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“Second-generation” skeleton systems
M. Danelutt@d

2Dept. Computer Science — University of Pisa — Largo PontecB8r— 56127 Pisa — Italy

Algorithmical skeletons, as originally introduced in |&88s, evolved under the pressure of users,
on the one side, and designers, on the other side. The formsknsg for new features, the latter
perceiving the limits of the skeleton approach to paraltlegpamming and trying to overcome them.
In this work, we discuss the features that have to be tachladsecond-generation”, mature skeleton
system. Actually, we propose to extend the requirementsdsia previous work by Cole. We outline
how these features have been taken into account in two progirag environments we are currently
developing at the University of Pisa, and we make a syntkeetigparison with other known skeleton
environments.

Keywords: structured parallel programming, skeletons, macro data ftoordination languages,
adaptivity, heterogeneity.

1. Introduction

When algorithmical skeletons were first introduced in |88 [13] the idea had an almost im-
mediate success. Several research groups started res@aichon the subject and come up with
different programming environments supporting algorittahskeletons. Darlington’s group first
developed functional language embeddings of the skeldtBjsand then moved to FORTRAN
[19]. Our group designed P3L, which is basically a sort ofetcs parallel C [16,7]. Kuchen started
the work on Skil [10] and eventually produced a C++ Skeletidmdry [22]. Serot designed Skipper
[24,25], which exploits the macro data flow implementatiood®l introduced in [14]. The original
definition of skeleton programming environment given byeCol his book [11] The new system
presents the user with a selection of independent “algarithskeleton”, each of which describes
the structure of a particular style of algorithm, in the waywhich “higher order functions” rep-
resent general computational frameworks in the contextioétional programming languages. The
user must describe a solution to a problem as an instanceeoépipropriate skeletohwas almost
completely embraced by these groups. In particular, trensfic community accepted the idea of
a fixed selection of independent skeletons. All the abovatimeed skeleton systems developed in
the "90 only provide the programmer with a fixed set of skeaisto

The fixed, immutable skeleton set was in the meanwhile a sooffpower and of a source of
weakness for the skeleton systems. It allowed efficient @mgintations to be developed but also
did not allow programmers to express neither non standarallpism exploitation patterns nor
patterns even slightly different from the ones providedhmsy dupplied skeletons. A partial solution
to the unavailability of skeletons modeling specific palgtlatterns came from the implementation
of skeletons as libraries, whose mechanisms adopted toiegplallelism was partially known, such
as the ones discussed in [17] or [9]. In the former case, &kedeare provided as plain C function
calls. The input data stream and the output data stream ptenmented by plain Unix file descriptors
that are accessible to the user. Therefore the programmearogram his own parallel patterns and
make them interact with the predefined skeletons just vgpiteading data to/from standard file (pipe,

9This work has been partially supported by Italian natiod®B-project no. RBNEO1KNFRSRID.it and by the Italian
national strategic projet¢gge 449/9MNo. 02.00640.ST97.
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actually) descriptors. In the latter case, skeletons avgiged as collective MPI operations. The
programmer can access the MPI communicator executingnigéegparallel activity of the skeleton
(e.g. one pipeline stage or a task farm worker) and can freelyage the processors allocated to
the communicator. Explicit primitives allow the progranmtreceive tasks from the skeleton input
stream and to deliver results to the skeleton output stré@both cases, a limited degree of freedom
is left to the programmer to program his own parallelism eiption patterns either outside or inside
the ones modeled by skeletons. Despite being around singditoe and despite the progress made
in skeleton system design and implementation, the skekgtstems did not take off as expected.
Nowadays, the skeleton system usage is actually resttiotehall communities grown around the
teams that actually develop the skeleton systems.

Cole focused very well the problem in msanifestd12]. Here he states that four problems have
to be taken into account and solved to allow skeletons to gjgimficant popularity:(] ‘propagate
the concept with minimal conceptual disruptigrihat is skeletons must be provided within exist-
ing programming environments without actually requirihg fporogrammers to learn entirely new
programming languages “integrate ad-hoc parallelism; i.e. allow programmers to express par-
allel patterns not captured by the available skeletohls&tccommodate diversity'that is provide
mechanisms to specialize skeletons, in all those case®wspecialization does not radically change
the nature of the skeleton, and consequently the natureaiiplementation, and “show the pay-
back”, i.e. demonstrate that the effort required to adopt a skelgystems is immediately rewarded
by some kind of concrete results: shorter design and impiéstien time of applications, increased
efficiency, increased machine independence of the apioiicabde, etc. While the second and the
third points are more specifically technical, the first anelltist one are actually more “advertising
oriented”. All these points, however, have impacts on bloghtay the skeleton systems are designed
and on the way they are implemented.

In addition, we also claim that another small set of probléiage to be tackled support code
reuse that is allow programmers to reuse with minimal effort éxig sequential codél handle
target architecture heterogenejtiye. implement skeletons in such a way skeleton programs ca
be run on clusters/networks/grids hosting heterogenemuguating resources (different processors,
different operating systems, different memory/disk camfagions, etc.)J handle dynamicityi.e.
implement in the skeleton support proper support to hanygieal dynamic situations, such as those
arising when non dedicated processing elements are ugpdp@aks of load that impair load bal-
ancing strategies) or from sudden unavailability of preges elements (e.g. network faults, node
reboot). The first point comes from our P3L experience. P3Ld@d its “industrial” successor
SKIE [8], both allowed portions of sequential code writtard, C++ and FORTRAN 77 to be in-
cluded in skeletons. SKIE also allowed High Performancér&orto be used in the building blocks
of skeletons (e.g. in pipeline stages or in task farm wopkesers greatly appreciated this fea-
ture that allows to wrap existing code with minor effort and¢use all the huge, existing library
of (optimized) sequential code. The second and third pa@iatsally come from our experience in
grid programming systems. Within the GRID.it FIRB three y#alian national project [21], we
developed a structured parallel programming environnageting clusters, networks and grids and
based on the skeleton programming methodolod$8SIST [29,1,28]. Grid systems are dynamic
and heterogeneous by definition [20] and any programmingemwent targeting grid architectures
must include proper techniques and algorithms to take dateese two important aspects, possibly
in an automatic and transparent way [26]. Overall, the gmbstto the set of problems stated above
should be considered the basis of “second generation” tskelystems. In other words, mature
skeleton technology should efficiently address all thesblpms. In this perspective, here we want
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import muskel.*;
public static void main(String [] args) {

Compute stagel = new Farm(new doSweep()); // first stage, process the input param set

Compute stage2 = new PostProcess(); // second stage: sequential postprocess
Compute mainProgram = new Pipeline(stagel,stage2); // main program is a two stage pipeline

ParDegree parDegree = new ParDegree(5); // required parallelism degree
ApplicationManager manager =
new ApplicationManager (mainProgram); // instantiate the application manager

manager.setContract (parDegree) ; // now set the performance contract
manager.inputStream("input.dat"); // tell were are input task data
manager .outputStream("output.dat"); // tell were results must be stored
manager.eval(); // compute in parallel

. // any code processing the results here ...

Figure 1. Sampleuskel code

to discuss two “second-generation” experiences of ourgmodrisa, namely theuskel one [15]
and theASSIST one [29,1,28]. Both are programming environments basedheskeleton struc-
tured parallel programming concepts. The former being & @ava library exploiting macro data
flow implementation techniques [14] derived from these usedithium [5], the latter defining a
new programming language, which is actually a coordindaoguage that uses skeletons to model
parallelism exploitation patternASSIST exploits implementation techniques derived from the im-
plementation template methodology developed in P3L angtadoby other skeleton frameworks
[22].

2. nuskel

muskel (the name comes from the transliteration;egkeletons) [15] is a full Java skeleton
library providing user with usual stream parallel skelefpipelines, farms and arbitrary composi-
tion of farm and pipes). It is a compact, optimized subsetitiium [5] and it has mainly being
thought as a handy test bed to experiment new implementstiiategies. Parallelism is exploited
in ruskel using plain java RMI. Remote interpreter objects are plamece and for all on all the
processing elements possibly participating in the pdratleputation. The skeleton library provides
to automatically discover the processing elements whexedmote interpreters have been placed
and to recruit a suitable number of remote interpretersheduale computations. Skeletons are im-
plemented imuskel using macro data flow technology [14]: the skeleton programmnanslated
into a data flow instruction graph. Instructions are fired widl the input tokens are available.
A fireable instruction is simply scheduled for the executiomone of the available remote inter-
preters using RMI. Data flow instructions are actually “nedadata flow instructions. The user
provides instruction functions as a parameter of the agtmskeleton. In particular, sequential code
to be used in these parameters is supplied @srgut e object, i.e. an object with a@bj ect
comput e( Obj ect t ask) method that returns a result after computing some sequiémiion
on the input task object. Imuskel , the skeleton program executed is not actually the one geolvi
by the user: the skeleton program is first transformed toioliganormal form as defined in [4] and
then this normal form skeleton program is actually executetypical Java program usinguskel

lwe actually discovered recently that the Skeleton Librayedoped by Kuchen is called “muskel” on its web site. Here
however, we usauskel to refer the Java library developed in Pisa and we refer tother one as “Kuchen'’s Skeleton
Library”, to avoid name clashes
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looks like the one in Figure 1. This program computes a tvageipipeline, where the first stage is
parallel (a task farm) and the second one is sequentiak tRgsstructure of the skeleton program is
given. Then arAppl i cat i onManager is instantiated and the performance contract (the paral-
lelism degree, in this case) is passed to this manager alghgive input and output files/streams.
Eventually a single call is issued, tinager . eval () one, and this call takes care of all the
steps needed to compute the skeleton program onto the stfaaput tasks producing a stream of
output results. In particular, the skeleton code is normealiand transformed into a macro data flow
instruction graph, a discovery process is started and a auoflsemote interpreters congruent with
the user supplied performance contract is contacted. Tleeoniata flow instructions deriving from
the skeleton code are staged to the remote interpreterseadlis forked for each one of the remote
interpreters recruited. The thread looks for fireable ingtons in atask poolrepository, delivers
them to the associate remote interpreter and waits for thdtseof the computation. When results
come back from the remote interpreter they are either deliVéo theresult pool i.e. the place
when they are taken to be delivered to the output stream,imseded in the proper target macro
data flow instruction in the task pool. This macro data flowtringtion can possibly become fire-
able. Immediately after the thread starts trying to fetclew fireable instruction. In case a remote
interpreter becomes unavailable (e.g. due to a network @ntade failure) theuskel application
manager arranges to recruit a new one, if available. Thégpgt un-computed by the missing
interpreter are put back to the task pool and they will be eialy re-scheduled to a different inter-
preter. Results achieved withuskel are very good both in terms of load balancing and in terms of
fault tolerance and absolute performance/efficiency [AShinimal effort is required to experienced
Java programmers to useiskel : basically, a small effort to implement tl@nput e interface

in the existing application dependent code, plus the lawfthe remote interpreter RMI objects on
the available processing elements (both plain RMI antld versions of the remote interpreter are
available) (thus addressing problém. Fi | el nput St r eamandFi | eQut put St r eamobjects
are passed to the manager to provide input task and retngpataesults. Therefore specialized par-
allel patterns can be programmed that interact with thetiegiskeleton (programs) via the streams,
in the flavor of what happened in [17] with Unix file handlesrtRermore, recent improvements in
the library [27] allow programmer to interact directly withe task/result pools. In particular, the
user can fetch results from the result pool and can use thdmilid new (possibly fireable) macro
data flow instructions to be inserted in the task pool. Witthsmnechanisms, the programmer can
either program his own macro data flow graphs or even impléc@npletely new skeletons and
add such skeletons to the library. Overall these two asicis both to integrate ad-hoc paral-
lelism and to accommodate diversity[(1). The pay-back offered byuskel is shown by Figure

1, clearly evidencing the negligible amount of code needeagkt a fully working, efficient parallel
application (). Target architecture heterogeneity is handled naturalgus kel due to portability
features of the JVM and RML{). Dynamicity is handled in théppl i cat i onManager , where
fault tolerance is also dealt wittl(. The only problem not actually solved is the support to code
reuse [J), as only Java code can be easily reused. The structure usaglbit parallelism heavily
relies on serializability of code and it will be difficult talapt to support C, FORTRAN or even C++
code reuse.

3. ASSIST

ASSIST (A Software development System based on Integrated Skeletohnology) is a pro-
gramming environment aimed at supporting parallel/dsted application development on clusters
and networks of workstations as well as on grids. The enviemt implements thASSIST co-
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generic main() { genera2(output_stream long Matrix2[N][M]) { parmod matrixProduct (input_stream long Matrix1[N][M],
// define process graph of appl fgen2 (output_stream Matrix2); long Matrix2[M][L]
// first define the data flow channels } output_stream long Res[N][L]) {
stream long[N][M] Matrixl; proc fgen2(output_stream long Matrix2[M][L]) topology array [i:N][j:L] VirtProc; // def par activity names
stream long[M][L] Matrix2; scf attribute long neo[M][L] scatter neo[*ib][*jb] // shared state
stream long[N][L] Matrix ris; . . onto VirtProc [ib][jb); // scattered
— // € code generating matrix a ... A X
// then use them to connect nodes (par or seq) 1 ) A stream long temp; // this is an internal stream to gather res
general (output_stream Matrixl); assist_out(Matrix2,sa); do input_section { // non det inmput handling
genera2 (output_stream Matrix2); Ye$ guardl: on , , Matrixl && Matrix2 { // distrib input to VPs
matrixProduct (input_stream Matrixl, Matrix2 distribution Matrixl[*i0][*j0] scatter to VirtProc[i0][j0];
output_stream Matrix_ris); end(input_stream long Matrix_ris[N][L]) distribution Matrix2[*il][*jl] scatter to neo[il][]jl];
end (input_stream Matrix ris); inc<"iostream"> } // distribute the second matrix in the state matrix neo
} - - Soti{ } while (true) // process all the items in the input stream
. virtual processors { // define the concurrent activities
// c++ code processing Matrix ris ... Tabl (i o
// node description starts here, first we describe  yoii¢ elabl (in guardl out Res) {
// sequential nodes VP i, j { // each virtual processors (generic i,j)
£ mul (in Matrix1[i][], neo[][j] out temp);
// this is a sequential module proc f mul(in long A[M], long B[M] out long C) } // each virtual processor reads a row and a column
general (output_stream long Matrix1[N][M]) { inc<"iostream"> } // to compute a result single item, row from input,
fgenl (output_stream Matrix1l); $c++{ // actually perform vector product } // and column from state variable
) register long r=0; output_section { // code needed to gather data from VPs
// sequential code reused is embedded in procs for (register int k=0; k<M; ++k) °°}1:‘“—: temp from ALL VirtProc[i][J] {
i r += A[k]*B[k]; int elem;
proc fgenl(output stream long Matrix1[N][M]) Il [k1*B[k]; int looal Matrix[N][L];
Set{ i ) ! AST_FOR EACH(elem) { // set result matrix item to
//ctt code generating matrix a ... Yotts Matrix_ris_[i][j]=elem; // data from corresponding VP
assist_out(Matrixl, a);
}o++$ // now define the unique parallel module assist_out(Res, local Matrix); // and deliver to out stream
// of this program y<>;
}
}

Figure 2. SamplASSIST code

ordination language, which is actually a language thawalto express arbitrary process graph
applications, were each node in the graph can either be sggjuer parallel, and nodes commu-
nicate via data flow streams [29]. Parallel nodes can be sgpdeusing thpar nod skeleton. A
parmod (a generiparallel module) can have multiple input stream and output streams. rEnog
mer can implement arbitrary non-deterministic control ba input streams as well as to generate
an arbitrary number of output items on the output streams.afnpd defines a set of logically
concurrent parallel activities. The keywolahically refers to the fact that thASSIST compiler
and run time completely take care of executing them on thefsatailable/required processing el-
ements in a transparent and optimized way. Such logicaliglighactivities, referred to agrtual
processordn the ASSIST jargon, can be named as multidimensional arrays or as ‘anouny”.

In the former cases, virtual processors are distinguishékea program by indexes: input data can
be delivered to specific virtual processors, or they can loadwasted/multicasted to the virtual
processors (this is used to implement data parallel cortipotaas well as very specific parallel
skeletons/patterns). In the latter case, the parmod oelgifsps the number of parallel activities: all
the parallel activities are equivalent and input data cdy loa delivered to a generic virtual proces-
sor for processing (this is exploited to implement task &rn$tate variables can be shared among
the virtual processors. The owner computes rule holds ie tas shared variables are scattered
across the virtual processors: a vector state variallzattered across a vector of virtual processors
allows virtual processoi to read any value:[j] but to write only the valuer[j]. The code exe-
cuted by virtual processors, as well as the code executedebgequential nodes, can be specified
using C, C++ and FORTRAN77, at the moment, and we have alregggrimented the possibility
of using Java code too. Virtual processor computation ggared by the availability of all the in-
put data specified in the virtual processors code. Therefata flow execution mode is assumed.
Virtual processors activities can be iterated and the ctenpnd run time support provide to insert
proper synchronization to avoid processing data relabwvaifferent iterations. Figure 2 shows an
ASSIST program with two sequential processes generating eacteanstof matrixes and a par-
mod node multiplying such matrixes exploiting data patfisite. The ASSIST parmod represents
the major innovation oASSIST with respect to previous skeleton systems developed atroupg
The parmod representgyanericparallel module. By specializing this generic constructiynpar-



808

NOTABLE SOLUTIONS IN:
PROBLEMS muskel ASSIST eSkel Kuchen's Skelton Library
minimal  conceptual| plain Java lib plain MPI collectives plain C++ lib
disruption
ad-hoc parallelisni] macro data flow level ac{ parametric parmod protected MPI communi-{ variety of combination of
cessible to user + access {0 cators for parallel skeleton) (data parallel) skeletons
streams building blocks
accommodating diver{ same as above same as above parametric skeleton calls
sity O
show pay-back] 0O lib expressive power| fairly fast application de-| fast application develop{ OO lib expressive power,
fast application develop{ velopment, highly effi-| ment fast application develop
ment cient object code ment
code reusé] Java C C++ FORTRAN CC++ CC++
heterogenity’] guaranteed by Java compiler + run time guaranteed by MPI guaranteed by MPI
dynamicity [ application manager module + application
manager

 data type handling is in charge to the programmer, i.e. haldhmt use plairvPl _Byt e data messages.

Figure 3. Summary of solutions to probleimis{] in several advanced skeleton environments

allel skeletons can be derived: pipelines and farms, megiffand reduce with or without shared
state. The implementation of parmod is highly optimized bnoth relies on a huge compilation
process and on an optimized run time systemABS&ISTIib. The price to pay is a somehow heavy
language. Also, the possibility to express arbitrary gsaphparallel/sequential nodes is a notable
step away from previous experiences.msskel , ASSIST supports autonomic control of parallel
modules and of the overall application [6]. A parmod can beceted in such a way that the user
asks a given performance contract to be satisfied. In this, ¢ae parmod automatically provides
to keep the contract satisfied, if possible: exploiting thewledge coming from the parmod ana-
lytic performance models the parmod control dynamicallg@d the number of resource used to
execute the parmod, in such a way the user supplied perfaemaondel is satisfied. Some partners
of the national project GRID.it including CNR, the Italiaratibnal Research Council, and ASI, the
Italian Space Agency, currently uSIST to develop different kinds of applications: graphics
(isosurface detection), bioinformatics (protein foldifigocial” applications (sea oil spill detection,
landslip detection) and chemistry (ab-initio molecule @iation). The majoASSIST pay-back is
given by the results achieved when implementing these caxmpbssibly multidisciplinary appli-
cations: the development time was drastically reduced wgipect to the time needed to develop
equivalent, traditional parallel applications (e.g. apgtions programmed using MPI) and the effi-
ciency achieved is almost the ideal one, in most casg@sHowever, the need to learn a completely
new and fairly untraditional parallel language does nophelpropagate the skeleton concept with
minimal conceptual disruptiori)). Ad hoc parallelism is de facto integrated, through theceatble
reconfigurability of parmod({). The same feature allows accommodating diversity upogitpe
programmer/applications needs)( Code reuse is supported (C, C++, FORTRAN code reuse is
already supported and Java support is forthcoming heterogeneity is handled (curreR8SIST
version produces code running on networks of mixed Linuglland MacOSX/PowerPC machines,
(1) and dynamicity is handled via the module and applicatiomagars implementing autonomic
QoS control J). Actually, there are much more interesting propertiesfaatures inASSIST, that
are not being considered here because not relevant to tbedsgeneration skeleton discussion.
ASSIST supports its own component model, as an example [2], andadt slipports seamlessly
interaction with both CORBA/CCM and Web Services world. Thierested reader may refer to

[3].
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4. Conclusions

We discussed the solutions given to problemg] stated in Sec. 1 by two skeleton program-
ming environments currently being developed in Pisa. KEddishows a comparison of notable
solutions given by either these two environments or by e8kdl Kuchen’'s C++ skeleton library.
This summary table points out two aspects. Some envirorsweatt to problem] and by pro-
viding limited/controlled access to the implementatiorelein such a way users can program their
own parallelism exploitation patterns. eSkel does it bgwiihg users to program parallel activities
within the single component of a skeleton (e.g. a pipe stagkile nuskel allows to program
parallel activities outside the skeletons but interactintty the skeletons (we are currently working
to extend theseuskel features, indeed). A solution to problemisandd should probably pro-
vide both these possibilities. As skeleton systems are @ademore oriented to give the user the
possibility of programming his own skeletons, solutionslsas the one adopted in [23] to guarantee
controlled accesses to the implementation framework agelete The other aspect to consider is
that a tradeoff has to be found between the number of parasneteded to specify a skeleton and
the skeleton system expressive powAESIST provides a highly customizable parmod skeleton,
but the learning curve needed to make an efficient use of wtimegligible. Other systems provide
much more strict skeletons, but they also must release tistrean to leave the implementation layer
invisible to users, in order to guarantee solutionsltand[]. Library implementation of skeleton
systems seems to guarantee a better framework to suppertéa than implementations provid-
ing a full programming language. However, some compile tsolkeitions that demonstrated very
efficient in the implementation ASSIST, as an example, look like very hard to implement in a
library. Therefore techniques combining some kind of jastime compiling with library skeleton
implementation should probably be exploited. Last but past, solutions to problem to [J are
fundamental to the success of skeletons systems as thegngeito preserve the investements made
in sequential software development and to target a largenaore significant class of architectures.
Bothnmuskel andASSIST experience demonstrated that the ability of adapting eatin execu-
tion to varying features of an heterogeneous target aathite is a key point in convincing a user to
migrate to a skeleton programming environment.
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