Byteco de T ransformation for P ortable Thread Migration in Ja v a T ak ahiro Sak amoto, T atsurou Sekiguc hi, and Akinori Y oneza w a Departmen t of Information Science, F acult y of Science, Univ ersit y of T oky o 7-3-1 Hongo, Bunky o-ku, T oky o, Japan 113-0033 f takas, cocoa, yonezawa g @is.s.u-tokyo.ac.jp Abstract. This pap er prop oses a Ja v a b yteco de transformation algo- rithm for realizing transparen t thread migration in a p ortable and e�- cien t manner. In con trast to previous studies, our approac h do es not need extended virtual mac hines nor source co de of target programs. The whole state of stac k frames is sa v ed, and then restored at a remote site. T o ac- complish this goal, a t yp e system for Ja v a b yteco de is used to correctly determine v alid frame v ariables and v alid en tries in the op erand stac k. A target program is transformed based on the t yp e information in to a form so that it can p erform transparen t thread migration. W e ha v e also measured execution e�ciency of transformed programs and gro wth in b yteco de size, and obtained b etter results compared to previous studies. 1 In tro duction Mobile computation is a promising programming paradigm for net w ork-orien ted applications where running computations roam o v er the net w ork. V arious kinds of applications are prop osed suc h as electric commerce, auction, automatic in- formation retriev al, w ork o w managemen t and automatic installation. The abilit y to preserv e execution states on migration is an imp ortan t criterion of classifying programming languages for mobile computation [3, 4]. Migration is called tr ansp ar ent if a mobile application is resumed at the destination site with exactly the same execution state as b efore [7]. F rom the viewp oin t of pr o- gr amming mobile applications, the notion of transparen t migration is esp ecially imp ortan t since it allo ws the programmer to write mobile applications in the same w a y as writing ordinary non-mobile applications. It substan tially supp orts the mobile application programmer to understand program b eha vior. Early mo- bile language systems suc h as T elescript [8] and Agen t Tcl [7] had a mec hanism of transparen t migration. T ransparen t migration, ho w ev er, is not adopted in ma jor Ja v a-based mobile language systems (e.g., IBM Aglets [9] and V o y ager [12]) though Ja v a has b een v ery p opular among p eople who are in terested in mobile computation. There is a di�cult y in implemen ting transparen t migration in Ja v a. In order to mo v e computation transparen tly , the call stac k needs to b e preserv ed across migration. But the Ja v a securit y p olicy forbids Ja v a b yteco de itself to manipulate the stac k.

Tw o di�eren t approac hes ha v e b een prop osed for realizing transparen t migration in Ja v a: extending a Ja v a virtual mac hine and transforming source co de. Both approac hes, ho w ev er, ha v e their o wn di�culties. The former approac h requires mobile applications to run only on mo di�ed virtual mac hines. This n ul- li�es one of the adv an tage of Ja v a, whic h is ubiquity of c ommon virtual machines . On the other hand, the latter approac h is not applicable when source co de is not a v ailable. In fact, Ja v a source co des are often una v ailable. In con trast to the t w o approac hes ab o v e, our approac h can a v oid these dra w- bac ks b y byte c o de tr ansformation . In our approac h, b yteco de instead of source co de is transformed in to the form that mak es transparen t migration p ossible. Byteco de transformation has sev eral adv an tages compared to source co de transformation. The Ja v a language forces clean programming, where only struc- tured con trol transfer is allo w ed. When a metho d is resumed, w e w an t to transfer the con trol to a susp ended p oin t in the metho d. A susp ended p oin t can b e in a comp ound statemen t, but the Ja v a language forbids a con trol transfer in to a comp ound statemen t. In con trast, there is goto instruction in the Ja v a b yteco de set. The con trol can b e transferred to an y program p oin t in a metho d if it is allo w ed b y the b yteco de v eri�er. The use of goto instruction can reduce the size of inserted co de fragmen ts for con trol transfer, and hop efully it can impro v e exe- cution e�ciency of transformed co des. Actually , as sho wn later, co des pro duced b y our b yteco de transformer sho w b etter execution e�ciency on JDK 1.2.2 than those pro duced b y a source co de transformer [13]. There are t w o di�culties in b yteco de transformation. (1) T ransformed co des m ust pass a b yteco de v eri�er. (2) It is di�cult to kno w the set of v alues to b e sa v ed and restored. In the b yteco de lev el, v alues are passed b y frame v ariables and the op erand stac k. There are neither v ariable declarations nor scoping rules. T o obtain necessary information for b yteco de transformation, w e had to adopt a t yp e system of Ja v a b yteco de [15], and to devise a static program analyzer on it. The rest of this pap er is organized as follo ws: Sect. 2 giv es an o v erview of our mobile agen t system. Sect. 3 describ es our implemen tation sc heme for thread migration. Sect. 4 explains a static program analysis for the b yteco de transfor- mation. Sect. 5 describ es our sc heme of b yteco de transformation for transparen t thread migration and giv es an example of a transformed b yteco de. Sect. 6 sho ws some exp erimen ts with our curren t implemen tation of the b yteco de transforma- tion. Sect. 7 discusses related w ork. Sect. 8 concludes this pap er. 2 Ov erview of Our Mobile Agen t System This section giv es an o v erview of our mo del of mobile computation and our mobile agen t system. The mo del of mobile computation adopted in our mobile agen t system is simple, plain and direct so that it accommo dates wide applicable domains. The sub ject and the unit of mobilit y in our system are a thr e ad . A thread migrates to a remote site, preserving its execution states suc h as the call stac k and a part of the heap image. The thread at the departure site will v anish and an equiv alen t thread will app ear at the destination. In this sense, our mo del of migration is similar to those of Arac hne threads system [5] and Emerald [16] rather than ma jor Ja v a-based mobile agen t systems. In our system, a place or a lo cation to whic h a mobile agen t migrates is a Java virtual machine . A mobile agen t (thread) hops around a group of Ja v a virtual mac hines. Basically , a heap image that a migrating thread can refer to is duplicated to the destination. This ma y cause a serious securit y a w b ecause a secret data ma y b e duplicated to a remote site implicitly . Our mobile language system do es not pro vide a protection mec hanism for that kind of a ws, but our system can b e c ombine d with v arious prop osed tec hniques [2, 11] that prev en t securit y a ws. Though ob jects on a heap can b e transmitted to a remote site, resources suc h as �les, windo ws and so c k ets cannot b e. These stationary resources, th us, cause a problem on migration if a mobile agen t has references to them. W e ha v e t w o options for dealing with these resources. The �rst one is to force the programmer to use tr ansient references for these stationary resources. A transien t reference is automatically n ulli�ed on migration. The second one is to use the class library [20] adapted for mobile en vironmen t instead of the default libraries in JDK. This class library shares a common in terface with JDK and it enables transparen t access of stationary resources. A stationary resource is either accessed remotely b y Ja v a RMI or duplicated automatically to a destination on migration. The b yteco de transformation sc heme describ ed in this pap er can b e used in the class loader for mobile co de. A class loader fetc hes class �les from b oth lo cal and remote sites if they are not loaded y et in to a Ja v a virtual mac hine. When a class loader detects a class �le not mo di�ed y et, our b yteco de transformer automatically transforms it at load time in to a form in whic h its execution states can b e sa v ed and restored. 3 Ho w to Mo v e a Thread Ov er the Net w ork Our basic mec hanism of transparen t thread migration on Ja v a virtual mac hines is, in principle, similar to other sc hemes based on source-co de-lev el transforma- tion [1, 6, 13, 17, 18]. A thread migration is accomplished b y three steps: { The execution states of a target thread are sa v ed at the departure site in to a mac hine-indep enden t data structure. The thread terminates itself when the migration succeeds. { The data structure represen ting the execution states of a target thread and a part of the heap image are transmitted through the net w ork to the desti- nation site. { A new thread is created at the destination. Equiv alen t execution states of the target thread are reconstructed for the new thread. The ab o v e whole pro cess is implemen ted b y using only standard mec hanisms of Ja v a and Ja v a RMI.

3.1 Sa ving Execution States The execution states of a thread consist of those of the metho ds in execution. The execution states of a metho d consist of (1) a program coun ter, (2) v alid lo cal (frame) v ariables, and (3) v alid en tries in the op erand stac k. The execution states of the metho ds are enco ded in to a data structure. Note that w e assume that eac h metho d is transformed so that it can sa v e its execution state when a sp e cial exc eption is thr own . When a migration is in op eration, an exception is thro wn. If a metho d captures the exception, the metho d stores its execution state to a newly created state ob ject de�ned for eac h metho d, and then it propagates the exception to the caller of the metho d. This pro cess is rep eated un til the exception reac hes the b ottom of the stac k. 3.2 T ransmitting Execution States When the exception is captured at the b ottom of the call stac k, all the state ob jects are transmitted to the destination site b y using Ja v a RMI. All v alues on the heap that can b e reac hed from the target thread are also transmitted to the destination b y a mec hanism of Ja v a RMI. 3.3 Restoring Execution States The execution states of a target thread is reconstructed from the state ob jects. The call stac k is reconstructed b y calling the metho ds in the order in whic h they w ere in v ok ed at the departure site. Eac h metho d is transformed in adv ance so that it can restore its execution state from the state ob ject. When a metho d is called with the state ob ject, it restores the v alues of the stac k frame, and it con tin ues execution from the susp ended p oin t. 4 Byteco de Analysis T o transform b yteco de for transparen t migration, w e need information on a set of all valid frame v ariables and en tries in the op erand stac k for eac h program p oin t. A v ariable or a slot is v alid if a v alue on it is a v ailable for ev ery p ossible con trol o w. T yp es of frame v ariables and en tries in the op erand stac k are also necessary . In addition, a transformed co de m ust pass a Ja v a b yteco de v eri�er if the original co de passes it. T o obtain suc h necessary information on b yteco de, w e adopt a t yp e system for Ja v a b yteco de. 4.1 A T yp e System for Ja v a Byteco de Our b yteco de transformer exploits exactly the same information for b yteco de v eri�cation [10]. W e adopt the form ulation of b yteco de v eri�er b y Stata and Abadi [15]. It is a t yp e system for a small subset of Ja v a b yteco de called JVML0.

If a b yteco de is w ell-t yp ed, it tells that the b yteco de is v eri�able. A t yp e judg- men t is written in their t yp e system as follo ws: F ; S; i ‘ P : where P denotes a sequence of instructions that constitutes a metho d. F is a mapping from a program p oin t to a mapping from a frame v ariable to a t yp e. S is a mapping from a program p oin t to an ordered sequence of t yp es. Finally i denotes a program p oin t or an address of co de. In tuitiv ely , the map F ( i ) giv es a t yp e of a lo cal v ariable at program p oin t i . The string S ( i ) giv es the t yp es of en tries in the op erand stac k at program p oin t i . These F and S are useful to our b yteco de transformation since they con tain t yping information ab out v alid lo cal v ariables and en tries in the op erand stac k, resp ectiv ely . When a t yp e judgmen t F ; S; i ‘ P is true, it tells that program P is veri�able at program p oin t i . The whole program is v eri�able if the program is v eri�able for ev ery program p oin t in it. This is denoted b y F ; S ‘ P . The t yp e reconstruction problem for JVML0 is to �nd appropriate F and S suc h that F ; S ‘ P is true for giv en P . It is actually a v eri�cation algorithm itself. W e ha v e implemen ted a t yp e reconstruction algorithm for the extended JVML0 to b e explained next. 4.2 Extending JVML0 to the F ull Set of Ja v a Virtual Mac hine Since JVML0 includes only a small subset of the Ja v a virtual mac hine, w e ha v e extended it so that it incorp orates the full set of Ja v a virtual mac hine except b yteco de subroutines. In doing so, the follo wing p oin ts are imp ortan t. Instruction. The Ja v a virtual mac hine has around 200 instructions. A t yping rule is de�ned for eac h instruction. T yp e. Stata and Abadi’s t yp e system has only three kinds of t yp es: an in teger t yp e, a reference t yp e and a return address t yp e. W e ha v e to add primitiv e t yp es, and the notions of inheritance and subt yping to reference t yp es. In order to pass a b yteco de v eri�er, our b yteco de transformer has to kno w the most sp eci�c t yp e of a v alue when the v alue is restored from a state ob ject. Exception. Since Stata and Abadi’s t yp e system lac ks the mec hanism of thro w- ing and catc hing exceptions, w e ha v e to add a facilit y of handling exceptions. 5 Byteco de T ransformation This section describ es our b yteco de transformation algorithm. It tak es a metho d in b yteco de and pro duces a metho d that has instructions for sa ving and restoring its execution state. Because the pro duced b yteco de also consists of the standard JVM instructions, the transformed metho d including the state handling mec ha- nism is compatible with an y standard JVM and an y JIT compiler.

5.1 Ov erview of Byteco de T ransformation The transformation algorithm c hanges the signature of a giv en metho d to tak e a state ob ject as an extra parameter and inserts the follo wing co de fragmen ts in the metho d: { An exception handler for eac h metho d in v o cation. The o ccurrence of migra- tion is noti�ed b y a sp ecial exception. The exception handler is resp onsible for sa ving an execution state. The program coun ter to b e sa v ed is kno wn since an exception handler is unique for eac h susp ended p oin t. The set of v alid lo cal v ariables and their t yp es (whether it is a primitiv e t yp e or a ref- erence t yp e) are found b y the b yteco de analysis describ ed in Sect. 4 (from F and S ). Ev en if a migration tak es place in a try statemen t with the finally clause, the finally clause is not executed on migration, b ecause w e do not insert a jsr instruction to the finally clause in the exception handler. { Instructions for sa ving v alid en tries on the op erand stac k. The con ten ts on the op erand stac k are de�ned to b e discarded when an exception is thro wn, whic h means that their v alues cannot b e fetc hed from an exception handler. The basic idea for sa ving v alues on the op erand stac k is to mak e the copies of them in the extended lo cal v ariables b efore the metho d in v o cations. The v alid en tries on the op erand stac k are found from S . { Instructions at the head of the metho d that restore all v alid frame v ariables. When the execution state of a metho d is restored, a state ob ject is passed to the metho d in the extended parameter. The inserted co de restores all v alid frame v ariables at the susp ended p oin t. After restoring the frame v ariables, the con trol is transferred to the susp ended p oin t. { Instructions that put a state ob ject as an extra parameter for a metho d in v o cation instruction. 5.2 State Class public class STSamplefoo extends javago.StackFrame implements java.io.Serializable { public int M_EntryPoint; public int[] ArrayI = new int[1]; public long[] ArrayL = new long[2]; public float[] ArrayF = new float[3]; public double[] ArrayD = new double[4]; public Object[] ArrayA = new Object[5]; } Fig. 1. A state class. Our transformation algorithm de�nes a state class for eac h metho d. An ex- ecution state of a metho d is stored in to an instance of the state class. Fig. 1 sho ws all �eld v ariables of a state class, where the arra y sizes are the maxim um n um b ers of the v alues of the corresp onding t yp e in the execution states. These n um b ers are found b y the b yteco de analysis. The t yp e of a v alue to b e sa v ed is either one of the primitiv e t yp es ( int , long , float , and double ) or a reference t yp e ( Object ). 5.3 Extending Metho d F rame for Lo cal V ariables The set of the lo cal v ariables are extended for sa ving v alid en tries in the op erand stac k and some other purp oses. The amoun t of lo cal v ariables is determined b y the information S , whic h is obtained b y the b yteco de analyzer, and another eigh t lo cal v ariables are used for sp ecial purp ose in our curren t implemen tation of transformation. These reserv ed frame v ariables are used to k eep the state ob ject for the curren t metho d, the state ob ject for the caller of the curren t metho d, a sp ecial exception that noti�es migration, and arra y references in the curren t state ob ject (that is ArrayI , ..., ArrayA in Fig. 1). 5.4 Example of a T ransformed Byteco de public class test { public static int foo(int x, int y) { int z = x + y; may_migrate(); return z; } } Fig. 2. A to y metho d that ma y cause a migration. W e illustrate the b yteco de transformation b y using a to y metho d in Fig. 2. This metho d is compiled in to the (pseudo) b yteco de listed in the left part in Fig. 3, and it is transformed in to the one listed in the righ t part. An address with a subscript or a prime denotes an inserted co de. When the may migrate metho d w an ts to migrate, the metho d thro ws a sp e- cial exception. The exception handler at line 4 0 catc hes the exception and sa v es the execution states ( x , y and z ). Then it propagates the exception to the caller metho d. On resumption, this metho d is in v ok ed with a state ob ject. It restores the execution state from the state ob ject at line 0 3 . The con trol is transferred to line 2 0 and then the execution state of the may migrate metho d will b e restored. 5.5 Whic h Metho d Should b e T ransformed? Since our b yteco de transformer c hanges the signature of a metho d, the trans- former m ust mo dify metho d in v o cation instructions accordingly . Some metho ds,

1 : z = x + y; 0 1 : if not resumption, jump to 1 ; 2 : call may migrate; 0 2 : tablejump 0 3 ; 3 : return z; 0 3 : restore x,y,z; jump to 2 0 ; 1 : z = x + y; 2 0 : push state object; 2 : call may migrate; 3 : return z; 4 0 : save x,y,z; throw; Original b yteco de. T ransformed b yteco de. Fig. 3. Original and transformed pseudo b yteco de for the to y metho d. ho w ev er, preserv e their signatures as men tioned in Sect. 5.6. An imp ortan t ques- tion, th us, arises: whic h metho d should b e transformed? There are t w o solutions: annotation b y the programmer, and construction of a call graph. In the �rst so- lution, metho ds to b e transformed are sp eci�ed b y the programmer. This sc heme is simple and able to realize the programmer’s in ten tion correctly , but it cannot deal with class �les written b y others. In the second solution, ev ery metho d that con tains migration instructions is transformed. Besides, ev ery metho d that in- dir e ctly in v ok es migration instructions is also transformed. The second kind of metho ds is found b y constructing a call graph. Though this sc heme can deal with class �les written b y others, it requires al l class �les b efore starting execution. It is di�cult to ac hiev e this requiremen t in cases that a mobile agen t visits some lo cation for the �rst time and that t w o unkno wn agen ts meet somewhere. Our solution is to predesignate the set of metho ds not to b e mo di�ed. Our transformer do es not mo dify system classes and the signatures of callbac k meth- o ds in user co de. This sc heme do es not need annotation nor a call graph, but an implemen tor of the transformer m ust ha v e a go o d kno wledge of system classes. 5.6 Limitations Our transformation algorithm and its curren t implemen tation has some limita- tions. First, our curren t transformer cannot handle programs that ma y migrate when a liv e return address of a subroutine is included in a lo cal v ariable or an en try of an op erand stac k. The reason is that a return address cannot b e sa v ed arbitrarily under the restrictions of Ja v a b yteco de v eri�er. This limitation matters when a migration o ccurs in a finally clause of a try statemen t. W e are planning to eliminate this limitation in future. The basic idea is to k eep traces of subroutine calls dynamically . The b yteco de transformer inserts a co de fragmen t in subroutines that k eeps the set of subroutines in execution and their in v o cation order. When the execution state of a metho d is restored, the subroutines that w ere in execution at the departure site are in v ok ed explicitly b y the inserted co de fragmen t. The co de in the subroutines that w ere already executed is skipp ed b y dynamic c hec king. P erhaps, this sc heme degrades exe- cution p erformance b ecause man y co de fragmen ts are inserted that are alw a ys executed, but this sc heme lo w ers co de gro wth in comparison to unfolding and it do es not need to extend the exception table. Second, as is men tioned in Sect. 5.5, w e do not transform system classes b e- cause they ha v e tigh t connections with nativ e co de. This decision mak es migra- tion across callbac k metho ds imp ossible suc h as the actionPerformed and the finalize . The transformer preserv es the signatures of these callbac k metho ds. In the callbac k metho ds, a n ull state ob ject is passed to transformed metho ds. Third, our transformation c hanges the signature of a metho d in order to pass a state ob ject as an extra parameter. This induces some programs using re ection not to w ork correctly . F ourth, our curren t implemen tation of transformation remo v es the line n um- b er table attribute of the target metho d, since debug information is no longer correct after transformation. This implies that it b ecomes unable to trace the execution of transformed metho ds with source-co de debuggers. This limitation, ho w ev er, can b e easily eliminated b y main taining the line n um b er table. 6 Exp erimen ts This section sho ws some exp erimen ts with our curren t implemen tation of b yte- co de transformer for transparen t thread migration. W e measured the cost of the transformation pro cess and ev aluated the qualit y of transformed co des pro duced b y our b yteco de transformer from the viewp oin ts of execution e�ciency and co de size. The transformed co des are compared with (1) those pro duced b y our source co de transformer Ja v aGo [13] and (2) the original co de without transformation. The implemen tation is written in Ja v a using only standard libraries in JDK. The size of the source co de is around 5000 lines. All the b enc hmark programs w ere generated as standalone applications in adv ance b y this transformer. 6.1 Elapsed Time for Byteco de T ransformation T able 1. Elapsed time for b yteco de transformation. program # of metho ds analysis(ms) co de insertion(ms) total (ms) �b 1 235 79 314 qsort 1 285 81 366 nqueen 1 267 80 347 201 compress 23 3454 1349 4803 (JDK 1.2.2, Sun UltraSP AR C 168MHz)

T able 1 sho ws the times consumed b y our transformer to analyze and trans- form all metho ds of the sample programs, where 201 compress is a b enc hmark program included in Sp ecJVM98. These elapsed times are rather small, but our b yteco de analyzer needs at least the same costs of b yteco de v eri�cation. 6.2 Execution E�ciency of T ransformed Programs T able 2. Comparison of execution e�ciency . elapsed time (ms) with JIT without JIT program original Ja v aGo ours original Ja v aGo ours �b(30) 111 263 (+137%) 173 (+56%) 870 2553 (+193%) 1516 (+74%) qsort(400000) 214 279 (+30%) 248 (+16%) 2072 2856 (+38%) 2597 (+25%) nqueen(12) 1523 2348 (+54%) 1731 (+14%) 30473 36470 (+20%) 30843 (+1.2%) 201 compress 33685 61629 (+83%) 40610 (+21%) 365661 713936 (+95%) 433439 (+19%) (JDK 1.2.2, In tel Celeron(TM) Pro cessor 500MHz) The elapsed times of transformed programs w ere measured and compared with those of the original programs. The purp ose of this measuremen t is to iden- tify the o v erheads induced b y inserted co de fragmen ts in the original programs. Th us, migration do es not tak e place during the execution of the b enc hmark pro- grams. The results are sho wn in T able 2. As a comparison, the elapsed times of the transformed programs b y Ja v aGo, whic h is a source co de lev el transformer, is also listed in the table. Most part of the o v erheads is due to the co de fragmen ts for sa ving the op erand stac k at susp ended p oin ts. The o v erheads of the Fib onacci metho d is rather high b ecause the metho d do es almost nothing but in v ok es the metho d itself recursiv ely . When the con ten ts of a metho d is so small, the relativ e o v erheads of inserted co de fragmen ts tend to b e high. This tendency is common to migration sc hemes based on program transformation. Our results, nev ertheless, are b etter than those of Ja v aGo. In this exp erimen t, the o v erheads induced b y our b yteco de transformation are alw a ys less than those induced b y Ja v aGo. F or quic k sort and N-queen programs, the o v erheads w ere appro ximately 15% to the original programs when the applications w ere executed with Just-In-Time compilation. 6.3 Gro wth in Byteco de Size of T ransformed Programs The gro wth in b yteco de size due to our b yteco de transformation is sho wn in T able 3. T o sho w the pure gro wth in the metho d b o dy size, these sizes do not

T able 3. Comparison of b yteco de size. b yteco de size (in b ytes) program original Ja v aGo Ours �b 276 884 (3.2 times) 891 (3.2 times) qsort 383 1177 (3.1 times) 1253 (3.3 times) nqueen 393 1146 (2.9 times) 976 (2.5 times) 201 compress 13895 22029 (1.6 times) 18171 (1.3 times) include that of the state classes. The gro wth rates for these programs are ap- pro ximately three times. W e think that these results w ould b e the w orst case b ecause the relativ e amoun t of inserted co de fragmen ts tend to b e high when an original metho d is small. The size of b yteco de pro duced b y our transformation sc heme is v ery similar to the size of b yteco de pro duced b y Ja v aGo sc heme. But their c haracteristics are quite di�eren t eac h other. In case of Ja v aGo, the size of transformed b yteco de is prop ortional to square of the deep est depth of lo ops. In con trast, the size of b yteco de transformed b y our transformation sc heme is prop ortional to the n um b er of susp ended p oin ts. 7 Related W ork T elescript [8] w as an early in terpreted programming language for mobile agen ts dev elop ed b y General Magic Inc. The T elescript in terpreter had a mec hanism for transparen t migration. Unfortunately , General Magic do es not seem to dev elop T elescript an ymore. Agen t Tcl [7] w as also a mobile language system dev elop ed in the early stage of mobile computation. Agen t Tcl also has a mec hanism for transparen t migration. It is useful to run existing Tcl scripts on a mobile en vi- ronmen t. Ho w ev er, this emphasis on transparen t migration w as not inherited b y ma jor Ja v a-based mobile language systems b ecause of the restrictions imp osed b y the Ja v a virtual mac hine release p olicy . Sh udo a v oided the restrictions b y extending a Ja v a virtual mac hine and implemen ted a transparen t thread migration system [14]. F � unfro c k en [6] p oin ted out that an exception handling mec hanism could b e used for notifying o ccurrence of migration with lo w costs. He dev elop ed a sc heme of transparen t migration for standard Ja v a, but his sc heme had di�culties in resumption of con trol in a comp ound statemen t. Sekiguc hi et al. eliminated these di�culties based on the idea of unfolding and dev elop ed a transparen t migration system [13] in Ja v a. Their sc heme enables transparen t migration on an y standard Ja v a virtual mac hine with Ja v a RMI. But it requires all Ja v a source co de that constitutes a mobile program. In Ja v a, programs are alw a ys distributed in the form of b yteco de, and source co de ma y b e una v ailable. Eddy T ruy en et al. [19] dev elop ed indep enden tly a Ja v a b yteco de transformer for transparen t migration, whic h shares a large part with ours. Both p erform b yteco de v eri�cation to determine all v alid v alues in a frame and insert co de fragmen ts in the target b yteco de based on the analysis. The ma jor di�erence b et w een their sc heme and ours is execution e�ciency . They use return and if instructions to roll bac k the stac k during sa ving state, while w e use the mec ha- nism of exception. The former sc heme signi�can tly degrades the e�ciency . T aga measured execution o v erheads of that sc heme [18] (although it w as p erformed in C++) and rep orts that the additional o v erheads are 27% { 137% of the orig- inal execution time compared to our sc heme. In addition, their sc heme uses a data area prop er to a thread to pass state ob jects. Their sc heme, therefore, can preserv e the signature of transformed metho ds, but it also induces considerable p erformance loss. T ruy en discusses execution e�ciency and gro wth in b yteco de size in a formal setting, while w e measured with real applications. 8 Conclusion and F uture W ork W e ha v e prop osed a sc heme for b yteco de transformation that enables Ja v a pro- grams to sa v e and restore their execution states including the call stac k with lo w o v erheads. A b yteco de transformer based on our sc heme has actually b een implemen ted. The transformer giv es Ja v a programs the abilit y of transparen t migration. As is describ ed in Sect. 6, the qualit y of the b yteco de transformer is measured and w e ha v e obtained b etter results compared to existing sc hemes for transparen t migration based on source co de transformation. The latest im- plemen tation of the transformer describ ed in this pap er is widely a v ailable at http://www.yl.is.s.u-tokyo.ac.jp/amo/ . F urther w ork is needed to eliminate the limitations men tioned in Sect. 5.6 due to b yteco de subroutines. More programs can b e transformed if these limitations are remo v ed. Ac kno wledgmen t The authors w ould lik e to express our sincere thanks to Hidehik o Masuhara who con tributed to m uc h of the presen tation of this pap er. References 1. Hirotak e Ab e, Y uuji Ic hisugi, and Kazuhik o Kato. An Implemen tation Sc heme of Mobile Threads with a Source Co de T ranslation T ec hnique in Ja v a. In Pr o c e e dings of Summer Unite d Workshops on Par al lel, Distribute d and Co op er ative Pr o c essing , July 1999. (in Japanese). 2. Boris Bok o wski and Jan Vitek. Con�ned T yp es. In Inter c ontinental Workshop on A liasing in Obje ct-Oriente d Systems in Asso ciation with ECOOP Confer enc e , 1999. 3. Luca Cardelli. Mobile Computation. In Mobile Obje ct System: T owar ds the Pr o- gr ammable Internet , v olume 1222 of LNCS , pages 3{6. Springer-V erlag, April 1997.

4. Gianpaolo Cugola, Carlo Ghezzi, Gian Pietro Picco, and Gio v anni Vigna. Analyz- ing Mobile Co de Languages. In Mobile Obje ct System: T owar ds the Pr o gr ammable Internet , v olume 1222 of LNCS , pages 93{109, April 1996. 5. Bozhidar Dimitro v and V ernon Rego. Arac hne: A P ortable Threads System Sup- p orting Migran t Threads on Heterogeneous Net w ork F arms. In Pr o c e e dings of IEEE Par al lel and Distribute d Systems , v olume 9(5), pages 459{469, 1998. 6. Stefan F � unfro c k en. T ransparen t Migration of Ja v a-Based Mobile Agen ts. In MA’98 Mobile A gents , v olume 1477 of LNCS , pages 26{37. Springer-V erlag, 1998. 7. Rob ert S. Gra y . Agen t Tcl: A T ransp ortable Agen t System. In Pr o c e e dings of the CIKM Workshop on Intel ligent Information A gents, F ourth International Confer- enc e on Information and Know le dge Management , 1995. 8. White J.E. T elescript T e chnolo gy: Mobile A gents . White P ap er. General Magic, Inc, 1996. 9. Dann y Lange and Mitsuru Oshima. Pr o gr amming and Deploying Java Mobile A gents with A glets . Addison-W esley , 1998. 10. Tim Lindholm and F rank Y ellin. The Java Virtual Machine Sp e ci�c ation Se c ond Edition . Addison-W esley , 1999. 11. Andrew C. My ers. JFlo w: Practical Mostly-Static Information Flo w Con trol. In Pr o c e e dings of the 26th A CM SIGPLAN-SIGA CT on Principles of Pr o gr amming L anguages , pages 228{241, Jan uary 1999. 12. V o y ager Core P ac k age T ec hnical Ov erview, 1997. Ob jectSpace Inc. 13. T atsurou Sekiguc hi, Hidehik o Masuhara, and Akinori Y oneza w a. A Simple Ex- tension of Ja v a Language for Con trollable T ransparen t Migration and its P ortable Implemen tation. In Co or dination L anguages and Mo dels , v olume 1594 of LNCS , pages 211{226. Springer-V erlag, April 1999. 14. Kazuyuki Sh udo. Thread Migration on Ja v a En vironmen t. Master’s thesis, Uni- v ersit y of W aseda, 1997. 15. Ra ymie Stata and Mart � �n Abadi. A T yp e System for Ja v a Byteco de Subroutines. SR C Researc h Rep ort 158, Digital Systems Researc h Cen ter, June 1998. 16. B. Steensgaard and E. Jul. Ob ject and Nativ e Co de Thread Mobilit y among Heterogeneous Computers. In Pr o c e e dings of the A CM Symp osium on Op er ating Systems Principles , pages 68{78, 1995. 17. V olk er Strump en and Balkrishna Ramkumar. P ortable Chec kp oin ting for Hetero- geneous Arc hitectures. In F ault-T oler ant Par al lel and Distribute d Systems , c hap- ter 4, pages 73{92. Klu w er Academic Press, 1998. 18. Na yuta T aga, T atsurou Sekiguc hi, and Akinori Y oneza w a. An Extension of C++ that Supp orts Thread Migration with Little Loss of Normal Execution E�ciency . In Pr o c e e dings of Summer Unite d Workshops on Par al lel, Distribute d and Co op er- ative Pr o c essing , July 1999. (in Japanese). 19. Eddy T ruy en, Bert Robb en, Bart V anhaute, Tim Coninx, W outer Jo osen and Pierre V erbaeten P ortable Supp ort for T ransparen t Thread Migration in Ja v a. T o app ear in ASA/MA 2000. 20. Hiroshi Y amauc hi, Hidehik o Masuhara, Daisuk e Hoshina, T atsurou Sekiguc hi, and Akinori Y oneza w a. W rapping Class Libraries for Migration-T ransparen t Resource Access b y Using Compile-Time Re ection. to app ear in Pro ceedings of W orkshop on Re ectiv e Middlew are, 2000. April.