Op enJIT|A Re ectiv e Ja v a JIT Compiler | Sho rt V ersion fo r the OOPSLA’98 Re ection W o rkshop | Satoshi Matsuok a T oky o Institute of T ec hnology and Japan Science and T ec hnology Corp oration Hirotak a Oga w a T oky o Institute of T ec hnology Kouy a Shim ura, Y asunori Kim ura F ujitsu Lab oratories Koic hiro Hotta F ujitsu Limited Hiromitsu T ak agi Electrotec hnial Lab oratory Septem b er 30, 1998 Abstract The so-called ‘Op en Compilers’ is a tec hnique to incorp orate v arious self-descriptiv e mo dules for language customization and optimization based on computational re ection. W e apply the op en compiler tec hnique to a Ja v a Just-In-Time compiler to dev elop the Op enJIT c ompiler , whic h allo ws class-sp eci�c customization and optimization, fostering researc h of new compilation tec hniques suc h as application-sp eci�c customization and dynamic optimizations. Benc hmarks with the curren t pro- tot yp e, whic h is almost en tirely written in Ja v a, ha v e seen comparable b enc hmark results compared to traditional C-based JIT compilers. 1 In tro duction Programming Languages whic h supp ort features for high-degree of p ortabilit y , suc h as Ja v a, are b ecoming increasingly imp ortan t to da y . Suc h languages t ypically emplo y arc hitecture and op erating system in- dep enden t b yteco ded in termediate program represen tation, and utilized Just-In-Time c ompilers (JITs) , whic h compile parts of programs whic h require sp eedups in to nativ e co de. Ho w ev er, compared to tra- ditional compilers, JIT compilers lac k the o v erall tec hnical framew ork for its construction. As a result, p ortabilit y of the JIT compiler itself, as w ell as JIT-sp eci�c compilation issues, are not w ell-explored or discussed. F or example, most optimization tec hniques in traditional compilers execution sp eed at the exp ense of larger memory o v erhead. On the other hand, for most em b edded applications, compilers m ust optimize for r esour c e e�ciency with mo derate sp eedups. So most commercial JIT compilers to da y emphasize sp eed, sacri�cing resource e�ciency , and there is no w a y to systematically c hange this emphasis. More generally , in order to adapt a program to a sp eci�c computing en vironmen t, a compiler m ust p erform (1) optimizations that are suited to the particular execution en vironmen t, and (2) extend co de generation to accommo date for application and underlying platform requiremen ts. Ho w ev er, all JIT compilers to date are \blac k b o xes" in that (1) they only p erform general, sp eed-cen tric optimizations, and (2) ha v e no systematic means for in tro ducing new co de generators for language extensions and/or new features of the underlying platforms. W e claim that the fundamen tal reasons for suc h shortcomings are that JITs to da y , although impro v- ing with resp ect to their standard compilation e�ciency , are constructed rather ad-ho cly solely based on traditional compiler tec hnologies. Most JITs to da y are either written in C or in assem bly language, and ha v e little concern for reuseabilit y , p ortabilit y (in an OO-framew ork sense), adaptabilit y , i.e., soft w are engineering prop erties whic h a w ell-constructed soft w are should all em b o dy . Stanford’s SUIT compiler[1] is a ‘traditional’ static compiler constructed as an OO-framew ork in order to serv e as a basis of customiza- tion for v arious compiler researc h. JITs, on the other hand, are not only b o xes, but also their source co de, their in ternal arc hitectural structures, and the compilation and run time tec hniques they emplo y , are seldom made op en, and are th us hindering the progress of new area of exciting compiler researc h based on dynamic compilation. In order to resolv e suc h a situation, w e prop ose an op en-ended JIT compiler called Op enJIT , whic h is based on re ection and op en compiler tec hnologies[2]. Op enJIT itself is mostly written as a Ja v a class framew ork, and allo ws on-the- y extensions to the JIT compilers with compiler extension classes. This allo ws dynamic adaptation of the compilation pro cess to v arious computing platforms and applications, according to v arious cost tradeo�s and the prop erties of the underlying platform en vironmen t. Op enJIT allo ws a giv en Ja v a co de to b e ev en more p ortable with compiler customization; b y con trast, although there is a claimed p ortabilit y story of Ja v a as men tioned ab o v e, the p ortabilit y of Ja v a is e�ectiv e insofar as the capabilities and features pro vided b y the JVM (Ja v a Virtual Mac hine); th us, an y new features that has to b e transparen t from the Ja v a source co de, but whic h JVM do es not pro vide, could only b e implemen ted via non-p ortable means. F or example, if one wishes to write a p ortable parallel application under m ulti-threaded, shared memory mo del, then some form of distributed shared memory (DSM) w ould b e required for execution under MPP and cluster platforms. Ho w ev er, JVM itself do es not facilitate an y DSM functionalities, nor pro vide an y soft w are ‘ho oks’ for incorp orating the necessary read/write barriers for user-lev el DSM implemen tation. As a result, one m ust either mo dify the JVM, or emplo y some ad-ho c prepro cessor solution, neither of whic h are satisfactory in terms of p ortabilit y and/or p erformance. With Op enJIT, the DSM class library implemen tor can write a set of compiler metaclasses so that necessary read/write barriers, etc., w ould b e appropriately inserted in to critical parts of co de. Also, with Op enJIT, one could incorp orate class-sp eci�c optimization whic h w ould apply e�ectiv e but costly optimization tec hniques in a pinp oin ted fashion to necessary parts of co de. F or example, one could p erform v arious n umerical optimizations whic h ha v e b een w ell-studied in F ortran and C but ha v e not b een w ell adopted in to JITs for excessiv e run time compilation cost, suc h as lo op index analysis and asso ciated transformations. Op enJIT allo ws application of suc h optimizations to critical parts of co de in a pinp oin ted fashion, sp eci�ed b y either the class-library builder, application writer, or the use of the program. F urthermore, it allo ws optimizations that are to o application and/or domain sp eci�c to b e incorp orated as a general optimization tec hnique for standard compilers. Op en compilers w ould allo w e�ectiv e construction of suc h customized compilers, and Op enJIT is no exception. F or example, it is rep orted b y Kiczales et. al.[3] that, with op en compilers, one could p erform extensiv e lo op fusions b y exploiting the v arious seman tic equiv alence relations b et w een op erators of visual image pro cessing, suc h as comm utativit y , allo wing orders of magnitude sp eedups. Op enJIT will allo w suc h transformation to tak e place at the Ja v a b yteco de lev el instead of the source lev el as in [3], allo wing higher-lev el of p ortabilit y ev en when source co de is not a v ailable. In this manner, Op enJIT allo ws a new st yle of programming for optimization and p ortabilit y , in- cluding p ortabilit y of p erformance, compared to traditional JIT compilers, b y pro viding separations of concerns capabilities with resp ect to optimization and co de-generation for new features. That is to sa y , with traditional JIT compilers, a w e see in the upp er half of Figure 1, the JIT compilers w ould largely b e transparen t from the user, and users w ould ha v e to main tain co de whic h migh t not b e tangled to ac hiev e p ortabilit y and p erformance. Op enJIT, on the other hand, will allo w the users to write clean co de describing the base algorithm and features, and b y selecting the appropriate compiler metaclasses, or ev en b y writing his o wn separately , one could ac hiev e optimization while main taining appropriate separation of concern. F urthermore, compared to previous op en compiler e�orts, Op enJIT could ac hiev e b etter p ortabilit y and p erformance, as source co de is not necessary , and late binding at run-time allo ws exploitation of run-time v alues, as is with run-time co de generators. Although there ha v e b een re ectiv e compilers and OO compiler framew orks, b ecause of b eing re ectiv e and a run-time compiler, Op enJIT has some c haracteristic requiremen ts and tec hnical features that w ere previously not seen in traditional JIT compilers. The latter section in tro duces the o v erview of Op enJIT, and rep ort on the �rst protot yp e and its p erformance ev aluation. 2 Op enJIT|The T ec hnical Issues The full pap er has mo re detailed discussions on the technical issues.

Figure 1: Comparison of T raditional JITs and Op enJIT As Op enJIT is a re ectiv e system, it is constructed as a class framew ork written in Ja v a. As a result, it em b o dies sev eral tec hnical issues that otherwise w ould not o ccur for C-based JIT compilers. 1. Self-Compilation of the JIT Compiler As most of Op enJIT is written in Ja v a, the b yteco de of Op enJIT will b e initially in terpreted b y the JVM, and gradually b ecome compiled for faster, optimized execution. Although this allo ws the JIT compiler itself to adapt the particular execution en vironmen t the JIT optimizes for, it could p ossibly giv e rise to the follo wing set of problems: � Performanc e of the JIT c ompiler : V arious sp eed o v erhead, including that it is written in Ja v a. � L ack of appr opriate API for Java-written JIT c ompilers in JVM : JVM do es not ha v e APIs for re ectiv e JIT compilers. � V arious Pr oblems with self-mo difying c o de : Esp ecially since Ja v a is m ultithreaded. 2.Mo di�cation of the Compiler during Execution : Op enJIT will allo w run-time in tegration of Ja v a comp onen ts whic h will extend and/or mo dify the JIT compiler at run time. Since these will b e class�les automatically do wnloaded in to JVM, and will b e part of a prefabricated optimization metaclasses, an end-user will not ha v e to do his o wn hac king of the JIT compiler. Still, it could set raise the follo wing set of problems: � R estrictions to self-mo di�c ation : Appropriate scop e con trol[10] w ould b e necessary . � Compiler safety: Must b e con trolled via an authen tication mec hanism � Compiler API: Must b e designed to allo w dynamic compiler customization 3 Ov erview of the Op enJIT Arc hitecture Op enJIT o v erall is written mostly in Ja v a, and there are also a small JNI stubs for JVM in trosp ection, plus some C-lev el run time routines.

The Op enJIT arc hitecture is largely divided in to the fron tend and the bac k end pro cessors. The fron tend tak es the Ja v a b yteco des as input, p erforms higher-lev el optimizations in v olving source-to- source transformations, and passes on the in termediate co de to the bac k end, or outputs the transformed b yteco de. The bac k end is e�ectiv ely a small JIT compiler in itself, and tak es either the b yteco de or the in termediate co de from the fron tend as input, p erforms lo w er-lev el optimizations including transformation to register co de, and outputs the nativ e co de for direct execution. The reason wh y there is a separate fron tend and the bac k end is largely due to mo dularit y and ease of dev elopmen t. In particular, w e striv e for the p ossibilit y of the t w o mo dules b eing able to run as indep enden t comp onen ts. Belo w, w e describ e the Op enJIT fron tend and the bac k end in detail. 3.1 Op enJIT F ron tend System The Op enJIT will b e in v ok ed just as a standard Ja v a JIT compiler w ould, using the standard JIT API on eac h metho d in v o cation. Up on in v o cation, the Op enJIT fron tend pro cesses the b yteco de of the metho d in the follo wing w a y: The disc ompiler reco v ers the AST of the original Ja v a source from the b yteco de, b y recreating the con trol- o w graph of the source program. A t the same time, the annotation analysis mo dule will obtain an y annotating info on the class �le, whic h will b e recorded as attribute info on the AST. Next, the obtained AST will b e sub ject to optimization b y the (higher-level) optimization mo dule . Based on the AST and con trol- o w information, w e compute the data & con trol dep endency graphs, etc., and p erform program transformation in a standard w a y with mo dules suc h as owgr aph c onstruction mo dule , pr o gr am analysis mo dule , and pr o gr am tr ansformation mo dule . The result from the Op enJIT fron tend will b e a new b yteco de stream, whic h w ould b e output to a �le for later usage, or an in termediate represen tation to b e used directly b y the Op enJIT bac k end. The Op enJIT bac k end, in turn, p erforms further lo w-lev el optimizations, and outputs the corresp onding nativ e co de. 3.2 Op enJIT Bac k end System The Op enJIT bac k end system p erforms lo w er-lev el optimization o v er the output from the fron tend system, and generates nativ e co de. The Op enJIT Native Co de T r ansformer pro vides the o v erall abstract framew ork for bac k end execution, and de�nes the class framew ork APIs for bac k end mo dules whic h could b e rede�ned with compiler metaclasses. Firstly , the low-level IL tr anslator analyzes and translates the b yteco de instruction streams to lo w- lev el in termediate co de represen tation using stac ks. Then, the R TL T r anslator translates the stac k-based co de to in termediate co de using registers (R TL). Here, the b yteco de is analyzed to divide the instruction stream in to basic blo c ks. Then, the p e ephole optimizer w ould eliminate redundan t instructions from the R TL instruction stream, and �nally , the native c o de gener ator w ould generate the target co de of the CPU. Curren tly , Op enJIT supp orts the SP AR C pro cessor as the target, but could b e easily p orted to other mac hines. The generated nativ e co de will b e then in v ok ed b y the Ja v a VM, up on whic h the Op enJIT runtime mo dule could b e called in a supplemen tal w a y . 4 Op enJIT Curren t Status and Preliminary P erformance Ev al- uation Curren tly , The Pro of-of-concept protot yp e Op enJIT bac k end system is functional. It is based on F ujitsu’s commercial C-based JIT compiler (FJIT). W e p orted the program while mo difying it so that the program w ould b e more ob ject-orien ted. Although the protot yp e is relativ ely small (appro ximately 5000 lines of Ja v a co de), it is stable and also fast, b eing able to run microb enc hmarks suc h as Ca�eineMark 3.0, as w ell as larger to ols suc h as ja v ac and ev en HotJa v a. When one w an ts to use Op enJIT as his JIT compiler, after do wnloading Op enJIT in the JDK 1.1.X en vironmen t, one w ould set the follo wing en vironmen t v ariables. % setenv JAVA_COMPILER OpenJIT % setenv CLASSPATH <dir>

Figure 2: Op enJIT Ja v ac Benc hmark % setenv LD_LIBRARY_PATH <dir> This will set the appropriate paths for Op enJIT class�les, and the C stub routines as w ell as the run time routine ( libOpenJIT.so ). Thereon, Op enJIT will b e transparen t to the user|one w ould in v ok e a Ja v a program in a standard w a y , and JIT compilation w ould tak e place as exp ected. Although there is limited scop e con trol for the curren t v ersion, the default is for the Op enJIT compilers to b e compiled initially , after whic h the user b yteco de will b e compiled. W e p erformed sev eral b enc hmarks on the protot yp e Op enJIT bac k end. Al b enc hmarks w ere executed under Sun UltraSparc-I I 247Mhz, Solaris 2.6, JDK 1.1.6 en vironmen t. Although w e ha v e p erformed sev eral b enc hmarks, suc h as Ca�eineMark[12] and Nullprogram, w e will in tro duce just one b enc hmark for brevit y . More detailed b enc hmarks will b e found in the full v ersion of the pap er. The Ja v ac b enc hmark is a more realistic b enc hmark compared to Ca�eineMark. More sp eci�cally , w e measure the time it tak es to compile ja v ac in ja v ac. Because ja v ac is I/O in tensiv e and in v olv e signi�can t n um b er of nativ e metho d calls, JITs are kno wn to b e less e�ectiv e. The Graph in Figure 2 sho w the results of JVM in terpreter, Sun’s JIT for JDK !$ FJIT, and Op enJIT. JIT p erformances are almost all equiv alen t, and are t wice as fast as in terpretation. W e can see that, for practical programs Op enJIT is comparable in p erformance against C-based JIT compilers. The b enc hmarks w e ha v e p erformed so far ha v e th us sho wn that, for mo derately-sized practical programs, the curren t Op enJIT protot yp e exhibits similar p erformance to C-based JITs, v erifying the viabilit y of our approac h of self-descriptiv e dynamic JIT. On the other hand, Op enJIT F ron tend is still under design, and the bac k end also needs to b e redesigned from the protot yp e to allo w more �ne-grained customizabilit y . In particular, the high-lev el optimizations in the fron tend is fundamen tally the same as what are b eing done with traditional, static compilers; th us, in subsequen t releases, the ma jor researc h issue is ho w to strik e the balance b et w een execution time and memory consumption v ersus the b ene�ts of sophisticated optimizations. Then, Op enJIT can enjo y the b ene�ts of b oth the traditional self-descriptiv e in terpreter-based re ec- tion, where elimination of (true) in terpreter o v erhead is still di�cult, and op en compilers, where there is no in terpretation o v erhead but lac ks dynamic customizabilit y .

5 Conclusion W e in tro duced Op enJIT, a JIT based on Op en Compiler/Re ection tec hniques. Although Op enJIT is still under dev elopmen t, the curren t pro of-of-concept protot yp e has sho wn comp etitiv e p erformance to C-based JIT compilers, and its co de is m uc h smaller and easier to understand. W e are dev eloping a framew ork-based APIs using v arious design patterns so that it could b e easily customized, and that m ultiple customized compilers could co-exist for compilation of a single program. W e hop e that Op enJIT will serv e as a basis for v arious in teresting researc h on dynamic compilation tec hniques, and as suc h it will b e made public when completed. Details will b e p osted on Ac kno wledgmen t Op enJIT is b eing dev elop ed under the con tract with Information Promotion Agency of Japan, titled \Researc h and Dev elopmen t of Op en-ended Just-in-Time Compiler Op enJIT for Ja v a based on Re ec- tion". References [1] The Stanford SUIF Compiler Group: SUIF Compiler System, http://suif.stanford.edu [2] John Lamping, Gregor Kiczales, Luis Ro driguez, and Erik Ruf: An arc hitecture for an op en compiler, In Pr o c e e dings of IMSA’92: R e e ction and Meta-L evel A r chite ctur e , pp. 95{106, T oky o, No v. 1992. [3] Gregor Kiczales, John Lamping, An urag Mendhek ar, Chris Maeda, Cristina Videira Lop es, Jean-Marc Lo- ingtier and John Irwin: Asp ect-Orien ted Programming, In Pr o c e e dings of the Eur op e an Confer enc e on Obje ct- Oriente d Pr o gr amming (ECOOP’97) , Finland. Springer LNCS 1241 June 1997. [4] Luis Ro driguez, Jr.: A study on the viabilit y of a pro duction-qualit y metaob ject proto col-based statically parallelizing compiler, In Pr o c e e dings of IMSA’92: R e e ction and Meta-L evel A r chite ctur e , pp. 107{112, T oky o, No v. 1992. [5] Y utak a Ishik a w a et. al.: Design and Implemen tation of Metalev el Arc hitecture in C++ {MPC++ Approac h{. In Pr o c e e dings of R e e ction ’96 , pp.141{154, San F rancisco, 1996. [6] Shigeru Chiba: A Metaob ject Proto col for C++. In Pr o c e e dings of A CM OOPSLA’95 , pp. 285{299., Oct. 1995. [7] Hidehik o Masuhara, Satoshi Matsuok a, Kenic hi Asai, and Akinori Y oneza w a: Compiling Aw a y the Meta- Lev el in Ob ject-Orien ted Concurren t Re ectiv e Languages using P artial Ev aluation. In Pr o c e e dings of A CM OOPSLA’95 , pp. 300{315., Oct. 1995. [8] Y uuji Ic hisugi and Yv es Roudier: The Extensible Ja v a Prepro cessor Kit and a Tin y Data P arallel Ja v a. In Pr o c e e dings of ISCOPE’97 , Springer LNCS 1343, pp. 153{160, Marina Del Rey , CA, 1997. [9] E. V olarsc hi, C. Consel, and C. Co w an: Declarativ e Sp ecialization of Ob ject-Orien ted Programs. In Pr o c. A CM OOPSLA , pp. 286-300, 1997. [10] Gregor Kiczales, Jim des Rivi � eres and Daniel G. Bobro w. \The Art of the Metaob ject Proto col", The MIT Press, Cam bridge, MA, 1991. [11] Kouy a Shim ua and Y asunori Kim ura: Protot yping of a Ja v a JIT Compiler (Ja v a JIT Compiler no Shi-saku). IPSJ{SIGAR C W orkshop Pro ceedings, 96-AR C-120, pp.37{42, Dec., 1996 ( In Jap anese ). [12] P endragon Soft w are: The Ca�eineMark 3.0 Benc hmark, http://www.pendragon-software.com/pendragon/ cm3/index.html .