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t. We present a generalization of Java's Remote Method Invo-
ation (RMI) model providing an eÆ
ient group 
ommuni
ation me
ha-nism for parallel programming. Our Group Method Invo
ation (GMI)model allows methods to be invoked either on a single obje
t or ona group of obje
ts, the latter possibly with personalized parameters.Likewise, result values and ex
eptions 
an be returned normally (aswith RMI), dis
arded, or, when multiple results are produ
ed, 
ombinedinto a single result. The di�erent method invo
ation and reply handlings
hemes 
an be sele
ted for ea
h method individually at run time, and
an be 
ombined orthogonally. This allows us to express a large spe
trumof 
ommuni
ation me
hanisms of whi
h RMI is a spe
ial 
ase. MPI-style
olle
tive 
ommuni
ation 
an easily be implemented using GMI.1 Introdu
tionObje
t-oriented languages like Java support distributed programming using theRemote Method Invo
ation (RMI) model. The key advantage of RMI is thatit extends the obje
t-oriented notion of method invo
ation to 
ommuni
ationbetween pro
esses. For parallel appli
ations, however, many authors have arguedthat RMI is inadequate and that support for alternative forms of 
ommuni
ationis also needed [6, 11℄. For example, multi
ast may be implemented by usingmultiple RMI 
alls, but this is 
umbersome and 
annot exploit eÆ
ient low-level(hardware) multi
ast primitives. More 
omplex 
ommuni
ation, like personalizedmulti
ast or data redu
tion are even harder to express using RMI. For manyparallel appli
ations, 
ommuni
ation with groups of obje
ts is needed, both for
ode simpli
ity and appli
ation eÆ
ien
y.One approa
h to introdu
e group 
ommuni
ation is to use a library su
h asMPI [6℄. This in
reases expressiveness, but at the 
ost of adding a separate modelbased on message passing, whi
h does not integrate with (method-invo
ationbased) obje
t models. MPI deals with stati
 groups of pro
esses rather thanwith obje
ts and threads. In parti
ular, MPI's 
olle
tive operations must beexpli
itly invoked by all parti
ipating pro
esses, for
ing them to exe
ute in lo
k-step, whi
h is ill-suited for obje
t-oriented programs.



In this paper, we will introdu
e an elegant approa
h to integrate 
exiblegroup 
ommuni
ation1 into an obje
t-oriented language. Our goal is to expressgroup 
ommuni
ation using method invo
ations, just like RMI is used to expresspoint-to-point 
ommuni
ation. We therefore generalize the RMI model in su
ha way that it 
an express 
ommuni
ation with a group of obje
ts. This extendedmodel is 
alled Group Method Invo
ation (GMI). The key idea is to extend theway in whi
h a method invo
ation and its result value are handled. A methodinvo
ation 
an be forwarded to a single obje
t or to a group of obje
ts (possiblypersonalizing the parameters for ea
h destination). The result value (in
ludingex
eptions) 
an be returned normally, dis
arded, forwarded to a separate obje
t,or, when multiple results are produ
ed, 
ombined into a single result. All s
hemesfor handling invo
ations 
an be 
ombined with all s
hemes for handling results,giving a fully orthogonal design.Due to this orthogonal approa
h, GMI is both simple and highly expressive.GMI 
an be used to implement MPI-style 
olle
tive 
ommuni
ation, where allmembers of a group 
olle
tively invoke the same 
ommuni
ation primitive. Un-like MPI, GMI also allows a single thread to invoke a method on a group ofobje
ts, without requiring a
tive involvement from other threads (e.g., to 
olle
tinformation from a group of obje
ts). Be
ause of GMI's orthogonal design, it
an also express many 
ommuni
ation patterns that have thus far been regardedas unrelated, spe
ial primitives. In parti
ular, futures and voting 
an easily beexpressed using GMI.We have implemented GMI as part of the Manta high-performan
e Javasystem [12℄. We will show that GMI 
an be implemented very eÆ
iently. Forexample, invoking a method on a group of 64 remote obje
ts takes about 70 �son a Myrinet 
luster.The main 
ontribution of the paper is a generalization of RMI to an expres-sive, eÆ
ient, and easy-to-use framework for parallel programming that sup-ports a ri
h variety of 
ommuni
ation patterns, while seamlessly integratingwith obje
t-oriented languages. In Se
t. 2, we des
ribe our GMI model and anexample appli
ation. In Se
t. 3, we dis
uss the performan
e of GMI operationsand six appli
ations on a 64-node Myrinet 
luster. Se
t. 4 presents related work,and Se
t. 5 
on
ludes.2 The GMI ModelIn this se
tion, we will �rst summarize the RMI model and show how GMI gener-alizes it to support groups of obje
ts. We will then des
ribe how 
ommuni
ationpatterns within these groups 
an be used to implement many types of group
ommuni
ation.1 Please note that, in this paper, the term group 
ommuni
ation refers to arbitraryforms of 
ommuni
ation with groups of obje
ts; in the operating systems 
ommunity,the term is often used to denote multi
ast, whi
h we regard as just one spe
i�
 formof group 
ommuni
ation.



2.1 Remote Method Invo
ationRMI allows methods of an obje
t to be invoked remotely. Su
h methods must bede�ned in a spe
ial remote interfa
e. An obje
t 
an be made suitable for re
eivingRMIs by implementing this remote interfa
e. When this obje
t is 
ompiled, twoextra obje
ts are generated, a stub and a skeleton. The stub 
ontains spe
ial,
ompiler-generated implementations of the methods in the remote interfa
e, and
an be used as a remote referen
e to the obje
t. An example is shown in Fig. 1,where a stub a
ts as a remote referen
e to an obje
t.
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replyFig. 1. A method invo
ation via a stub.When a method of this stub is invoked, the stub forwards the invo
ation tothe skeleton by sending a network message with a des
ription of the method andits parameters (see Fig. 1). The skeleton waits for a message, de
odes it, invokesthe requested method on the obje
t, and returns the method's result to the stub,whi
h returns it to the invoker.In RMI, result handling by stub and skeleton is �xed: they always operatesyn
hronously. After the stub forwards the method to the skeleton, it waits fora reply message before 
ontinuing. The skeleton must therefore always send areply ba
k to the stub (even if the method has no result). Furthermore, a stubin RMI always serves as a remote referen
e to a single obje
t, whi
h 
an not be
hanged on
e the stub has been 
reated.2.2 Group Method Invo
ationIn GMI, we generalize the RMI model in three ways. First, a stub 
an be usedas a referen
e to a group of obje
ts, instead of just to a single one. In Fig. 2, thestub serves as a referen
e to a group of two obje
ts.Se
ond, we generate 
ommuni
ation 
ode for stubs and skeletons that allowsmethod invo
ations and result values to be handled in many di�erent ways. Aswith RMI, ex
eptions are treated as spe
ial 
ases of result values.Third, through a simple API, the programmer 
an 
on�gure the stubs andskeletons for ea
h method individually at run time. Di�erent forwarding andresult-handling s
hemes 
an be 
ombined, giving a ri
h variety of 
ommuni
ationme
hanisms. By 
on�guring stubs at run time, the 
ommuni
ation behavior ofthe appli
ation 
an easily be adapted to 
hanging requirements.
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stub
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ObjectskeletonFig. 2. A stub a
ting as group referen
e in GMI.Below, we will �rst des
ribe the notion of obje
t groups, and then dis
uss theforwarding s
hemes, the result-handling s
hemes, and their 
ombinations. We�nally dis
uss syn
hronization issues on obje
t groups.Obje
t Groups. An obje
t group 
onsists of several obje
ts, possibly on dif-ferent ma
hines. Groups are 
reated dynami
ally. For proper semanti
s of groupoperations, groups be
ome immutable upon 
reation [14℄. The obje
ts in thegroup are ordered and 
an be identi�ed by their rank. Ranks and the group sizeare available to the appli
ation.The obje
ts in a group may have di�erent types, but they must all implementthe same group interfa
e, whi
h serves a similar fun
tion as a remote interfa
e:it de�nes whi
h methods 
an be invoked on the group and makes the 
ompilergenerate stub and skeleton obje
ts for this interfa
e.Forwarding S
hemes. To support 
ommuni
ation with multiple obje
ts, GMIallows a stub to a
t as a referen
e to a group of obje
ts. Depending on theappli
ation, the stub must be able to forward invo
ations to one or more obje
tsin the group. GMI o�ers the following forwarding s
hemes:{ single invo
ationThe invo
ation is forwarded to a single (possibly remote) obje
t of the group,identi�ed via its rank.{ group invo
ationThe invo
ation is forwarded to every obje
t in the group.{ personalized group invo
ationThe invo
ation is forwarded to every obje
t in the group, while the param-eters are personalized for ea
h destination using a user-de�ned method.The �rst s
heme is similar to a normal RMI. When 
on�guring the stub,the programmer 
an spe
ify to whi
h group obje
t the method invo
ations areforwarded. Unlike RMI, however, GMI allows this destination to be di�erent forea
h invo
ation.



The se
ond s
heme 
an be used to express a multi
ast. The same methodinvo
ation (with identi
al parameters) is forwarded to ea
h obje
t in a group.The last s
heme is suitable for distributing data (or 
omputations) over agroup. Before the invo
ation is forwarded to ea
h of the group obje
ts, a user-de�ned personalization method is invoked. This method serves as a �lter for theparameters to the group method. It gets as input the parameters to the groupmethod, the rank of the destination obje
t, and the size of the group. It produ
esa personalized set of parameters as output. These parameters are then forwardedto the destination obje
t. Thus a personalized version of the 
all is sent to ea
hgroup obje
t.In GMI, ea
h method in a stub 
an be 
on�gured separately, at runtime, touse a spe
i�
 forwarding s
heme. As a result, the group stub 
an be 
on�gured insu
h a way that ea
h of its methods behaves di�erently. By 
on�guring a methodin a stub, the programmer sele
ts whi
h 
ompiler-generated 
ommuni
ation 
odeis used for method forwarding. For every method in a group interfa
e, the 
om-piler generates 
ommuni
ation 
ode for ea
h forwarding s
heme. Although thisin
reases the 
ode size of the stub, it allows the 
ompiler to use 
ompile-timeinformation to generate optimized 
ommuni
ation 
ode for ea
h method.Result-Handling S
hemes. RMI only supports syn
hronous method invo-
ations, whi
h is too restri
tive for parallel programming. GMI therefore doesnot require the invoker to always wait for a result. Instead, it o�ers a varietyof result-handling s
hemes that 
an be used to express asyn
hronous 
ommu-ni
ation, futures, and other primitives. The skeletons o�er the following resulthandling s
hemes:{ dis
ard resultsNo results are returned to the stub. They are dis
arded by the skeleton.{ forward resultsAll results are returned to the stub, whi
h forwards them to a user-de�nedhandler obje
t (rather than the original invoker).{ return one resultA single result is returned to the stub. If the method is invoked on a singleobje
t, the result 
an be returned dire
tly. Otherwise, one of the results(sele
ted via a rank) is returned to the stub.{ 
ombine resultsCombine all results into a single one (using a user-de�ned �lter method).The �nal value is returned to the stub.Dis
ard results allows a method to be invoked asyn
hronously. The stub willforward the invo
ation to one or more skeletons and return immediately (withoutwaiting for a reply). If the method returns a result, a default value (e.g., '0.0'or a Null referen
e) will be returned. Any result value returned (or ex
eptionthrown) by the method is dire
tly dis
arded by the skeletons.The se
ond s
heme, forward results, allows results (in
luding ex
eptions) tobe forwarded to a separate handler obje
t. The stub will forward any method



invo
ations, and return immediately. However, the skeletons do return their re-sult values to the stub. The stub will forward them to a user-de�ned handlerobje
t, where the original invoker 
an retrieve the results later on. This me
h-anism 
an be used to implement futures (where the result value is stored untilit is expli
itly retrieved), voting (where all results are 
olle
ted and the mostfrequently o

urring one is returned), sele
tion (of one result) and 
ombining (ofseveral results).The third result handling s
heme, return one result, is the default way ofhandling results in uni
ast invo
ations like RMI. The stub forwards a methodinvo
ation and blo
ks until the skeleton returns a result. If multiple results areprodu
ed, the user sele
ts one in advan
e by spe
ifying its rank. This has theadvantage that only a single skeleton has to return a result, avoiding 
ommuni-
ation overhead.
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Fig. 3. An example of result 
ombiningThe �nal s
heme, 
ombine results, is useful when multiple results are pro-du
ed. A user de�ned 
ombine method is used to merge all results into a singlevalue, whi
h is returned. The results 
an either be 
ombined by the stub (suit-able for gathering results) or by the skeletons (suitable for redu
ing results). GMIsele
ts the 
orre
t approa
h by analyzing the signature of the 
ombine method.Figure 3 shows an example of redu
e-style result 
ombining. A method in-vo
ation is multi
ast to all four obje
ts in a group. After applying the methodto their obje
t, the skeletons 
ommuni
ate amongst ea
h other to 
ombine allresults into a single value. The advantage of this s
heme is that it 
an 
ombinemultiple results in parallel, for example by arranging the skeletons in a treestru
ture. This is important if the obje
t group is large.



Any ex
eption thrown during the exe
ution of a 
ombine operation will beforwarded instead of regular result values. The overall result of the 
ombineoperation will then be one of the thrown ex
eptions.Combinations of the Forwarding and Reply-Handling S
hemes. Wehave presented three di�erent s
hemes to forward a method invo
ation and fours
hemes for handling the results. GMI allows these s
hemes to be 
ombinedorthogonally, as shown in Table 1. All twelve 
ombinations result in useful 
om-muni
ation patterns, making GMI highly expressive.Table 1. Combinations of stub-skeleton behaviorinvo
ationresult single group personalizeddis
ard asyn
. RMI multi
ast s
atterforward future asyn
. voting / 
ombine s
atter + asyn
. 
ombinereturn one RMI syn
hronous multi
ast syn
hronous s
atter
ombine 
olle
tive 
ombine group 
ombine s
atter + group 
ombine(allredu
e/allgather) (redu
e/gather)In the table, s
atter, (all)gather, and (all)redu
e refer to the fun
tionalityof the respe
tive 
olle
tive operations from MPI. However, there is a majordi�eren
e between the GMI 
ommuni
ation and their MPI 
ounterparts. In MPI,all members of a group must 
olle
tively invoke the 
ommuni
ation operation.Although the GMI model is di�erent from the 
olle
tive model used in MPI,it also provides 
ommuni
ation similar to MPI-style allredu
e and allgather.By using 
olle
tive, single-obje
t invo
ations and result 
ombining (shown as
olle
tive 
ombine in the table), all stubs of a group are required to forwardtheir invo
ation to a di�erent skeleton. Ea
h skeleton will then produ
e a resultand 
ombine this result with all others. The overall result will �nally be returnedto all stubs.GMI also allows a single thread to invoke a method on a group of obje
tswithout a
tive involvement from other threads. For example, when 
ombining agroup invo
ation with result 
ombining (shown as group 
ombine in the table),a single thread forwards the invo
ation to the entire group and 
ombines allresults. In Se
t. 2.3 we will show an example appli
ation that uses this style of
ommuni
ation.Syn
hronization and Ordering of Method Invo
ation. In RMI, no guar-antees are given about the order in whi
h method invo
ations are re
eived. Forexample, if two stubs simultaneously forward a method to the skeleton, the orderin whi
h the skeleton re
eives (or handles) these invo
ations is not de�ned. Itmay even run the two invo
ations 
on
urrently, depending on the behavior of the
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ing using GMInetwork and the implementation of the skeleton. The programmer 
an use theregular Java monitor me
hanism (syn
hronized/wait/notify) to ensure that theobje
t behaves 
orre
tly, independent of the order in whi
h method invo
ationsare re
eived.Currently, the GMI model does not guarantee any ordering of group in-vo
ations. When two group invo
ations are done simultaneously on the samegroup, they may be re
eived in di�erent orders by di�erent group obje
ts. Se-manti
ally, a group invo
ation is equivalent to doing multiple RMI 
alls, andsyn
hronization problems have to be addressed by the programmer in the sameway as with RMI. The advantage of using group invo
ations, however, is that allthe details of message forwarding and result pro
essing are handled eÆ
ientlyby the GMI implementation. For appli
ations where group obje
ts are merelyintended as repli
as of a single obje
t, it is preferable to use the RepMI program-ming model [11℄. Our native implementation of RepMI o�ers repli
ated obje
tsthat are kept 
onsistent using totally-ordered multi
ast and a repli
ation-awarethread s
heduler. GMI was spe
i�
ally designed for those appli
ations whereRepMI's 
onsisten
y model is too stri
t and alternative 
ommuni
ation forms(like personalized broad
ast) are needed.2.3 Example appli
ationTo illustrate how the stubs in GMI 
an be dynami
ally 
on�gured, we will nowshow an example appli
ation that uses GMI to implement a load balan
ingme
hanism. This example also illustrates the di�eren
e between the GMI andMPI models.In Fig. 4, a thread produ
es jobs for three servers, ea
h 
ontaining an obje
twhi
h together form a group. These obje
ts monitor the load of their server.The thread invokes the getLoad method on ea
h of the obje
ts using a groupinvo
ation (A). Ea
h obje
t exe
utes this method and returns an estimate of thelo
al load. Using a 
ombine operation, the server with the least load is sele
tedfrom these results (B). The job is then forwarded to this server (C). Note that



(A) and (B) together form a single group operation (i.e., a group invo
ation that
ombines the result).This appli
ation is diÆ
ult to express using MPI-style 
olle
tive 
ommu-ni
ation, be
ause it is not known in advan
e when the load information willbe requested. Su
h asyn
hronous events are easily expressed with group invo
a-tions, but not with 
olle
tive 
ommuni
ation. The servers 
ould either frequentlypoll for in
oming getLoad messages, or periodi
ally broad
ast their latest loadinformation, both of whi
h would degrade performan
e.import gmi.*;interfa
e ServerInterfa
e extends GroupInterfa
e {publi
 Load getLoad();publi
 void putJob(Job j);}
lass Client {publi
 stati
 void main(String [℄ args) {ServerInterfa
e s = (ServerInterfa
e) GMI.bind("ServerGroup");GroupMethod m = Group.findMethod(s, "getLoad()");m.groupInvoke();m.
ombineResult(new MyLoadCombiner());Load l = s.getLoad();m = Group.findMethod(s, "putJob(Job)");m.singleInvoke(l.rank);s.putJob(new Job(...));}} Fig. 5. A example GMI appli
ationFigure 5 shows GMI pseudo
ode for the 
lient side of the appli
ation. Forsimpli
ity, ex
eption handling and the server 
ode is ommitted from this exam-ple. The 
lient starts by 
reating a new stub using the bind operation, whi
h issimilar in fun
tionality to the bind operation of RMI. This stub 
an be used to
ommuni
ate with the group of server obje
ts 
alled "ServerGroup". The 
lientthen �nds the getLoad method in the stub and 
on�gures it to use a groupinvo
ation and 
ombine all results. The result 
ombining is done using a My-LoadCombiner obje
t (
ode not shown), whi
h 
ontains a method that sele
tsthe best result. Next, the getLoad method is invoked on the stub. This invo
ationbehaves as shown in Fig. 4, parts A and B. After the results have been returned,the 
lient 
on�gures the putJob method to be forwarded to the server with thelowest load, and invokes it.



3 Performan
e ResultsWe now evaluate the performan
e of our GMI implementation using the Mantahigh-performan
e Java system [12℄. Manta has been spe
i�
ally designed for par-allel programming in Java and 
ontains a native Java 
ompiler (i.e., it 
ompilesJava sour
e 
ode dire
tly to native exe
utables), an eÆ
ient runtime system,and a highly optimized implementation of RMI. The performan
e measurementswere done on the DAS system, a 
luster of 200MHz Pentium Pro pro
essors with128 MByte of main memory. All boards are 
onne
ted by a 1.2Gbit/se
 Myrinetnetwork. The system runs RedHat Linux 6.2. We will analyze the performan
e ofthe basi
 group operations using mi
ro ben
hmarks. Then, using several appli-
ations, we will show that the performan
e of GMI is similar to that of mpiJava(a Java language binding to a native MPI library [6℄).3.1 Mi
ro ben
hmarksTable 2 shows the laten
ies (
ompletion times) of the basi
 group operations de-s
ribed in Se
t. 2. Ea
h measurement was performed by doing 10,000 operations,followed by a barrier syn
hronization.Table 2. Group operations (time in �s)group group 
olle
tive group personalizedsize invo
ation 
ombine 
ombine invo
ation1 26 13 29 372 54 95 102 534 56 135 136 728 55 177 170 10816 57 227 205 18232 59 274 252 34364 71 333 300 642In general, the operations have a low laten
y, whi
h is explained by theeÆ
ient low-level Myrinet 
ommuni
ation and by the many optimizations per-formed by the Manta system [12℄. In 
omparison, Manta RMI has a round triplaten
y of about 40 �s on the same hardware. The laten
y for the group invo
a-tion in
reases only slightly with the group size. The reason is that this operation
an be exe
uted in a pipelined fashion, sin
e the sender 
an 
ontinue as soon asa message has been delivered lo
ally. However, on 64 pro
essors (ea
h runningone exe
utable), the 
ow 
ontrol s
heme of the underlying Myrinet multi
astproto
ol sometimes has to blo
k the sender, be
ause the re
eivers run out ofresour
es. This explains the in
rease in laten
y on 64 pro
essors. The table alsoshows the laten
ies for two forms of result 
ombining, 
olle
tive and group, withroughly similar laten
ies. The high laten
ies for personalized group sends are
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Fig. 6. Speedups of ben
hmarksdue to our 
urrent implementation, whi
h is not yet optimal and serially sendsthe messages to the re
eivers.3.2 Appli
ationsFigure 6 shows the speedups a
hieved with the appli
ations, relative to the fastestversion on a single ma
hine. The �rst three appli
ations are taken from the JavaGrande ben
hmark suite [5℄. These appli
ations 
ome in di�erent problem sizes,but we only show results for the largest problem size.The LUFa
t kernel performs a parallel LU fa
torization, followed by a se-quential triangular solver. The ma
hines 
ommuni
ate by broad
asting integersand arrays of doubles. In the GMI version, these two broad
asts are expressedby forwarding a single put method to a group of obje
ts. In mpiJava, the integer



is stored in a spare entry of a double array to prevent an extra broad
ast. TheGMI version has a slightly better speedup (38) than the mpiJava version (34).Ray Tra
er renders a s
ene of 64 spheres. Ea
h ma
hine renders part ofthe s
ene whi
h is simultaneously generated on all nodes. Ea
h node 
al
ulatesa 
he
ksum over its part of the s
ene. A redu
e operation is used to 
ombinethese 
he
ksums into a single value. The ma
hines send the rendered pixels toma
hine 0 using individual messages. The speedups a
hieved by mpiJava and byGMI are almost identi
al.MolDyn is an N-body 
ode, modeling argon atoms intera
ting under aLennard-Jones potential in a 
ubi
 spatial volume with periodi
 boundary 
on-ditions. For ea
h iteration, the mpiJava version uses six allredu
e (summation)operations to update the atoms. In GMI, ea
h ma
hine stores its data in a singleobje
t. These obje
ts are then 
ombined using a 
olle
tive 
ombine operation.The speedup of MolDyn for GMI and mpiJava are almost identi
al, 47 for GMIand 50 for mpiJava (on 64 ma
hines). The mpiJava version is faster be
ause ofits highly optimized summation operations for (arrays of) primitive types. Un-like GMI, mpiJava implements these operations 
ompletely in the library, anddoes not require the use of serialization to 
ommuni
ate, nor does it invoke user-de�ned methods to perform the operations. GMI uses a more general approa
h,whi
h results in a slightly lower speedup.ASP (All-pairs Shortest Paths) �nds the shortest path between any pair ofnodes in a graph, using a parallel version of Floyd's algorithm. The program usesa 2000� 2000 distan
e matrix that is partitioned row-wise among the availablepro
essors. At the beginning of iteration k, the pro
essor 
ontaining this rowmust broad
ast it to the others. To implement this, mpiJava uses a broad
astoperation, while GMI multi
asts the invo
ation of a put method.Both versions obtain ex
ellent speedups, be
ause the amount of 
ommuni-
ation needed for ea
h iteration (broad
ast a row) is small 
ompared to the
omputation time (updating multiple rows of the distan
e matrix).LEQ (Linear Equation Solver) is an iterative solver for linear systems of theform Ax = b. The program partitions a dense 1000 � 1000 matrix 
ontainingthe equation 
oeÆ
ients over the pro
essors. In every iteration, ea
h pro
essorprodu
es a part of the 
andidate solution ve
tor xi+1, but needs all of ve
tor xifrom the previous iteration as its input. Therefore, all pro
essors need to 
ombinetheir partial solution ve
tors at the end of ea
h iteration. The pro
essors alsode
ide if another iteration is ne
essary, by 
al
ulating the di�eren
e betweenea
h element of xi+1 and xi and 
omputing the sum of these di�eren
es using a
ombine operation.Both versions have similar speedups up to 32 pro
essors. Unfortunately, theGMI version does not s
ale to 64 pro
essors. This is 
aused by the algorithm usedin the 
ombine operation. The mpiJava library uses a ring algorithm, whereasour system 
urrently uses a binomial tree.QR is a parallel implementation of QR fa
torization. The program is paral-lelized by partitioning the 2000x2000 matrix whi
h must be fa
torized over allpro
essors. In ea
h iteration, the 
olumn with the maximum norm is sele
ted



from the entire matrix, whi
h will serve as the Householder ve
tor H . Ea
hpro
essor sele
ts the most suitable 
olumn from its lo
al partition. From these
olumns the one with the maximum norm is sele
ted (using a 
ombine operation)as H and is broad
ast to all pro
essors.GMI obtains mu
h better speedups for QR than mpiJava (48 
ompared to20, on 64 pro
essors). mpiJava su�ers from a high serialization overhead. Thisis 
aused by the allredu
e operation that uses an obje
t as data instead of anarray. A 
ase for whi
h mpiJava is not optimized. The GMI implementation,however, is optimized to handle obje
ts. It uses the highly-eÆ
ient serialization
ode generated by the Manta 
ompiler.4 Related WorkJava is in
reasingly re
ognized as a suitable platform for high-performan
e 
om-puting. The driving for
e is the Java Grande Forum (www.javagrande.org).Many resear
h proje
ts investigate parallel programming in Java [3, 4, 8, 16℄. EÆ-
ient 
ommuni
ation me
hanisms are a vital building blo
k for high-performan
eJava [10℄. One approa
h to sharing obje
ts between parallel pro
esses is to useeither obje
t repli
ation [11℄ or obje
t 
a
hing [1, 18℄. However, neither repli
ationnor 
a
hing of obje
ts provides the 
exibility and expressiveness of GMI.An alternative is to use a 
ommuni
ation me
hanism outside Java's obje
tmodel. MPJ [6℄ proposes MPI language bindings to Java. MPI supports a ri
h setof 
ommuni
ation styles, in parti
ular 
olle
tive 
ommuni
ation. Unfortunately,MPI does not integrate 
leanly into the Java obje
t model. While 
ommuni-
ation between Java obje
ts (even in sequential programs) is expressed usingmethod invo
ations, MPJ is based on message-passing. MPJ's 
ommuni
ationprimitives are primarily designed for transmitting arrays of primitive data types(e.g., doubles), not for handling the 
omplex obje
t data stru
tures often used inJava (e.g., lists and graphs). Also, MPJ uses a SPMD programming style, whileJava is more suitable for a multi-threaded (MPMD) programming style.In the �eld of distributed systems, group 
ommuni
ation mainly serves thepurposes of fault toleran
e and lo
ation transparen
y [2, 9, 20℄. EÆ
ien
y is lessimportant in this 
ontext.The Common Obje
t Request Broker Ar
hite
ture (CORBA) [13℄ is similarin fun
tionality to RMI. In CORBA, inter
eptor fun
tions 
an be inserted into alimited number of hooks in the runtime system. Inter
eptors allow the standardmethod invo
ation me
hanism to be modi�ed. They are applied to all methodsthat pass through that inter
eption point. As a result, inter
eptors must bevery general and able to handle any method invo
ation, limiting their usefulnessfor implementing 
omplex group operations. However, the fun
tionality of GMIheavily depends on an inter
eptor-like s
heme, using fun
tion obje
ts to modifythe behavior of invoked methods. The di�eren
e is that GMI uses modi�
ationfun
tions that are spe
i�
 to a single method of a single stub, making them more
exible and easier to implement.



Smart proxies [19℄ 
hange the behavior of an appli
ation by extending thestubs generated by the IDL 
ompiler. Unfortunately, implementing smart proxiesis quite 
omplex, be
ause it is up to the programmer to implement all 
ommu-ni
ation 
ode. With GMI, the stub is 
ompletely 
ompiler generated (in
ludingall 
ommuni
ation 
ode). The programmer only needs to 
on�gure the stub atruntime, using fun
tion obje
ts if ne
essary.JavaSpa
es [7℄ provides 
ommuni
ation using Linda-like shared data spa
es .However, no group operations 
an be applied to these spa
es. JavaNOW [17℄ im-plements some of MPI-style 
olle
tive operations on top of an entity spa
e; how-ever, performan
e is not an issue. Ta
o [15℄ is a C++ template library that imple-ments some 
olle
tive operations. Unlike these systems, GMI dire
tly augmentsJava's obje
t model by an orthogonal set of method invo
ation me
hanisms. Itprovides maximal programming 
exibility with eÆ
ient group 
ommuni
ation.5 Con
lusionsWe introdu
ed a new model for group 
ommuni
ation that generalizes RMI(Remote Method Invo
ation) by adding di�erent s
hemes for forwarding invo
a-tions and for handling results. By 
ombining these s
hemes orthogonally, a ri
hvariety of useful 
ommuni
ation primitives arises, whi
h integrates seamlesslyinto obje
t-oriented languages. The resulting model, Group Method Invo
ation(GMI), is highly expressive, easy-to-use, and eÆ
ient.GMI's expressiveness is due to its orthogonal design. GMI supports invokinga method on single or multiple obje
ts, personalized group invo
ations, and var-ious ways of gathering or 
ombining data from di�erent obje
ts. GMI supportsRMI-style group operations that are invoked from a single thread, but 
an also beused to implement MPI-style 
olle
tive operations, where all threads 
olle
tively
all the same operation. We believe that the �rst model �ts better into Java'smulti-threaded programming model than MPI's 
olle
tive 
ommuni
ation, whi
hwas designed for SPMD-style parallelism. Many existing 
ommuni
ation primi-tives (e.g., remote method invo
ations, asyn
hronous RMI, futures, and voting)appear naturally in GMI's design matrix, as opposed to being introdu
ed asspe
ial 
ases.Finally, GMI was designed for high performan
e, in parti
ular to exploit eÆ-
ient low-level multi
ast primitives provided by the network. Using mi
roben
h-marks and several appli
ations we have shown that the performan
e of GMI issimilar to that of a Java language binding to a native MPI library (mpiJava).Referen
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