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Chapter 1
Introdu
tion
Problems whi
h are too 
omplex to be solved by theory or too 
ost-intensive forpra
ti
al approa
hes 
an only be handled using simulation models. Some of theseproblems, for example geneti
 sequen
e analysis or global 
limate models, getting tolarge to be solved on a single pro
essor ma
hine in reasonable time or simply ex
eedthe physi
al limitations provided.Usually, parallel 
omputers providing a homogeneous networking infrastru
turehad been used to address these problems, but in times of low budgets more and moreexisting lo
al area networks integrate multiple workstations or PCs making themsuitable for parallel 
omputing. In 
ontrast to 
omputer 
lusters these ma
hinestypi
ally 
onsist of di�erent hardware ar
hite
tures and operating systems.The Message Passing Interfa
e (MPI) developed by the MPI-Forum has beenwidely a

epted as a standard for parallel 
omputation on high performan
e 
om-puter 
lusters. Sin
e MPI is widely used and a lot of experien
e has been built up,there is a growth interest of making the MPI 
on
epts appli
able for heterogeneoussystems. Unfortunately, existing MPI implementations written mostly in C andFortran are limited to the hardware ar
hite
ture they are implemented for. In thepast portability was of minor importan
e. Therefore, MPI appli
ations need to beadapted and re
ompiled while 
hanging the target platform.During the last years the Java programming language has be
ome very importantfor appli
ation developers, when heterogeneous, networking environments need to beaddressed. Java allows to develop appli
ations that 
an run on a variety of di�erent1
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tion 2
omputer ar
hite
tures and operating systems without re
ompilation. Additionally,Java has been designed to be obje
t-oriented, dynami
 and multi-threaded.Nowadays, performan
e of hardware and 
onne
tivity has rapidly in
reased al-lowing to use heterogeneous infrastru
tures of for instan
e small and medium sized
ompanies or the Internet for parallel 
omputation. Therefore, parallel appli
ationsneed to mat
h the requirements of being portable and �exible allowing them to beexe
uted on di�erent ar
hite
tures simultaneously without the high 
osts of portingsoftware expli
itly. Naturally, the ability of being �exible should not 
ome withsigni�
ant performan
e drawba
ks.In this thesis, a message passing platform 
alled MPJ/Ibis is presented that
ombines both e�
ien
y and �exibility. Chapter 2 gives an overview of parallelar
hite
tures in general and introdu
es the basi
 
on
epts of MPI. Then, Chapter 3points out Javas abilities and limitations for parallel 
omputing and des
ribes thegrid programming environment Ibis, whi
h addresses Javas drawba
ks. The maindesign and implementation details of MPJ/Ibis are des
ribed in Chapter 4 followedby a presentation of various ben
hmark results in Chapter 5. Finally, in Chapter 6,previous proje
ts 
on
erning message passing for Java are introdu
ed with a viewto �exibility and e�
ien
y.



Chapter 2
The Message Passing Interfa
e
The Message Passing Interfa
e (MPI) is a standardized message passing model andnot a spe
i�
 implementation or produ
t. It was designed to provide a

ess to ad-van
ed parallel hardware for end users, library writers and tool developers. MPIwas standardized by the MPI-Forum in 1995 (MPI-1.1) and further developed toMPI-2, whi
h in
ludes MPI-1.2, in the following years. The existen
e of a standard-ized interfa
e makes it 
onvenient to software developers implementing portable andparallel programs with the guaranteed fun
tionality of a set of basi
 primitives. Itde�nes the general requirements for a message passing implementation, presentingdetailed bindings to C and Fortran languages as well.This introdu
tion to MPI refers to MPI-1.1 [15℄ and does not 
laim to be a
omplete referen
e or tutorial, rather it explains the basi
 prin
iples for the imple-mentation of a message passing platform for Java. Therefore the author avoids,where it is possible, the presentation of MPI fun
tion bindings.2.1 Parallel Ar
hite
turesA parallel ma
hine 
onsists of a various number of pro
essors, whi
h 
olle
tivelysolve a given problem. In 
ontrast to single pro
essor ma
hines, e. g. workstations,parallel ma
hines are able to exe
ute multiple instru
tions simultaneously. Thisresults in the main motivation of parallel 
omputing to solve problems faster.To des
ribe parallel 
omputer ar
hite
tures in general, Flynn's taxonomy [24,3



2.1. Parallel Ar
hite
tures 4640℄ 
hara
terizes four di�erent 
lasses of ar
hite
tures. It uses the 
on
ept ofstreams, whi
h at least are sequen
es of items pro
essed by a CPU. A stream 
on-sists either of instru
tions or of data, whi
h will be manipulated by the instru
tions.These are: SISD Single instru
tion, single data streamsMISD Multiple instru
tions, single data streamsSIMD Single instru
tion, multiple data streamsMIMD Multiple instru
tions, multiple data streamsTable 2.1: Flynn's Taxonomy (after [24, 640℄)The �rst item, SISD, des
ribes a sequential ar
hite
ture, in whi
h a single pro-
essor operates on a single instru
tion stream and stores data in a single memory,e.g. a von Neumann ar
hite
ture. SISD does not address any parallelization in thementioned streams. MISD is more or less a theoreti
al ar
hite
ture, where multipleinstru
tions operate on single data streams simultaneously. In fa
t multiple instru
-tion streams need multiple data streams to be e�e
tive, therefore no 
ommer
ialma
hine exists with this design. Computers working on the SIMD model manipu-late multiple data streams with the same set of instru
tions. Usually this will bedone in parallel, e.g. in an array pro
essor system. In this model all pro
essorsare being syn
hronized by a global 
lo
k to make sure that every pro
essor is per-forming the same instru
tion in lo
kstep. MIMD 
on
erns about fully autonomouspro
essors, whi
h perform di�erent instru
tions on di�erent data. This 
ase impliesthat the 
omputation has to be done asyn
hronously.Furthermore, parallel systems, i.e. SIMDs and MIMDs, di�er in the way thepro
essors are 
onne
ted and thus how they 
ommuni
ate with ea
h other. Onthe one hand all pro
essors may be assigned to one global memory, 
alled sharedmemory. On the other hand every pro
essor may address its own lo
al memory,
alled distributed memory. All the paradigms above regard to hardware. In additionto the above, there is a software equivalent to SIMD, 
alled SPMD (Single program,multiple data). In 
ontrast to SIMD, SPMD works asyn
hronously, where the sameprogram runs on pro
essors of a MIMD system.The message passing 
on
ept mat
hes the SPMD paradigm, where 
ommuni
a-



2.2. MPI Con
epts 5tion takes pla
e by ex
hanging messages. In the message passing world programs
onsist of separate pro
esses. Ea
h pro
ess addresses its own memory spa
e, whi
hwill be managed by the user as well as data distribution among 
ertain pro
esses.2.2 MPI Con
eptsMPI is based on a stati
 pro
ess model, that means all pro
esses within an existingMPI runtime environment enter and exit this environment simultaneously. Inside therunning environment all the pro
esses are being organized in groups. A
tually the
ommuni
ation o

urs by a

essing 
ommuni
ators, group de�ned 
ommuni
ation
hannels. Furthermore, the pro
esses inside a group are numbered from 0 to n-1,where n is the total number of pro
esses within the group. Those numbers are 
alledranks. For all members of the group the rank number of a 
ertain member is thesame. That allows a global view to the group members.Message Data Assuming a pro
ess is about to send data, it has to spe
ify whatdata is going to be sent. The lo
ation of this data is 
alled the send bu�er. On theother side, when data has to be re
eived, this lo
ation is 
alled the re
eive bu�er.Messages may 
onsist of 
ontiguous data, e.g. an array of integer values. In orderto avoid memory-to-memory 
opying, e.g. if just a smaller part of an array insidethe send bu�er should be transfered, the number of elements has to be spe
i�ed fora message, so that the needed elements may be used dire
tly.Sin
e MPI 
ould be implemented as a library, whi
h may be used pre
ompiled, it
annot be assumed that a 
ommuni
ation 
all has information about the datatype ofvariables in the 
ommuni
ation bu�er. Hen
e, MPI de�nes its own datatypes, whi
hthen will be atta
hed to the message. A redu
ed list for the C language binding ispresented in Table 2.2.A 
learer reason to atta
h datatypes expli
itly to messages is shown by the 
asewhere non-
ontiguous data will be submitted, e.g. a 
olumn of a two-dimensionalarray. For that, the user has to 
onstru
t a type map, whi
h spe
i�es the neededelements, 
ombined with a MPI datatype. This results in a derived datatype basedon MPI datatypes.



2.3. Point-to-Point Communi
ation 6MPI Datatypes C DatatypesMPI_CHAR signed 
harMPI_SHORT signed short intMPI_INT signed intMPI_LONG signed long intMPI_UNSIGNED_CHAR unsigned 
har... ...Table 2.2: MPI datatypes and 
orresponding C typesMessage Envelopes To realize 
ommuni
ation in general, MPI uses the so-
alledmessage envelopes. Envelopes are meant to des
ribe the ne
essary details of a mes-sage submission. These are:
• Sender
• Re
eiver
• Tag
• Communi
atorThe sender and re
eiver items just hold information about the ranks of the 
ommu-ni
ation partners, whereas the used group will be identi�ed by the 
ommuni
ator.The tag is a free interpretable positive integer value. It may be used to distinguishdi�erent message types inside the 
ommuni
ator.2.3 Point-to-Point Communi
ationCommuni
ation between exa
tly two pro
esses is 
alled point-to-point 
ommuni
a-tion in MPI. In this way of 
ommuni
ation both the sender and re
eiver are expli
itlyre
ognized by the underlying 
ommuni
ator and therefore the spe
i�
 ranks insidethe pro
ess group. MPI de�nes two possibilities to a
hieve point-to-point 
ommu-ni
ation, blo
king and non-blo
king, whi
h will be explained in Se
tions 2.3.1 and2.3.2. Besides that there are three di�erent 
ommuni
ation modes.First, in ready send mode the message will be sent as the re
eiver side the 
alledmat
hing re
eive fun
tion. It has to be 
alled before a sender pro
ess is able to send



2.3. Point-to-Point Communi
ation 7a message, otherwise this mode results in error. Se
ond, in syn
hronous send mode,the sending pro
ess �rst requests for a mat
hing re
eive fun
tion on the re
eiverside, and then, if a mat
hing re
eive has been posted, sends the message. Third,it is possible to bu�er the message before it will be sent. This mode is 
alledbu�ered send, where the message �rst will be 
opied into a user de�ned systembu�er. The real 
ommuni
ation then may be separated from the sending pro
essand moved to the runtime environment. On the re
eiver side these 
ommuni
ationmodes appear fully transparent. The re
eiver pro
ess doesn't have any in�uen
e onthe 
ommuni
ation mode used.2.3.1 Blo
king Communi
ationBlo
king 
ommuni
ation fun
tion 
alls return when the operation assigned to thefun
tion has �nished. It blo
ks the 
aller until the involved bu�er may be reused.
sender

process


receiver

process


call send


call
recv


m
essage


blocked
 blocked


not

blocked


not

blocked
Figure 2.1: Blo
king Communi
ation DemonstrationFigure 2.1 demonstrates a blo
king send and the asso
iated re
eive pro
ess. Thesending pro
ess 
alls send and then returns when the message has left the bu�er
ompletely. A �nished send 
all does not imply that the message has arrived at it'sdestination entirely, whereas the re
eiver blo
ks until the message has been arrived
ompletely.2.3.2 Non-Blo
king Communi
ationIn 
ontrast to blo
king 
ommuni
ation the operations of the non-blo
king point-to-point 
ommuni
ation return immediately. That allows a pro
ess to do further
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omputation during message transfer. On the other hand it is not possible to usethe involved bu�ers on the sender and re
eiver side until the point-to-point transferhas been �nished. To �gure out when a 
ommuni
ation is done, MPI provides waitand test fun
tions, allowing a pro
ess to 
he
k for a message transfer to 
omplete(see �gure 2.2).
sender

process


receiver

process


call send


call
recv


m
essage


blocked


not

blocked


not

blocked


call wait


Figure 2.2: Non-Blo
king Communi
ation Demonstration2.4 Colle
tive Communi
ationOn top of the point-to-point 
ommuni
ation, MPI provides fun
tions to 
ommuni-
ate within groups of pro
esses, 
alled 
olle
tive 
ommuni
ation.Colle
tive operations are exe
uted by all members of the group. These operationsare responsible for syn
hronization, broad
asting, gathering, s
attering and redu
ingof information between the groups of pro
esses. Some operations need a spe
ialpro
ess to send data to, or 
olle
t data from, the other pro
esses, whi
h is 
alledthe root pro
ess. A 
olle
tive operation always blo
ks the 
aller until all pro
esseshave 
alled it. In the following, the most important 
olle
tive operations will beintrodu
ed.Broad
ast Figure 2.3 illustrates a broad
ast of six pro
esses. The left table showsthe initial state of the bu�ers of all pro
esses, ea
h row for a pro
ess. The �rstpro
ess is the root, whi
h sends its input bu�er to all pro
esses in
luding itself. Inthe end all pro
esses hold a 
opy of the root's input bu�er, as shown on the rightside of Figure 2.3.
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0


A
0


A
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A
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A
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data
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broadcast


Figure 2.3: Broad
ast IllustrationRedu
e The redu
e operation 
ombines all items of the send bu�er of ea
h pro
essusing an asso
iative mathemati
al operation. The result then will be sent to theroot pro
ess. Figure 2.4 demonstrates redu
e, where the result appears in R0. MPIde�nes a set of standard operations for that purpose, whi
h are listed in table 2.3.
A
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B
0


C
0


D
0


E
0


F
0


data


pr
oc

es
se
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R
0


data


pr
oc

es
se

s


reduce


Figure 2.4: Redu
e IllustrationName MeaningMPI_MAX maximum valueMPI_MIN minimum valueMPI_SUM sumMPI_PROD produ
tMPI_LAND logi
al andMPI_BAND bit-wise andMPI_LOR logi
al orMPI_BOR bit-wise orMPI_LXOR logi
al xorMPI_BXOR bit-wise xorMPI_MAXLOC max value and lo
ationMPI_MINLOC min value and lo
ationTable 2.3: Prede�ned Redu
e OperationsOf 
ourse there are restri
tions of whi
h datatypes are a

epted by the di�erentoperations. For example it does not make sense to 
al
ulate a bit-wise or on a set of
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tive Communi
ation 10�oating point values. All prede�ned redu
e operations are 
ommutative. In additionto that, MPI allows to 
reate user de�ned redu
e operations, whi
h may or may notbe 
ommutative. Therefore a MPI implementation should take 
are about the waythe redu
e will be performed in order to respe
t non-
ommutative behaviour. Anextension to redu
e is the allredu
e operation where all pro
esses re
eive the result,instead of just root.S
atter/Gather In s
atter mode, the send bu�er of root will be split into nequal parts, where n is the number of pro
esses inside the group. Ea
h pro
essthen re
eives a distin
t part, whi
h will be determined by the rank number of there
eiving pro
ess.
A
0
 A
1
 A
2
 A
3
 A
4
 A
5


data


pr
oc

es
se

s


A
0


A
1


A
2


A
3


A
4


A
5


data


pr
oc

es
se

s


scatter


gather
Figure 2.5: S
atter/Gather IllustrationGather is the inverse operation of s
atter. All pro
esses send their send bu�ersto root, where all the in
oming messages will be stored in rank order into root'sre
eive bu�er.Allgather An extension to gather is allgather. As shown in �gure 2.6 instead ofjust root, all pro
esses of the group re
eive the gathered data.
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Figure 2.6: Allgather Illustration



2.5. Groups, Contexts and Communi
ators 11Alltoall The last extension is alltoall. In alltoall ea
h pro
ess sends distin
t datato ea
h other pro
ess. This means that the jth item sent from pro
ess i is re
eivedby pro
ess j in the ith pla
e of the re
eive bu�er, where i and j are rank numbersof group pro
esses.
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Figure 2.7: Alltoall IllustrationOther Fun
tions In addition to the 
olle
tive operations mentioned above, MPIprovides more fun
tions. It is beyond the obje
tive of this thesis to explain all ofthem at this point. Only two further 
olle
tive operations will be des
ribed in thefollowing.MPI allows a group of pro
esses to syn
hronize on ea
h other. To a
hieve syn-
hronization ea
h pro
ess has to 
all the 
olle
tive fun
tion barrier. When a pro
ess
alls the barrier, it blo
ks until all the other pro
esses have 
alled the barrier aswell.A variant to allredu
e is the operation s
an. It performs a pre�x redu
tion, wherepro
ess i re
eives the redu
tion of the items from the pro
esses 0, ..., i.2.5 Groups, Contexts and Communi
atorsInitially MPI 
reates a group, in whi
h all involved pro
esses of the runtime envi-ronment are listed. Beneath that, it provides the ability to generate other pro
essgroups, in order to help the programmer to a
hieve a better stru
ture of the sour
e
ode. This is important, e.g. for library developers, to fo
us on 
ertain pro
esses in
olle
tive operations to avoid syn
hronizing or running unrelated 
ode on uninvolvedpro
esses.The rank of a pro
ess is always bound to a 
ertain group, whi
h means that



2.5. Groups, Contexts and Communi
ators 12a pro
ess that is part or several di�erent groups may have di�erent ranks insidethose groups. Therefore it is ne
essary to obtain knowledge about a group, before
ommuni
ation 
an take pla
e. This is done via the 
ommuni
ators. Ea
h groupowns at least one 
ommuni
ator, with what the group members are able to delivermessages to ea
h other. Ea
h 
ommuni
ator is assigned to stri
tly one group andthe relationship between groups and 
ommuni
ators 
reates the 
ontext for thepro
esses.Groups Ea
h pro
ess belongs at least to one group, namely the initially 
reatedgroup represented by the 
ommuni
atorMPI_COMM_WORLD, whi
h 
ontains allpro
esses. MPI itself does not provide a fun
tion for an expli
it 
onstru
tion of agroup, instead a new group will be produ
ed by using redu
tion and mathemati
alset operations on existing groups, whi
h result into a new group in
luding the spe
-i�ed or 
al
ulated pro
esses. The set operations are listed expli
itly in Table 2.4,where it will be assumed that the operations are being exe
uted on two di�erentgroups as arguments, 
alled group1 and group2.Operation Meaningunion all pro
esses of group1, followed byall pro
esses of group2 not in group1interse
tion all pro
esses of group1 that arealso in the group2, ordered as in group1di�eren
e all pro
esses of group1 that arenot in group2, ordered as in group1Table 2.4: Group Constru
tion Set OperationsAs mentioned above, it is also possible to redu
e an existing group, using theso-
alled fun
tions in
l and ex
l. In both the user has to spe
ify 
ertain or a rangeof ranks, whi
h will be in
luded or ex
luded from the existing group, respe
tively.Intra-Communi
ators Communi
ators always o

ur in relationship with groups.Sin
e pro
esses just send and re
eive messages over 
ommuni
ators and be
ause 
om-muni
ators represent the 
hannels within groups, the set of 
ommuni
ators assignedto a pro
ess forms the 
losure of the systems 
apability of 
ommuni
ation. Ea
h
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ommuni
ator is assigned to exa
tly one group and ea
h group belongs to at leastone 
ommuni
ator. For example two pro
esses, ea
h is part of a di�erent group,
annot ex
hange messages dire
tly. In order to a
hieve this possibility, a new groupmust be 
reated with a new 
ommuni
ator atta
hed. Therefore MPI provides fun
-tions to 
onstru
t 
ommuni
ators from existing groups. Communi
ators 
on
erning
ommuni
ation within groups are 
alled intra-
ommuni
ators.Inter-Communi
ators As shown above, 
reating new groups and 
ommuni
atorsis quite in
onvenient just for the purpose that pro
esses from di�erent groups wantto ex
hange messages. For this spe
ial 
ase MPI spe
i�es inter-
ommuni
ators.Those 
ommuni
ators are being 
onstru
ted by spe
ifying two intra-
ommuni
ators,between whi
h the inter-
ommuni
ation takes pla
e.2.6 Virtual TopologiesThe previous introdu
ed intra-
ommuni
ators address a linear name spa
e, wherethe pro
esses are being numbered from 0 to n-1 (see Se
tion 2.2). In some 
ases su
ha numbering does not re�e
t the logi
al 
ommuni
ation stru
ture. Depending onthe underlying algorithm, stru
tures like hyper
ubes, n-dimensional meshes, ringsor 
ommon graphs appear. These logi
al stru
tures are 
alled the virtual topologyin MPI, whi
h allows an additional arrangement of the group members. Sin
e the
ommuni
ation operations identify sour
e and destination by ranks, a virtual topol-ogy 
al
ulates, for instan
e, the original rank to the neighbour of a 
ertain pro
essor a pro
ess with spe
i�ed 
oordinates. A virtual topology is an optional attributeto intra-
ommuni
ators and will be 
reated by 
orresponding MPI fun
tions, whileinter-
ommuni
ators are not allowed to use virtual topologies.Graph Topologies Ea
h topology may be represented by a graph, in whi
h thenodes represent the pro
esses and the edges represent the 
onne
tions between them.A missing edge between two nodes doesn't mean that the two pro
esses aren't ableto 
ommuni
ate to ea
h other, rather the virtual topology simply negle
ts it. Theedges are not weighted. It is that there is a 
onne
tion between two nodes or not.



2.6. Virtual Topologies 14In �gure 2.8 two examples, a binary tree with seven pro
esses and a ring with eightpro
esses, are shown.
Figure 2.8: Graph TopologiesCartesian Topologies Cartesian stru
tures are simpler to spe
ify than 
ommongraphs, be
ause of their regularity. Even if a 
artesian raster may be des
ribed bya graph as well, MPI provides spe
ial fun
tions to 
reate those stru
tures in orderto give more 
onvenien
e to the user. Figure 2.9 shows examples of a 3-dimensionalmesh with eight pro
esses and a 2-dimensional mesh with nine pro
esses.

Figure 2.9: Cartesian Topologies



Chapter 3
The Grid Programming EnvironmentIbis
With the 
on
ept �Write on
e, run everywhere�, Java provides a solution to imple-ment highly portable programs. Therefore Java sour
e 
ode will not be 
ompiled tonative exe
utables, but to a platform independent presentation, 
alled byte
ode. Atruntime the byte
ode will be interpreted or 
ompiled just in time by a Java VirtualMa
hine (JVM). This property made Java attra
tive, espe
ially for grid 
omputing,where many heterogeneous platforms are used and where portability be
omes anissue with 
ompiled languages. It has been shown, that Javas exe
ution speed is
ompetitive to other languages like C or Fortran [3℄.In the following, Javas abilities related to parallel programming will be pointedout and then the grid programming environment Ibis and its enhan
ements will beintrodu
ed.3.1 Parallel Programming in JavaIn order to a
hieve parallel programming in general, Java o�ers two di�erent modelsout of the box. These are:1. Multithreading for shared memory ar
hite
tures and2. Remote Method Invo
ation (RMI) for distributed memory ar
hite
tures.15



3.1. Parallel Programming in Java 16The RMI model enables almost transparent 
ommuni
ation between di�erent JVMsand was at �rst the main point of interest for resear
h on high-performan
e 
ompu-tation in Java.3.1.1 Threads and Syn
hronizationCon
urren
y has been integrated dire
tly into Java's language spe
i�
ation usingthreads [13, 221-250℄. A thread is a program fragment, that 
an run simultane-ously to other threads similar to pro
esses. While a pro
ess is responsible for theexe
ution of a whole program, multiple threads 
ould run inside that pro
ess. Themain di�eren
e between threads and pro
esses is, that threads are sharing the samememory address spa
e, while the address spa
es of pro
esses are stri
tly separated.To 
reate a new thread, an obje
t of a 
lass, whi
h extends java.lang.Thread, hasto be instantiated. Sin
e Java does not support multiple inheritan
e, there is also aninterfa
e 
alled java.lang.Runnable, that allows a 
lass that is already derived fromanother 
lass to behave as a thread. This obje
t will be 
ommitted to the 
onstru
torof an extra 
reated java.lang.Thread obje
t. In both 
ases a method 
alled run()has to be implemented, whi
h is the entry point when invoking a thread. Invokingwill be done by 
alling the method start().Be
ause threads run in the same address spa
e and thus share the same variablesand obje
ts, Java provides the 
on
ept of monitors to prevent data from beingoverwritten by other threads. All obje
ts of the 
lass java.lang.Obje
t, and thereforeall obje
ts of 
lasses derived from java.lang.Obje
t in 
ontrast to primitive types,
ontain a so-
alled lo
k. A lo
k will be assigned to exa
tly one thread, while otherthreads have to wait until the lo
k has been released. With that mutual ex
lusivelo
k (short: mutex lo
k) it is possible to 
oordinate a

ess to obje
ts and thusavoiding 
on�i
ts. Java doesn't allow dire
t a

ess to lo
ks. Instead the keywordsyn
hronized exist to label 
riti
al regions. By using syn
hronized it is possible toprote
t a whole method or a fragment within a method. When applying syn
hronizedon a whole method, this pointer's lo
k will be used, otherwise an obje
t lo
k is usedby passing the obje
t referen
e to it.In addition to monitors, Java supports 
onditional syn
hronization providing



3.1. Parallel Programming in Java 17the methods wait() and notify() (or notifyAll()). Both methods may only be 
alledwhen the asso
iated thread is the owner of the obje
t's lo
k. A 
all to wait() informsthe thread to wait until another thread invokes notify(). A more spe
i�
 methodis join(), whi
h blo
ks the 
urrent thread until the asso
iated thread has �nishedentirely. Figure 3.1 demonstrates the wait and notify model by showing two threadsthat have been syn
hronized on an obje
t. Thread 1 sets a value to the obje
t andwaits until Thread 2 noti�es it, when the value has been 
olle
ted. After noti�
ationThread 2 sets another value to the obje
t.
Thread 1
 Thread 2
Synchronized Object


synchronized set(
aValue
)


wait()


synchronized
 int
 get()


notify()

(finished)


synchronized set(
anotherValue
)


wait()
Figure 3.1: Java thread syn
hronization example3.1.2 Remote Method Invo
ationAn interesting way to address distributed ar
hite
tures is the Remote Method Invo-
ation API [22℄ provided by Java sin
e JDK 1.1. RMI extends normal Java programswith the ability to share obje
ts over multiple JVMs. It doesn't matter where theJVMs are lo
ated and therefore RMI programs work in heterogeneous environments.RMI in prin
iple is based on a 
lient/server-model, where a remote obje
t, whi
hshould be a

essible from other JVMs, is lo
ated on the server side. On the 
lientside, a remote referen
e to that obje
t appears whi
h allows the 
lient to invokemethods of the remote obje
t. Internally remote obje
ts 
an be 
olle
ted in the



3.1. Parallel Programming in Java 18RMI registry. Figure 3.2 shows two JVMs demonstrating the method invo
ation.
skeleton
 remote


 object

stub


doSomething
(
aParam
);


result


invoke message


result message


doSomething
(
aParam
);


result


JVM
 1
 JVM
 2


Thread


Figure 3.2: RMI invo
ation example (after [14, 12℄)When looking up a remote obje
t the 
lient gets a stub, whi
h implements thea

essors to the remote obje
t and a
ts like a usual Java obje
t. The 
ounterpart onthe server side is 
alled the skeleton. Both will be generated by the RMI 
ompiler. Byinvoking a remote method the stub marshalls the invo
ation in
luding the method'sarguments and sends it to the skeleton, where it will be unmarshalled and forwardedto the remote obje
t. The result from the remote obje
t will be submitted in thesame manner.The 
ommuni
ation between stub and skeleton always via TCP/IP, is syn-
hronous. Therefore a stub always has to wait until the invo
ation on the remoteobje
t has �nished. The great advantage of RMI is the fa
t, that it abstra
ts 
om-pletely from low-level so
ket programming. That makes it more 
onvenient to soft-ware developers to distribute appli
ations in Java. On the other hand RMI showsdramati
 performan
e bottlene
ks, sin
e it uses Java's obje
t serialization [23℄ andre�e
tion me
hanism for data marshalling. It has been evaluated [14, 11-36℄ thatRMIs 
ommuni
ation overhead 
an result in high laten
ies and low throughput,whi
h in the end does not result in signi�
ant speedups for parallel appli
ations, infa
t some appli
ations 
an be
ome slower [14, 34℄.



3.2. Ibis Design 193.2 Ibis DesignAs shown above, Java natively does not provide solutions to a
hieve portable ande�
ient 
ommuni
ation for distributed memory ar
hite
tures. In the following, thegrid programming environment Ibis1 [26℄ will be introdu
ed, whi
h addresses porta-bility, e�
ien
y and �exibility. Ibis has been implemented in pure Java. Howeverin spe
ial 
ases some native libraries are using the Java Native Interfa
e, whi
h 
anbe used to improve performan
e.
Application


RMI
 Satin
 RepMI
 GMI
 Pro

Active


IPL


TCP
 UDP
 P2P
 GM
 Panda
 Infini
-

band
Figure 3.3: Ibis design (redraw from the Ibis 1.1 release)The main part of Ibis is the Ibis Portability Layer (IPL). It provides severalsimple interfa
es, whi
h are implemented by the lower layers (TCP, UDP, GM, ...).These implementations 
an be sele
ted and loaded by the appli
ation at run time.For that purpose Ibis uses Java's dynami
 
lass loader. With that appli
ations 
anrun simultaneously on a variety of di�erent ma
hines, using optimized and spe
ial-ized software where possible (e.g. Myrinet) or standard software (e.g. TCP) whenne
essary. Ibis appli
ations 
an be deployed on ma
hines ranging from 
lusters withlo
al, high-performan
e networks like Myrinet or In�niband, to grid platforms inwhi
h several, remote ma
hines 
ommuni
ate a
ross the Internet. RMI (see 3.1.2)does not support these features. Although it is possible, Ibis appli
ations will typ-i
ally not be implemented on top of the IPL. Instead they use one of the existingprogramming models. One of these models is a reimplementation of RMI, that al-lows a 
omparison between Ibis and the original RMI [25, 169-171℄ and shows Ibis'advantages. The other models will not be dis
ussed here. Figure 3.3 shows thelayered stru
ture of the 
urrent Ibis release (Version 1.1).1Ibis online at http://www.
s.vu.nl/ibis/



3.3. Ibis Implementations 20Send and re
eive ports To enable 
ommuni
ation, the IPL de�nes send andre
eive ports (Figure 3.4), whi
h provide a unidire
tional message 
hannel. Theseports must be 
onne
ted to ea
h other (
onne
tion oriented s
heme). The 
ommu-ni
ation starts by requesting a new message obje
t from the send port, where dataitems of any type, even obje
ts, of any size 
an be inserted. After insertion, themessage will be submitted by invoking send().
m
 =
 receivePort.receive
();


i =
 m.readInt
();


m.readArray
(a);


m.readArray
(b, 0, 100);


o
 =
 m.readObject
();


m.finish
();


m
 =
 sendPort.getMessage
 ();


m.writeInt
 (3);


m.writeArray
 (a);


m.writeArray
 (b, 0, 100);


m.writeObject
 (
o
);


m.send
();


m.finish
();


send port
 receive port


Figure 3.4: Send and Re
eive Ports (after [25, 153℄)Ea
h re
eive port may be 
on�gured in two di�erent ways. Firstly, messages 
anbe re
eived expli
itly by 
alling the re
eive( ) primitive. This method is blo
king andreturns a message obje
t from whi
h the sent data 
an be extra
ted by the providedset of read methods (see Figure 3.4). Se
ondly, Ibis a
hieves impli
it re
eipt withthe ability to 
on�gure re
eive ports to generate up
alls. If an up
all takes pla
e, amessage obje
t will be returned. These are the only 
ommuni
ation primitives thatthe IPL provides. All other patterns 
an be built on top of it.3.3 Ibis ImplementationsBesides �exibility, Ibis provides two important enhan
ements: E�
ient serializationand 
ommuni
ation [25, 165-169℄. The message passing implementation, whi
h willbe introdu
ed in Chapter 4, takes advantage of both.E�
ient serialization As shown in Se
tion 3.1.2 Java's obje
t serialization is aperforman
e bottlene
k. Ibis 
ir
umvents it by implementing it's own serializationme
hanism that is fully sour
e 
ompatible to the original. In general, Ibis serializa-tion a
hieves performan
e advantages in three steps:
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• Avoiding run time type inspe
tion
• Optimizing obje
t 
reation
• Avoiding data 
opyingThis has been done by implementing a byte
ode rewriter, whi
h adds a spe
ializedgenerator 
lass to all obje
ts extending the serializable interfa
e and takes over thestandard serialization. Evaluations [25, 164℄ have pointed out that Ibis serializationoutperforms the standard Java serialization by a large margin, parti
ularly in those
ases where obje
ts are being serialized.E�
ient 
ommuni
ation The TCP/IP Ibis implementation is using one so
ketper unidire
tional 
hannel between a single send and re
eive port whi
h is keptopen between individual messages. The TCP implementation of Ibis is written inpure Java allowing to 
ompile an Ibis appli
ation on a workstation, and to deployit dire
tly on a grid. To speedup wide-area 
ommuni
ation, Ibis 
an transparentlyuse multiple TCP streams in parallel for a single port. Finally, it 
an 
ommuni
atethrough �rewalls, even without expli
itly opened ports.There are two Myrinet2 implementations of the IPL, built on top of the nativeGM3 (Glenn's messages) library and the Panda [2℄ library. Ibis o�ers highly-e�
ientobje
t serialization that �rst serializes obje
ts into a set of arrays of primitive types.For ea
h send operation, the arrays to be sent are handed as a message fragment toGM, whi
h sends the data out without 
opying. On the re
eiving side, the typed�elds are re
eived into pre-allo
ated bu�ers; no other 
opies need to be made.

2Myrinet online at http://www.myri.
om/3Myrinet GM driver online at http://www.myri.
om/s
s/



Chapter 4
Design and Implementation ofMPJ/Ibis
The driving for
e in high performan
e 
omputing for Java was the Java GrandeForum1 (JGF) from 1999 to 2003. Before Java Grande many MPI-like environmentsin Java were 
reated without de
laring any standards. Thus, a working group fromthe JGF proposed a MPI-like standard des
ription, with the goal to �nd a 
onsensusAPI for future message-passing environments in Java [4℄. To avoid naming 
on�i
tswith MPI, the proposal is 
alled Message Passing Interfa
e for Java (MPJ).4.1 Common Design Spa
e and De
isionsSin
e MPI is the de fa
to standard for message passing platforms and MPJ is mainlyderived from it, the de
ision to 
reate a message passing implementation mat
hingthe MPJ spe
i�
ation is obvious. The MPJ implementation should be �exible ande�
ient. Portability is being guaranteed by Java, but not �exibility and e�
ien
y.RMI and Java So
kets usually use TCP for network 
ommuni
ation. That makesthem not �exible enough for high performan
e 
omputing, for example on a Myrinet
omputer 
luster. RMI, as shown in Se
tion 3.1.2, is not e�
ient enough to satisfythe requirements of a message passing platform. However, Ibis provides solutions1The Java Grande Forum online at http://www.javagrande.org22



4.2. MPJ Spe
i�
ation 23to both e�
ien
y and �exibility, and thus o�ers an ex
ellent foundation to build anMPJ implementation on top of it. In the following this implementation is 
alledMPJ/Ibis.In 
ontrast to MPI, MPJ does not address the issue of thread safety expli
itly.Syn
hronizing multiple threads in asyn
hronous 
ommuni
ation models - messagepassing models express it by the non-blo
king 
ommuni
ation paradigm - is nottrivial. Sin
e syn
hronizing is still an expensive operation [8℄ even in 
ases when itis not used but implemented, MPJ/Ibis avoids the overhead of being thread safe.Multithreaded appli
ations on top of MPJ must syn
hronize the entry points toMPJ/Ibis, that means only one thread is allowed to 
all MPJ primitives at a time.Thus, it will be ensured that the requirement of getting the most e�
ient result issatis�ed in this aspe
t.4.2 MPJ Spe
i�
ation
Cartcomm


Graphcomm


Intracomm


Intercomm


Comm


Group


MPJ


Datatype


Status


Request
 Prequest


mpj


Figure 4.1: Prin
ipal Classes of MPJ (after [4℄)



4.2. MPJ Spe
i�
ation 24MPJ is a result from the adaption of the C++ MPI bindings spe
i�ed in MPI-2 [16℄ to Java. The 
lass spe
i�
ations are dire
tly built on the MPI infrastru
tureprovided by MPI-1.1 [15℄. It has been announ
ed that the extensions of MPI-2 likedynami
 pro
ess management will be added in later work, but that has not beendone yet. To stay 
onform to the spe
i�
ation, the extensions are unsupported byMPJ/Ibis as well. Figure 4.1 shows the most important 
lasses of MPJ, whi
h willbe brie�y introdu
ed in the following.All MPJ 
lasses are organized in the pa
kage mpj. The 
lass MPJ is responsiblefor initialisation of the whole environment, like global 
onstants, peer 
onne
tionsand the default 
ommuni
ator COMM_WORLD. Thus, all members of MPJ arede�ned stati
. As explained in Se
tion 2.5, pro
esses of one group, represented bythe 
lass Group, 
ommuni
ate via the 
ommuni
ators. All 
ommuni
ation elementsare instan
es of 
lass Comm or its sub
lasses. For example COMM_WORLD is aninstan
e of 
lass Intra
omm.The point-to-point 
ommuni
ation operations, su
h as send, re
v, isend andire
v, are in the Comm 
lass. For example, the method prototype of send looks likethis: void Comm.send(Obje
t buf, int offset, int 
ount, Datatype datatype,int dest, int tag) throws MPJEx
eptionbuf send bu�er arrayoffset initial o�set in send bu�er
ount number of items to senddatatype data type of ea
h item in send bu�erdest rank of destinationtag message tagTable 4.1: MPJ send prototype (after [4℄)The message to be sent must 
onsist either of an array of primitive types or ofan array of obje
ts, whi
h has to be passed as an argument 
alled buf. Obje
ts needto implement the java.io.Serializable interfa
e. The offset indi
ates the beginningof the message (see Table 4.1).The datatype argument is ne
essary to support derived datatypes in analogy



4.3. MPJ on Top of Ibis 25to MPI (see Se
tion 2.2). These datatypes are instan
es of the 
lass Datatype andmust mat
h the base type used in buf. MPJ spe
i�es the basi
 datatypes. Table4.2 shows a list of the most important prede�ned types.MPJ.BYTE MPJ.CHARMPJ.BOOLEAN MPJ.SHORTMPJ.INT MPJ.LONGMPJ.FLOAT MPJ.DOUBLEMPJ.OBJECT ...Table 4.2: MPJ basi
 datatypes (after [4℄)As shown in the example above the send operation does not have a return value,sin
e it is a blo
king operation. In 
ontrast to MPI all 
ommuni
ation operations useJava's ex
eption handling to report errors. Additionally non-blo
king operations,su
h as isend or ire
v, always return a Request obje
t. Requests represent ongo-ing message transfers and provide several methods to obtain knowledge about the
urrent state. On
e a message is 
ompleted, those methods return a Status obje
t,whi
h 
ontains detailed information about the message transfer. Prequest, an exten-sion to Request, is the result of a prepared persistent message transfer. Persistent
ommuni
ation is organized in 
lass Comm and will not dis
ussed here, be
ause itis of minor importan
e, even it has been implemented in MPJ/Ibis. The 
olle
tive
ommuni
ation operations are part of the 
lass Intra
omm, whi
h extends Comm,so that it is possible for them to use the point-to-point primitives.4.3 MPJ on Top of IbisIbis/MPJ has been divided into three layers and was built dire
tly on top of theIPL (see Figure 4.2).The Ibis Communi
ation Layer provides the low level 
ommuni
ation operations.The Base Communi
ation Layer takes 
are of the basi
 send and re
eive operationsspe
i�ed by MPJ. It in
ludes the blo
king and nonblo
king operations and the var-ious test and wait statements.
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Application


Collective Communication Layer


Base Communication Layer


 Ibis Communication Layer
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Figure 4.2: MPJ/Ibis designIt is also responsible for group and 
ommuni
ator management. The Colle
-tive Communi
ation Layer implements the 
olle
tive operations on top of the BaseCommuni
ation Layer. An MPJ/Ibis appli
ation is able to a

ess both the Baseand the Colle
tive Communi
ation Layer.4.3.1 Point-to-point Communi
ationEa
h parti
ipating pro
ess is 
onne
ted expli
itly to ea
h other using the IPL's sendand re
eive ports. Ibis o�ers two me
hanisms for data re
eption, up
alls and down-
alls (see Se
tion 3.2). Sin
e up
alls always require an additional running thread
olle
ting the messages, the performan
e of MPJ/Ibis would be a�e
ted negativelyin all 
ases while swit
hing between running threads. However, threads 
an not beavoided 
ompletely, but the amount should be redu
ed to a minimum. Therefore,MPJ/Ibis has been designed to use down
alls. A pair of a send and a re
eive port toone 
ommuni
ation partner is summarized in a Conne
tion obje
t and all existingConne
tions are 
olle
ted within a lookup Table 
alled Conne
tionTable.The IPL does not provide primitives for non-blo
king 
ommuni
ation. To sup-port blo
king and non-blo
king 
ommuni
ation the Ibis Communi
ation Layer hasbeen designed to be thread safe. That allows non-blo
king 
ommuni
ation on top ofthe blo
king 
ommuni
ation primitives using Java threads. Multithreading 
annotbe avoided in this 
ase. Furthermore, Ibis only provides 
ommuni
ation in eagersend mode, while handshaking is not supported. While MPIs and MPJs ready and
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hronous send modes require some kind of handshaking in order for a betterbu�er organization for short and large messages, the IPL implementations take 
areabout that automati
ally. Therefore MPJ/Ibis does not di�er between ready andsyn
hronous send modes, but bu�ered send is supported.Message Send Internally messages are represented by theMPJObje
t 
lass, whi
h
onsists of a header and a data part. The header is an one-dimensional integer array
ontaining the message envelope values. Sending a message has been implementedin a straight forward way, as shown in Figure 4.3. On
e one of the send primitivesof the Base Communi
ation Layer has been 
alled, the assigned thread 
he
ks ifanother send operation is in progress. In that 
ase, it has to wait until the previousoperation has been �nished. Waiting, lo
k obtaining and releasing have been left toJava's syn
hronization me
hanisms. Instead of writing the MPJObje
t dire
tly tothe send port, whi
h 
auses unne
essary obje
t serialization, the send operation hasbeen divided into three steps. First the header will be written expli
itly. Se
ond,it is determined if the message data has to be serialized into a system bu�er or notbefore it 
an be sent. Third, depending on step two the message data or the systembu�er will be written to the send port.Message re
eive Sin
e non-blo
king 
ommuni
ation allows to vary the order of
alling re
eive primitives, it is ne
essary to add a queue for every re
eive port, whereunexpe
ted messages will be 
olle
ted. Usually, re
eiving messages into a queue willbe done by using a permanent re
eiver thread, whi
h is 
onne
ted to the re
eive portand manages the queue �lling automati
ally. Therefore, one thread would be neededfor ea
h re
eive port, resulting in a slowdown of the whole system's performan
e, dueto thread swit
hing of multiple threads depending on the number of parti
ipatingpro
esses. Another disadvantage of su
h a 
on
ept is, that zero-
opying will not bepossible, sin
e all messages have to be 
opied out of the queue.
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ontinuous thread swit
hing and to allow zero-
opying the re
eive pro-to
ol has been designed in way that allows a re
eiving primitive to 
onne
t expli
itlyto the re
eive port. The re
eive proto
ol is shown in Figure 4.4. After obtaining thelo
k, a re
eiver thread 
he
ks whether the queue 
ontains the message requested.If the message has been found, it will be 
opied or deserialized out of the queue,depending whether the message was bu�ered or not. If the message was not foundinside the queue, the re
eiver 
onne
ts to the re
eive port and gets the in
omingmessage header to determine, if the in
oming message is targeted to the re
eiver.If not, the whole message in
luding the header will be inserted into an MPJOb-je
t and moved into the queue where it waits for the mat
hing re
eiver. To giveother re
eiving threads the 
han
e to 
he
k the queue, the lo
k will be temporarilyreleased. If the message header from the re
eive port mat
hes the posted re
eive,the non-bu�ered message will be re
eived dire
tly into the re
eive bu�er, while abu�ered message has to be deserialized into the re
eive bu�er.4.3.2 Groups and Communi
atorsAs mentioned in Se
tion 2.5, ea
h group of pro
esses has a 
ommuni
ator that isresponsible for message transfers within the group. Sin
e 
ommuni
ators 
an sharethe same send and re
eive ports, it is mandatory to prevent mixing up messages ofdi�erent 
ommuni
ators. The tag value, whi
h is used by the user to distinguishdi�erent messages, is not useful for this 
ase. Therefore, on 
reation ea
h 
ommu-ni
ator gets a unique 
ontextId, whi
h allows the system to handle 
ommuni
ationof di�erent 
ommuni
ators on the same ports at the same time. When sending amessage, the message header will be extended by adding the 
ontextId of the used
ommuni
ator to it. Messages are identi�ed by both the tag value and the 
ontextId.Creating a new 
ommuni
ator is always a 
olle
tive operation. Ea
h pro
essholds the value of the highest 
ontextId that is used lo
ally. When a new 
ommu-ni
ator is going to be 
reated, ea
h pro
ess 
reates a new temporary 
ontextId byin
reasing the highest by one. To ensure that all pro
esses use the same 
ontex-tId for the new 
ommuni
ator, the temporary 
ontextId will be allredu
ed to themaximum. After that, the new 
ommuni
ator will be 
reated and the lo
al system
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ation Algorithms 31informed that the new 
ontextId is the highest.4.4 Colle
tive Communi
ation AlgorithmsThe 
olle
tive operations of 
lass Intra
omm have been implemented on top of thepoint-to-point primitives. Sin
e the naive approa
h of sending messages dire
tlymay result in high laten
ies, those operations should use spe
ialized algorithms. Forexample, letting the root in a broad
ast operation send a message to ea
h nodeexpli
itly is ine�
ient, while the last re
eiver has to wait until the message hasbeen sent to the other pro
esses. The 
urrent MPI implementations 
ontain a vastamount of di�erent algorithms realizing the 
olle
tive operations and resear
h totheir optimization is not �nished yet.Colle
tive Algorithm UpperOperation Complexity Bordersallgather double ring O(n)allgatherv single ring O(n)allredu
e re
ursive doubling O((log n) + 2)alltoall �at tree O(n2)alltoallv �at tree O(n2)barrier �at tree O(2n)broad
ast binomial tree O(log n)gather �at tree O(n)gatherv �at tree O(n)redu
e 
ommutative op: binomial tree O(log n)non-
ommutative op: �at tree O(n)redu
eS
atter phase 1: redu
e 
ommutative op: O((log n) + n)phase 2: s
atterv non-
ommutative op: O(2n)s
an �at tree O(n)s
atter �at tree O(n)s
atterv �at tree O(n)Table 4.3: Algorithms used in MPJ/Ibis to implement the 
olle
tive operationsMPJ/Ibis provides a basi
 set of 
olle
tive algorithms, whi
h may be extendedand more optimized in future work. At least one for ea
h operation has been imple-mented. Table 4.3 shows the algorithms used for all 
olle
tive operations in
ludingtheir upper 
omplexity borders in O-notation, where n is the number of the pro-
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esses involved. In a

ordan
e to the MPI spe
i�
ation four 
olle
tive operationshave been extended to a
hieve more �exibility. The extended operations are 
alledallgatherv, alltoallv, gatherv and s
atterv. They allow to vary the item sizes andbu�er displa
ements expli
itly for ea
h pro
ess. In the following the algorithmsused will be introdu
ed exemplary.Flat Tree The �at tree model follows the naive approa
h mentioned above. Theroot pro
ess P0 sends to and/or re
eives from the other group members dire
tly.Figure 4.5 demonstrates the s
atter operation using the �at tree 
ommuni
ations
heme with �ve parti
ipating pro
esses. In ea
h step the root sends a message
ontaining the elements to be s
attered to the next pro
ess. The number of stepsneeded depends linearly on the number of pro
esses. Figure 4.6 shows a di�erentview of the same s
atter s
heme, whi
h results in a tree with n-1 leaves and exa
tlyone parent node, namely the root.
P
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Step 4
Figure 4.5: S
atter sending s
hemeTypi
ally the other operations using the �at tree model have a 
omplexity of O(n)as well, ex
ept alltoall and barrier. The alltoall operation has been implementedusing the �at tree, but ea
h pro
ess 
reates a �at tree to send messages to ea
hother. This results in n �at trees with an overall upper 
omplexity border of O(n2).The barrier operation uses the pro
ess with rank zero to gather zero sized mes-sages from the other pro
esses. These messages will be s
attered ba
k to 
ompletethe operation. Two �at trees are needed with a total 
ost of O(2n).
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Figure 4.6: Flat tree viewBinomial Tree The broad
ast follows the binomial tree model shown in Figure4.8. Sending messages via the binomial tree stru
ture has a 
omplexity of O(log n).In Figure 4.7 the broad
ast operation takes pla
e with eight parti
ipating pro
esses,where P0 is the root sending its send bu�er to the other pro
esses. After ea
h stepthe number of sending pro
esses is doubled. In this example three steps are neededto exe
ute the whole operation, while a broad
ast in �at tree model would take sevensteps.
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Figure 4.7: Broad
ast sending s
hemeThe redu
e operation has been implemented using a binomial tree in reverseorder. After re
eiving a message ea
h pro
ess 
ombines its send and re
eive bu�erusing the assigned operation. The result will be written into the send bu�er andrepresents the argument for the next step. In the end the redu
e result appears atthe root pro
ess. Sin
e user-de�ned operations may be non-
ommutative and thebinomial tree model does not follow stri
t ordering, this algorithm is not universallyvalid. In the 
ase of non-
ommutative user-de�ned operations the �at tree modelwill be used instead.
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Figure 4.8: Binomial tree viewRing In allgatherv, ea
h pro
ess �rst sends its item to gather to its right neighbour(the pro
ess with the next higher rank). If the rank of a pro
ess is n − 1 then itsends its item to the pro
ess with rank 0. Se
ond, in the next steps ea
h pro
esssends the re
eived item to its right neighbour. The exe
ution is 
omplete after n−1steps, when ea
h pro
ess has re
eived the items of all the other pro
esses. Figure4.9 illustrates one step of the ring algorithm.
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Figure 4.9: Ring sending s
heme (only 1 step)Allgather uses an extension to the ring model mentioned above, 
alled doublering. With double ring all pro
esses send their items to gather to their right andleft neighbours. Therefore the exe
ution 
ompletes after (n−1)/2 steps, but in ea
hstep the number of send and re
eive operations needed is doubled 
ompared to thering model. Overall this model shows the same 
omplexity of O(n) as the ring.
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ursive Doubling In Re
ursive doubling, used by allredu
e, in the �rst stepall the pro
esses whi
h have a distan
e of 1 ex
hange their messages followed by alo
al redu
tion (see Figure 4.10). In the next steps the distan
es will be doubledea
h time. In the end, after log n, steps the allredu
e operation has been �nishedfor the 
ase that the number of parti
ipating pro
esses is a power-of-two. For thenon-power-of-two 
ase the number of pro
esses performing the re
ursive doublingwill be redu
ed to power-of-two. The remaining pro
esses send their items to thepro
esses of the re
ursive-doubling-group expli
itly before the doubling starts. Whenthe re
ursive doubling has �nished, the redu
ed values will be sent to the remainingpro
esses. That 
auses two extra steps in the non-power-two 
ase and results in a
omplexity of O((log n) + 2).
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Figure 4.10: Re
ursive doubling illustration4.5 Open IssuesMultidimensional Arrays & Derived Datatypes Sin
e the MPJ spe
i�
ationonly spe
i�es generi
 send and re
eive primitives, whi
h expe
t message data of thetype java.lang.Obje
t, MPJ/Ibis has to 
ast expli
itly the real type and dimension ofthe arrays used. That makes it impossible for MPJ/Ibis to support all dimensionsof arrays. In 
ontrast to the programming language C and others, for whi
h theoriginal MPI standard was presented, Java represents multidimensional arrays asarrays of arrays. Traversing those arrays in Java with only one pointer is impossible.Therefore MPJ/Ibis supports only one-dimensional arrays. Multidimensional arrays
an be sent as an obje
t or ea
h row has to be sent expli
itly.Sin
e Java provides derived datatypes natively using Java obje
ts there is noreal need to implement derived datatypes in MPJ/Ibis. Nevertheless 
ontiguous



4.5. Open Issues 36derived datatypes are supported by MPJ/Ibis to a
hieve the fun
tionality of theredu
e operations MINLOC and MAXLOC spe
i�ed by MPJ, whi
h need at least apair of values inside a one-dimensional array. The other types of derived datatypesmay be implemented in future work, if multidimensional arrays will be supporteddire
tly.Other Issues Due to time 
onstraints for this thesis, MPJ/Ibis supports 
reatingand splitting of new 
ommuni
ators, but inter
ommuni
ation is not implementedyet (see Se
tion 2.5). At this moment, MPJ/Ibis also does not support virtualtopologies (see Se
tion 2.6). Both may be added in future work as well.



Chapter 5
Evaluation
5.1 Evaluation SettingsMPJ/Ibis on top of Ibis Version 1.1 has been evaluated on the Distributed ASCISuper
omputer 2 (DAS-2) with 72 nodes in Amsterdam. Ea
h node 
onsists of:

• Two 1-Ghz Pentium-IIIs
• 1 GB RAM
• a 20 GByte lo
al IDE disk
• a Myrinet interfa
e 
ard
• a Fast Ethernet interfa
e (on-board)The operating system is Red Hat Enterprise Linux with kernel 2.4. Only one pro-
essor per node has been used during the evaluation.To a
hieve more 
omparable results the following ben
hmarks have been per-formed with mpiJava [1℄ as well. MpiJava is based on wrapping native methodslike the MPI implementation MPICH with the Java Native Interfa
e (JNI). Here,mpiJava Version 1.2.5 has been bound to MPICH/GM Version 1.2.6 for Myrinet.For Fast Ethernet there was only MPICH/P4 available on the DAS-2, whi
h is not
ompatible to mpiJava. Nevertheless, the values for MPJ/Ibis on TCP for Fast Eth-ernet will be presented as well. Both MPJ/Ibis and mpiJava have been evaluatedusing Suns JVM Version 1.4.2. 37



5.2. Mi
ro Ben
hmarks 38For Ibis two di�erent modules exist to a

ess a Myrinet network, 
alled Net.gmand Panda. During the evaluation it has been found out, that Net.gm in some 
ases
auses deadlo
ks, due to problems in bu�er reservation, when multiple obje
ts arebeing transfered from multiple senders to one re
ipient. The Panda implementationhas shown memory leaks for large message sizes resulting in performan
e redu
tionand deadlo
ks. However, where it is possible the results for MPJ/Ibis on Myrinetwill be presented for ea
h ben
hmark. MPJ/Ibis on TCP performed stable.MpiJava on MPICH/GM in some 
ases performed unstable resulting in memoryover�ows and broken data streams. These misbehaviours o

urred randomly and
ould not be reprodu
ed.5.2 Mi
ro Ben
hmarksThe mi
ro ben
hmarks, whi
h have been implemented for Ibis, MPJ/Ibis and mpi-Java, �rstly measure the round trip laten
y by sending one byte ba
k and forth.Sin
e the size 
an be negle
ted, the round trip laten
y is divided by two to get thelaten
y for a one way data transfer. Se
ondly, the mi
ro ben
hmarks measure theexe
ution time of sending an array of doubles from one node to a se
ond, whi
h a
-knowledges the re
eption by sending one byte ba
k to the sender. This is repeatedfor array sizes from 1 byte to 1MB. Thirdly, the throughput of obje
t arrays is mea-sured, where ea
h obje
t 
ontains a byte value. The measurement is repeated fordi�erent array sizes in analogy to the se
ond step.Implementation laten
y [µs℄mpiJava (MPICH/GM) 28Ibis (Panda) 44Ibis (Net.gm) 52MPJ/Ibis (Panda) 50MPJ/Ibis (Net.gm) 53Ibis (TCP) 113MPJ/Ibis (TCP) 120Table 5.1: Laten
y ben
hmark results



5.2. Mi
ro Ben
hmarks 39Laten
ies Table 5.1 shows the laten
y ben
hmark results for MPJ/Ibis, Ibis andmpiJava. On Myrinet, MPJ/Ibis and Ibis have 
onsiderably higher laten
ies thanmpiJava. The reason of the gap between Ibis and mpiJava is beyond the obje
tiveof this thesis. Furthermore, MPJ on top of Ibis does not show 
onsiderably higherlaten
ies than Ibis itself. Thus, the message 
reation overhead of MPJ/Ibis does notin�uen
e the laten
y by a large margin.Throughput Double Arrays The �gures 5.1 and 5.2 show the throughput mea-surement results for Ibis and the message passing implementations. For TCP Ibisand MPJ/Ibis almost use the whole available bandwidth provided by Fast Ethernetfor data sizes greater than 1KB. For sizes beyond 32KB the performan
e of thePanda implementation breaks down, 
aused by the memory leaks mentioned above.This halves the throughput for Ibis and MPJ/Ibis.
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Figure 5.1: Double array throughput in IbisNet.gm does not rea
h the maximum of Panda, but for large data sizes (>64KB) it is mu
h faster. MPJ/Ibis on top of Net.gm also outperforms mpiJava.The break down of mpiJavas performan
e is 
aused by MPICH/GM swit
hing fromready send mode to syn
hronous send mode at message sizes beyond 128KB. All
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ro Ben
hmarks 40message passing implementations do not take advantage of the available bandwidthprovided by Myrinet.
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Figure 5.2: Double array throughput in MPJ/Ibis and mpiJavaThroughput Obje
t Arrays The throughput of obje
t arrays is not limited bythe physi
al restri
tions of the underlying network hardware. Obje
ts have to beserialized at the senders side and deserialized by the re
eiver. The performan
egap between Ibis and MPJ/Ibis is small (
ompare Figures 5.3 and 5.4). Both usethe Ibis serialization model introdu
ed in Se
tion 3.3, whi
h still is a performan
elimiter. On the other hand MPJ/Ibis outperforms mpiJava by a large margin, whi
hdepends on the serialization model provided by Sun's JVM. MpiJava does not evenrea
h 15 Mbps on Myrinet when obje
t arrays are being transfered.Ea
h introdu
ed serialization model has to perform a dupli
ate dete
tion beforesending an obje
t, in a way that no obje
t needs to be transfered twi
e. Therefore,ea
h obje
t referen
e has to be stored in a hash table to allow a lookup if an obje
tto be sent has been pro
essed before. For larger arrays the hashtable be
omes largeras well 
ausing 
ommuni
ation slow downs. These slow downs have been shown byall implementations, when the obje
t array sizes grow beyond 8KB.
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Figure 5.3: Obje
t array throughput in Ibis
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5.3. Java Grande Ben
hmark Suite 425.3 Java Grande Ben
hmark SuiteThe Java Grande Ben
hmark Suite1 maintained by the Edinburgh Parallel Com-puting Centre (EPCC) 
onsists of three Se
tions. Se
tion 1 performs low-level op-erations, pingpong for throughput measurements and several ben
hmarks for the
olle
tive operations. Se
tion 2 provides �ve kernel appli
ations performing 
om-mon operations, that are widely used in high performan
e 
omputation. In se
tion 3three large appli
ations are ben
hmarked. The ben
hmarks of se
tion 2 and 3 mea-sure exe
ution times. Those results will be presented in relative speedup [10, 30℄,whi
h is de�ned as follows:
relative speedup (p processors) = runtime par. alg. (1 processor)

runtime par. alg. (p processors)Additionally the theoreti
al perfe
t speedup for the kernel and appli
ation ben
h-marks is marked in ea
h presentation.Originally the ben
hmark suite has been implemented to mat
h mpiJava's API,whi
h is slightly di�erent to that of MPJ. Thus, the ben
hmark suite has been portedto MPJ. The se
tions 2 and 3 
ontain prede�ned problem sizes to be solved, whi
hwere not large enough to perform e�
iently on the DAS-2, when 
omputation timebe
omes short. Where possible the prede�ned problem sizes have been in
reased toimprove the use of 
apa
ity provided by the existing hardware.5.3.1 Se
tion 1: Low-Level Ben
hmarksThe low level ben
hmarks are designed to run for a �xed period of time. The numberof operations exe
uted in that time is re
orded, and the performan
e reported asoperations/se
ond for the barrier and bytes/se
ond for the other operations. Boththe size and type of arrays transfered are varied. The type is either a double, ora simple obje
t 
ontaining a double, whi
h allows to 
ompare the 
ommuni
ationoverhead of sending obje
ts and basi
 types.1Java Grande Ben
hmark Suite online at http://www.ep

.ed.a
.uk/javagrande/mpj/
ontents.html
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hmark Suite 43Pingpong The pingpong ben
hmark measures the bandwidth a
hieved to sendan array ba
k and forth between exa
tly two nodes. The aggregated results of thedouble array and the obje
t array ben
hmarks are shown in the Figures 5.5 and 5.6.
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hmark Suite 44As 
an be seen in Figure 5.5 for all Myrinet implementations the a
hievedthroughput rises in the same way up to array sizes of almost 64KB. Beyond 64KBMPJ/Ibis on Net.gm keeps outperforming mpiJava, while MPJ/Ibis on Panda slowsdown due to the mentioned memory leaks. For obje
t arrays mpiJava uses the seri-alization me
hanism provided by the JVM, while MPJ/Ibis takes advantage of theIbis serialization. That results in higher throughputs, even at array sizes greaterthan 4KB MPJ/Ibis on TCP performs better than mpiJava. With arrays largerthan 1MB the performan
e advantage of the Ibis serialization almost disappears forIbis' Myrinet implementations. Overall these results re�e
t the measurements of themi
ro ben
hmarks (see Se
tion 5.2).Barrier MPJ/Ibis' implementation of the barrier operation is not optimal (seeFigure 5.7). MPICH/GM uses the re
ursive doubling algorithm, whi
h has a lowerexe
ution time than the algorithm used in MPJ/Ibis. In both MPJ/Ibis and mpiJavaa zero sized byte array is being transfered in ea
h 
ommuni
ation step. Addition-ally, due to higher zero-laten
ies the relative performan
e of MPJ/Ibis 
ompared tompiJava is further slowed down.
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Figure 5.7: Barrier ben
hmark
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ast The broad
ast ben
hmark performs in a similar way as the pingpongben
hmark. In addition to pingpong this ben
hmark is not restri
ted to only twonodes and therefore the broad
ast operation has been evaluated on up to 48 nodes.MPJ/Ibis and MPICH/GM implement the broad
ast operation using the same al-gorithm.Figure 5.8 shows the results of MPJ/Ibis and mpiJava. For double arrays mpi-Java performs better than MPJ/Ibis up to eight involved nodes, 
aused by higherthroughputs. With more parti
ipating pro
esses the di�eren
e between the imple-mentations working on Myrinet be
omes marginally small.Broad
asting arrays of obje
ts 
omes with a 
onsiderably performan
e advantageto MPJ/Ibis. On two pro
essors MPJ/Ibis outperforms mpiJava almost by a fa
torof about six. By in
reasing the number of nodes to 48 pro
esses this gap rises toa fa
tor of about 20, 
aused by the more e�
ient Ibis serialization. Overall theresults of the broad
ast ben
hmark 
orrespond to those of the mi
ro and pingpongben
hmarks.
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Figure 5.8: Broad
ast ben
hmark
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hmark Suite 47Redu
e The redu
e ben
hmark only uses double arrays, sin
e the built in redu
eoperations do not support obje
t arrays. Here, the arrays will be redu
ed by addingthe array items using the sum operation.
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Figure 5.9: Redu
e ben
hmarkIn general mpiJava shows a better performan
e (see Figure 5.9), althoughMPICH/GMimplements the same tree algorithm as MPJ/Ibis. In both, before exe
uting the re-du
e operation a temporary bu�er for array re
eption will be 
reated at ea
h node.Sin
e Java �lls arrays with zeros at initialization in 
ontrast to C, the overhead forMPJ/Ibis is mu
h higher. Furthermore the smaller throughput results for MPJ/Ibisare also indi
ated by the higher laten
ies shown by the mi
ro ben
hmarks.S
atter S
attering messages in mpiJava and MPJ/Ibis has been implemented inthe same way. As for the redu
e operation the s
atter ben
hmark only measuresthe throughput for two di�erent sizes, but for double and obje
t arrays. It wasnot possible to run this ben
hmark on the Net.gm implementation for MPJ/Ibis,whi
h 
aused deadlo
ks when more than two pro
esses were involved. As 
an beseen in Figure 5.10 for small double arrays mpiJava shows less performan
e losson larger numbers of nodes than MPJ/Ibis on Panda, be
ause of the lower laten
yshown in se
tion 5.2. For larger double arrays the impa
t of the laten
y gap be
omesmarginally small. As expe
ted for obje
t arrays MPJ/Ibis on Panda outperformsmpiJava almost by a fa
tor of 1,9. Overall the performan
e of s
attering messagesis highly in�uen
ed by the �at tree algorithm used.
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Figure 5.10: S
atter ben
hmarkGather It was not possible to run the gather ben
hmark neither with mpiJavanor with the Myrinet implementations of Ibis. With all of them this ben
hmarkex
eeded the limit of the physi
al memory provided by ea
h node of the DAS-2.Only MPJ/Ibis on top of TCP worked stable. The results are presented in Figure5.11.
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Figure 5.11: Gather ben
hmark
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hmark Suite 49This ben
hmark fun
tions the same as the broad
ast ben
hmark. For doublearrays the gather operation shows higher performan
e loss on more than two nodesthan broad
ast. This is be
ause of the �at tree algorithm, in whi
h ea
h node sendinga message to the root has to wait until the root has re
eived the message from theprevious node. On a growing number of pro
esses this leads to substantially higherlaten
ies.For obje
t arrays the results show an unstable behaviour of MPJ/Ibis on TCPusing the gather operation up to eight pro
esses involved. While MPJ/Ibis for doublearrays works as expe
ted (more pro
esses 
ausing less throughput), the results forobje
t arrays lead to the assumption that Ibis serialization for lo
al 
opies may 
auseine�
ien
ies. In ea
h 
all of gather the root has to 
opy the items of its send bu�erlo
ally into the re
eive bu�er. Obje
t arrays will be 
opied using Ibis serialization.Parti
ularly the relative part of the lo
al 
opy to the 
ommuni
ation overhead ata smaller number of pro
esses is mu
h higher than at larger numbers of pro
esses.This impa
t should be elaborated more in future work.Alltoall As with the gather ben
hmark it was not possible to perform the alltoallben
hmark with mpiJava and MPJ/Ibis on top of Panda and Net.gm. With allMyrinet implementations this ben
hmark produ
ed memory over�ows. AdditionallympiJava randomly reported broken data streams.
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Figure 5.12: Alltoall ben
hmarkIn MPJ/Ibis the alltoall operation uses non-blo
king 
ommuni
ation primitives,



5.3. Java Grande Ben
hmark Suite 50whi
h are 
alled simultaneously. On TCP multiple threads 
ompeting for systemresour
es do notably interfere the 
ommuni
ation performan
e leading to high per-forman
e losses the more pro
esses are involved.5.3.2 Se
tion 2: KernelsCrypt Crypt performs an IDEA (International Data En
ryption Algorithm) en-
ryption and de
ryption on a byte array with a size of 5 ∗ 107 items. Node 0 
reatesthe array and sends it to the other nodes, where the en
ryption and de
ryption takespla
e. After 
omputation the involved nodes send their results ba
k to node 0 us-ing individual messages. The time measurement starts after sending the initializedarrays and stops when node 0 has re
eived the last array.
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Figure 5.13: Crypt speedupsThe 
rypt kernel does not s
ale perfe
tly in all 
ases (see Figure 5.13). How-ever, MPJ/Ibis on top of Panda and mpiJava show the same speedups. Beyond 8nodes both break down. As expe
ted from the mi
ro ben
hmarks the impa
t of the
ommuni
ation overhead of Panda be
omes less negle
table on a growing numberof nodes involved, due to redu
ed 
omputation time. MPJ/Ibis on Net.gm shows



5.3. Java Grande Ben
hmark Suite 51the highest speedup of up to about 23 on 64 CPUs and outperforms mpiJava by alarge margin. Even MPJ/Ibis on TCP shows a better performan
e than mpiJavaon Myrinet.LU Fa
torization This kernel solves a linear system 
ontaining 6000 x 6000 itemsusing LU fa
torization followed by a triangular solve. The pro
esses ex
hange doubleand integer arrays using the broad
ast operation. The time during fa
torizationin
luding 
ommuni
ation is measured.
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Figure 5.14: LU Fa
torization speedupsAll message passing implementations ex
ept MPJ/Ibis on TCP show the samespeedup, though they do not s
ale perfe
tly. Due to a relatively small problem sizethe e�e
t of the 
omputation part be
omes small. Be
ause of memory 
onstraintsit was not possible to enlarge the problem size beyond 6000 x 6000 items.
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hmark Suite 52Series This ben
hmark 
omputes the �rst 106 Fourier 
oe�
ients of a fun
tioninside a prede�ned interval. Communi
ation only takes pla
e in the end of the
omputation of ea
h node sending its individual results (double arrays) to node 0.The performan
e of both 
omputation and 
ommuni
ation is measured.
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Figure 5.15: Series speedupsThe speedups for all implementations grow in a linear way shown in Figure 5.15.But they are not perfe
t. At 48 nodes mpiJava is slightly slower than the Myrinetimplementations of MPJ/Ibis. Even MPJ/Ibis on Fast Ethernet does not s
ale worsethan the Myrinet implementations. This kernel exe
uted at 64 nodes is 40 timesfaster than exe
uted at only one node.



5.3. Java Grande Ben
hmark Suite 53Sparse Matrix Multipli
ation This kernel multiplies a sparse matrix using onearray of double values and two integer arrays. First, node 0 
reates the matrixdata and transfers it to ea
h pro
ess. Se
ond, when ea
h node has 
ompleted the
omputation the result will be 
ombined using allredu
e (sum operation). Only thetime of step two is measured. Here, a sparse matrix with a size of 106x 106 items hasbeen used for 200 iterations. It was not possible to enlarge the matrix size, be
auseof memory restri
tions.
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Figure 5.16: Sparse matrix multipli
ation speedupsThis ben
hmark has shown the smallest run times of the whole JGF ben
hmarksuite (about 131 se
onds for exe
ution at only one node). This means, that the 
om-putation time is marginally small and does not a�e
t the overall exe
ution speed.Therefore the 
ommuni
ation overhead be
omes the main fa
tor, whi
h is gettinghigher on a growing number of involved pro
esses leading to performan
e redu
tion(see Figure 5.16). For all MPJ/Ibis implementations the speed is slowed down show-ing the impa
t of the higher laten
ies shown in Se
tion 5.2. For mpiJava there is asmall speedup of about 2,5. But it is to be noti
ed that one of MPICH/GMs allre-du
e operations is erroneous. Beyond eight parti
ipating pro
esses this ben
hmarkreports result validation errors for mpiJava. MPICH/GM uses di�erent algorithmsfor allredu
e depending on data size and the number of pro
esses. Here, at more than
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hmark Suite 54eight pro
esses it swit
hes to a di�erent algorithm, whi
h does not work 
orre
tly.The speedup values for this ben
hmark on mpiJava are not representative.Su

essive Over-Relaxation This ben
hmark performs 100 iterations of su

es-sive over-relaxation (SOR) on a 6000 x 6000 grid. The arrays are distributed overpro
esses in blo
ks using the red-bla
k 
he
kerboard ordering me
hanism. Onlyneighbouring pro
esses ex
hange arrays, whi
h 
onsist of double values. The arraysare treated as obje
ts, sin
e they are two-dimensional. It was not possible to runthis ben
hmark with MPJ/Ibis on Net.gm, due to the mentioned problems in bu�erreservation of Net.gm.
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Figure 5.17: Su

essive over-relaxation speedupsBe
ause of the Ibis serialization model MPJ/Ibis on Panda outperforms mpiJavaby a fa
tor of two until 32 parti
ipating pro
esses (see Figure 5.17). Beyond 32nodes the transmitted arrays be
ome smaller redu
ing the performan
e advantageby in
reasing the relative 
ommuni
ation overhead.
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hmark Suite 555.3.3 Se
tion 3: Appli
ationsMole
ular Dynami
s The Mole
ular Dynami
s appli
ation models 27436 parti-
les (problem size: 19) intera
ting under a Lennard-Jones potential in a 
ubi
 spatialvolume with periodi
 boundary 
onditions. In ea
h iteration the parti
les are beingupdated using the allredu
e operation with summation in the following way:
• three times with double arrays
• two times with a double value
• on
e with an integer value
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Figure 5.18: Mole
ular dynami
s speedupsAs 
an be seen in Figure 5.18 mpiJava slightly outperforms MPJ/Ibis on theMyrinet modules. In 
ontrast to the sparse matrix multipli
ation this ben
hmarkdoes not report validation errors with mpiJava, sin
e MPICH/GM does not swit
hbetween di�erent allredu
e algorithms in this 
ase.
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hmark Suite 56Monte Carlo Simulation This �nan
ial simulation uses Monte Carlo te
hniquesto pri
e produ
ts derived from an underlying asset. It generates 60000 sample timeseries. The results at ea
h node are stored in obje
t arrays of 
lass java.util.Ve
tor,whi
h are sent to node 0 using the send and re
v primitives. As with the su

essiveover-relaxation kernel it was not possible to run this ben
hmark using Net.gm forIbis.
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Figure 5.19: Monte Carlo speedupsThough none message passing implementation a
hieves perfe
t speedup, MPJ/Ibison Panda outperforms mpiJava 
onsiderably (see Figure 5.19), sin
e it takes advan-tage of the Ibis serialization me
hanism. While mpiJava depends on Sun serializa-tion, it is slightly faster than MPJ/Ibis on TCP, whi
h is restri
ted by the availablebandwidth of Fast Ethernet.
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hmark Suite 57Raytra
er The raytra
er appli
ation ben
hmark renders a s
ene 
ontaining 64spheres at a resolution of 2000 x 2000 pixels. Ea
h pro
ess 
omputes a part of thes
ene and sends the rendered pixels to node 0 using the send and re
v primitives.
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Figure 5.20: Raytra
er speedupsIn all 
ases the raytra
er s
ales almost perfe
tly. At 64 nodes mpiJava shows aslightly better performan
e than MPJ/Ibis. In 
omparison to the 
omputation partthe 
ommuni
ation overhead is marginally small for all message passing implemen-tations evaluated.



5.4. Dis
ussion 585.4 Dis
ussionMPJ/Ibis and mpiJava have been evaluated both via mi
ro ben
hmarks (Se
tion 5.2)measuring laten
ies and throughputs and via the JGF ben
hmark suite (Se
tion 5.3)measuring throughputs, the 
olle
tive operations, kernel and appli
ation runtimes.The mi
ro ben
hmarks have shown that MPJ/Ibis does not 
ome with a greatperforman
e la
k 
aused by MPJ itself. In 
omparison to mpiJava on MPICH/GMMPJ/Ibis shows higher laten
ies, but the in�uen
e be
omes smaller at growing datasizes. Parti
ularly for obje
t arrays, MPJ/Ibis has a great performan
e advantageover mpiJava on MPICH/GM.On the other hand the e�e
ts of the relative higher laten
ies of MPJ/Ibis be-
ome visible at the low level ben
hmarks of the JGF ben
hmark suite in se
tion 1.Parti
ularly, the algorithm for the barrier operation should be improved. MpiJavaperforms better when basi
 type arrays are being 
ommuni
ated through the dif-ferent 
olle
tive operations, while MPJ/Ibis has advantages when obje
t arrays arebeing transfered.The performan
e la
k of MPJ/Ibis for basi
 type arrays almost disappears at these
tions 2 and 3, where more 
omputation intensive appli
ations are ben
hmarked.At kernels and appli
ations based on obje
t arrays MPJ/Ibis' speedups are 
onsid-erably higher (see SOR and Monte Carlo). The only ben
hmarks of se
tion 2 and 3,where mpiJava shows substantially higher speedups than MPJ/Ibis are the SparseMatrix Multipli
ation and the Mole
ular Dynami
s. In both appli
ations allredu
eis the main operation used for 
ommuni
ation, where, as mentioned above, the 
or-re
tness of MPICH/GM 
an be doubted.The evaluation has shown that MPJ/Ibis' performan
e is highly dependent onthe underlying Ibis implementation. In 
on
lusion, MPJ/Ibis' performan
e is 
om-petitive to that of mpiJava. Additionally, MPJ/Ibis 
omes with an advantage offull portability and �exibility allowing MPJ/Ibis to run in heterogeneous networksin 
ontrast to mpiJava, whi
h depends on a native MPI implementation.



Chapter 6
Related Work
As mentioned in the beginning of Chapter 4 a lot of resear
h has been done todevelop an MPI binding to Java resulting in a variety of di�erent implementations.MPJ/Ibis takes pla
e in this history, whi
h parti
ipants will be introdu
ed in thefollowing. All proje
ts are being presented with a view to e�
ien
y and portability.JavaMPI JavaMPI [17℄ is based on various fun
tions using JNI to wrap MPImethods to Java. For that purpose a Java-to-C Interfa
e generator (JCI) has beenimplemented to 
reate a C-stub fun
tion and a Java method de
laration for ea
h na-tive method to be exported from the MPI library. The automati
 wrapper 
reationresulted in an almost 
omplete Java binding to MPI-1.1 [15℄ with less implemen-tation 
osts. However, JavaMPI appli
ations are not portable, sin
e a native MPIimplementation is always required for exe
ution. The JavaMPI proje
t is main-tained by the University of Westminster, but no longer a
tive. The last version1 hasbeen released in 2000.jmpi Jmpi [6℄ implemented at Baskent University in 1998 works on top of JPVM[7℄. Both jmpi and JPVM are implemented entirely in Java. JPVM follows the
on
ept of parallel virtual ma
hines (PVM). The main di�eren
e [9℄ between MPIand PVM is, that PVM is optimized for fault toleran
e in heterogeneous networksusing a small set of standard 
ommuni
ation te
hniques (e.g. TCP). That allows1JavaMPI online at http://perun.hs
s.wmin.a
.uk/JavaMPI/59



Chapter 6. Related Work 60jmpi appli
ations to be highly portable, but also limits 
ommuni
ation performan
edramati
ally. Here jmpi su�ers from the poor performan
e of JPVM. The 
on
eptsof PVM will not dis
ussed further at this point. The jmpi proje
t is no longermaintained.MPIJ The MPIJ [12℄ implementation is written in pure Java and runs as a partof the Distributed Obje
t Group Meta
omputing Ar
hite
ture (DOGMA) [11℄ usingRMI for 
ommuni
ation. If available on the running platform, MPIJ additionallyuses native marshaling of primitive types instead of Java marshaling. DOGMA2has been developed at Brigham Young University in 1998. Only a pre
ompiledpa
kage of the 
urrent DOGMA implementation has been released, but due to al-most non-existent do
umentation it 
ould not determined, if the 
urrent DOGMAimplementation still 
ontains MPIJ.JMPP JMPP [5℄ has been developed at the National Chiao-Tung University. Ingeneral this implementation is also built on top of RMI resulting in performan
edisadvantages. To a
hieve more �exibility an additional layer between the 
lassesimplementing the MPI methods and RMI has been implemented, 
alled Abstra
tDevi
e Interfa
e (ADI). It abstra
ts 
ompletely from the underlying 
ommuni
ationlayer allowing to repla
e RMI with other modules for more e�
ient 
ommuni
ation.Currently ADI only supports RMI. While the JMPP proje
t is ina
tive, a moree�
ient implementation of ADI 
an not be expe
ted.JMPI Using RMI for 
ommuni
ation JMPI [19℄ has been implemented entirelyin Java with the advantage of full portability. Sin
e RMI 
auses high performan
eloss, an optitmized RMI model 
alled KaRMI [21℄ has been used for data trans-fer. KaRMI improves the performan
e of JMPI notably, but 
omes with redu
tionto portability, sin
e it has to be 
on�gured expli
itly for ea
h di�erent JVM usedin
reasing administration overhead for ea
h JMPI appli
ation. JMPI has been de-veloped at the University of Massa
husetts3, but a release is not available.2DOGMA online at http://
sl.
s.byu.edu/dogma/3http://www.umass.edu/
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ontrast to the other proje
ts CCJ4 [20℄ implemented at Vrije UniversiteitAmsterdam in 2003 follows a stri
t obje
t-oriented approa
h and thus 
an not be
laimed to be a binding to the MPI spe
i�
ation. CCJ also has been built dire
tlyon top of RMI with all the disadvantages that 
ome along with it. Neverthelessgroup 
ommuni
ation is possible, where threads within the same thread group 
anex
hange messages using 
olle
tive operations like broad
ast, gather and s
atter.Alltoall is not supported here. To rea
h higher 
ommuni
ation speeds it is alsopossible for CCJ appli
ations to be 
ompiled with Manta5 [14, 37-68℄, a nativeJava 
ompiler optimized for RMI allowing remote method invo
ation on Myrinetbased networks. Manta is sour
e 
ode 
ompatible to Java version 1.1. While CCJ
ompiled with Manta works more e�
iently, the use of a native 
ompiler breaksJavas portability advantage. Both proje
ts are no longer a
tive.mpiJava MpiJava6 [1℄ is based on wrapping native methods like the MPI imple-mentation MPICH with the Java Native Interfa
e (JNI). The API is modeled very
losely on the MPI-1.1 standard provided by the MPI Forum, but does not mat
hthe proposed MPJ [4℄ spe
i�
ation. MpiJava 
omes with a large set of do
umenta-tion in
luding a 
omplete API referen
e. Sin
e it is widely used to enable messagepassing for Java, it has been 
hosen to be 
ompared with MPJ/Ibis (see Chapter5). However, mpiJava 
omes with some notably disadvantages:
• 
ompatibility issues with some native MPI implementations (e.g. MPICH/P4)
• redu
ed portability, sin
e an existing native MPI library is needed for thetarget platformThis proje
t still is a
tive.MPJ In 2004 the Distributed Systems Group at the University of Portsmouthannoun
ed a message passing implementation mat
hing the MPJ spe
i�
ation. Thisproje
t is also 
alled MPJ7, but a release is not publi
ly available. MPJ implements4CCJ online at http://www.
s.vu.nl/ibis/

j_download.html5Manta online at http://www.
s.vu.nl/~robn/manta/6mpiJava online at http://www.hpjava.org/mpiJava.html7MPJ Proje
t online at http://dsg.port.a
.uk/proje
ts/mpj/
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e layer, whi
h abstra
ts from the underlying 
ommuni
ation model.For TCP based networks it uses the Java.nio pa
kage and a wrapper 
lass usingJNI for Myrinet. Like MPJ/Ibis this implementation is 
ompletely written in Java,but 
urrently supports only the point-to-point primitives, a small subset of the MPJspe
i�
ation. However, some low level ben
hmark results are being presented on theproje
ts website 
on
erning basi
 type array transmission, with 
ompetitive results.The issue of e�
ient obje
t serialization seems not to be 
leared yet. Sin
e the MPJproje
t is in early stage, more results have to be expe
ted in the future.Summary All of the Java message passing proje
ts introdu
ed in this 
hapter haveshown disadvantages. Either an implementation is e�
ient, but does not bene�tfrom Javas portability, or it is highly portable, but su�ers from the poor performan
eof the underlying 
ommuni
ation model. The only existing proje
t that seems toprovide e�
ien
y and �exibility is MPJ, whi
h still is under development for the�rst release and not publi
ly available at the moment.



Chapter 7
Con
lusion and Outlook
7.1 Con
lusionIn this thesis a new message passing platform for Java 
alled MPJ/Ibis has beenpresented. The main fo
us was to implement an environment that performan
e 
an
ompete with existing Java bindings of MPI (e.g. mpiJava), but without �exibilitydrawba
ks.Chapter 2 introdu
ed parallel ar
hite
tures in general and the basi
 prin
iples ofmessage passing derived from the MPI-1.1 spe
i�
ation. In summary the spe
i�
a-tion de�nes the following 
on
epts:

• Point-to-point 
ommuni
ation
• Groups of pro
esses
• Colle
tive 
ommuni
ation
• Communi
ation 
ontexts
• Virtual topologies
• Derived datatypesIn Chapter 3 Javas drawba
ks for parallel 
omputation have been pointed out. Be-sides the great advantage of portability Java also shows disadvantages, parti
ularlyRMI is not �exible and e�
ient enough to meet the requirements of an e�
ient63



7.1. Con
lusion 64message passing environment. The grid programming environment Ibis addressesthese drawba
ks (see Se
tions 3.2 and 3.3) and thus has been 
hosen for a messagepassing implementation to be built on top of. The main advantages of Ibis in shortare:
• E�
ient serialization
• E�
ient 
ommuni
ationAdditionally, Ibis' �exibility allows any MPJ/Ibis appli
ation to run on 
lusters andgrids without re
ompilation by loading the appropriate 
ommuni
ation module atruntime.Putting Ibis and MPI together in Chapter 4 the proposed MPJ spe
i�
ationhas been taken as basis, sin
e it is the result of resear
h within the Java GrandeForum and spe
i�es a well de�ned API for a Java binding of MPI. Chapter 4 alsofo
uses the main implementation details, parti
ularly the point-to-point primitives,the 
olle
tive operation algorithms and 
ontext management.In Chapter 5 MPJ/Ibis has been evaluated using mi
ro ben
hmarks and theben
hmark suite for MPJ implementations provided by the Java Grande Forum.During evaluation for Myrinet networks MPJ/Ibis has been opposed mpiJava (seeChapter 6). The low level results have shown that MPJ/Ibis has great advantagesover mpiJava, when obje
ts have to be serialized, while mpiJava moderately outper-forms MPJ/Ibis, when basi
 type arrays have to be 
ommuni
ated. For most kernelsand appli
ations used in the ben
hmarks, where relative 
ommuni
ation overheadhas been redu
ed, MPJ/Ibis and mpiJava have shown almost equivalent results.The ben
hmarks have shown that �exibility provided by MPJ/Ibis does not 
omewith 
onsiderable performan
e penalties. In summary, MPJ/Ibis 
an be 
onsideredas a message passing platform for Java that 
ombines 
ompetitive performan
e withportability ranging from high-performan
e 
lusters to grids. It is the �rst knownJava binding of MPI that provides both �exibility and e�
ien
y.



7.2. Outlook 657.2 OutlookShowing the relevan
e of MPJ/Ibis for the message passing 
ommunity parts ofthis thesis have found their way into a publi
ation1, whi
h has been a

epted atEURO PVM/MPI 2005 
onferen
e, Sorrento (Naples), Italy and will be printed inLe
ture Notes of Computer S
ien
e (LNCS)2. Nevertheless, some tasks still existfor MPJ/Ibis to be done. Implementing the virtual topologies and improving the
olle
tive operations (ie. barrier) 
an be done in the near future.The issue of supporting the whole set of methods needed for derived datatypes isnot 
leared yet. As pointed out in Se
tion 4.5 it is not ne
essary to support deriveddatatypes in MPJ/Ibis, sin
e Java obje
ts support them natively. On the other handthe existen
e of derived datatypes would ease the work of software developers to portexisting MPI appli
ations written in C, Fortran or other languages to MPJ/Ibis.Thus, it should be �gured out how the issue of multidimensional arrays in Java,whi
h in fa
t is the main handi
ap for derived datatypes, 
an be addressed. In 2001the Ninja [18℄ proje
t (Numeri
ally Intensive Java) supported by IBM proposed anextension to add truly multidimensional arrays to Java. Although the proposal hasbeen withdrawn from Suns Java spe
i�
ation request program3 and thus will not beadded into future Java spe
i�
ations, the ambitions of the Ninja approa
h shouldbe 
ontinued.Sin
e MPJ/Ibis depends on the underlying Ibis implementations, Ibis and par-ti
ularly Net.gm and Panda should be improved in future work to provide morestability to MPJ/Ibis. Furthermore, it should be investigated how the MPJ spe
i�-
ation (and thus MPJ/Ibis) 
an be extended towards MPI-2. Paralleling single-sided
ommuni
ation and dynami
 pro
ess management are additional interesting aspe
tsespe
ially for global grids, when fault toleran
e be
omes an issue.
1MPJ/Ibis: a Flexible and E�
ient Message Passing Platform for Java online at:http://www.
s.vu.nl/ibis/papers/europvm2005.pdf2B. Di Martino et al. (Eds.): EuroPVM/MPI 2005, LNCS Volume Number 3666, pp. 217-224,2005, Springer Verlag Berlin Heidelberg 20053Java Spe
i�
ation Request:Multiarray pa
kage online at http://j
p.org/en/jsr/detail?id=083
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