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Jens Palsberg UCLA Computer Science Department 4531K Boelter Hall Los Angeles, CA 90095-1596 Phone: 310-825-6320; email: [email protected]



Dear Colleague, This is my report on the PhD dissertation of Florent Bouchez. General comments Register allocation is an important and much studied subarea of compiler research. After decades of intense research by many investigators, one might easily think that all the problems have been solved. I am delighted to report that Bouchez’ dissertation shows exciting new directions by exploring the new concept of two-phase register allocation. The result is a wealth of new algorithms, new complexity results, and new insights into how to design register allocators. The author displays a wonderful breadth and depth of knowledge of the literature, both the published results and also the proof techniques and fine points of the algorithms. The dissertation many times states both why a certain theorem is new and how the proof relates to known proofs, or that the proof technique is new. The dissertation is mainly theoretical, which is refreshing because it is about a topic that primarily has been studied experimentally. Only Chapter 8 Conclusion talks briefly about experiments with some of the algorithms in a compiler, while Chapter 6 uses a well-known benchmark suite of graphs as the basis for experiments. The dissertation says more than once that iterated register coalescing has a simple design, see for example p.102. This is amazing to me! When teaching compilers to undergraduate students, I find that the most difficult, confusing, and complicated task is to explain iterated register coalescing. In contrast, Bouchez’ dissertation advocates and explores a much simpler two-phase approach. If iterated register coalescing is ”simple”, what term would the author apply to two-phase register allocation based on SSA-form and chordal graphs, I wonder? How about ultra-mega-super-simple? :-) One reason I stress this point is that complexity of an algorithm is both computational complexity, conceptual complexity, and verification complexity, that is, the effort it takes to verify that the algorithm is correct. Surely, for two-phase register allocation, the conceptual complexity is considerably lower than for iterated register coalescing, and the verification of correctness, I imagine, is also a much simpler task for two-phase register allocation than for iterated register coalescing. Simplicity is one of the strong points of the two-phase approach, as the dissertation explains well. Simplicity is lacking in iterated register coalescing. The formalization of problems and theorems is excellent and in the best tradition of the area. The proofs are written in a style that gives the main ideas rather than full detail. For a quick reading, getting the main ideas quickly is great, while if a reader want to check the proofs in detail, the reader should be prepared to fill in some of the easier pieces of the proofs. The use of automated theorem provers has become successful, particularly in the fields of type checking and static analysis in which researchers routinely checks their proofs



using automated theorem provers. Should we expect a dissertation on register allocation to have proofs that have been checked by an automated theorem prover? For Bouchez’s dissertation, the answer is No. The reason is that many of the proofs in this dissertation are about NP-completeness results, and automated theorem provers have had little success verifying such proofs. While the use of English is generally good, the dissertation does contain some awkward sentences here and there. I quickly understood those sentences anyway and did not flag them. I now give detailed comments on each chapter. Chapter 1 The chapter explains the history of register allocation and outlines some of the bestknown techniques. The chapter also explains various complications and states clearly the assumptions that the dissertation relies on. Finally, the chapter explains the particular assumptions and approach of the dissertation. Two particular assumptions are that the dissertation does not consider instruction scheduling and that the dissertation assumes registers of uniform size. The voice of the author comes through clearly, which is refreshing compared to many other dissertations in which the language is dry and unpersonal. Chapter 2 The chapter presents the key observation that four different research groups, including the one of which Bouchez is a member, made at about the same time in 2005: a program in strict SSA form has a chordal interference graph. An even more detailed tracking of history shows that Alain Darte made the key observation already back in 2002, but did not publish it at the time. The key observation is so surprising and nontrivial that it can easily be the main contribution of an entire PhD dissertation. Indeed, it was a key contribution of the PhD dissertations of both Sebastian Hack (Karlsruhe) and Philip Brisk (UCLA). Bouchez’s dissertation builds on top of the key observation and therefore makes it the starting point for his dissertation. The chapter also introduces concepts and notation to be used later. Additionally, the chapter makes clear that the dissertation focuses on per-procedure register allocation for strict programs. The chapter makes the interesting observation that a chordal graph is colorable with a particular polynomial-time greedy algorithm that has been widely used in register allocators. Chapter 3 The chapter gives a suite of new results that can be proved using variations of the proof technique that was employed by Chaitin et al. for their famous reduction of graph coloring to register allocation. For example, the chapter shows that the essence of Chaitin et al.’s reduction works for the case when live-range splitting is allowed. The chapter draws the conclusion that the NP-completeness of register allocation stems from critical edges, spilling, and coalescing, and not from coloring. This sets the stage for the rest of the dissertation: study cases of register allocation when coloring is in polynomial time rather than NP-complete. Chapter 2 then immediately applies and the dissertation sets out to study 2



register allocation for programs in SSA-form because each such program has an interference graph for which coloring is in polynomial time. Chapter 4 The chapter concerns spilling and presents four known complexity results plus seven new ones. The new results show that many variations of the spilling problem are NP-complete, even for basic blocks. The new results also suggest that getting a polynomial-time spilling problem often requires limiting register allocation to settings with a fixed, known number of registers. I am particularly impressed by Theorem 4.6 which I have covered in my graduate course multiple times after reading a paper upon which the chapter is based. The main conclusion of the chapter is that even though the use of SSA-form makes certain aspects of register allocation simpler, spilling remains NP-complete in practice. The chapter leaves just one open problem, and I think the chapter has done a good job of investigating the entire landscape of spilling problems. Chapter 5 This chapter is both a sister of Chapter 4 and a chapter that sets the stage for Chapter 6. The chapter studies all published forms of coalescing and gives complexity results for most of them. Similar to Chapter 4, all the important results say that the problem in question is NP-complete. I am particularly impressed with Theorems 5.7 about incremental conservative coalescing. Theorem 5.7 says that the problem is NP-complete even for a 3colorable graph. Theorem 5.8 goes on to show that the problem is in polynomial time for chordal graphs. A key point of Chapters 4+5 is that after the analysis of Chaitin et al.’s proof, one can wonder where the NP-complete complexity of register allocation is, and a big part of the answer is: spilling and coalescing. The new thing is that SSA-form and chordal graphs enable a register allocator to work in two phases: first spilling and then coloring plus coalescing. So now we can study heuristics for spilling and coalescing separately. This is liberating for people studying coalescing because in the past coalescing often had to be studied and merged together with a particular spilling technique. Chapter 6 Chapter 6 is the one of the first studies of coalescing entirely separated from spilling. Some of the main algorithmic innovation in the dissertation is in Chapter 6. The chapter begins with the observation that for greedy-k-colorable graphs, both the Briggs rule and the George rule can be used for any two nodes, which is false for general graphs. That observation helps simplify the later developments. I am particularly impressed with Lemma 6.1 and Lemma 6.2 that give properties of chordal graphs without any reference to coloring, coalescing, or other terms directly needed for register allocation. I wonder whether those properties are already known in the chordal graph community. Based on those two lemmas, the chapter goes on to develop the Chordal Coalescing function that determines whether for a k-colorable interval graph, the coalescing of x and y is conservative. Later the chapter argues that for greedy-k-colorable graphs, the function gives a sound answer, that is, it answers either ”yes” or ”don’t know”. The result is a 3



good conservative coalescing approach. The chapter also develops new rules for aggressive coalescing, particularly the ”Clique rule” which generalizes the George rule. The chapter ends with a highly detailed and interesting experimental evaluation and comparison of the algorithms, all based on the Coalescing Challenge graphs of Appel and George. One new thing enters the picture forcefully: the need for a good global ordering of the candidates for coalescing. Towards the end, the chapter mentions the PLDI 2008 paper by Hack and Goos and states that the author has yet to find a way to include the algorithm from that paper in the experiments. From informal discussions, I know that Bouchez and Hack have tried to make a comparison work and that it has turned out to be difficult. While more experiments and comparison are usually better, I do understand that it is hard to compare with a new algorithm, however important it might be, that comes out so shortly before the author wants to defend the thesis. Chapter 7 The chapter explains how to do SSA elimination, that is, how to remove phi-nodes. The chapter goes straight to the hard case of critical edges that cannot get split. Such cases require compensation code and the chapter explains that if c is a parallel copy, the compensation code is closely related to the inverse of c. However, some parallel copies duplicate variables and for those, an inverse function may not exist. The chapter then goes on to explain how to decompose a parallel copy so that it gets reversible and how to move a reversible parallel copy to an appropriate program point. The chapter gives good examples and reasonable pseudo code, and yet I imagine that one could give a more mathematical treatment of the material, along the lines of some of the other chapters in the dissertation. Chapter 8 The chapter summarizes the main findings, namely that aggressive splitting is good because coalescing can be made to work well, and that SSA form does not help improve spilling algorithm. The chapter also discusses several practical issues, from the angle of experience with compiling for the ST200 architecture. Summary The dissertation is excellent, shows great depth and breadth, has many nontrivial technical results, covers the landscape of possibilities well, gives good comparisons of various algorithms, demonstrates command of a wide body of literature, is well structured, has many good examples and illustrations, and has a main chapter with interesting experiments. Many of the theorems in the paper deserves to be widely known among compiler researchers, and some of the analysis of Chaitin’s theorem might find its way into undergraduate compiler textbooks. I fully support that Bouchez be awarded the PhD degree.
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Sincerely,



Jens Palsberg Professor Jens Palsberg is a Professor of Computer Science at UCLA. He received a Ph.D. in Computer Science from University of Aarhus, Denmark in 1992. In 1992–1996 he was a visiting scientist at various institutions, including MIT. In 1996–2002 he was an Associate Professor and, in 2002–2003, Professor of Computer Science at Purdue University. His research interests span the areas of compilers, embedded systems, programming languages, software engineering, and information security. He has authored over 80 technical papers, co-authored the book Object-Oriented Type Systems, and co-authored the 2002 revision of Appel’s textbook on Modern Compiler Implementation in Java. He is the recipient of National Science Foundation CAREER and ITR awards, a Purdue University Faculty Scholar award, an IBM Faculty Award, and an Okawa Foundation research award. Dr. Palsberg’s research has also been supported by DARPA, Intel, and British Telecom. Dr. Palsberg is an associate editor of ACM Transactions of Programming Languages and Systems, a member of the editorial board of Information and Computation, and a former member of the editorial board of IEEE Transactions on Software Engineering. He is serving as the vice chair of ACM SIGBED, Special Interest Group on Embedded Systems, and he has served as vice chair of computer science at UCLA, as associate head of computer science at Purdue University, as the general chair of the ACM Symposium on Principles of Programming Languages (POPL) and International Workshop on Model Checking of Software (SPIN), as conference chair of the IEEE Symposium on Logic in Computer Science (LICS), as a program chair for ACM Symposium on Principles of Programming Languages (POPL), the Static Analysis Symposium (SAS), Conference on Tools and Algorithms for the Construction and Analysis of Systems (TACAS), Conference on Embedded Systems Software (EMSOFT), Conference on Formal Methods and Programming Models for Co-Design (MEMOCODE), Symposium on Requirements Engineering for Information Security (SREIS), and ACM Workshop on Program Analysis for Software Tools and Engineering (PASTE), and he has been a member of more than 50 other conference program committees.
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