algorithm, which uses Connectivity clustering, and the bestalgorithm with Bandwidth clustering used instead. Note that the alternative used for iterative unclusteringis complete clustering, not no unclustering, since complete unclustering is a very commonly used techniquewhen any clustering is applied.Our second comparison was made by starting with an algorithm using the worst choice for each of thetechniques, and then iteratively adding whichever of the best techniques gives the greatest improvement incutsize. Specifically, we ran the worst algorithm, and then ran it several more times, this time with one ofthe best techniques substituted into the mix. Whichever technique reduced the overall cutsize the most wasinserted into the algorithm. We then tried running this algorithm several more times again, this time withboth that best technique inserted, as well as each of the other techniques inserted one at a time. Thisprocess was repeated until all techniques were inserted. The resulting cutsizes, and the technique that wasadded to achieve each of these improvements, are shown in Figure 78 right. The initial, worst algorithmused was basic KLFM with seeded initialization and technology-mapped files.As shown in the graphs in Figure 78, the results are mixed. Both of the comparisons show that connectivityclustering, recursive clustering, and iterative unclustering have a significant impact, presweeping has amodest impact, and both random initialization and higher-level gains cause only a small improvement. Theresults are somewhat mixed on technology-mapping, with the right comparison indicating only a smallimprovement, while the left comparison indicates a decrease in cutsize of almost a factor of two.The graphs in Figure 78 give the illusion that we can pinpoint which individual techniques are responsiblefor what portion of the improvements in cutsizes. However, it appears that cutsize decreases are mostlikely due more to synergy between multiple techniques than to the sum of individual techniques. In Figure79 we present all of the data used to generate Figure 78 right. The striped bar at left is the cutsize of theworst algorithm. The other groups of bars represent the cutsizes generated by adding each possible unused

163technique to the best algorithm found in the prior group of bars. Thus, the leftmost group of 6 barsrepresent 6 possible techniques to add to the worst algorithm, and the group of 5 bars just to the rightrepresent the 5 possible additions to the best algorithm from the leftmost group of bars.

0255075100125

CutsizeHigher-LevelGainsPresweepingRandom InitializationRecurs. Cluster, Iter. Unclust.No Tech. MappingConnectivity Clustering

WorstFigure 79. Details of the comparison of individual features. The bar at left is the cutsize of theworst algorithm. Each group of bars is the set of all possible improvements to the algorithm.Gray horizontal lines show the cutsize of the best choice in a given group of bars.The important observation to be made from Figure 79 is that any specific technique can have a radicallydifferent impact on the overall cutsize depending on what other techniques are used. For example, if wetake the worst algorithm and apply it to non-technology mapped files, the resulting cutsizes increase(degrade) by about 9%; once we add connectivity clustering to the worst algorithm we then see animprovement of 3% by working on non-technology mapped files. In fact, Figure 79 shows cases where wedegrade the cutsize by applying random initialization, presweeping, or higher-level gains, even though allof these techniques are used in our best algorithm, and the cutsizes would increase if we removed any ofthese techniques. The conclusion to be reached seems to be that it is not just individual techniques thatgenerate the best cutsizes, but it is the intelligent combination of multiple techniques, and the interactionsbetween them, that is responsible for the strong partitioning results we achieve.Pseudocode and Computational ComplexityIn this section we present pseudocode for our algorithm, including the individual optimizations, as well as adiscussion of the computational complexity of the algorithm. The overall algorithm flow is given in Figure

16480. The first steps of the algorithm, reading in the input file and building the data structures, can be done inlinear time. This will include constructing the pointers between nodes and signals in the circuit.Presweeping (see Figure 81) can also be done in linear time.Read in gate-level netlist;Build internal data structures;// Presweeping and recursive clusteringPresweep circuit;do {connectivity clustering;} until no new clusters formed;// Initialize circuitCreate random initial partitioning;// Perform partitioning with 3 gain levelsrepeat 10 times {do {perform KLFM inner loop;remove highest level of clusters;} until no clusters remain;perform final KLFM inner loop on totally unclustered circuit;}return best of 10 results;Figure 80. Optimized Kernighan-Lin, Fiduccia-Mattheyses algorithm.For each node N {if N is an I/O node {cluster N with any neighboring node;} else if N is a 1-input function {if any neighbor M is connected to N by a 2-terminal net {cluster N and M;}}}Figure 81. Presweeping.Recursive connectivity-clustering (Figure 82) is more complex. In each clustering pass each node isexamined, and for each highest-level cluster every signal connected to it is examined, as well as everyterminal on that signal (where a terminal exists at each connection between a node and a signal). Sinceevery signal has at least one terminal, one pass takes O(C*T) time, where T is the number of terminals, andC is the number of clusters in the highest level of the hierarchy at the beginning of the pass (where in thefirst pass all nodes are at the same level, including clusters formed by presweeping). Note that we do notneed to examine nodes and clusters at lower levels, since such elements were not clustered during the lastpass of the algorithm. Any element not clustered in one pass will never be clustered in subsequent passes,since the only reason not to cluster an element is that it has no neighbors small enough to cluster with, and

165this will not change in subsequent passes. Thus, if there are C candidates for clustering in one pass, therecan be at most C/2 candidates in the next pass, and will probably be much less due both to clusters formedby three or more elements in one pass, as well as elements which cannot be clustered. Thus, in recursiveconnectivity clustering, with N = the number of nodes in the circuit, the first pass will take O(N*T), thesecond O(N/2*T), the third O(N/4*T), and so on. Since N*T + N/2*T + N/4*T + N/8*T + ... = 2N*T, theentire recursive connectivity clustering algorithm is O(N*T). Gatelevel netlists have only a few terminalsper gate (usually two or three inputs and one output), and thus T is only a constant factor larger than N.Thus, the entire clustering process is O(N2).For each cluster N at the highest level {If N has not yet been clustered during this pass {for each node or cluster M in circuit {bandwidth(M) = 0;}for each signal S connected to N {for each node or cluster X connected to S {bandwidth(X) = bandwidth(X) + bandwidth due to S;}}find neighbor Y with highest connectivity(Y, N) wheresize(Y) + size(N) <= maximum cluster size;if Y exists {cluster N and Y;}}}Figure 82. Connectivity clustering.The random initialization algorithm is shown in Figure 83. The random assignment of numbers to elementscan be done in linear time: place the elements in any order in an array. Then, randomly pick any element(including the last) and swap it with the element in the last position. Ignore this element and repeat withthe second to last position. Continuing this process, a random, non-duplicated ordering can be determinedin linear time. Since the other steps in the initialization simply make linear passes through this array, thetime for the process is O(E), where E is the number of elements in the clustered circuit. This is obviouslyat worst O(N).The KLFM algorithm, with 3rd-level gains, is shown in Figure 84. In [Fiduccia82] it was shown that thebasic KLFM algorithm, without iterative unclustering and higher-level gains, is O(N). Addition of iterativeunclustering increase the runtime to at most O(N log N) since there can be at most log N levels in theclustering hierarchy, and the KLFM algorithm is run once per clustering level. Note that the algorithm may

166actually do better than this, because at higher levels of the hierarchy there is less work to do, and anargument such as that applied for the clustering algorithm may improve the runtimes to possibly evenO(N). It is unclear what the addition of our optimized higher-level gains structure does to the runtimes. Ana�ve implementation of the bucket structure could require a linear search through a 3-dimensional table,where each dimension can be as large as the number of nodes in the input circuit. This would yield anO(N3 log N) algorithm. However, in our experience the optimized data structures presented here avoidmuch of this performance degradation, and the algorithm operates nearly as fast as the version withouthigher-level gains. If the higher-level gain bucket data structure does prove to be a limiting factor, higher-level gains can be removed from the algorithm with only a 4% quality degradation.Max = total number of elements in clustered circuit;Without duplication, randomly assign numbers 1..Max to elements;below = 0;above = total circuit size;For (I = 1 to Max-1) {below = below + size(element(I));above = above - size(element(I));balance(I) = absolute value(above - below);}J = value of I that minimizes balance(I);For (K = 1 to Max) {if K > I {assign element(K) to partition 1;} else {assign element(K) to partition 0;}}Figure 83. Random initialization.All the other steps in the algorithm are trivial with the proper data structures. Thus, the dominant part ofasymptotic complexity of this algorithm is the recursive clustering step. Ignoring higher-level gains, theoverall algorithm is O(N2). It is likely that under reasonable conditions the algorithm with 3rd-level gainsis also O(N2). If the algorithm is run multiple times, such as when the algorithm is recursively applied, theruntime is O(max(N2, T*N log N)), where T is the number of partitioning runs performed.ConclusionsThere are numerous approaches to augmenting the basic Kernighan-Lin, Fiduccia-Mattheyses partitioningalgorithm, and the proper combination is far from obvious. We have demonstrated that technology-mapping before partitioning is a poor choice, significantly impacting mapping quality. Clustering is veryimportant, and we found that Connectivity clustering performs well, though Shortest-path clustering is a

167reasonable alternative. Recursive clustering and a hierarchical unclustering technique help take advantageof the full power of the clustering algorithm, with iterative unclustering being slightly preferred to edgeunclustering. Augmenting the basic KLFM inner loop with at least 2nd- and 3rd-level gains improves thefinal results, while Dual passes are not worthwhile, and greatly increase run times. Finally, when theallowed maximum partition size is greater than 51% of the total circuit size, creating a clustering on a per-run basis produces better results than shared clustering. The table in the chapter introduction shows thatapplying all of these techniques generates results at least 17% better than the state-of-the-art in partitioningresearch.Initialize bucket data structures (using 3 levels of gains)While cutsize is reduced {While valid moves exist {Use buckets to find unlocked node in each partition that hasthe best gain (using 3 levels of gains);Move whichever of the two nodes has the best gain while notexceeding partition size bounds;Lock moved node;Update nets connected to moved nodes, and nodes connected tothese nets;} endwhile;Backtrack to the point with minimum cutsize in move series justcompleted;Unlock all nodes;} endwhile;Figure 84. The KLFM inner loop, augmented with 3rd-level gains.This chapter has included several novel techniques, or efficient implementations of existing work. Wehave started from the base work of Schuler and Ulrich [Schuler72] to develop an efficient, effectiveclustering method. We have also created the presweeping clustering pre-processor to help most algorithmshandle small fanout gates. We have shown how shortest-path clustering can be implemented efficiently.We developed the edge unclustering method, which is competitive with iterative unclustering. Finally, wehave extended the work of Krishnamurthy [Krishnamurthy84], both to allow higher-order gains to beapplied to nets not in the cutset, and also to give an efficient implementation, even when the circuit isclustered.Beyond the details of how exactly to construct the best partitioner, there are several important lessons to belearned. As we have seen, the only way to determine whether a given optimization to a partitioningalgorithm makes sense is to actually try it out, and to consider how it interacts with other optimizations.We have shown that many of the optimizations had greater difficulty working on clustered circuits than onunclustered circuits, yet clustering seems to be important to achieve the best results. Also, many of the

168clustering algorithms seem to assume the circuit will be technology-mapped before partitioning, yettechnology-mapping the circuit will greatly increase the cutsize of the resulting partitionings. However, itis quite possible to reach a different conclusion if we use only the basic KLFM algorithm, and not any ofthe numerous enhancements proposed since then. By using the basic KLFM algorithm, cutsizes are huge,and subtle effects can be ignored. While a decrease of 10 in the cutsize is not significant when cutsizes arein the hundreds, it is critical when cutsizes are in the tens. Thus, it is important that as we continueresearch in partitioning we properly place new concepts and optimizations in the context of what hasalready been discovered.

Chapter 11. Logic Partition OrderingsIntroductionChapter 10 discussed methods of efficiently splitting a logic circuit into two parts. In order to harness thesetechniques for multi-FPGA systems, some method of breaking a circuit into more than two parts isnecessary. There has been a significant amount of work done on multi-way partitioning . However, theseworks have primarily focused on problems where there are no restrictions on how the partitions areinterconnected (that is, there is no reason to prefer or avoid connections between any pair of partitions).Unfortunately, in many multi-FPGA systems only a subset of the FPGAs are connected, and routingbetween FPGAs not directly connected will use many more external resources than routing betweenconnected FPGAs. Works that have handled the limited connectivity problem take a significant amount oftime [Roy93], possibly even exponential in the number of partitions [Vijayan90].Our approach to the multi-FPGA partitioning problem is to harness the work on standard bipartitioning,such as that discussed in Chapter 10, as well as multi-way partitioning algorithms for some restrictedsituations. We do this by recursively applying the bipartitioning algorithms to the circuit until it is cut intothe required number of pieces. While this approach is greedy, and thus if applied unwisely can producepoor results (Chapter 9), we can use the greediness to our advantage. If the first �greedier� cuts of the logiccorrespond to the most critical bottlenecks in the multi-FPGA system, then optimizing these cuts more thansubsequent cuts is the correct thing to do. In fact, this method of iterative bipartitioning has already beenapplied to partitioning of logic within a single ASIC to simplify placement [Suaris87]. In this approach, thechip is divided recursively in half, alternating between horizontal and vertical cuts.One issue the multi-FPGA system partitioning problem raises that ASIC partitioning does not is how tofind the critical routing bottlenecks in the system. In an ASIC, all routing occurs on a flat surface, and a cutthrough the center of the chip represents the routing bottleneck. A multi-FPGA system can have anarbitrary topology, and it may not be obvious where the critical bottleneck is. What is necessary is to find apartition ordering which specifies the critical bottlenecks in the multi-FPGA system and determines theorder of cuts to make in any logic being mapped to that topology. In many cases we can handle this byrequiring that the designer of the multi-FPGA system explicitly specify the proper cuts to make. However,there are several issues in multi-FPGA systems that argue for an automatic method for finding thesebottlenecks.

170The primary argument for automatic methods to find critical bottlenecks is the current trend towards moreflexible multi-FPGA system architectures. Instead of fixed systems with a finite mix of resources, manycurrent systems are offering much greater flexibility (see Chapter 5). For some, it is primarily the ability toconnect together small systems to handle much larger problems, possibly with the additional capability ofadding other non-FPGA chips. Other systems have a fixed connection pattern between daughter card orchip locations, but allow a large variety of types and capacities of resources to be inserted. There is alsothe possibility of much greater flexibility, with systems that allow very complex and customized topologiesto be built (such as our Springbok system, described in Chapter 6). While rules for static partitionorderings might be generated in some cases, the flexibility of current and future systems forces us to adoptan automatic approach to the partition ordering problem. A software system capable of automaticallyadapting to an arbitrary multi-FPGA topology also becomes a valuable tool for people building their ownmulti-FPGA system. Since the tool automatically adapts to the topology, it can be used by designers ofsystems who have little or no knowledge of partitioning techniques.Another trend is towards faster automatic mapping turnaround times. Just as was found for softwarecompilation, a faster turnaround time from specification to implementation allows a more interactive use ofa multi-FPGA system, making these systems more attractive. One way to speed up the mapping process isto retain most of a previous mapping after a small change, and simply update incrementally. Even whenstarting from scratch, if the mapping process fails because it uses too much of some resource, it is better toremap only that part of the system where the failure occurred (possibly with neighboring parts that haveresources to spare) than restart the entire mapping process. In either case, the area(s) to be remapped arelikely to be very irregular. Even if it is easy for the designers to determine a partition ordering for theentire system, precomputing a partition ordering for all possible subsets is very difficult. Again, thesolution to this problem is to develop an automatic algorithm to determine partition orderings.In the rest of this chapter we discuss our solution to a problem we believe has not yet been investigated:determining how to iteratively apply 2-way and N-way partitioning steps to best map a circuit onto chips ina fixed topology.Partition Ordering ChallengesBefore we discuss solutions, we need to define some terms. In this chapter, the topology is the FPGAs andconnections built into the multi-FPGA system. A partition is a subset of the topology where all FPGAs areon the same side of all cuts made in the system. A partition may be broken into groups by a candidate cut,with each group being a set of FPGAs from the partition which are still connected after the cut is applied.

171CBAGFEDH1CBAGFEDHCBAGFEDH12CBAGFEDH123

ABCDEFGH

CircuitABEFCDGH

EFGHABCDFigure 85. Example of iterative bipartitioning. The circuit (top left) is partitioned onto the multi-FPGA topology (bottom left) in a series of steps. Each partitioning corresponds to the mostcritical bottleneck remaining in the multi-FPGA system, and after each partitioning the placementof the logic is restricted to a subset of the topology (labeling on circuit partitions).We can approach the problem of determining a partitioning order as a partitioning problem on the multi-FPGA topology itself. That is, we recursively split up the topology graph, attempting to optimize somecost metric on the routing resources cut. Then, we split the logic graph in the same manner, restricting thelogic on each side of the split to the available capacity on either side of the corresponding cut of thetopology, while attempting to keep the number of signals cut in the logic graph to be less than the amountof routing resources crossing the cut in the topology. An example of this is in Figure 85.

YZDCXWABFPIC1ABDCFigure 86. Example topology for the discussion of connectedness of partitions (left), and for thediscussion of multiple partition creation (right).There are two important issues that must be considered in any partition ordering computation: partitionsmust be connected, and a cost metric for evaluating cuts must be determined. The issue of connected

172groupings is demonstrated in Figure 86 left. The topology shown has a central chip R that acts as a routinghub, and eight other FPGAs connected only to R. If we apply a standard partitioning algorithm to thistopology, it is likely that the partition that does not include R will include two or more FPGAs. Forexample, one likely cut has A-D on one side, and W-Z plus R on the other. The problem with this cutoccurs when we try to partition the logic according to this cut scheme. If we assume all the connectionsbetween R and the other FPGAs contain 10 wires, then when we do the cut described above we will allow40 nets to be cut. However, this ignores the fact that once the A-D partition is broken up into the individualFPGAs, there may need to be connections between these FPGAs. However, there are no wires within theA-D partition to handle these connections, and the wires needed to make these connections may havealready been allocated for signals to the W-Z partition during the first split. What is necessary is to requirethat any partitioning of the circuit produce connected partitions. Thus, there will be at least one possiblepath within a partition to carry signals between its FPGAs (ensuring that there are enough wires is theresponsibility of the cost metric for evaluating partitionings, discussed below). Thus, in a bipartitioning ofthe topology in Figure 86 left, all but one of the FPGAs, including R, would have to be in one partition, andthe other FPGA in the other partition (better methods for this topology will be discussed later).In the introduction, we discussed finding the critical bottlenecks in the system, and partitioning the logicaccordingly. However, we didn�t define what a critical bottleneck is. For our purposes, we define thecritical bottleneck as that cut through the system that most restricts the routing. That is, assume that wetake a very small circuit and map it randomly to our topology. If it fits, we repeat this with a slightly largercircuit, until we can no longer route the circuit. This will yield at least one set of edges that are completelysaturated with signals, and which splits the circuit into two or more pieces. Since these edges are the firstthat become cut, they are probably the edges that will most restrict the mapping of a circuit to this topology,and represent where the most care should be taken during partitioning. The critical bottleneck is within thisset of edges. We can evaluate a cut in a topology (which splits it into two parts) and determine itscriticality. If L1 is the total logic capacity of all FPGAs on one side of a cut, and L2 is the capacity on theother side, then out of (L1+L2)2 signals, 2*L1*L2 signals will cross this cut in a randomly mapped circuit(The factor of 2 is because we treat the source and destination separately, so a route from A to B is differentthat a route from B to A). Thus, (2*L1*L2)/(L1+ L 2)2 is the percentage of all nets crossing this cut. Since(L1+L 2 ) is a constant for a given topology, we can ignore it. Let w i r e 12 be the number of edges in thetopology crossing the cut. Thus, the cut that will saturate the earliest is the cut with the least edges tohandle the most routing. To define the criticality of a cut, we use the ratio of wire12 to the percentage ofnets crossing this edge (without the constant terms), which is wire12/(L1*L2). Note that this is the standardratiocut metric [Wei89]. The lower the ratiocut value, the more critical the cut in the topology.

173Basic Partition Ordering AlgorithmAs we discussed earlier, what we want is an algorithm that will determine how to partition logic onto agiven topology. It needs to find a cut in the topology that reflects the most constrained routing (assumingrandom placement of logic), while ensuring that the partitions formed are connected. There is an existingalgorithm that provides much of this functionality. As proposed by Yeh, Cheng, and Lin [Yeh92], we canpartition a graph by iteratively choosing random start and end points of a route. We then find the shortestpath between these two points, and use up a small fraction of the resources on this path to handle this route.Distances are exp(10*flow/cap), where cap is the capacity of the edge, and flow is the amount of thatcapacity already used by previous routes. A net whose capacity has been used up is removed from thesystem, and no longer connects between any of its terminals. The iteration of choosing random points andthen routing between them is repeated until there are no longer any resources available to route between thenext random pair of points. At this stage, we have broken the circuit up into at least two groups, where agroup is a set of all nodes still connected together. Note that there may in fact be more than two partitionscreated. For example, if we are partitioning three FPGAs connected by only a three-terminal wire, thesystem will be broken into three partitions. If we are partitioning four FPGAs in a mesh (Figure 86 right),it may be broken into four partitions, since the resources on all four edges may be used up.There are several modifications that we have made to this basic algorithm. First, using the edge length inthe original algorithm, namely exp(10*flow/cap), yields real-valued path lengths. During the shortest-pathcalculation, we have a queue of currently found shortest paths. We remove the shortest of these paths, andadd the neighbors of this path back into the queue, as long as that neighbor has not yet been reached by ashorter path. Since the edge lengths are real values, we need to use a tree data structure for the queue,resulting in O(log n) time for each insertion and deletion. To fix this, we have changed the algorithm to usean edge length of round(exp2(10*flow/cap)). Since we round the edge lengths, all path lengths are integers.This, plus the fact that the maximum length of an edge is 210 (or 1024), means we can very efficientlyimplement the shortest path calculation. Instead of a tree used as a queue of current shortest paths, we havean array of lists. Since the path we are extending at each step is the smallest still in the queue, and since themaximum path we can add to the list is at most 1024 longer than the current path, we only need keep 1025separate active queues (see Figure 87). Thus, we can implement the queue as an array of 1025 elements(with element j representing paths of length j+i*1025, for i‡0). In this way, insertions O(1). Deletions arealso O(1) since at most we must look at each queue location for the next element, and there are a constantnumber of locations.

17401231021102210231024

B23221024AW1BCDZYX10241024102110251026231021102210231024

B-C-Y

EVAL

B-A-W

B-C-D

B-X10251026231021102210231024

B-C-Y

EVAL

B-C-D-Z

B-X10251231021102210231024

B-AB-C-D

B-XB-C-Y

10251026102710282045204610231024

B-XEVAL

B-CB-AB-X01231021102210231024

Figure 87. Queue formulation of the shortest-path algorithm. In attempting to find the shortestpath from B to Z in figure at left (number on edges are edge lengths), the queue states are shownin order at right, from top (earliest) to bottom (latest). In the first step, the source is inserted in the0 bucket. Then iteratively the shortest path is removed, and the neighbors are added to theappropriate bucket. Notice that the 0 bucket is reused as the 1025 bucket, 1 as 1026, and so on. Inthe final step, the shortest path from B to Z is found in bucket 1023, and the algorithm finishes.Another issue is the distribution of sources and sinks of random routes in the algorithm. Not all chips in amulti-FPGA system are the same, and the choice of source-destination pairs needs to reflect this. Mostobviously, if a routing-only FPGA or FPIC is included in the topology, there should be no sources or sinksassigned to that chip. The capacity of logic-bearing chips should also be considered. If one FPGA in thesystem has twice the capacity of another, then twice as much logic will likely be assigned to it, and twice asmany random routes should start and end there. Thus, the distribution of random routes should be directlyrelated to the logic capacities of the chips in the system. Note that if a route starts and ends in the sameFPGA it can be ignored. One final consideration is the handling of external inputs and outputs. In manymulti-FPGA systems there will be specific ports that are used for communication with the environment, or

175with non-FPGA chips within the multi-FPGA system. Note that for our purposes FPICs are treated asFPGAs with zero logic capacity, so �non-FPGA chips� refers to memories, microprocessors, and otherdevices that cannot be assigned random logic nor can be used to route inter-FPGA signals. To handle therouting demands caused by these external connections, the FPGAs to which they are connected have theircapacities increased, which increases the portions of random routes beginning or ending in that chip.

DCBAHGFE

1(a)1wxuvzy(d)DCBAHGFE

12(c)DCBAHGFE

12(b)Figure 88. Examples of multiple cuts in a topology (cuts are in gray, with lower numbersindicating earlier cuts). If the initial cut (a) is used to split the entire system, uncoordinatedsubcuts (b) may occur. Keeping the system together would generate more coordinated cuts (c).An example circuit is also shown (d).Now that we know how to perform a single cut of the topology, the question arises of how to recursivelyapply this algorithm to generate multiple cuts in the system. The obvious approach is to use the cutgenerated in each step to break the topology into two separate topologies, and handle these halvesindependently. However, consider the system shown in Figure 88a. If we use the first cutline generated(gray line labeled �1�) to split the topology, then the two halves will independently choose either ahorizontal or vertical cutline (Figure 88b). There are two problems with this. First, there is the issue ofterminal propagation [Dunlop85]. When we perform the split between AB and EF, there often needs to beinformation transferred between both sides of the previous cut. For example, say that we are mapping thecircuit in Figure 88d, and have already partitioned u and v onto CDGH, and w-z onto ABEF. It should beobvious that w and x should be partitioned into the same group, so that u can be placed in the adjacentFPGA on the other side of the first cut (for example w and x can be put into B, and u into C). If this is notdone, one or more extra vertical connections will be necessary. However, with the partition orderingspecified in Figure 88b, there is no way for the partitioner to figure this out, since u and v have not yet beenpartitioned into the top or bottom half of the system. However, if we use the partition ordering shown inFigure 88c, u and v will be assigned to either the top or bottom half of the topology, and terminalpropagation algorithms [Dunlop85] can be applied to properly group together w and x. A second issue ismulti-section algorithms [Suaris87, Bapat91]. These algorithms can often take two or more intersectingcuts, such as those in Figure 88c, and perform them simultaneously (both cuts labeled 2 in the figure wouldbe considered as one single cut, so all three cuts shown could be done simultaneously). These algorithmswould be able to recognize a situation such as the mapping in Figure 88d, and handle it correctly.

176The answer to the previous issues is to perform similar cuts on either side of a previous cut simultaneously.There is a simple way to accomplish this in our current algorithm. Instead of breaking the topology up intotwo independent halves after a cut is found, we instead keep the topology together, and restrict the randomroutes we consider. That is, we only consider random routes that start and end in the same side of allprevious cuts. So in Figure 88a, after the cut labeled 1 has been performed, the topology is kept intact.Routes between A, B, E, and F would be considered, but no routing between FPGAs on both sides, such asbetween A and C, would be generated. However, the shortest paths found in the algorithm could cross theprevious cut. So, if a large number of routes had already used some of the vertical wires AE and BF, aroute from B to F could choose to go through C and G. In this way, the two sides of the cut will tend toaffect each other, and generating similar cuts in both partitions is likely. Note that it is possible that edgesmoving across a previous cut will become saturated before others, and we might expect to find thisprevious bottleneck again. However, our stopping condition on the iteration is when there is no pathbetween the source and sink of a random route. Since we never consider routes between FPGAs on bothsides of a cut, the iteration continues until at least one of the partitions is split.

321N-2N-1Figure 89. Ring topology, one of the most symmetric topologies.As was alluded to earlier, it is possible (and quite likely in topologies such as tori and rings) that thesectioning found will split a partition into more than two groups. For example, consider a ring of N FPGAswhere FPGA i is connected to FPGAs (i+1) and (i-1), with FPGA N connected to FPGA 1 (see Figure 89).If all the connections and FPGAs have the same capacities, there is no obvious point to cut the topology,and in fact many or all of the connections may be cut in one partitioning step. If we allow partitions to bebroken into multiple groups, we would then need an algorithm that can do multi-way partitioning withrouting constraints between partitions, the very thing this algorithm is built to avoid. The solution to this isto detect cases where a partition is being broken into multiple groups, and combine groups together until nopartition is broken into more than two groups.To combine groups together, our algorithm selects the two largest groups (based on the total logiccapacities of the FPGAs in the group) as seeds. It then iteratively selects the largest remaining subgroup,and combines it with whichever of the two seeds has the greatest ratio-cut with this group (i.e., largestwireij/(sizei*sizej), where i is the largest remaining group, and j is one of the two seeds). Note that if the

177largest remaining group isn�t connected to either of the seeds, we ignore it and move on, returning to it onlyonce a group is successfully combined with a seed. The reasoning behind this combining algorithm is asfollows: we start with the largest groups, since this will hopefully allow us to best balance the sizes of thetwo final groups created. We merge based on ratio cut, since we are trying to minimize the overall ratiocut. We do not combine unconnected groups, since (as discussed in the chapter introduction) all partitionscreated must be connected.

CBAFED

1IHG2CBAFED

1IHG2Figure 90. A failure of Global combining (left), and a comparison of ratio-cut metrics (center andright).This combining algorithm can be turned into either a Global or a Local version. The Global versionignores partitions, and considers the entire topology at once. The groups considered are the sets ofconnected FPGAs after only applying the final cut. The Local version works on one partition at a time, andthe groups considered are the sets of FPGAs in a partition that are connected after all the cuts (including thecurrent one) are applied. The Global version produces better results, since it considers the entire topologyat once, but is not guaranteed to successfully combine groups. For example, if we are partitioning thetopology in Figure 88a, and have already found cut #1, we could end up breaking both partitions intomultiple groups. The Local algorithm would ignore global concerns, and could generate the results inFigure 88b. While the Global algorithm has a good chance of generating the partitioning in Figure 88c, itmight also fail to produce a good partitioning. One possibility is that it would simply find cut line #1 again,and the algorithm would make no progress. A second possibility is demonstrated in Figure 90 left. Asshown, the second cut breaks the topology into two halves, and could be found by the Global algorithm.However, with the pre-existing cut #1, this breaks the lower partition into three groups, and is thus afailure. The Local algorithm will always ensure that a partition is broken into at most two groups.A final issue in the basic algorithm is that of controlling the randomness of the process. Since we use arandom process to select the cuts to make in the system, it is possible that any specific cut selected by thealgorithm will be a poor choice. This is particularly true if the Local combining process is used. To dealwith this, we perform multiple runs of the algorithm for each cut, and select the best at each step.Specifically, we make ten passes of the cut selection algorithm, as well as the combining algorithms (if

178necessary), to find the first cut. The best cut from all these runs is selected, and used as the starting pointfor ten runs to find the second cut. Each cut is selected from ten individual runs, and the best is used as thestarting point for subsequent passes. Since we are trying to find the best ratio-cut partitioning, we couldevaluate a cut based on a multi-partition ratio-cut metric [Chan93a]. This cost is shown in Equation 3.

11k RoutingCapacityLogicCapacityiiik-( ) �Ł� �ł�=�

Equation 3. Multi-partition ratio-cut metric.K is the current number of partitions, RoutingCapacityi is the amount of routing capacity connectedbetween partition i and any other partition, and LogicCapacityi is the total logic capacity of partition i. Thelower the ratio-cut, the better. One problem with this formulation is that it tends to penalize larger numbersof partitions. For example, the cuts shown in Figure 90 center have a ratio-cut cost of (3-1)-1(3/3 + 3/2 +4/4) = 1.75, and the cuts in Figure 90 right have a cost of (4-1)-1(3/2 + 2/1 + 3/2 + 4/4) = 2.0 . Thus, thecuts in Figure 90 center are preferred by the ratio-cut metric, but the cuts in Figure 90 right are actuallybetter for our purposes. The reason for this is that the standard ratio-cut metric tends to favor lesspartitions, while for our purposes it is usually better to break a topology into a larger number of partitions,which reduces the total number of cuts necessary. To fix this, we divide the ratio-cut metric given aboveby k (the number of partitions) since this will tend to favor more partitions. This results in costs of 1.75/3 =.5833 for Figure 90 center, and 2.0/4 = .5 for Figure 90 right, which indicates that Figure 90 right has thepreferred cuts. One final piece is necessary: it is possible in the ten runs that some cuts will be generateddirectly from the partitioning algorithm, some will result from the Global combining algorithm, and somefrom the Local combining algorithm. The Global algorithm produces better results than the Localalgorithm, and results that need no combining are better than results from the Global algorithm. Thus, wealways prefer results generated by the partitioning algorithm above any combining algorithm results, andwe prefer results of the Global algorithm above results from the Local algorithm. This preference takesprecedence over the ratio-cut metric.Algorithm ExtensionsWhile the algorithm described so far is capable of handling arbitrary partitioning situations, there are twoextensions that can be made to greatly improve the results. These are parallelizing cuts, and clustering formulti-way partitioning.

179CBAGFEKJIDHLONMP1243CBADR

CBAD

Figure91.Example of parallelizeable cuts (left), and multi-way partitioning opportunities (centerand right).In parallelizing cuts, we observe that two or more cuts can be performed in parallel if they do not cut thesame partition into more than two groups. For example, in Figure 91 left, given the set of cuts shown wewould have to run four partitionings in series. We cannot combine cuts 1 and 2 since they cut the initialpartition (the entire system) into four groups. We cannot combine cuts 2 and 3 since they cut partition A-Hinto four groups. We do not consider combining cuts that are not sequential since that would disrupt theorder of partitionings. However, the last potential pair to combine, namely cuts 3 and 4, can be combinedsince they do not both cut the same partition. By combining these cuts, we only have to perform three cutsin series, potentially speeding up the partitioning process in a multiprocessing environment. To parallelizecuts, we consider each pair of sequential cuts, from earliest to latest, and combine all pairs that do not cutthe same partition. Note that a similar algorithm could parallelize cuts to allow a quadrisection algorithm[Suaris87] to be applied. Quadrisection breaks a partition into four separate groups, while handling theconnectivity constraints between the partitions. So, in Figure 91 left we could combine cuts 1 and 2together, further accelerating the partitioning process.The final extension we made to our algorithm is clustering to enable multi-way partitioning. As wementioned earlier, the reason we do not use standard multi-way partitioning algorithms for the multi-FPGApartitioning problem is that we normally have to optimize for inter-FPGA routing capacity constraints,while standard multi-way algorithms do not allow inter-partition constraints. What these algorithms dooptimize for is either the total number of nets connecting logic in two or more partitions (the net-cutmetric), or the total number of partitions touched by each of these cut nets (the pin-cut metric). Forexample, if one net touches partitions A and B, and another touches A, B, and C, then the net-cut metricyields a cost of 2, and the pin-cut metric yields a cost of 5. It turns out that there are places in sometopologies where a multi-way partitioning under the net-cut or pin-cut metric is exactly the right solution.For example, in the topology in Figure 91 center, which has only a set of buses connecting the individualFPGAs, there are no specific routing capacities between individual FPGAs. The only thing that isimportant is minimizing the number of nets moving between the partitions, since each net uses up one of

180the inter-FPGA buses, regardless of which or how many FPGAs it touches. In this situation, the net-cutmetric is correct, and we can partition into all of the FPGAs simultaneously. Note that if there were otherwires between a subset of the FPGAs in Figure 91 center we could not perform this 4-way partitioning,since there would be capacity constraints between individual FPGAs (most multi-FPGA systems with busesalso have other connections, so we will ignore the net-cut model for multi-way partitioning). In thetopology in Figure 91 right, there are four FPGAs connected to only a purely routing chip R. In thissituation, it is necessary to limit the number of wires going between R and the other FPGAs, but there is noother limitation on the number or connectivity of the inter-FPGA nets. For example, if the wires in thetopology had a capacity of one, it would make no difference if there was one net connecting all fourpartitions, or two connections between two different FPGAs (i.e., A-B and C-D). In this situation, which iscommon in two-level topologies (Chapter 5), a multi-way partitioning based on the pin-cut model is theproper way to partition.We have the following algorithm for finding multi-way partitioning opportunities. Before we do anypartitioning, we search for multi-way partitioning opportunities. We remove all routing-only nodes fromthe system, and find all maximally connected subcomponents of the topology. We examine in order (fromsmallest to largest in total capacity) each subcomponent, and examine if it can be multi-way partitioned.Specifically, for multi-way partitioning to be performed, this subcomponent must be connected to only onerouting-only node. Also, removal of this routing node from the complete topology must break the topologyinto at least three connected components (if it didn�t, the k-way partitioning that could be performed herewould be 1-way or 2-way, and thus best left to the normal algorithm to discover). If these constraints canbe met, we group together the original component, the routing node, and all but the largest of the othercomponents found in the complete topology minus the one routing-only node. This cluster becomes a newnode, which replaces all nodes being grouped, and all edges that were incident to grouped nodes areconnected to the new node instead. The cluster node�s logic capacity is equal to the total logic capacity ofall nodes being grouped. This process of clustering multi-way partitioning opportunities continues until nomore clusterings can be performed. During the partitioning process, once one of these clusters is brokenoff into a partition by itself, or with only other routing-only chips, we add the multi-way partitioning of thiscluster to the list of partitionings to be performed. The cluster node is replaced with the nodes it clusters,and the algorithm is allowed to perform further partitioning of the nodes that were in the cluster. Note thatif the first cut found causes a clustered node to be unclustered next, we make this multi-way partitioning thefirst cut performed.

181ExperimentsAll of the experiments in this section were performed with the algorithms described in this chapter. Thetopologies are a mix of a set of existing multi-FPGA systems, as well as a few hypothetical mesh structuresincluded to demonstrate some specific features of our algorithm. All processing occurred on a SPARC-10.For each cut, we chose the best of ten runs. The flow increment (the amount of capacity used up by eachrandom route) was ten percent of the average capacity of the wires in the system, after all wires connectingthe same destinations were combined.

QTSUVWX

Host2136767CBAGFE

KJIDHLONM

P4567Figure 92. The DECPeRLe-1 board. Connections from U,V,W, and X going off to the rightconnect to each of A-P. Some connections are not shown.

32CBAHGF MLK DINSQPTEJOUXWV

YZ12345Figure 93. The NTT board. Connections going off the left side connect to the correspondingFPGA on the right side. All chips still connected are cut by the 6th cut line. Note that there is50% more capacity on the horizontal wires than on the vertical ones.The first three figures demonstrate our algorithm on three different current topologies. Figure 92 is theDECPeRLe-1 board [Vuillemin95]. Note that the connections dangling off of U-X are actually busesconnecting to all the FPGAs A-P in the center. As can be seen, the algorithm first partitions three timesthrough the left half, which are crossbars connected throughout the system plus the host interface. It thenpartitions up the main mesh twice (center), and finishes both halves in the last two cuts.

182In Figure 93 is the NTT board [Yamada94], which is a mesh with wrap-around connections from left toright. While most of the cuts are reasonable, note cut #5. The algorithm actually attempted to do both ahorizontal and a vertical cut at once. The partition ABFG is actually split several times in this step, but thecombining algorithm reduces it to a single cut. Note that cut #6 is not depicted - it splits all remaining 2-FPGA partitions in half.

6164565465345463542453542CBAHGF

DELMN

PKIOJVUT

QWYSX34572Z61Figure 94. The Splash topology. Note that the cuts are somewhat imbalanced because of limitedresources between FPGAs A and 7.In Figure 94 we partition the Splash board [Gokhale90]. Note that while there are 68 connections betweenmost of the neighboring FPGAs, there are only 35 connections between A and 7. Because of this, the cutsmade in steps 2 and 3 are shifted over one FPGA from an even split, and it takes a total of 6 steps tosubdivide the entire system. If we change the topology, putting 68 connections between A and 7, thealgorithm completes the partitioning in 5 steps, performing even splits in each step. Note that if we did notapply our parallelization of cuts technique to the original topology, it would actually require 17 separatepartitionings.MCBARRERRLDFGIJKHNPO

123Figure 95. Demonstration of the clustering to discover k-way partitioning opportunities.

183To demonstrate our method for finding k-way partitioning opportunities, we ran our algorithm on thetopology in Figure 95. This two-level topology is a 2x2 mesh of routing FPGAs, with each routing FPGAconnected to four logic-bearing FPGAs. The algorithm clusters together the logic FPGAs connected toeach routing FPGA. The first two cuts separate the routing FPGAs, and then the four 4-way partitioningscan all be accomplished simultaneously (the latter was done with the help of the parallelization routines).

123CRARFR

KRIRHRNR

P1324CBAGFE

KJIDHLONM

P561432CBAGFE

PFigure 96. Demonstrations of how the algorithm reacts to different topological parameters. Atleft, the array is half routing-only chips (those marked with R). At center, a normal array withthree times as much routing capacity on the horizontal edges as on the vertical edges. At right, alledges have equal capacity, but the corner four FPGAs have ten times as much logic capacity as theothers (to simulate external connections).As a final test of our system, we took a 4x4 mesh and varied some of the parameters we have discussedpreviously. Figure 96 left demonstrates routing-only nodes (labeled �R�). As can be seen, since there is noneed to separate a logic-bearing node from routing-only nodes, the algorithm stops after 3 steps. In Figure96 center, we show a topology where the horizontal edges have 3 times the capacity as the vertical edges.As might be expected, the algorithm adjusts by partitioning the vertical edges before it cuts the horizontalones, since the excess capacity makes the horizontal edges much less critical. Finally, Figure 96 rightassigns the same routing capacity to all edges, but gives the four corner FPGAs 10 times as much logiccapacity as the other FPGAs (to simulate external connections for example). As can be seen, the algorithmdecides it needs to deal with the connections to these FPGAs first, and isolates them in the first four cuts. Itthen cuts the rest of the topology. Note that the four unlabeled gray lines are cuts from step #7, and theremaining uncut edges are all cut in step #8.Pseudocode and Computational ComplexityIn this section we present the pseudocode for the logic partition ordering algorithm, as well as itscomputational complexity. The overall algorithm is given in Figure 97.

184read in topology;group nets connected to same set of chips, incrementing capacity;cluster for multi-way partitioning;While two logic-bearing FPGAs are in the same partition {compute probabilities;repeat 10 times {saturate network;if more than two groups are formed {apply global combining;if global combining failed {apply local combining;}}}select best of 10 cuts;if cluster is isolated {select multi-way partitioning of cluster;remove clustering;}}parallelize cuts;Figure 97. Logic partition ordering algorithm.remove routing-only nodes from topology;find maximally connected components;replace routing-only node;foreach component C, smallest to largest {if C is connected only to one routing-only node R {remove node R from topology;if there are 3 or more maximally connected components {cluster R and all but largest connected component;}replace node R;restart clustering algorithm on clustered topology;}}Figure 98. Clustering algorithm for multi-way partitioning.In [Yeh92] the algorithm that formed the basis of this work was presented, and it was shown that it has acomplexity of O(R*M*N log N). N is the number of nodes and M the number of nets in the graph beingpartitioned. Note that for our purposes, M is actually the number of different types of nets, where all netsconnecting exactly the same set of nodes are in the same category. Multiple nets in the same category in amulti-FPGA systems simply increase the capacity on the single edge that represents the entire category. Ris the number of flow increments necessary to saturate the largest-capacity net in the circuit. This flow

185increment can easily be modified to always keep the value of R constant, and thus R can be ignored. The Nlog N is the time to find the shortest path between the random points in the original algorithm�s real-valuededge length model. Because of our reformulation of the edge lengths, which allows constant-time access tothe queue, the shortest-path search can be done in O(T), where T is the number of terminals in the graph(one terminal exists at each connection of nets to nodes in the graph). In any reasonable multi-FPGAsystem the number of terminals will be only a small constant factor larger than the number of nets in thesystem (almost all nets will be 2-terminal nets, with only a few large fanout nets). Thus, one cut in thesystem can be found in O(M2). All other portions of the algorithm are dominated by this runtime.total_probability = 0.0;foreach group G {cum = total capacity of nodes in group;cum_prob(G) = 0.0;foreach node N in group Gcum_prob(G) = cum_prob(G) + (cum - capacity(N))*capacity(N);total_probability = total_probability + cum_probability(G);}foreach group Gprobability(G) = cum_probability(G) / total_probability;Figure 99. Algorithm for computing probabilities for random route distribution. A group is theset of nodes that have been on the same side of all previous cuts. Probability(G) is the portion ofrandom routes that should occur within a given group, and is based on the capacity of the nodes inthat group. Note that a group with only one logic-bearing node will have a 0 probability of routes.set flow on all edges to 0;set length on all edges to 1;do forever {randomly pick group G based on probabilities;randomly pick source node S in group G based on capacities;randomly pick different destination node D in group Gbased on capacities;find shortest-path P from S to D using queue structure;if no path existsreturn topology;increment flow on all edges in P;recompute edge length on all edges in P;}Figure 100. Network saturation algorithm.The combining algorithm will have to be run multiple times to create a complete partitioning ordering for amulti-FPGA system. While for many situations there will only need to be O(log N) cuts in the multi-FPGAsystem, it is possible to need up to O(N) cuts. This is true for a linear array of FPGAs, where each of the

186N-1 links in the array will need to be cut separately. Thus, the complete runtime for this algorithm isO(N*M2). While a cubic complexity may not be ideal, one must realize that N and M are unlikely to growthat quickly in future. While FPGAs will increase in internal capacity and external I/Os, neither of thesenumbers increases N nor M (remember that more nets going to the same location simply increase the flowon the edge in the graph being partitioned, and greater capacity simply alters the distribution of randomsources and sinks of routes). Thus, improvements in multi-FPGA systems are likely to come mostly fromimproved chips, while the number of FPGAs and the types of routing are unlikely to change much in thefuture.partition topology based only on current cuts;find largest group L, second-largest group S;repeat until no groups other than L and S remain {find largest group G other than L and S which is connectedto L and/or S;L_ratio = bandwidth(L, G) / (size(L) * size (G));S_ratio = bandwidth(S, G) / (size(S) * size (G));if S_ratio >= L_ratiocombine S and G;elsecombine L and G;if size(S) > size (L)swap(L, S);}Figure 101. Global combining algorithm.foreach group G in topology, ignoring current cutapply global combining to group G only;Figure 102. Local combining algorithm.max = total number of cuts in partition ordering;base = 1;target = 2;while next <= max {if cut(base) and cut(next) do not subdivide the same group {combine cut(base) and cut(next);next = next + 1;} else {base = next;next = next + 1;}}Figure 103. Cut parallelization algorithm.

187ConclusionsIn this chapter we have considered applying standard partitioning algorithms to multi-FPGA systems. Wehave detailed an algorithm that determines the order to perform bipartitioning by finding the criticalbottlenecks, while ensuring that all partitions created are connected. We have also detailed a method forincreasing the parallelism, and decreasing the required run time, of partitioning in a multiprocessingenvironment. This technique is also capable of finding multi-sectioning opportunities. Finally, we haveincluded a method of determining when multi-way partitioning can be used. In this way, we havedeveloped an integrated method for best harnessing the numerous existing bipartitioning, multi-sectioning,and multi-way partitioning algorithms. The algorithm is efficient, and handles arbitrary topologies andheterogeneous FPGAs.As mentioned earlier, an automatic method for generating partition orderings has several benefits. Forcurrent and future multi-FPGA systems, it allows a large amount of flexibility and extendibility to be builtinto the system, since the software can cope with arbitrary topologies. Thus, small systems can be groupedinto even larger machines, arbitrary chips and connections can be introduced, and the topology itself can bedynamically modified. Automatic mapping software can be generated that requires little user intervention,since the designer is not required to determine the location and ordering of cuts to be made. Also, failurerecovery and incremental update capabilities can be included easily, since the software can partition to anarbitrary subset of the full system.By combining the logic partition ordering algorithm from this chapter with the bipartitioning work fromChapter 10, a complete logic partitioning algorithm for multi-FPGA systems can be developed. It is fastand efficient, and automatically adapts to an arbitrary topology. In Chapter 12 we discuss a topology-adaptive algorithm for pin assignment, which handles part of the inter-FPGA routing problem for multi-FPGA systems.

Chapter 12. Pin AssignmentIntroductionA theme running throughout this thesis has been the need for the highest performance automatic mappingsolution possible, especially one that can adapt to arbitrary topologies. In Chapter 10 we presented a fastand efficient algorithm for logic bipartitioning. Chapter 11 takes this algorithm and automatically applies itto arbitrary multi-FPGA system topologies. In this chapter we present a topology-adaptive pin assignmentalgorithm. By applying this algorithm, the overall mapping quality is improved, and the time it takes toplace and route the FPGAs in the system is reduced. Current systems can require placement and routingtimes of seventeen hours or more on a uniprocessor system.In this chapter we will examine the global routing stage of the automatic mapping process. It is importantto remember during the following sections the context we are working in: we are mapping to a fixedstructure of FPGAs, where wiring between the pins of the FPGAs are fixed, and while the logic has beenpartitioned to the individual FPGAs, these individual FPGA mappings have not yet been placed nor routed.Global Routing For Multi-FPGA SystemsThe global routing phase of mapping to multi-FPGA systems bears a lot of similarity to routing forindividual FPGAs. Just as in single FPGAs, global routing needs to route on a fixed topology, with strictlylimited resources, while trying both to accommodate high density mappings and minimize clock periods.The obvious method for applying single-FPGA routing algorithms to multi-FPGA systems is to view theFPGAs as complex entities, explicitly modeling both internal routing resources and pins connected byindividual external wires (Figure 104 left). A standard routing algorithm would then be used to determineboth which intermediate FPGA to use for long distance routing (i.e., a signal from FPGA A to D would beassigned to use either FPGA B or C), as well as which individual FPGA pins to route through.Unfortunately, this approach will not work. The problem is that although the logic has already beenassigned to FPGAs during partitioning, the placement of logic into individual logic blocks will not be doneuntil the next step, FPGA placement. Thus, since there is no specific source or sink for the individualroutes, standard routing algorithms cannot be applied.The approach we will take here is to abstract entire FPGAs into single nodes in the routing graph, with thearcs between the nodes representing bundles of wires. This solves the unassigned source and sink problemmentioned above, since while the logic hasn�t been placed into individual logic blocks, partitioning has

189assigned the logic to the FPGAs. It also simplifies the routing problem, since the graph is much simpler,and similar resources are grouped together (i.e., all wires connecting the same FPGAs are grouped togetherinto a single edge in the graph). Unfortunately, the routing algorithm can no longer determine theindividual FPGA pins a signal should use, since those details have been abstracted away. For example, inFigure 104 left, logic function a in FPGA A may best be placed in the lower right corner, and logicfunction b in FPGA B�s lower left corner. Thus, a connection between a and b would best be placed onone of the lower wires connecting these FPGAs. A global routing algorithm could not determine this fact.It is this problem, the assignment of interchip routing signals to FPGA I/O pins, that this chapter addresses.

CDABABCD7Figure 104. Two views of the inter-FPGA routing problem: as a complex graph includinginternal resources (left), and a more abstract graph with FPGAs as nodes (right).Pin Assignment For Multi-FPGA SystemsCurrently, the only work done on multi-FPGA pin assignment has been for the restricted case where no twologic-bearing FPGAs are directly connected (Chapter 9). For crossbars, hierarchical crossbars, and two-level topologies, where routing-only chips handle all connections between logic-bearing FPGAs, thesealgorithms works well. However, many systems map logic to most or all of their FPGAs (Chapter 5), andare beyond the scope of this algorithm. Also, as pointed out in Chapter 9, there is no way to adapt the pinassignment techniques from other technologies (such as ASIC routing channels, general routing for cell-based designs, and printed circuit board routing). This is because these algorithms optimize for featuresthat are fixed in the multi-FPGA system domain, yet ignore the issues critical to multi-FPGA systems.

190One solution to the pin assignment problem is quite simple: ignore it. After global routing has routedsignals through intermediate FPGAs, those signals are then randomly assigned to individual pins. Whilethis simple approach can quickly generate an assignment, it gives up some optimization opportunities. Apoor pin assignment can not only result in greater delay and lower logic density, but can also slow downthe placement and routing software, which must deal with a more complex mapping problem.

1212121212121234234534564567Figure 105. Checkerboard (left) and wavefront (right) pin assignment placement orders.A second approach is to allow the FPGA placement tool to determine its own assignment. This requiresthat the placement tool allow the user to restrict the locations where an I/O pin can be assigned (a featureavailable in tools such as the Xilinx APR and PPR placement and routing tools [Xilinx94]). With such asystem, I/O signals are restricted to only those pin locations that are wired to the proper destinations. Oncethe placement tool determines the pin assignment for one FPGA, this assignment is propagated to theattached FPGAs. It is important to note that this does limit the number of placement runs that can beperformed in parallel. Specifically, since the assignment from one FPGA is propagated to adjacent FPGAsonly after that entire FPGA has been placed, no two adjacent FPGAs can be placed simultaneously. Sincethe placement and routing steps can be the most time-consuming steps in the mapping process, achievingthe greatest parallelism in this task can be critical. An algorithm for achieving the highest parallelismduring placement, while allowing the placement tool to determine the pin assignment, is to find a minimumgraph coloring of the FPGAs in the routing graph. Since the structure of a multi-FPGA system is usuallypredefined, the coloring can be precomputed, and thus the inefficiency of finding a graph coloring is notimportant (techniques introduced later in this chapter will be able to handle topologies without a predefinedstructure). Then, all the FPGAs assigned the same color can be placed at the same time, since any FPGAsthat are adjacent cannot be assigned the same color. For example, in a four-way mesh (every FPGA is

191connected to the FPGA directly adjacent horizontally and vertically), the FPGAs could be placed in acheckerboard pattern, with half handled in the first iteration, and half in the second (Figure 105 left). Notethat since the pin assignment will be determined during placement, the FPGA routing can be run in parallelwith other placements or routings.

BDECAFigure 106. Example problem with the Checkerboard algorithm.One problem with the maximum parallelism (or �checkerboard�) method just described is that while the pinassignment for the FPGAs placed first will be very good, since the placer is mostly free in its placementchoices, other FPGAs may be placed fairly poorly. For example, consider the mapping of a systolic circuitto a linear array of FPGAs (see Figure 106). If allowed to map freely, the algorithm will map in a certainmanner (the up arrows), or the mirror image around the horizontal (the down arrow). Since the individualFPGAs are mapped independently, some will choose one orientation, while others will choose the other.The problem is that there is a good chance that one of the unmapped FPGAs will be left with someneighbors in one orientation, and others in the other orientation (FPGA D). These FPGAs will have theirmapping task complicated by the pin assignment imposed on them by their neighbors.There is an alternative approach to the checkerboard algorithm, which trades longer mapping run times forbetter results. The idea is to make sure that FPGAs are not mapped completely independently of oneanother. In the first step, a single FPGA is placed. The FPGA that is most constrained by the system�sarchitecture (i.e., by special global signals or external interface connections) is normally chosen, since itshould benefit most from avoiding extra pin constraints. In succeeding steps, neighbors of previouslyplaced FPGAs are chosen to be placed next, with as many FPGAs placed as possible withoutsimultaneously placing interconnected FPGAs. For example, in a 4-way mesh, where the first FPGArouted is in the upper-left corner, the mapping process would proceed in a diagonal wave from upper-left tolower-right (Figure 105 right). In this way, mappings �grow� from a single �seed� assignment, and will bemore related to one another than in the checkerboard approach, hopefully easing the mapping tasks for allof the FPGAs.

192Unfortunately, even this �wavefront� placement order may not generate good pin assignments. Mostobviously, while the individual FPGA placements attempt to find local optimums, global concerns arelargely ignored. For example, while pairs of signals that are used together in an FPGA will be placedtogether in the mapping, the fact that two of these pairs are used together in a neighbor will not bediscovered, and these pairs may be assigned pin locations very distant from each other.6

BA6C666CBA6A6DBECFigure 107. Examples of FPGA topologies that cannot be handled by sequential placement pinassignment techniques. Each of these topologies can be found as subcomponents in currentsystems, with all of these occurring in [Lewis93], and all but the topology at right in both[Thomae91, Vuillemin95].Even worse than the speed and quality problems of both the checkerboard and wavefront methods(hereafter referred to jointly as �sequential placement methods�) is the fact that there are some topologiesthat cannot be handled by these methods. Specifically, when the wires that connect FPGA pins are allowedto connect more than two FPGAs there is the potential for conflicts to arise, conflicts that can causeassignment failures with sequential placement methods. For example, consider the topology in Figure 107left. Assume that the logic we wish to map to this topology has one connection between A and C, onebetween B and C, and six between A and B (Note that while this and other examples in this paragraph arespecifically crafted to best show the underlying problems, each of these specific examples represent moregeneral situations, and most wire and mapping connection counts can be changed without fixing theseproblems). Since all three FPGAs in this topology are directly connected, both the wavefront andcheckerboard approach would place these FPGAs sequentially. If FPGA A is placed first, it could assignfive of its connections to B, as well as its single connection to C, on the three-destination wires connectingA, B, and C. This means that there is no longer any way to route the connection between B and C, and theassignment fails. The same thing can happen when FPGA B is placed first. In the specific case of thetopology at left, we could place FPGA C first, and avoid the conflicts described previously. Unfortunately,topologies such as the one in Figure 107 center have no order that is guaranteed to work. Assume that for

193this topology we wish to map a circuit with one connection between A and C, seven between A and B, andseven between B and C. In this situation at least one connection between each pair of FPGAs must beplaced on a three-destination wire. However, regardless of the order, the first FPGA placed can use all ofthe three-destination wires for its own signals, causing the assignment to fail.Instead of trying to find a placement order that will work, we could instead try to restrict the choicesavailable to the placement tools. For example, in the mapping to the topology in Figure 107 center weknow that each FPGA pair must have at least one connection assigned to the three-terminal wires. Wecould ensure that the placement tool generates a successful mapping by reserving wires for these signals.That is, if we placed FPGA B first, one of the three-destination wires would be reserved for a connectionbetween A and C by disallowing the placement of signals from B onto the corresponding pin location.However, not only is this decision arbitrary, generating lower quality mappings since we have no method topick a good wire to reserve, but it can also require significant effort to determine which and how manywires to reserve. For example, in the topology in Figure 107 right, a connection between B and E could beassigned either to a BCE or a BDE wire. If we do nothing to reserve space for it, connections betweenother FPGAs can fill these wires, making the assignment fail. We cannot reserve space on both wires,since all the capacity in the system may be required to successfully handle the mapping. However, todetermine which wire to reserve requires the system to examine not only FPGA B�s and E�s connections,but also D�s, C�s, and A�s connections, since congestion on one wire can ripple through to the wiresbetween B and E. Thus, determining the wires to reserve for one FPGA�s connections can involveexamining most or all FPGAs in the system. Note that while some of these topologies may seem contrived,topologies similar to the one in Figure 107 center are fairly common, and arise when a local interconnect isaugmented with global connections, connections that include adjoining FPGAs.Force-Directed Pin Assignment For Multi-FPGA SystemsAs we have shown, pin assignment via sequential placement of individual FPGAs can be slow, cannotoptimize globally, and may not work at all for some topologies. What is necessary is a more globalapproach which optimizes the entire mapping, while avoiding sequentializing the placement step. In therest of this chapter, we will present one such approach and then give a quantitative comparison with theapproaches presented earlier.Intuitively, the best approach to pin assignment would be to place all FPGAs simultaneously, with theindividual placement runs communicating with each other to balance the pin assignment demands of eachFPGA. In this way a global optimum could be reached, and the mapping of all FPGAs would be completed

194as quickly as any single placement could be accomplished. Unfortunately, tools to do this do not exist, andeven if they did, the communication necessary to perform this task would be prohibitive. Our approach issimilar to simultaneous placement, but we will perform the assignment on a single machine within a singleprocess. Obviously, with the placement of a single FPGA consuming considerable CPU time, completeplacement of all FPGAs simultaneously on a single processor is impractical, and thus simplification of theproblem is key to a workable solution.Our approach is to use force-directed placement of the individual FPGAs [Shahookar91]. In force-directedplacement, the signals that connect logic in a mapping are replaced by springs between the signal�s sourceand each sink, and the placement process consists of seeking a minimum net force placement of the logic(�net force� indicates that forces in opposite directions cancel each other. Note that the spring force iscalculated based on the Manhattan distance). To find this minimum net force configuration, and thusminimize wirelength in the resulting mapping, the software randomly chooses a logic block and moves it toits minimum net force location. This greedy process continues until a local optimum is found, at whichpoint the software accepts the current configuration.Force-directed placement may seem a poor choice for pin assignment, and is generally felt to be inferior tosimulated annealing for FPGA placement. Two reasons for this are the difficulty force-directed placementhas with optimizing for goals other than wirelength, and the inaccuracy of the spring approximation torouting costs. However, as will be shown, force-directed placement can handle all of the optimization tasksinvolved in pin assignment, and the spring metric is the key to efficient handling of multi-FPGA systems.As implied earlier, we will not simply place individual FPGAs, but will in fact use force-directedplacement simultaneously on all FPGAs in the system. We make two alterations to the basic force-directedalgorithm: first, we do not restrict logic blocks to non-shared, discrete locations, but instead allow them tobe freely placed into any location in the FPGA with no regard to congestion or physical logic blockboundaries (however, I/O pins ARE constrained to exact pin locations, and I/Os cannot share a single pinlocation). Second, we assume that all logic blocks are always at their optimal positions. While the secondalteration is simply a change in the movement order of nodes, the first change could cause a significant lossin accuracy. However, the resulting degradation of the local optimum will turn out to be more than madeup for by the ability to seek the global optimum. Also, while this assumption allows logic blocks to sharephysical locations, something that cannot be done in valid FPGA mappings, our force-directed placement isused only to determine I/O pin assignments, and the logic blocks will be placed in a later step by standardFPGA placement tools.

195A

BC1(2*3) (2+3+5)

(3*5) (2+3+5)

(2*5) (2+3+5)

ABC1.61.01.5

ABCU2351

Figure 108. Example of spring simplification rules. Source circuit at left has logic node Ureplaced at center, and any springs created in parallel with others are merged at right.By making the two assumptions just given, we now have the opportunity to greatly simplify the mappingprocess. We can examine the system of springs built for the circuit mapping, and use the laws of physics toremove nodes corresponding to logic functions, leaving only I/O pins. As shown at the end of this chapter,as well as in the example of Figure 108, the springs connected between an internal logic node and itsneighbors can be replaced with a set of springs connected between the node�s neighbors while maintainingthe exact same forces on the remaining nodes. By repeatedly applying these simplification rules to thelogic nodes in the system, we end up with a mapping consisting only of I/O pins, with spring connectionsthat act identically to the complete mapping they replace. In this way, we simplify the problem enough toallow the pin assignment of a large system of FPGAs to be performed efficiently. Note that this springreplacement process can take a significant portion of the algorithm�s run time, primarily because thereplacement time is dependent upon the number of springs connected to the node being removed, and theremoval of a node causes all of its neighbors to become connected. This effect can be mostly alleviated byremoving nodes in increasing order of the number of springs connected to that node.There are some details of the force-directed algorithm that need to be considered here. First, there are twoways to perform individual node moves in the algorithm. A simple approach is to pick a node and swap itwith whichever node yields the least overall net force. A more complex approach is to perform a ripplemove, where a node is moved to its optimum location, and any node occupying this location is then moved.This continues until the destination of the current node being moved is empty, at which point the move as awhole is evaluated. If it is a beneficial move, it is accepted; if not, it is rejected. Note that during thisprocess the nodes already moved are flagged, and are not allowed to move again until a complete ripplemove is over. While it is tempting to go with the simplicity of the swap move, there are some topologiesfor which swap moves yield poor results. Specifically, consider an FPGA with a total of 3 three-terminal

196wires (Figure 109), one to A and B, one to B and C, and one to A and C. Now consider a mapping ontothis structure with a separate connection to each of the neighbor FPGAs. In this situation it is impossible tomake a correct swap move, since no two connections have the same two wires as possible assignments.

ABCDFigure 109. Topology for demonstrating the advantage of ripple moves instead of swap moves.Another issue with the algorithm has to do with the starting position. While we would like to construct aninitial, correct assignment for each wire, this can be very complex. As we indicated in the discussion of thetopology in Figure 107 right, determining onto which wire a signal can be placed can require theexamination of most or all connections in the system. An easier answer is to start with all wiresunassigned, and always accept all valid ripple moves that start with an unassigned connection. In this waythe mechanisms already required to perform moves of previously assigned pins can be easily extended tohandle unassigned pins as well.Efficiency in the calculation of the individual moves is another important problem. To determine the bestpossible destination of a node during a ripple move it is necessary to calculate the change in net force forassigning the connection to each wire that connects the FPGAs the signal moves between. This isnecessary because there is not necessarily any relationship between the location of an I/O pin on one FPGAand the location of the pin the wire goes to on another FPGA (in fact, as described in Chapter 7, there issome advantage to be gained by scattering pin connections). Because of this, it is unlikely that there wouldbe any method for pruning the search space of possible move destinations. This can be very troubling,especially because the node replacement method described above causes nodes to be connected to most orall other nodes in the same FPGA. However, as shown in Equation 4, the standard force equation (at left)can be reformulated so that the information from all springs connected to a node can be combined at thebeginning of a move, and the calculation of the net force at each location requires only a small amount ofcomputation. Another method for speeding up the process is to remember which connections have been

197starting points of ripple moves that were determined not to be beneficial, and thus not moved. Then, thealgorithm will not try these moves again until another pin on one or more of that connection�s FPGAs hasbeen successfully moved.

SpringConsti × posi − posnode ( ) i=1 n∑ = SpringConsti × posi i=1 n∑− SpringConsti i=1 n∑× posnode

Equation 4. Reformulation of the standard force equation.A final extension necessary is software support to help avoid the problems found in the sequentialapproaches on some topologies. Just as the topologies in Figure 107 caused problems for the otherapproaches, they could cause difficulties with the force-directed approach. Imagine that we have thetopology in Figure 107 left, and there are six connections between A and C, and one connection between Aand B. At some point, all the three-destination wires will be occupied by connections between A and C. Ifwe begin a ripple move with the connection between A and B, its best position might be on one of thethree-destination wires. Unfortunately, while these wires must be occupied by the connections between Aand C, and cannot accept the connection between A and B, this fact will not be determined until 5 of the 6connections between A and C have been moved as part of this ripple move. At that point all of the wireswill have connections assigned to them which have been flagged as part of the current ripple move, and thefinal connection between A and C will have no allowable assignment. While we can undo the ripple move,there is no way to tell the connection from A to B that it needs to try one of the two-terminal wires.Our solution to the problems with the topologies in Figure 107 is to add the notion of equivalence classes tothe system. That is, every wire in the system is a member of exactly one equivalence class, and each classcontains only those wires that connect exactly the same FPGAs. For example, the topology in Figure 107center would have three equivalence classes, one for the two-terminal wires between A and B, another forthe two-terminal wires between B and C, and a final class for the three-terminal wires connecting A, B, andC. For each equivalence class we maintain a count of the number of wires within the equivalence class thathave no connection assigned to them. Then, whenever a connection wishes to be assigned to a wire in anequivalence class, it can only do so if either the equivalence class has an unassigned wire, or if one of the(unflagged) connections already assigned to the class can be moved to another equivalence class (movingthis connection to another class requires the same check to be performed on that class). Note that much ofthis information can be cached for greater efficiency, since if at one point in a ripple move an equivalenceclass cannot accept a connection, it cannot accept a connection at any future point during that move. Thus,in the previous example where it took several moves to determine that the connection between A and Bshouldn�t be moved onto a three-terminal wire in Figure 107 left, this fact would be immediately apparent

198from the equivalence classes. This would allow the search for possible moves to be pruned, and theconnection would be forced to move to one of the two-terminal wires between A and B, the only legalassignments for that connection.Table 16. Quantitative speed comparison table. Numbers in parentheses are normalized to theforce-directed algorithm�s results. Time is the time on multiple processors, while Uniproc. is thetime on a single machine.SystemSplashNTTDECPeRLe-1MappingDNA ComparatorTelecomCalorimeterForce -Time34:258:4529:14Uniproc.12:05:1219:312:43:18Wave - Time5:35:40(9.7530)20:50(2.3810)2:11:33(4.5000)Uniproc.13:24:58(1.1100)22:36(1.1580)3:10:02(1.1637)Checker - Time1:07:00(1.9467)12:22(1.4133)1:51:24(3.8107)Uniproc.12:37:36(1.0447)21:55(1.1230)2:55:24(1.0741)Rand - Time1:00:18(1.7521)8:18(0.9486)30:47(1.0530)Uniproc.17:45:56(1.4698)20:59(1.0751)2:56:44(1.0823)As mentioned earlier, our force-directed approach is capable of handling most of the optimization issuesnecessary for pin assignment. First, since little information about the individual FPGA architectures isnecessary beyond the location of the I/O pins, it is very easy to port this software to different FPGAs. Infact, our current system allows different FPGA architectures and sizes to be intermingled within a singlemulti-FPGA system. Note that the locations defined in the software�s chip descriptions need not be exactlythe same as the real chip�s geometry. In fact, our definitions of the Xilinx chips used in the comparisonsbelow space pins at the corners closer together than others to reflect the lower expected congestion at theselocations. We can also accommodate crossbar chips and FPICs, chips where minimizing wirelength isunnecessary, by setting the spring constant of all springs within such chips to zero. The assignments topins going to the crossbar can also be removed after the pin assignment is complete. In this way,connections that require pin assignment can be assigned by our tool, while connections to the crossbar canbe left unconstrained. More details on this can be found in Chapter 9.

199Table 17. Continuation of quantitative speed comparison from Table 16. Numbers in parenthesesare normalized to the force-directed algorithm�s results. Time is the time on multiple processors,while Uniproc. is the time on a single machine.SystemVirtual WiresMarc-1MappingPalindromeLogic Sim. ProcessorForce - Time13:1826:36Uniproc.1:44:373:38:11Wave - Time22:01(1.6554)FailureUniproc.1:27:34(0.8370)Checker - Time13:56(1.0476)FailureUniproc.1:28:19(0.8442)Rand - Time10:37(0.7982)26:38(1.0013)Uniproc.1:28:35(0.8467)4:36:32(1.2674)Table 18. Routing resource usage comparison table. Numbers in parentheses are normalized tothe force-directed algorithm�s results.SystemSplashNTTDECPeRLe-1Virtual WiresMarc-1Force143690.97292.245159.441255.4102728.6Wave146424.87345.645661.241111.8Failure(1.0190)(1.0073)(1.0111)(0.9965)Checker149860.57714.646522.541900.7Failure(1.0429)(1.0579)(1.0302)(1.0156)Random156038.27854.848713.442225.3108236.1(1.0859)(1.0772)(1.0787)(1.0235)(1.0536)To optimize for delay, spring constants can be altered. Although our tool currently does not optimizecritical paths, and assigns a spring constant of one to all non-crossbar springs, the tool could easily beextended to increase the spring constant on critical paths. This would cause critical path I/Os to beclustered closer together at the chip edge, improving performance.

200Another important consideration is support for predefined pin assignments for some special connections.Specifically, special connections such as clocks, reset signals, fixed global communication lines, and hostinterfaces need to be assigned to specific pin locations. Handling these constraints in the pin assignmenttool is trivial, since the support necessary to flag nodes that participate in the current ripple move can beextended to permanently freeze a connection in a specified position. Note also that any special chipfeatures in an FPGA, such as the source of global distribution lines, can be handled similarly by defining aspecial pin location at the special feature site, and always preassigning the feature node to that point. Forsignals within FPGAs that are globally distributed via special resources, resources that make wirelengthminimization irrelevant, the corresponding springs can simply be removed, or have their spring constantsset to zero. Finally, there are other limited resources within an FPGA that might require special processing.For example, in Xilinx FPGAs [Xilinx94] there are a limited number of horizontal longlines which can beused as wide multiplexers or wired ANDs. To handle these features, the corresponding nodes in the circuitgraph could be left unremoved, and force-directed placement could be applied to these elements as well(though these resources would of course require different potential positions than the pin locations). Bydoing this, a more accurate assignment could be performed without greatly affecting runtimes. Also, forthe specific case of the Xilinx longlines, where the horizontal portion of the Manhattan distance isunimportant (the longlines stretch the width of the chip), these nodes could be specially marked, and theforce calculation could be set up to properly ignore the horizontal component.Comparison of Pin Assignment ApproachesTo compare the various pin assignment approaches, we tested each approach on mappings for five differentcurrent systems. These include a systolic DNA comparison circuit for Splash [Lopresti91], atelecommunications circuit for the NTT board [Yamada94], a calorimeter circuit for DECPeRLe-1[Vuillemin95], a palindrome circuit for the Virtual Wires Emulation system [Tessier94], and a RISCprocessor configured for logic simulation on the Marc-1 system [Lewis93]. The pin assignment systemscompared are: �random�, which randomly assigns connections to wires; �checkerboard� and �wavefront�,which use sequential placement runs to do pin assignment; and �force�, which uses the force-directed pinassignment technique described above. The results include both mapping time and resulting wirelength(Table 16, Table 17, and Table 18). The time is CPU time on a SPARC-10, and includes the time toperform pin assignment as well as individual FPGA place and routes, and assumes enough machines areavailable to achieve maximum parallelism. Uniprocessor time, the time it takes to complete all of thesetasks on a single machine, is also included. Note that the sequential placement techniques onlysequentialize the placement step, while routing is allowed to be performed in parallel with subsequent

201placements and routings. Also, these placement attempts are begun as soon as possible, so that for examplein the checkerboard algorithm, we do not need to wait to begin placing FPGAs of one color until all FPGAsof the previous color are placed, but instead can proceed with a placement once all of its direct neighbors inthe previous color(s) have been completed. Also, the random approach is assumed to be able to generate apin assignment in zero time, so its time value is simply the longest time to place and route any one of theindividual FPGAs. The wirelength is determined by summing up all source to sink delays for all signal inthe FPGAs. While this is not exact, since some portions of a multi-destination route will be included morethan once, it gives a reasonable approximation of the routing resource usage of the different systems.

326464646464646464643636FIFO INFIFO OUT

012151629303188888888888888888888DCBAHGFELKJIPONMMicrocontrollerFigure 110. The Splash (left) and Virtual Wires (right) topologies. Note that system features notused in the example mappings, as well as global communication wires and clocks, are omitted.The Splash system [Gokhale90] is a linear array of Xilinx 3090 FPGAs (Figure 110 left), with memoriesattached to some of the communication wires. As expected, Random does poorly on the averagewirelength, with Checkerboard and Wavefront each doing successively better. However, the Force-Directed approach does the best, since it is able to optimize the mapping globally. More surprising is thefact that the Force-Directed approach is actually faster than all the other approaches, including the Randomapproach, in both parallel and uniprocessor times. The reason for this is that the poor pin assignmentgenerated by the random approach significantly increases the routing time for some of its FPGAs, up to afactor of more than 4 times as long. Note that the time to perform the force-directed pin assignment doesnot dominate for either this or any other mapping. For the DNA mapping it is only 9% of the overallruntime, for Palindrome and Telecom it is 6%, and for Calorimeter it is 8%, though for the Marc-1 mappingit is 31%.

2021624

1616

16242424

16241624

1624161616

1616ABCDEFGHIJKLMNOPQRSTUVWXYFigure 111. The NTT topology.The results are almost identical for the DECPeRLe-1 board [Vuillemin95], a four by four mesh of Xilinx3090 FPGAs with seven additional support FPGAs, and the NTT board [Yamada94], a five by five mesh of3042 Xilinx FPGAs with wrap-around connections on the top and bottom edges (Figure 111). However,the Checkerboard approach takes much longer on the DECPeRLe-1 board than it did on the Splash board,making it only about 15% faster than the Wavefront approach. The reason is that the DECPeRLe-1 board,which has 23 FPGAs, is only 19-colorable, leaving very little parallelism for the Checkerboard algorithm toexploit.The Virtual Wires board [Tessier94] is a 4-way mesh of Xilinx 4005 FPGAs, with the connections in agiven direction scattered around the FPGA�s edge (Figure 110 right). The results for this mapping are lessfavorable than for the DNA comparator and the calorimeter, with the Wavefront method actuallygenerating a slightly better assignment than the Force-Directed approach. However, we believe the reasonfor this poor performance is the special techniques applied to the mapping prior to pin assignment. TheVirtual Wires system [Babb93, Selvidge95] attempts to overcome FPGA I/O limitations by time-divisionmultiplexing the chip outputs. Thus, each chip I/O is connected to a shift chain, which is connected to theactual I/O signals of the mapping. Unfortunately, the choice of which wires to combine is done arbitrarily,without regard to the mapping structure. Thus, instead of combining signals that are close together in the

203logic, signals from very distant portions of an FPGA�s mapping may be merged. Because of this, there isvery little structure left in the mapping, and there is little pin assignment can do to improve things. Webelieve that a more intelligent combining strategy, possibly driven by the spring constants generated by ourspring simplification approach, would generate better mappings, mappings that can also be helped by goodpin assignments.

I5I4I1I3I2I4I5I4I5I2I3I2I3I4I5I2I3I1I1I1I1

C2C1C3MemorySubsystem

A1B1A2B2A3B3Figure 112. Schematic of the Marc-1 board. The entire board consists of two copies of thesubsystem at left, and one copy of the subsystem at right. Labels without circles indicateconnections to the corresponding FPGA circle. Note that system features not used in the examplemappings, as well as global communication wires and clocks, are omitted.The Marc-1 board [Lewis93] is a complex system of Xilinx 4005 FPGAs, as shown in Figure 112. Asmentioned earlier, this board includes all topologies from Figure 107, topologies that make mappingfailures possible in sequential placement approaches regardless of placement order. We attempted to usethese sequential approaches four times each on this system, but each time it failed because of resourceconflicts (note that even had they succeeded, the topology is only 5-colorable, and the Wavefront methodwould sequentialize 9 placement runs, which in both cases would greatly increase runtimes). However, ourforce-directed approach easily handled this topology, and generated a good assignment. Note that while the

204force-directed result is somewhat less of an improvement than the other examples led us to expect, this maybe due to the fact that only 51% of the logic pins are assignable, with the others fixed by memory interfacesand other fixed global signals.Table 19. Unconstrained pin assignment distances. Numbers in parentheses are normalized to theforce-directed algorithm�s results. The NTT results show the �optimal� value is worse than whatwe achieve. This is due to the random nature of the placement process.Splash138899.9(0.9667)NTT7380.7(1.0121)DECPeRLe-137373.3(0.8276)Virtual Wires39789.1(0.9645)Marc-191267.4(0.8884)While the previous comparisons demonstrate the advantages of the force-directed approach over the simpleapproaches described earlier, it would be useful to find out how close to optimal the force-directedapproach is. In general, we can expect that the best a pin assignment can do is to equal the placementqualities the placement and routing tools can achieve without fixed pin assignments. That is, if we placeand route the individual FPGAs and only require that logic pins be assigned to chip pins going to thecorrect neighbor (though we do not require that connected logic pins on neighboring FPGAs match up, thatthey occupy connected FPGA pins), this is probably as good as any pin assignment can hope to achieve,and probably better than is achievable. We did exactly this experiment, and the results are in Table 19. Ascan be seen, our pin assignments achieve results within 3.5% of �optimal� on half of the examples, with thegeometric mean of the lower bound results being 93% of the force-directed results. In one case our resultsare even better than the lower bound results; however, we believe this is due mainly to the random natureof the placement process. It is unclear exactly how much can be inferred from these results, especiallysince it is not clear any approach can achieve results as good as those shown in Table 19. One importantobservation to note is that most likely not much improvement (at least in routing resource usage) can beachieved beyond what our algorithm provides.Pseudocode and Computational ComplexityIn this section we present pseudocode for the force-directed pin assignment algorithm, as well as adiscussion of the computational complexity. The overall algorithm is presented in Figure 113.

205read in topology and circuit description;// Apply spring reduction rulesforeach FPGA F {foreach logic node L in F, from low to high connectivity {T = total spring constants of springs incident to L;foreach pair of L�s neighbors N and M {spring(N, M) = spring(N, M)+ (spring(L, N)*spring(L, M))/T;}foreach of L�s neighbors Nremove spring(N, L);}}create equivalence classes;while moves possible {randomly pick IO signal S;perform ripple move for signal S;if S was originally unassigned, or ripple move is beneficialaccept ripple move;elseundo ripple move;}Figure 113. The force-directed pin assignment algorithm.S = IO signal starting ripple move;Compute constants from Equation 4 for each FPGA connected to S;foreach wire W connecting between S�s FPGAs {if equivalence classes allow S to be assigned to W {compute net force of S assigned to W;}}pick W with lowest net force;temporarily assign S to W;alter equivalence class so that S cannot be moved again in ripple;if W is unoccupied {return change in force of assigning S to W;} else {perform ripple move for signal assigned to W;return change in force of assigning S to W plus rest of ripple;}Figure 114. Algorithm for applying ripple moves.Unfortunately, it is difficult to quantify the computational complexity of the force-directed pin assignmentalgorithm. The primary problem is bounding the number of iterations for the algorithm to find a minimumnet-force state. It is possible to believe that degenerate situations exist where the system will take a

206significant number of moves to find a local minimum. Also, it is possible for a single ripple-move to moveevery I/O node in the system. Specifically, imagine a system that only has three-terminal wires, and amapping with two-terminal connections. A connection between FPGAs A and B might move to a three-terminal wire between A, B, and C. This will displace a connection from B to C, which goes to a three-terminal wire between B, C, and D, displacing a connection from C to D. Thus, the worst-case complexityis significant. Also, the spring reduction process can be O(N3) in the worst-case. Specifically, imagine amapping to an FPGA where every logic and I/O node is connected to a single signal (such as a reset orclock signal that does not use the FPGA�s global distribution resources). When the first node is replaced,all pairs of nodes in the FPGA will become connected. Thus, every subsequent step in the process willhave to modify a spring between each pair of nodes in the FPGA, resulting in O(N3) performance. Notethat it is unlikely that such a situation will occur, since most huge-fanout nets will be handled by globalrouting resources, and thus will be removed from consideration by the spring reduction algorithm. For realcircuits, the runtimes should be more on the order of linear or quadratic because of the sparse, localizedconnection patterns. Thus, while the worst-case complexity of this algorithm is quite large, and hard tobound, the program runs efficiently on current systems, and should scale reasonably to future machines.ConclusionsAs we have shown in this chapter, pin assignment for multi-FPGA systems is a difficult problem that hasnot been previously studied. We presented some approaches for using existing tools, as well as a newforce-directed algorithm that can help improve mapping quality. Placement and routing with the force-directed approach is almost always faster than the random approach, by up to 43%, and almost alwaysdelivers superior routing resource usage, by up to an 8% decrease in total resource usage in the entiresystem. We have also shown that this is within at least 7% of optimal. Given these results, it is clear thatpin assignment improves the mapping process for multi-FPGA systems.Several possible extensions have been mentioned earlier for improving mapping quality, and these areworth further study. More importantly, the spring cost metric is not necessarily tied to force-directedplacement, but could instead be used within a simulated annealing algorithm. While we believe simulatedannealing would not yield significant improvements, since the cost metric is so abstracted from the realsituation, and since simulated annealing is so time-consuming, a study of its actual benefits should beperformed. More interesting is the approach mentioned above for improving Virtual Wires mappings byguiding wire combining by the spring forces our system generates. We hope that such an approach wouldnot only improve the overall placements achieved by Virtual Wires, but also show the benefits of good pinassignments in this domain.

207Spring Replacement RulesAs discussed earlier, we wish to reduce the complexity of the force-directed placement algorithm byreplacing all springs touching non-I/O nodes with equivalent springs only involving I/O nodes. To do this,we iteratively remove individual internal nodes from the system, and replace the attached springs with newsprings between the removed node�s neighbors.Since we are using a Manhattan distance metric, the forces along the X and Y dimension are independent,and are given in Equation 5.

Fx = C × (X1 − X2)

Fy = C × (Y1 − Y2)

Equation 5. Spring forces in the X and Y direction.C is the spring constant, and (X1, Y 1) and (X 2 , Y 2 ) are the locations of the nodes connected by the spring.T h e r e a r e t w o s i m p l i f i c a t i o n r u l e s n e c e s s a r y f o r o u r p u r p o s e s : p a r a l l e l s p r i n g c o m b i n i n g , a n d n o d e removal. For parallel springs, springs which connect the same two endpoints, the springs can be mergedinto a single spring whose spring constant is the sum of the parallel springs.( X0 , Y0)( X1 , Y1)( XN , YN)( XU , YU)

01NUC0C1CN

01NS01S0NS1N

Figure 115. Spring system before node U is removed (left), and after (right).In node removal, we remove an internal node, and replace the springs connected to that node with springsconnected between the node�s neighbors. As shown in Figure 115, we have node U with N+1 neighborslabeled 0�N (note that if U has only one neighbor, the node and the spring can simply be removed, since itwill never exert force on its neighbor). Node i is located at (Xi,Yi), and is connected to node U by a springwith spring constant Ci. As discussed earlier, we assume that internal nodes are always placed at theiroptimal location, which is the point where the net force on the node is zero. Thus, we can calculate thelocation of node U as shown in Equation 6 and Equation 7 (note that from now on we will work with onlythe X coordinates of all nodes. Similar derivations can be found for the Y coordinates as well).

208^{0 = Ci × Xi − XU( )} i=0

n

∑_{= C}i_{× X}i

i=0

n

∑ − X U × C j j=0

n

∑ Equation 6. Total forces on node U, assuming U is placed at its optimal location.

XU = Ci × Xi

i=0n∑ Cj j=0n∑

Equation 7. Optimal X position of node U expressed in terms of its neighbors� positions.To replace the springs connected to node U, we must make sure the new springs provide the same force asthe old springs. So, we start with the force equation from Equation 5, and substitute in the location foundin Equation 7. The results are Equation 8-Equation 11.

Fk = Ck × (XU − Xk) = Ck × Ci × Xi i=0n∑ Cj j=0n∑ − Ck × Xk

Equation 8. Substitution of Equation 7 into Equation 5.

Fk = Ck × Ci × Xi i=0n∑ − Ck × Xk × Cll=0n∑ Cj j=0n∑

Equation 9. Simplification of Equation 8.

Fk = Ck × Ci × Xi i=0n∑ − Ck × Cl × Xk l=0n∑ Cj j=0n∑

Equation 10. Simplification of Equation 9. 209

Fk = Ck × CiC_{jj=0n}∑ × Xi − Xk ( ) i=0 n∑

Equation 11. Simplification of Equation 10.From Equation 11 it is now clear how to replace the springs incident on node U. We can replace all ofthese springs, and insert a new spring between each pair of neighbors of node U. The new spring betweennodes I and K will have a spring constant Sik as given in Equation 12.

Sjk = Ck × CiCjj=0n∑

Equation 12. Spring constants for spring replacement, derived from Equation 11.

Chapter 13. Conclusions and Future WorkMulti-FPGA systems is a growing area of research. They offer the potential to deliver high performancesolutions to general computing tasks, especially for the emulation of digital logic. However, to realize thispotential requires a flexible, powerful hardware substrate and a complete, high quality and highperformance automatic mapping system.In the last five to ten years there have been a large number of multi-FPGA systems built and proposed.Work has also been done on creating software algorithms to support these machines. However, in generalthese hardware and software systems have been created in an ad hoc fashion. The hardware systems aregrab-bags of appealing features with little investigation into what is truly best for the applications they willsupport. For software, individual algorithms have been proposed, but with little insight into whichapproaches are the most important, and how these pieces can be combined into a complete solution.The primary goal of this thesis has been to offer a disciplined look at the issues and requirements of multi-FPGA systems. This includes an in-depth study of some of the hardware and software issues of multi-FPGA systems, especially logic partitioning and mesh routing topologies, as well as investigations intoproblems that have largely been ignored previously, including pin assignment and architectural support forlogic emulator interfaces. This work points out the challenges of multi-FPGA systems, and presentssolutions to many of them.In Chapter 6 we presented Springbok, a novel rapid-prototyping system for board-level designs that offersmany advantages over current systems. Its flexible architecture accommodates a great range of systemsizes and topologies. With the ability to solve problems as they occur, Springbok uses its resources moreefficiently than do fixed FPGA-based systems, which require a very conservative style. Including arbitrarydevices and subsystems into the Springbok structure allows even greater efficiency and accuracy. Finally,the use of FPGAs instead of FPICs for the routing structure reduces overall costs, adds flexibility, and moreeasily handles the functionality necessary to interface to timing-inflexible components.To design Springbok, as well as many other multi-FPGA systems, requires a hard look at the hardwarestructures used to build them. Chapter 7 presented several techniques for decreasing routing costs in meshinterconnection schemes: 1-hop interconnections, Superpins, and Permutations. These topologies reduceI/O and internal routing resource usage, increase bandwidth, and reduce delays in the system.Including an emulation into its target environment is one of the most important benefits of emulation oversimulation. However, with current systems the user is required to develop an application-specific protocol

211transducer to allow the emulation to communicate with its environment. In Chapter 8 we demonstrated thatmany logic emulator interfaces can be handled by a simple, generic interface transducer board. While theprotocol transducer mappings can be somewhat involved, we have shown that they can be quicklydeveloped in a high-level language, and automatically translated into FPGA logic. Thus, with a smallamount of design effort, an emulation can be run in its target environment, greatly increasing its utility.To be successful and widely used, a multi-FPGA system needs more than just a flexible hardware system.Also necessary is automatic mapping software that maps circuits onto this structure. This software needs tobe fast, fully automatic, and capable of producing high-quality results. Chapter 10 presented a survey ofbipartitioning techniques, mainly those based on the Kernighan-Lin, Fiduccia-Mattheyses algorithm. Wehave discussed many optimizations to the algorithm, including several new approaches, which have yieldeda fast and efficient bipartitioning algorithm that is significantly better than the current state-of-the-art.Chapter 11 presented an algorithm for automatically applying bipartitioning to an arbitrary multi-FPGAsystem. It analyzes the multi-FPGA system topology, and recursively applies bipartitioning, as well asmulti-way partitioning and multi-sectioning where appropriate, as part of a fast and automatic method formapping to a multi-FPGA system.Pin assignment was covered in Chapter 12. Our algorithm adapts to an arbitrary multi-FPGA systemtopology. It creates better routing than current systems, which results in faster mapping runtimes, andhigher quality mappings.By combining the algorithms discussed in this thesis with those commercially available, a completeautomatic-mapping system can be developed. It offers fast runtimes, with good quality results, and adaptsto an arbitrary topology. In this way, a single system can be applied to the numerous different topologiesproposed, including topologies with flexible interconnection patterns.This thesis has provided an in-depth investigation into most of the issues in multi-FPGA hardware andsoftware. As a result, the hardware and software structures of multi-FPGA systems have been optimized,yielding faster and higher-quality systems. Bringing these advantages to bear on board-level prototyping,such as in the Springbok system, gives logic designers a powerful new tool for system-level debugging.One of the most important aspects of the work contained in this thesis is that the approaches given here areapplicable not just to Springbok, but also to multi-FPGA systems in general. The routing topologies canimprove many multi-FPGA systems, and the generic interface support is useful for existing logicemulators. The software algorithms provide architecture-adaptive tools to optimize to arbitrary topologies,delivering improved quality, in much less time, than current mapping software.

212While the techniques discussed can help many different systems, there are other opportunities to improvemulti-FPGA systems, and to achieve the full promise of reconfigurable logic. There are many outstandingissues in both the hardware and software constructs of FPGA-based system.While this and other works have focused on some portions of the mapping software flow, there is still muchyet to be done. One example is the partitioning of digital logic onto multi-FPGA systems. This thesis hasincluded a survey of many bipartitioning techniques, resulting in significant quality and mapping speedimprovements over current techniques. However, in many cases multi-way partitioning algorithms makemore sense than bipartitioning techniques. Thus, a similar study investigating the many multi-waypartitioning algorithms, which integrates the techniques discussed in this thesis, has the potential to provideeven better results. Also, while iterative bipartitioning can map to an arbitrary topology, its greedy naturemay generate substandard results. Alternatives are possible, including extensions of quadrisection andother techniques that simultaneously perform multiple cuts. However, these techniques must be modifiedto handle the different possible topologies found in multi-FPGA systems.Another important issue in the mapping tools for multi-FPGA systems is the time the software tools take tocreate a mapping. With current software taking up to a full day to complete a mapping, there are manyapplications that do not take advantage of multi-FPGA systems because of the mapping delays. There areseveral ways to combat this issue. The fast partitioning and pin assignment tools contained in this thesisare one such step. Another possibility is to examine the other parts of the mapping software and developnew algorithms optimized for this domain. Specifically, current systems use technology-mapping,placement, and routing software originally created for single-chip systems. However, single-chip systemshave much different constraints than multi-FPGA systems. The FPGAs in a current multi-FPGA systemcan expect to have only a small fraction of their logic capacity used, but all of their I/O pins will beconsumed. Tools that understand this domain may be able to perform their optimizations much faster thantools optimized for single-chip mapping situations.Another possibility for improving the performance of multi-FPGA system mapping tools is to adopt andextend the two-phase methodology proposed in this thesis�s partitioning chapter. That is, it is not alwaysnecessary to achieve the best possible mapping, and a lower quality, but faster, mapping algorithm may bea better choice. Cases where more than ample resources are available, and optimal performance is notcritical, are obvious situations for applying poor but fast software. However, even when the highestperformance is required, only using high-quality but slow software may not be the best answer.Specifically, when using the best possible mapping software the initial mapping steps (such as partitioning)will usually need to be run on a single processor, and will take a long time. Once these steps are done,

213multiple independent place and route processes can be run on different machines, speeding up the mappingprocess. However, there is no reason that these processors must remain idle in the early mapping phases.One possibility is to run the fast, but lower quality, mapping tools concurrently with the high quality, butslow, algorithms. These faster algorithms could quickly generate a mapping, and have the emulationsystem running the mapping much sooner than the other approach. While the emulation will run moreslowly than the higher quality mapping produced by the slower software, the emulator will be makingheadway as the slower software completes. Once the improved mapping is completed, it is relativelysimple to pause the emulator, save the current state of the emulation, and load the improved mapping. Byproperly setting the stateholding elements in the new mapping, the high-quality mapping can resume wherethe slower mapping ended. In this way, the emulator can be used more efficiently, with shorter downtimes, and the user gets answers much more quickly than current systems can achieve. However, there ismuch research to be done on determining how to quickly create these lower-quality mappings.One can also speed up the software by minimizing the amount of remapping necessary. Specifically, if aminor upgrade or bug fix is made to an input circuit, it should be possible to reuse much of the previousmapping. Since much of the circuit remains the same, a fast way to create a new mapping is to just remapthat portion of the circuit that has changed. While our architecture-adaptive partitioning and routing toolsare capable of working on arbitrary subsets of a multi-FPGA system, there are several other piecesnecessary to achieve a true incremental update facility. Specifically, the synthesis tools that generate themapping need to modify only those portions that have changed, or else the modification will alter the entiremapping, and the incremental facilities of subsequent tools will be useless. Also, technology-mapping,placement, and routing tools can also be given an incremental-update capability, yielding even greaterperformance increases.While the ability of our algorithms to adapt to an arbitrary topology can be important as part of anincremental update mechanism, this adaptability also opens up another opportunity. Since the tools canoptimize for any architecture, the tool suite becomes an ideal system for performing architectureexploration. In this thesis, we examined mesh routing topologies based on totally random routingrequirements. While this made it possible to get some idea of the tradeoffs in mesh architectures, it alsolimited the study�s scope. Most obviously, real circuits are not completely random, and although our studytook into account some of the non-randomness of circuits (such as buses), better results could be achievedby using actual circuits in the study. Thus, a toolset that can automatically adapt to an arbitrary topology isthe key to better understanding how multi-FPGA systems should be constructed. This would not only yieldcomparisons of different optimizations to a given type of topology (i.e., comparing meshes to meshes, andcrossbars to crossbars), but also allow comparisons between different types of topologies (i.e., meshes to

214crossbars). In this way, we can continue the search for better architectures, resulting in higher qualitysystems.There are many other opportunities for work in multi-FPGA systems and reconfigurable hardware. Onepossibility is to push forward with the deployment of systems such as Springbok. Although Springbokholds a lot of promise for the prototyping of board-level designs, there is still much work necessary to bringit to fruition. Detailed design of the hardware, especially in the connector technology to enableSpringbok�s flexibility, as well as communication and debugging support to help the user understand theoperation of their prototype, is key to a complete implementation. The software tools will also need to beextended. Most obviously, there is currently no algorithm for assigning daughter cards to specific locationsto achieve the highest-quality mapping. That is, while the input specification for a circuit may require aspecific mix of daughter cards, there still needs to be an algorithm that decides where on the baseplate thesedaughter cards should be placed to minimize communication and improve performance. While simulatedannealing should be able to handle this task, this would be a very slow answer to the problem. It is likelythat alternative placement algorithms, such as force-directed placement, or possibly combining daughtercard placement with the partitioning algorithm (assigning daughter cards to different partitions as well aslogic nodes), could produce nearly equal quality results in much less time. There is also the issue of howand when to insert extender cards into the array. As each of the software mapping algorithms run, theymay encounter resource limitations that cause significant decreases in mapping quality, or even cause themapping to fail. A way to solve these problems in the Springbok system is to add extender cards with extraresources to ease these bottlenecks. However, how best to integrate this feature into current algorithms isan open question.Looking beyond Springbok, there are many other opportunities in reconfigurable hardware. One of themost promising is combining together reconfigurable logic and standard processors. While we havediscussed many applications where FPGAs can provide the highest performance implementation, mostsituations fit better onto standard processors. In current systems, there is usually a strict separation of thetwo resources. If a problem fits well onto FPGAs, it is mapped onto an array of FPGAs. If not, it must berun on a separate, standard workstation. This separation ignores the numerous applications where a mixedapproach might be better. Normally, an algorithm goes through a series of phases. Often this mightinvolve some complex initialization protocol, a regular inner loop that consumes most of the computationtime, and another complex final cleanup step. The complexity of the starting and ending phases require theflexibility of standard processors, while the inner loop could be best implemented in FPGA logic

215The answer to this problem is to integrate together the two types of resources. One way is to construct amixed FPGA-microprocessor system. By combining several off-the-shelf FPGAs and processors, a singlesystem can provide efficient mappings for many different types of algorithms. The processors in thesystem provide complex control flow for external interaction, complex mathematical computations, andirregular initialization and cleanup. The FPGAs provide huge amounts of fine-grain parallelism for fast bit-manipulations, large data-parallel operations, and custom datapaths. Thus, merging the two resourcestogether could achieve much greater performance than either type of resource separately can provide.A more exciting possibility is to add reconfigurable logic into the processors themselves. Specifically, formany applications there is a small set of operations that would greatly improve their performance, butwhich are not useful widely enough to be included in a general-purpose processor. By includingreconfigurable logic into the processors, these instructions can be built on a per-application basis, withdifferent mappings to the reconfigurable logic for different programs (or even different sections of a singleprogram). Thus, we would have a general-purpose method of providing special-purpose processors. Thislogic may not look anything like current FPGA logic. The reconfigurable logic will need to be optimizedto this application domain, opening up a very interesting area for future architectural investigations. Also,the processors themselves may need to be modified to accept this new type of resource. However, the mostcritical area of research for these types of systems is in determining how compilers can be made torecognize and optimize for the opportunities provided by this added logic. Good compiler support for thisapplication is critical to achieving widespread benefit from the reconfigurable logic.This logic need not be solely a method of adding extra instructions to the processor’s instruction-set. Adifferent model for using these resources is FPGAs used as a generic coprocessor system, where thereconfigurable logic is viewed more as a separate processing element, perhaps with a different controlstream, than as just another unit in the processor. In current machines, coprocessors are typically providedfor floating-point arithmetic, graphics acceleration, and possibly data encryption. These coprocessors areused not only because they can speed up these applications, but also because these applications areperceived to be important enough to merit special-purpose hardware. Many other algorithms could benefitfrom special-purpose coprocessors, but are used so infrequently that providing this custom hardware isimpractical. A solution to this problem is to add a generic, reconfigurable coprocessor to the system.While it may not be able to achieve the same performance as a custom chip, a reprogrammable coprocessorcan economically provide improved performance to many different algorithms. The coprocessor will beshared across many different algorithms, since each algorithm can have its own configuration. Thus,although each algorithm individually is not of wide enough utility to merit a special-purpose coprocessor,by sharing the same generic coprocessor with many different algorithms the hardware becomes practical.

216Such processor-FPGA hybrids, even if they prove practical, are still many years away. In that time thereare several changes in the reconfigurable logic domain that are important to anticipate. First, the primarybottleneck of current systems may (at least partially) be alleviated. While today�s systems suffer from asignificant I/O bottleneck, this need not always be so extreme. There currently are much higher-I/Opackages available, such as those used by FPICs to achieve 1,000 pin chips. Although these technologiesare quite expensive now, with relatively few applications taking advantage of the extra connectivity, asmore applications migrate to these technologies the cost should greatly decrease. Thus, it is quite likely inthe near future that FPGAs may see a nearly fourfold increase in the available I/O pins. Also, there aretechniques such as Virtual Wires that can also help alleviate the I/O bottleneck. Time-division or voltage-division multiplexing can greatly increase the available bandwidth even in today�s I/O-bound chips. Thus,while the I/O bottleneck may never completely disappear, there is great potential to ease the current I/Ocrunch.If the potential for increasing the external bandwidth of current FPGAs actually is realized, it may require acomplete re-evaluation of our current systems. While today�s software and hardware constructs areprimarily built to minimize the required inter-chip routing, with more I/O bandwidth other issues becomemore critical. Primarily, the performance of the mapping becomes an even greater concern, and algorithmssuch as min-cut partitioning may give way to more critical path oriented approaches. Investigating theseissues will become an even greater concern in the future.Another change in the current multi-FPGA system equation is in the types of circuits handled, or at least inthe perception of what these circuits look like. Most current systems either are hand-mapped, and thushighly aware of the peculiarities of a given mapping, or automatically mapped, where the input circuit isassumed to be purely random logic. However, even in our current mappings, the circuits are not trulyrandom. Much of the current logic is regularly structured datapaths. By treating these datapaths as randomlogic, the automatic mapping software throws away many potential optimizations. While optimizing forrandom logic may have been the right answer for initial system construction, since if you can map randomlogic you can handle anything, future systems may need to be more circuit-aware. Specifically, theautomatic-mapping software should be able to recognize highly regular datapaths - or require that the userhighlight these components - and take advantage of the regularity to provide much better mapping quality.Techniques such as bit-slicing or pipelining at chip boundaries can both improve the performance whiledecreasing the inter-chip bandwidth. Memory elements in input circuits can also require specialprocessing. While many multi-FPGA systems include separate memory chips, and thus memory structuresin the circuit can be handled by these elements, the circuit may need to be restructured to take advantage ofthese facilities. Since the memories in the hardware may differ from those specified in the circuit,

217resynthesis and repacking into the available memories will be important to achieve the highest qualitymapping. Such circuit-sensitive optimizations should become an ever more important part of a completeautomatic mapping solution.Although there is much work to be done on the hardware and software aspects of multi-FPGA systems, andreprogrammable logic in general, the potential payoffs are significant. With ever faster mapping tools, aswell as hardware systems that simplify the job of the mapping algorithms, we may be able to createmappings in the same time it takes us now to compile programs. With such a system, it may be as easy toimplement an algorithm in hardware as it is now to run them on a processor. Thus, software programmerswill then have access to the power and performance to which the hardware designers are accustomed.These advanced software processes, as well as improved hardware systems, will push logic emulationfurther and further into the currently exclusive domain of software simulation. Where today a designer willonly use emulation when no other solution will suffice, with fast mapping software logic emulationbecomes much more competitive. While very small, short tests will always be the domain of softwaresimulation, testing of large subsystems can much more quickly be performed on a logic emulator if themapping tools are fast enough. With board-level emulation systems similar benefits will also be achievedfor multi-chip designs.Higher quality software may also push FPGA-based custom-computing machines into the mainstream.Where large supercomputers currently hold dominance, multi-FPGA systems may become an equalpartner. While there are some algorithms for which a supercomputer will always be the best answer,likewise there are algorithms for which only the fine-grain parallelism of a multi-FPGA system will suffice.However, the key to making FPGA-based supercomputers generally useful is automatic mapping softwarethat can deliver high enough quality to rival software compilers for traditional programming languages.Finally, we may see reconfigurable logic making inroads into the workstation and PC workplaces. Whilethis logic may bear only passing similarity to current FPGAs, it will have many of the software andhardware issues of FPGAs. With the ability to add custom instructions to standard processors, as well astruly generic coprocessors for accelerating many types of algorithms, reconfigurable logic may provide asignificant performance boost for many situations.

List of References[Actel94]FPGA Data Book and Design Guide, Sunnyvale, CA: Actel Corp, 1994.[Adams93]J. K. Adams, H. Schmitt, D. E. Thomas, �A Model and Methodology forHardware-Software Codesign�, International Workshop on Hardware-SoftwareCodesign, 1993.[Agarwal94]L. Agarwal, M. Wazlowski, S. Ghosh, �An Asynchronous Approach to EfficientExecution of Programs on Adaptive Architectures Utilizing FPGAs�, IEEEWorkshop on FPGAs for Custom Computing Machines, pp. 101-110, 1994.[Altera93]Data Book, San Jose, CA: Altera Corp, 1993.[Amerson95]R. Amerson, R. J. Carter, W. B. Culbertson, P. Kuekes, G. Snider, �Teramac -Configurable Custom Computing�, IEEE Symposium on FPGAs for CustomComputing Machines, 1995.[Aptix93a]Aptix Corporation, Data Book, San Jose, CA, February 1993.[Aptix93b]Aptix Corporation, Data Book Supplement, San Jose, CA, September 1993.[Arnold94]B. Arnold, �Mega-issues Plague Core Usage�, ASIC & EDA, pp. 46-58, April,1994.[Arnold92]J. M. Arnold, D. A. Buell, E. G. Davis, �Splash 2�, 4th Annual ACM Symposiumon Parallel Algorithms and Architectures, pp. 316-322, 1992.[Babb93]J. Babb, R. Tessier, A. Agarwal, �Virtual Wires: Overcoming Pin Limitations inFPGA-based Logic Emulators�, IEEE Workshop on FPGAs for CustomComputing Machines, pp. 142-151, 1993.[Bapat91]S. Bapat, J. P. Cohoon, �Sharp-Looking Geometric Partitioning�, Euro-DAC, pp.172-176, 1991.[Benner94]T. Benner, R. Ernst, I. K�nenkamp, U. Holtmann, P. Sch�ler, H.-C. Schaub, N.Serafimov, �FPGA Based Prototyping for Verification and Evaluation inHardware-Software Cosynthesis�, in R. W. Hartenstein, M. Z. Serv�t, Eds.,Lecture Notes in Computer Science 849 - Field-Programmable Logic:Architectures, Synthesis and Applications, Berlin: Springer-Verlag, pp. 251-258,1994.[Bergmann94]N. W. Bergmann, J. C. Mudge, �Comparing the Performance of FPGA-BasedCustom Computers with General-Purpose Computers for DSP Applications�,IEEE Workshop on FPGAs for Custom Computing Machines, pp. 164-171, 1994.

219[Bertin93]P. Bertin, �M�moires actives programmables : conception, r�alisation etprogrammation.�, Ph.D. Thesis, Universit� Paris 7 UFR D�INFORMATIQUE,1993.[Bertin89]P. Bertin, D. Roncin, J. Vuillemin, �Introduction to Programmable ActiveMemories�, in J. McCanny, J. McWhirter, E. Swartzlander Jr., Eds., SystolicArray Processors, Prentice Hall, pp. 300-309, 1989.[Biehl93]G. Biehl, �Overview of Complex Array-Based PLDs�, in H. Gr�nbacher, R. W.Hartenstein, Eds., Lecture Notes in Computer Science 705 - Field-Programmable Gate Arrays: Architectures and Tools for Rapid Prototyping,Berlin: Springer-Verlag, pp. 1-10, 1993.[Blank84]T. Blank, �A Survey of Hardware Accelerators Used in Computer-AidedDesign�, IEEE Design & Test, Vol. 1, No. 3, pp. 21-39, 1984.[Blickle94]T. Blickle, J. K�nig, L. Thiele, �A Prototyping Array for Parallel Architectures�,in W. R. Moore, W. Luk, Eds., More FPGAs, Oxford, England: AbingdonEE&CS Books, pp. 388-397, 1994.[Bolding93]K. Bolding, S.-C. Cheung, S.-E. Choi, C. Ebeling, S. Hassoun, T. A. Ngo, R.Wille, �The Chaos Router Chip: Design and Implementation of an AdaptiveRouter�, Proceedings of the IFIP Conference on VLSI, pp. 311-320, 1993.[Bolotski94]M. Bolotski, A. DeHon, T. F. Knight Jr., �Unifying FPGAs and SIMD Arrays�,2nd International ACM/SIGDA Workshop on Field-Programmable Gate Arrays,1994.[Box94]B. Box, �Field Programmable Gate Array Based Reconfigurable Preprocessor�,IEEE Workshop on FPGAs for Custom Computing Machines, pp. 40-48, 1994.[Brown92a]S. D. Brown, R. J. Francis, J. Rose, Z. G. Vranesic, Field-Programmable GateArrays, Boston, Mass: Kluwer Academic Publishers, 1992.[Brown92b]S. Brown, J. Rose, Z. G. Vranesic, �A Detailed Router for Field-ProgrammableGate Arrays�, IEEE Transactions on Computer-Aided Design, Vol. 11, No. 5, pp.620-628, May 1992.[Bui89]T. Bui, C. Heigham, C. Jones, T. Leighton, �Improving the Performance of theKernighan-Lin and Simulated Annealing Graph Bisection Algorithms�, DesignAutomation Conference, pp. 775-778, 1989.[Butts91]M. Butts, J. Batcheller, �Method of Using Electronically Reconfigurable LogicCircuits�, U.S. Patent 5,036,473, July 30, 1991.

220[Cai91]Y. Cai, D. F. Wong, �Optimal Channel Pin Assignment�, IEEE Transaction onComputer-Aided Design, Vol. 10, No. 11, pp. 1413-1424, Nov. 1991.[Carrera95]J. M. Carrera, E. J. Mart�nez, S. A. Fern�ndez, J. M. Chaus, �Architecture of aFPGA-based Coprocessor: The PAR-1�, IEEE Symposium on FPGAs forCustom Computing Machines, 1995.[Casselman93]S Casselman, �Virtual Computing and the Virtual Computer�, IEEE Workshopon FPGAs for Custom Computing Machines, pp. 43-48, 1993.[Chan95]P. K. Chan, M. D. F. Schlag, J. Y. Zien, �Spectral-Based Multi-Way FPGAPartitioning�, ACM/SIGDA International Symposium on Field ProgrammableGate Arrays, pp. 133-139, 1995.[Chan94]P. K. Chan, S. Mourad, Digital Design Using Field Programmable Gate Arrays,Englewood Cliffs, New Jersey: PTR Prentice Halls, 1994.[Chan93a]P. K. Chan, M. Schlag, J. Y. Zien, �Spectral K-Way Ratio-Cut Partitioning andClustering�, Symposium on Integrated Systems, pp. 123-142, 1993.[Chan93b]P. K. Chan, M. D. F. Schlag, �Architectural Tradeoffs in Field-Programmable-Device-Based Computing Systems�, IEEE Workshop on FPGAs for CustomComputing Machines, pp. 152-161, 1993.[Chan92]P. K. Chan, M. Schlag, M. Martin, �BORG: A Reconfigurable Prototyping BoardUsing Field-Programmable Gate Arrays�, Proceedings of the 1st InternationalACM/SIGDA Workshop on Field-Programmable Gate Arrays, pp. 47-51, 1992.[Cheng88]C. K. Cheng, T. C. Hu, �Maximum Concurrent Flow and Minimum Ratio-cut�,Technical Report CS88-141, University of California, San Diego, December,1988.[Cong93]J. Cong, M. Smith, �A Parallel Bottom-up Clustering Algorithm withApplications to Circuit Partitioning in VLSI Design�, Design AutomationConference, pp. 755-760, 1993.[Cong92]J. Cong, L. Hagen, A. Kahng, �Net Partitions Yield Better Module Partitions�,Design Automation Conference, pp. 47-52, 1992.[Cong91]J. Cong, �Pin Assignment with Global Routing for General Cell Designs�, IEEETransaction on Computer-Aided Design, Vol. 10, No. 11, pp. 1401-1412, Nov.1991.[Cowen94]C. P. Cowen, S. Monaghan, �A Reconfigurable Monte-Carlo ClusteringProcessor (MCCP)�, IEEE Workshop on FPGAs for Custom ComputingMachines, pp. 59-65, 1994.

221[Cox92]C. E. Cox, W. E. Blanz, �GANGLION - A Fast Field-Programmable Gate ArrayImplementation of a Connectionist Classifier�, IEEE Journal of Solid-StateCircuits, Vol. 27, No. 3, pp. 288-299, March, 1992.[Cuccaro93]S. A. Cuccaro, C. F. Reese, �The CM-2X: A Hybrid CM-2 / Xilinx Prototype�,IEEE Workshop on FPGAs for Custom Computing Machines, pp. 121-130, 1993.[Dahl94]M. Dahl, J. Babb, R. Tessier, S. Hanono, D. Hoki, A. Agarwal, �Emulation of theSparcle Microprocessor with the MIT Virtual Wires Emulation System�, IEEEWorkshop on FPGAs for Custom Computing Machines, pp. 14-22, 1994.[Darnauer94]J. Darnauer, P. Garay, T. Isshiki, J. Ramirez, W. W.-M. Dai, �A FieldProgrammable Multi-chip Module (FPMCM)�, IEEE Workshop on FPGAs forCustom Computing Machines, pp. 1-10, 1994.[Dobbelaere92]I. Dobbelaere, A. El Gamal, D. How, B. Kleveland, �Field Programmable MCMSystems - Design of an Interconnection Frame�, First International ACM/SIGDAWorkshop on Field Programmable Gate Arrays, pp. 52-56, 1992.[Dollas94]A. Dollas, B. Ward, J. D. S. Babcock, �FPGA Based Low Cost Generic ReusableModule for the Rapid Prototyping of Subsystems�, in R. W. Hartenstein, M. Z.Serv�t, Eds., Lecture Notes in Computer Science 849 - Field-ProgrammableLogic: Architectures, Synthesis and Applications, Berlin: Springer-Verlag, pp.259-270, 1994.[Donath88]W. E. Donath, �Logic Partitioning�, in Physical Design Automation of VLSISystems, B. Preas, M. Lorenzetti, Editors, Menlo Park, CA:Benjamin/Cummings, pp. 65-86, 1988.[Drayer95]T. H. Drayer, W. E. King IV, J. G. Tront, R. W. Conners, �MORRPH: AMOdular and Reprogrammable Real-time Processing Hardware�, IEEESymposium on FPGAs for Custom Computing Machines, 1995.[Dunlop85]A. E. Dunlop, B. W. Kernighan, �A Procedure for Placement of Standard-CellVLSI Circuits�, IEEE Trans. on CAD, Vol. CAD-4, No. 1, pp. 92-98, January1985.[Eldredge94]J. G. Eldredge, B. L. Hutchings, �Density Enhancement of a Neural NetworkUsing FPGAs and Run-Time Reconfiguration�, IEEE Workshop on FPGAs forCustom Computing Machines, pp. 180-188, 1994.[Engels91]M. Engels, R. Lauwereins, J. A. Peperstraete, �Rapid Prototyping for DSPSystems with Microprocessors�, IEEE Design & Test of Computers, pp. 52-62,June 1991.

222[Erdogan92]S. S. Erdogan, A. Wahab, �Design of RM-nc: A Reconfigurable Neurocomputerfor Massively Parallel-Pipelined Computations�, International Joint Conferenceon Neural Networks, Vol. 2, pp. 33-38, 1992.[Fawcett94]B. Fawcett, �Applications of Reconfigurable Logic�, in W. R. Moore, W. Luk,Eds., More FPGAs, Oxford, England: Abingdon EE&CS Books, pp. 57-69, 1994.[Ferrucci94]A. Ferrucci, M. Mart�n, T. Geocaris, M. Schlag, P. K. Chan, �EXTENDEDABSTRACT: ACME: A Field-Programmable Gate Array Implementation of aSelf-Adapting and Scalable Connectionist Network�, 2nd InternationalACM/SIGDA Workshop on Field-Programmable Gate Arrays, 1994.[Fiduccia82]C. M. Fiduccia, R. M. Mattheyses, �A Linear-Time Heuristic for ImprovedNetwork Partitions�, Design Automation Conference, pp. 241-247, 1982.[Galil86]Z. Galil, �Efficient Algorithms for Finding Maximum Matching in Graphs�,ACM Computing Surveys, Vol. 18, No. 1, pp. 23-38, March, 1986.[Galloway95]D. Galloway, �The Transmogrifier C Hardware Description Language andCompiler for FPGAs�, IEEE Symposium on FPGAs for Custom ComputingMachines, 1995.[Galloway94]D. Galloway, D. Karchmer, P. Chow, D. Lewis, J. Rose, �The Transmogrifier:The University of Toronto Field-Programmable System�, Second CanadianWorkshop on Field-Programmable Devices, 1994.[Garbers90]J. Garbers, H. J. Pr�mel, A. Steger, �Finding Clusters in VLSI Circuits�,International Conference on Computer-Aided Design, pp. 520-523, 1990.[Garey79]M. Garey, D. S. Johnson, Computers and Intractability: A Guide to the Theory ofNP-Completeness, San Francisco, CA: Freeman, 1979.[Giga95]Giga Operations Corp, �G800 RIC�, Berkeley, CA, 1995.[Gokhale90]M. Gokhale, B. Holmes, A. Kopser, D. Kunze, D. Lopresti, S. Lucas, R.Minnich, P. Olsen, �Splash: A Reconfigurable Linear Logic Array�, InternationalConference on Parallel Processing, pp. 526-532, 1990.[Goldberg83]M. K. Goldberg, M. Burstein, �Heuristic Improvement Technique for Bisectionof VLSI Networks�, International Conference on Computer Design, pp. 122-125,1983.[Greene93]J. Greene, E. Hamdy, S. Beal, �Antifuse Field Programmable Gate Arrays�,Proceedings of the IEEE, Vol. 81, No. 7, pp. 1042-1056, July, 1993.[Hadley95]J. D. Hadley, B. L. Hutchings, �Design Methodologies for Partially ReconfiguredSystems�, IEEE Symposium on FPGAs for Custom Computing Machines, 1995.

223[Hagen92]L. Hagen, A. B. Kahng, �New Spectral Methods for Ratio Cut Partitioning andClustering�, IEEE Transactions on Computer-Aided Design, Vol. 11, No. 9, pp.1074-1085, September, 1992.[Hauck94]S. Hauck, G. Borriello, C. Ebeling, �Springbok: A Rapid-Prototyping System forBoard-Level Designs�, ACM/SIGDA 2nd International Workshop on Field-Programmable Gate Arrays, February, 1994.[Hayashi95]K. Hayashi, T. Miyazaki, K. Shirakawa, K. Yamada, N. Ohta, �ReconfigurableReal-Time Signal Transport System Using Custom FPGAs�, IEEE Symposium onFPGAs for Custom Computing Machines, 1995.[Heeb93]B. Heeb, C. Pfister, �Chameleon: A Workstation of a Different Color�, in H.Gr�nbacher, R. W. Hartenstein, Eds., Lecture Notes in Computer Science 705 -Field-Programmable Gate Arrays: Architectures and Tools for RapidPrototyping, Berlin: Springer-Verlag, pp. 152-161, 1993.[Herpel93]H.-J. Herpel, N. Wehn, M. Gasteier, M. Glesner, �A Reconfigurable Computerfor Embedded Control Applications�, IEEE Workshop on FPGAs for CustomComputing Machines, pp. 111-120, 1993.[Hoang93]D. T. Hoang, �Searching Genetic Databases on Splash 2�, IEEE Workshop onFPGAs for Custom Computing Machines, pp. 185-191, 1993.[H�gl95]H. H�gl, A. Kugel, J. Ludvig, R. M�nner, K. H. Noffz, R. Zoz, �Enable++: ASecond Generation FPGA Processor�, IEEE Symposium on FPGAs for CustomComputing Machines, 1995.[Hollis87]E. E. Hollis, Design of VLSI Gate Array ICs, Englewood Cliffs, NJ: Prentice-Hall, Inc., 1987.[Howard94a]N. Howard, �Defect-Tolerant Field-Programmable Gate Arrays�, Ph.D. Thesis,University of York, Department of Electronics, 1994.[Howard94b]N. Howard, A. Tyrrell, N. Allinson, �FPGA Acceleration of Electronic DesignAutomation Tasks�, in W. R. Moore, W. Luk, Eds., More FPGAs, Oxford,England: Abingdon EE&CS Books, pp. 337-344, 1994.[Huang95]D. J.-H. Huang, A. B. Kahng, �Multi-Way System Partitioning into a SingleType or Multiple Types of FPGAs�, ACM/SIGDA International Symposium onField Programmable Gate Arrays, pp. 140-145, 1995.[I-Cube94]I-Cube, Inc., �The FPID Family Data Sheet�, Santa Clara, CA, February 1994.[Iseli95]C. Iseli, E. Sanchez, �A C++ Compiler for FPGA Custom Execution UnitsSynthesis�, IEEE Symposium on FPGAs for Custom Computing Machines, 1995.

224[Jenkins94]J. H. Jenkins, Designing with FPGAs and CPLDs, Englewood Cliffs, NewJersey: PTR Prentice Hall, 1994.[Jones95]C. Jones, J. Oswald, B. Schoner, J. Villasenor, �Issues in Wireless Video CodingUsing Run-time-reconfigurable FPGAs�, IEEE Symposium on FPGAs forCustom Computing Machines, 1995.[Kadi94]M. Slimane-Kadi, D. Brasen, G. Saucier, �A Fast-FPGA Prototyping SystemThat Uses Inexpensive High-Performance FPIC�, ACM/SIGDA Workshop onField-Programmable Gate Arrays, 1994.[Katz93]R. Katz, P. Chen, A. Drapeau, E. Lee, K. Lutz, E. Miller, S. Seshan, D. Patterson,�RAID-II: Design and Implementation of a Large Scale Disk Array Controller�,Research on Integrated Systems: Proceedings of the 1993 Symposium, pp.23-37,1993.[Kean92]T. Kean, I. Buchanan, �The Use of FPGAs in a Novel Computing Subsystem�,First International ACM/SIGDA Workshop on Field-Programmable Gate Arrays,pp. 60-66, 1992.[Kernighan70]B. W. Kernighan, S. Lin, �An Efficient Heuristic Procedure for Partitioning ofElectrical Circuits�, Bell Systems Technical Journal, Vol. 49, No. 2, pp. 291-307, February 1970.[Koch94]G. Koch, U. Kebschull, W. Rosenstiel, �A Prototyping Environment forHardware/Software Codesign in the COBRA Project�, Third InternationalWorkshop on Hardware/Software Codesign, September, 1994.[Krishnamurthy84]B. Krishnamurthy, �An Improved Min-Cut Algorithm for Partitioning VLSINetworks�, IEEE Transactions on Computers, Vol. C-33, No. 5, pp. 438-446,May 1984.[Kuznar94a]R. Kuznar, F. Brglez, B. Zajc, �Multi-way Netlist Partitioning intoHeterogeneous FPGAs and Minimization of Total Device Cost andInterconnect�, Design Automation Conference, pp. 238-243, 1994.[Kuznar94b]R. Kuznar, F. Brglez, B. Zajc, �A Unified Cost Model for Min-cut Partitioningwith Replication Applied to Optimization of Large Heterogeneous FPGAPartitions�, European Design Automation Conference, 1994.[Kuznar93]R. Kuznar, F. Brglez, K. Kozminski, �Cost Minimization of Partitions intoMultiple Devices�, Design Automation Conference, pp.315-320, 1993.[Lee89]E. A. Lee, �Programmable DSP Architectures: Part II�, IEEE ASSP Magazine,Vol.6, No.1, pp. 4-14, January, 1989.

225[Lee88]E. A. Lee, �Programmable DSP Architectures: Part II�, IEEE ASSP Magazine,Vol.5, No.4, pp. 4-19, October, 1988.[Lemoine95]E. Lemoine, D. Merceron, �Run Time Reconfiguration of FPGA for ScanningGenomic DataBases�, IEEE Symposium on FPGAs for Custom ComputingMachines, 1995.[Lewis93]D. M. Lewis, M. H. van Ierssel, D. H. Wong, �A Field ProgrammableAccelerator for Compiled-Code Applications�, ICCD �93, pp. 491-496, 1993.[Ling93]X.-P. Ling, H. Amano, �WASMII: a Data Driven Computer on a VirtualHardware�, IEEE Workshop on FPGAs for Custom Computing Machines, pp. 33-42, 1993.[Lopresti91]D. P. Lopresti, �Rapid Implementation of a Genetic Sequence Comparator UsingField-Programmable Logic Arrays�, Advanced Research in VLSI 1991: SantaCruz, pp. 139-152, 1991.[Lysaght94]P. Lysaght, J. Dunlop, �Dynamic Reconfiguration of FPGAs�, in W. R. Moore,W. Luk, Eds., More FPGAs, Oxford, England: Abingdon EE&CS Books, pp. 82-94, 1994.[Mak95]W.-K. Mak, D. F. Wong, �On Optimal Board-Level Routing for FPGA-basedLogic Emulation�, Design Automation Conference, 1995.[Maliniak94]L. Maliniak, �Hardware Emulation Draws Speed from Innovative 3D ParallelProcessing Based on Custom ICs�, Electronic Design, May 30, 1994.[McFarland90]M. C. McFarland, A. C. Parker, R. Camposano, �The High-Level Synthesis ofDigital Systems�, Proceedings of the IEEE, Vol. 78, N0. 2, pp. 301-318,February 1990.[McMurchie95]L. E. McMurchie, C. Ebeling, �PathFinder: A Negotiation-Based Performance-Driven Router for FPGAs�, ACM/SIGDA International Symposium on FieldProgrammable Gate Arrays, pp. 111-117, 1995.[MCNC93]MCNC Partitioning93 benchmark suite. E-mail benchmarks@mcnc.org for ftpaccess.[Moll95]L. Moll, J. Vuillemin, P. Boucard, �High-Energy Physics on DECPeRLe-1Programmable Active Memory�, ACM/SIGDA International Symposium onField-Programmable Gate Arrays, pp. 47-52, 1995.[Monaghan94]S. Monaghan, J. E. Istiyanto, �High-level Hardware Synthesis for Large ScaleComputational Physics Targetted at FPGAs�, in W. R. Moore, W. Luk, Eds.,More FPGAs, Oxford, England: Abingdon EE&CS Books, pp. 238-248, 1994.

226[Monaghan93]S. Monaghan, C. P. Cowen, �Reconfigurable Multi-Bit Processor for DSPApplications in Statistical Physics�, IEEE Workshop on FPGAs for CustomComputing Machines, pp. 103-110, 1993.[Mori94]M. T. Mori, The PCMCIA Developer�s Guide, Sunnyvale, CA: SycardTechnology, 1994.[Nguyen94]R. Nguyen, P. Nguyen, �FPGA Based Reconfigurable Architecture for aCompact Vision System�, in R. W. Hartenstein, M. Z. Serv�t, Eds., Lecture Notesin Computer Science 849 - Field-Programmable Logic: Architectures, Synthesisand Applications, Berlin: Springer-Verlag, pp. 141-143, 1994.[Nj¿lstad94]T. Nj¿lstad, J. Pihl, J. Hofstad, �ZAREPTA: A Zero Lead-Time, AllReconfigurable System for Emulation, Prototyping and Testing of ASICs�, in R.W. Hartenstein, M. Z. Serv�t, Eds., Lecture Notes in Computer Science 849 -Field-Programmable Logic: Architectures, Synthesis and Applications, Berlin:Springer-Verlag, pp. 230-239, 1994.[Oldfield95]J. V. Oldfield, R. C. Dorf, Field Programmable Gate Arrays: ReconfigurableLogic for Rapid Prototyping and Implementation of Digital Systems, New York:John Wiley & Sons, Inc., 1995.[�ner95]K. �ner, L. A. Barroso, S. Iman, J. Jeong, K. Ramamurthy, M. Dubois, �TheDesign of RPM: An FPGA-based Multiprocessor Emulator�, ACM/SIGDAInternational Symposium on Field-Programmable Gate Arrays, pp. 60-66, 1995.[PCIC93]82365SL DF PC Card Interface Controller (PCIC), Santa Clara, CA: IntelCorporation, April 1993.[Pf�rtner92]T. Pf�rtner, S. Kiefl, R. Dachauer, �Embedded Pin Assignment for Top DownSystem Design�, European Design Automation Conference, pp. 209-214, 1992.[Philips92]Desktop Video Data Handbook, Sunnyvale, CA: Philips Semiconductors, 1992.[Qu�not94]G. M. Qu�not, I. C. Kraljic, J. S�rot, B. Zavidovique, �A ReconfigurableCompute Engine for Real-Time Vision Automata Prototyping�, IEEE Workshopon FPGAs for Custom Computing Machines, pp. 91-100, 1994.[Quickturn93]Quickturn Design Systems, Inc., �Picasso Graphics Emulator Adapter�, 1993.[Raimbault93]F. Raimbault, D. Lavenier, S. Rubini, B. Pottier, �Fine Grain Parallelism on aMIMD Machine Using FPGAs�, IEEE Workshop on FPGAs for CustomComputing Machines, pp. 2-8, 1993.

227[Riess94]B. M. Riess, K. Doll, F. M. Johannes, �Partitioning Very Large Circuits UsingAnalytical Placement Techniques�, Design Automation Conference, pp. 646-651,1994.[Rose93]J. Rose, A. El Gamal, A. Sangiovanni-Vincentelli, �Architecture of Field-Programmable Gate Arrays�, Proceedings of the IEEE, Vol. 81, No. 7, pp. 1013-1029, July 1993.[Roy93]K. Roy, C. Sechen, �A Timing Driven N-Way Chip and Multi-Chip Partitioner�,International Conference on Computer-Aided Design, pp. 240-247, 1993.[Saluvere94]T. Saluvere, D. Kerek, H. Tenhunen, �Direct Sequence Spread Spectrum DigitalRadio DSP Prototyping Using Xilinx FPGAs�, in R. W. Hartenstein, M. Z.Serv�t, Eds., Lecture Notes in Computer Science 849 - Field-ProgrammableLogic: Architectures, Synthesis and Applications, Berlin: Springer-Verlag, pp.138-140, 1994.[Sample92]S. P. Sample, M. R. D�Amour, T. S. Payne, �Apparatus for Emulation ofElectronic Hardware System�, U.S. Patent 5,109,353, April 28, 1992.[Schmit95]H. Schmit, D. Thomas, �Implementing Hidden Markov Modelling and FuzzyControllers in FPGAs�, IEEE Symposium on FPGAs for Custom ComputingMachines, 1995.[Schuler72]D. M. Schuler, E. G. Ulrich, �Clustering and Linear Placement�, DesignAutomation Conference, pp. 50-56, 1972.[Scott95]S. D. Scott, A. Samal, S. Seth, �HGA: A Hardware-Based Genetic Algorithm�,ACM/SIGDA International Symposium on Field-Programmable Gate Arrays, pp.53-59, 1995.[Seitz90]C. L. Seitz, �Let�s Route Packets Instead of Wires�, Advanced Research in VLSI:Proceedings of the Sixth MIT Conference, pp. 133-138, 1990.[Selvidge95]C. Selvidge, A. Agarwal, M. Dahl, J. Babb, �TIERS: Topology IndependEntPipelined Routing and Scheduling for VirtualWire“ Compilation�, ACM/SIGDAInternational Symposium on Field-Programmable Gate Arrays, pp. 25-31, 1995.[Shahookar91]K. Shahookar, P. Mazumder, �VLSI Cell Placement Techniques�, ACMComputing Surveys, Vol. 23, No. 2, pp. 145-220, June 1991.[Shaw93]P. Shaw, G. Milne, �A Highly Parallel FPGA-based Machine and its FormalVerification�, in H. Gr�nbacher, R. W. Hartenstein, Eds., Lecture Notes inComputer Science 705 - Field-Programmable Gate Arrays: Architectures andTools for Rapid Prototyping, Berlin: Springer-Verlag, pp. 162-173, 1993.

228[Suaris87]P. R. Suaris, G. Kedem, �Standard Cell Placement by Quadrisection�, ICCD, pp.612-615, 1987.[Tessier94]R. Tessier, J. Babb, M. Dahl, S. Hanono, A. Agarwal, �The Virtual WiresEmulation System: A Gate-Efficient ASIC Prototyping Environment�, 2ndInternational ACM/SIGDA Workshop on Field-Programmable Gate Arrays,1994.[Thomae91]D. A. Thomae, T. A. Petersen, D. E. Van den Bout, �The Anyboard RapidPrototyping Environment�, Advanced Research in VLSI 1991: Santa Cruz, pp.356-370, 1991.[Trimberger94]S. M. Trimberger, Field-Programmable Gate Array Technology, Boston: KluwerAcademic Publishers, 1994.[Trimberger93]S. Trimberger, �A Reprogrammable Gate Array and Applications�, Proceedingsof the IEEE, Vol. 81, No. 7, pp. 1030-1041, July 1993.[Van den Bout95]D. E. Van den Bout, �The XESS RIPP Board�, in J. V. Oldfield, R. C. Dorf,Field-Programmable Gate Arrays : Reconfigurable Logic for Rapid Prototypingand Implementation of Digital Systems, pp. 309-312, 1995.[Varghese93]J. Varghese, M. Butts, J. Batcheller, �An Efficient Logic Emulation System�,IEEE Transactions on VLSI Systems, Vol. 1, No. 2, pp. 171-174, June 1993.[Venkateswaran94]R. Venkateswaran, P. Mazumder, �A Survey of DA Techniques for PLD andFPGA Based Systems�, Integration, the VLSI Journal, Vol. 17, No. 3, pp. 191-240, 1994.[Vijayan90]G. Vijayan, �Partitioning Logic on Graph Structures to Minimize Routing Cost�,IEEE Trans. on CAD, Vol. 9, No. 12, pp. 1326-1334, December 1990.[Vincentelli93]A. Sangiovanni-Vincentelli, A. El Gamal, J. Rose, �Synthesis Methods for FieldProgrammable Gate Arrays�, Proceedings of the IEEE, Vol. 81, No. 7, pp. 1057-1083, 1993.[VMEbus85]The VMEbus Specification, Tempe, Arizona: Micrology pbt, Inc., 1985.[vom B�gel94]G. vom B�gel, Petra Nauber, J. Winkler, �A Design Environment with Emulationof Prototypes for Hardware/Software Systems Using XILINX FPGA�, in R. W.Hartenstein, M. Z. Serv�t, Eds., Lecture Notes in Computer Science 849 - Field-Programmable Logic: Architectures, Synthesis and Applications, Berlin:Springer-Verlag, pp. 315-317, 1994.

229[Vuillemin95]J. Vuillemin, P. Bertin, D. Roncin, M. Shand, H. Touati, P. Boucard,�Programmable Active Memories: Reconfigurable Systems Come of Age�, IEEETransactions on VLSI Systems, 1995.[Wakerly94]J. F. Wakerly, Digital Design: Principles and Practices, Englewood Cliffs, NewJersey: Prentice Hall, 1994.[Wazlowski93]M. Wazlowski, L. Agarwal, T. Lee, A. Smith, E. Lam, P. Athanas, H. Silverman,S. Ghosh, �PRISM-II Compiler and Architecture�, IEEE Workshop on FPGAsfor Custom Computing Machines, pp. 9-16, 1993.[Wei89]Y.-C. Wei, C.-K. Cheng, �Towards Efficient Hierarchical Designs by Ratio CutPartitioning�, International Conference on Computer-Aided Design, pp. 298-301,1989.[Weinmann94]U. Weinmann, �FPGA Partitioning under Timing Constraints�, in W. R. Moore,W. Luk, Eds., More FPGAs, Oxford: Abingdon EE&CS Books, pp. 120-128,1994.[Weiss94]R. Weiss, �MCM+4 FPGAs = 50,000 gates, 4048 flip-flops�, EDN, pp. 116,April 28, 1994.[Weste85]N. Weste, K. Eshraghian, Principles of CMOS VLSI Design, Reading,Massachusetts: Addison-Wesley Publishing Company, 1985.[Williams91]I. Williams, �Using FPGAs to Prototype New Computer Architectures�, in W.Moore, W. Luk, Eds., FPGAs, Abingdon, England: Abingdon EE&CS Books,pp. 373-382, 1991.[Wirthlin95]M. J. Wirthlin, B. L. Hutchings, �A Dynamic Instruction Set Computer�, IEEESymposium on FPGAs for Custom Computing Machines, 1995.[Wo94]D. Wo, K. Forward, �Compiling to the Gate Level for a Reconfigurable Co-processor�, IEEE Workshop on FPGAs for Custom Computing Machines, pp.147-154, 1994.[Wolfe88]A. Wolfe, J. P. Shen, �Flexible Processors: A Promising Application-SpecificProcessor Design Approach�, 21st Annual Workshop on Microprogramming andMicroarchitecture, pp. 30-39, 1988.[Woo93]N.-S. Woo, J. Kim, �An Efficient Method of Partitioning Circuits for Multiple-FPGA Implementations�, Design Automation Conference, pp. 202-207, 1993.[Xilinx94]The Programmable Logic Data Book, San Jose, CA: Xilinx, Inc., 1994.[Xilinx92]The Programmable Gate Array Data Book, San Jose, CA: Xilinx, Inc., 1992.

230[Yamada94]K. Yamada, H. Nakada, A. Tsutsui, N. Ohta, �High-Speed Emulation ofCommunication Circuits on a Multiple-FPGA System�, 2nd InternationalACM/SIGDA Workshop on Field-Programmable Gate Arrays, 1994.[Yang94]H. Yang, D. F. Wong, �Efficient Network Flow Based Min-Cut BalancedPartitioning�, to appear in International Conference on Computer-Aided Design,1994.[Yao88]X. Yao, M. Yamada, C. L. Liu, �A New Approach to the Pin AssignmentProblem�, Design Automation Conference, pp. 566-572, 1988.[Yeh92]C.-W. Yeh, C.-K. Cheng, T.-T. Lin, �A Probabilistic Multicommodity-FlowSolution to Circuit Clustering Problems�, International Conference onComputer-Aided Design, pp. 428-431, 1992.[Yeh91]C.-W. Yeh, C.-K. Cheng, T.-T. Y. Lin, �A General Purpose Multiple WayPartitioning Algorithm�, Design Automation Conference, pp. 421-426, 1991.[Yoeli90]M. Yoeli, Formal Verification of Hardware Design, Los Alamitos, CA: IEEEComputer Society Press, 1990.[Zycad94a]Paradigm RP, Fremont, CA: Zycad Corporation, 1994.[Zycad94b]Paradigm ViP, Fremont, CA: Zycad Corporation, 1994.[Zycad94c]Paradigm XP, Fremont, CA: Zycad Corporation, 1994.

Curriculum VitaeEducationPh.D., Computer Science & Engineering, University of Washington, 1995.Thesis: Multi-FPGA Systems and Rapid-Prototyping of Board-Level Designs.Advisors: Gaetano Borriello and Carl Ebeling.M.S., Computer Science & Engineering, University of Washington, 1992.B.S., Electrical Engineering & Computer Science, University of California - Berkeley, 1990.Research InterestsMulti-FPGA Systems, FPGA Architectures and CAD tools, Rapid-Prototyping, Asynchronous Circuitand VLSI Design, Parallel Processing and Parallel Programming Languages.AwardsAT&T Bell Laboratories Graduate FellowshipBerkeley Honors SocietyNational Merit FinalistEmploymentNorthwestern University, Evanston, IL10/95 - Assistant Professor.University of Washington, Seattle, WA3/91- 9/95Research Assistant. Investigated multi-FPGA systems, rapid-prototyping,asynchronous design. Developed FPGA architectures. Helped write Orca-Cportable parallel programming language.10/90 - 3/91Teaching Assistant. Intro. to A.I. & Intro. to Operating SystemsUniversity of California - Berkeley, Berkeley, CA1/90 - 5/90Reader. Graded for CS170 - Intro. to Computer Science Theory1/87 - 5/89Senior Engineering Aid. Participated in the design and development of thePICASSO user interface for the POSTGRES database project.I.B.M. - T. J. Watson Research Center, Hawthorne, NY6/89 - 12/89Temporary Employee - Co-op. Built a framework and toolkit for a set of X11-based Common Lisp programming tools. Wrote a data object inspector, andhelped write a call graph/data-flow graph inspector and debugger. System wasdistributed commercially by Lucid, Inc. as XLT.Bell Communications Research (Bellcore), Morristown, NJ6/88 - 8/88Technical Summer Intern. Helped with a B-ISDN feasibility study.PublicationsJournal ArticlesS. Hauck, S. Burns, G. Borriello, C. Ebeling, �An FPGA For Implementing Asynchronous Circuits�,IEEE Design & Test of Computers, Vol. 11, No. 3, pp. 60-69, Fall, 1994.S. Hauck, �Asynchronous Design Methodologies: An Overview�, Proceedings of the IEEE, Vol. 83,No. 1, pp. 69-93, January, 1995.G. Borriello, C. Ebeling, S. Hauck, S. Burns, �The Triptych FPGA Architecture�, IEEE Transactionson VLSI Systems, December, 1995.

232C. Ebeling, L. McMurchie, S. Hauck, S. Burns, �Mapping Tools for the Triptych FPGA�, IEEETransactions on VLSI Systems, December, 1995.S. Hauck, G. Borriello, �An Evaluation of Bipartitioning Techniques�, submitted to IEEE Transactionson Computer-Aided Design of Integrated Circuits and Systems.Patents and Book ChaptersS. Hauck, G. Borriello, S. Burns, C. Ebeling, �Field-Programmable Gate Array for Synchronous andAsynchronous Operation�, U.S. Patent 5,367,209, November 22, 1994.J. A. Brzozowski, S. Hauck, C.-J. H. Seger, �Chapter 15: Design of Asynchronous Circuits�, in J. A.Brzozowski, C.-J. H. Seger, Asynchronous Networks, Springer-Verlag, 1995.Conference and Symposium PapersS. Hauck, G. Borriello and C. Ebeling, �TRIPTYCH: An FPGA Architecture with Integrated Logicand Routing�, Advanced Research in VLSI and Parallel Systems: Proceedings of the 1992 Brown/MITConference, pp. 26-43, March, 1992.S. Hauck, G. Borriello, C. Ebeling, �Mesh Routing Topologies for Multi-FPGA Systems�,International Conference on Computer Design, pp. 170-177, October, 1994.S. Hauck, G. Borriello, �Logic Partition Orderings for Multi-FPGA Systems�, ACM/SIGDAInternational Symposium on Field-Programmable Gate Arrays, pp. 32-38, February, 1995.S. Hauck, G. Borriello, �An Evaluation of Bipartitioning Techniques�, Chapel Hill Conference onAdvanced Research in VLSI, March, pp. 383-402, 1995.Workshop PapersC. Ebeling, G. Borriello, S. Hauck, D. Song, and E. A. Walkup, �Triptych: A New FPGAArchitecture�, Oxford Workshop on Field-Programmable Logic and Applications, September, 1991.Also appearing in W. Moore, W. Luk, Eds., FPGAs, Abingdon, England: Abingdon EE&CS Books,pp. 75-90, 1991.E. A. Walkup, S. Hauck, G. Borriello, and C. Ebeling, �Routing-directed Placement for the TriptychFPGA�, ACM/SIGDA Workshop on Field-Programmable Gate Arrays, February, 1992.S. Hauck, G. Borriello, S. Burns and C. Ebeling, �Montage: An FPGA for Synchronous andAsynchronous Circuits�, 2nd International Workshop on Field-Programmable Logic andApplications, August, 1992. Also appearing in H. Grunbacher, R. W. Hartenstein, Eds., Field-Programmable Gate Arrays: Architectures and Tools for Rapid Prototyping, Berlin: Springer-Verlag,pp. 44-51, 1993.S. Hauck, G. Borriello, C. Ebeling, �Mesh Routing Topologies for FPGA Arrays�, ACM/SIGDA 2ndInternational Workshop on Field-Programmable Gate Arrays, February, 1994.S. Hauck, G. Borriello, C. Ebeling, �Springbok: A Rapid-Prototyping System for Board-LevelDesigns�, ACM/SIGDA 2nd International Workshop on Field-Programmable Gate Arrays, February,1994.S. Hauck, G. Borriello, �Pin Assignment for Multi-FPGA Systems (Extended Abstract)�, IEEEWorkshop on FPGAs for Custom Computing Machines, pp. 11-13, April, 1994.

233Technical ReportsS. Hauck, G. Borriello, �Pin Assignment for Multi-FPGA Systems�, University of Washington, Dept.of Computer Science & Engineering Technical Report #94-04-01, April 1994.S. Hauck, G. Borriello, C. Ebeling, �Achieving High-Latency, Low-BandwidthCommunication: Logic Emulation Interfaces�, University of Washington, Dept. of ComputerScience & Engineering Technical Report #95-04-04, January 1995. 234