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Abstract

This work integrates two distinct research areas of pdraiid distributed computing, (1) automatic loop paral-
lelization, and (2) component-based Grid programming. [&tter includes technologies developed within CoreGRID
for simplifying Grid programming: the Grid Component Mod&CM) and Higher-Order Components (HOCSs).
Components support developing applications on the Gritiowit taking all the technical details of the particular
platform type into account (network communication, hegerteity, etc.). The GCM enables a hierarchical compo-
sition of program pieces and HOCs enable the reuse of companee in the development of new applications by
specifying application-speci ¢ operations in a prograra gedde parameters. When a programmer is provided, e.g.,
with a compute farm HOC, only the independent worker taskstrbe described. But, once an application exhibits
data or control dependences, the trivial farm is no longécismt. Here, the power of loop parallelization tools,
like LooPo, comes into play: by embedding LooPo into a HOCshaw that these two technologies in combination
facilitate the automatic transformation of a sequentiaplaest with complex dependences (supplied by the user as a
HOC parameter) into an ordered task graph, which can be ggedeon the Grid in parallel. This technique can sig-
ni cantly simplify GCM-based systems which combine mulégHOCs and other components. We use an equation
system solver based on the successive overrelaxation th€B@R) as our motivating application example and for
performance experiments.

Introduction

We demonstrate the bene ts of using software componentstiveg with loop parallelization techniques for Grid
programming. In recent years, component technology [28]rBached wide-spread acceptance for the development
of large-scale distributed software infrastructures. @édétno project that requires an interconnection of multiple
resources, e. g., databases, compute clusters and Wets disestarted from scratch anymore. Developers rather rely
on modern component frameworks, which provide them witlsable implementations of the functionality needed
for their applications. This approach to code reuse goeshrfurther than traditional libraries, since frameworks
usually provide not only executable code but also the reguion guration (i. e., setup descriptions, typically ireth
form of XML les) for deploying the components in the targedrtext. This context may be, e.g., a middleware
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like Globus [19] for interconnecting multiple componentslaemote clients, across the boundaries of heterogeneous
hardware and software.

In the CoreGRID community [24], th&rid Component ModeGCM [16] has recently become the commonly
agreed reference speci cation of software componentsi®Grid. The GCM combines efforts of multiple CoreGRID
partners, e.g., the GCM predecesBuactal [1] whose principle of hierarchical composition has beeomdd, the
ProActive library [3] for asynchronous communication amgaeomponents, and Higher-Order Components (HOCs [17])
that accept as input not only data but also pieces of coddiedppa an Internet connection.

For assisting programmers in building parallel applicasiof Grid components, this work combines HOCs with
the automatic loop parallelization tool LooPo [7]. The ide#&o apply the LooPo loop parallelization mechanism to
HOC parameters, i. e., code pieces supplied to a HOC as pai@am&hese parameters often carry a loop nest to be
executed by some worker hosts (i. e., any free processings)dal the Grid. A typical example is the Farm-HOC,
implementing the popular master/worker pattern for rugrarset of independent tasks [17]. The original Farm-HOC
is not able to deal with inter-task dependences: they woualklenit necessary either to design a new HOC which takes
the dependences into account or to remain with a sequdasalef cient solution. Instead of requiring the developer
to build one new HOC per possible dependence pattern, weestiggnore exible component, called LooPo-HOC,
which embeds the LooPo loop parallelizer [20].

Dependences in code parameters of the LooPo-HOC in the fbn@sted loops are automatically resolved: code
parameters (the loop nests) are transformed into an ordas&dgraph. The processing pattern employed by the
LooPo-HOC can be viewed as an adapted farm whose mastenses e tasks as speci ed by this graph.

In our previous work, we suggested to combine HOCs with Lo} and discussed a farm implementation
version for processing task graphs [18]. This paper pregtetimplemetation of the LooPo-HOC plus application
examples and performance experiments.

HOCs use a Web service-based code transfer technologyxtesids the Globus middleware [19] by tlmde
Serviceand theRemote Code Loadé€both are available open-source, within the scope of thé@dncubator project
HOC-SA [15], see Fig. 1). The Code Service and Remote Codddrozan be viewed as an add-on to the Globus
Resource Allocation Manager WS GRAM [10]. Their purposeaisilitating software components, which hold the
code for solving recurring problems and expect the usergplgwnly application-speci ¢ code pieces via the network.
The Code Service and the Remote Code Loader support théarafisuch code pieces across the network [12]. In
contrast, programmers using only GRAM are supposed tofgatigeir programs on the whole rather than in pieces,
which limits the potential of code reuse in component-basdtivare architectures.

The structure of the paper is as follows. In Section 2, weohice the LooPo-HOC: Section 2.1 introduces
the mwDependence service which implements our adapted version of the masbeker processing pattern, for
executing ordered task graphs (taking dependences intmatc Section 2.2 explains the automatic parallelization
mechanism of LooPo. Section 2.3 describes the challenggsegfrating LooPo into a Grid-aware component and
how we addressed them in the LooPo-HOC. Section 2.4 showsheinternal workload monitor of the LooPo-HOC
works. Section 3 introduces an example application: thallghSOR system solver. Performance measurements are
presented in Section 4, and we draw the conclusions from otk im Section 5.

B
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2 Implementation of the LooPo-HOC

The LooPo-HOC is composed of LooPo itself for transformingle (Section 2.2), the Web service for clients to
connect (Section 2.3), controller software for task queamagement and workload monitoring (Section 2.4), and
an internal farm implementation for running the actual &aion tasks. These parts are available to the client via a
single Web service, as shown in Fig. 1.

2.1 The Internal Compute Farm of the LooPo-HOC

To explain how the compute farm in the LooPo-HOC works, letbus y recall the functionality of the Farm-
HOC [17] and explain the setup shown Fig. 1: clients uploadential) application code to a central Web service.
This service is provided by the master server which storesdlle at the Code Service where it is assigned a key and
saved in a database (using OGSA-DAI [25]). Clients can shadnaster a request to reload the code and run it on
multiple remote worker nodes for processing data in pdrallee master controls the distributed computations with-
out requiring the user to be aware about the number of indol@rkers and the (Web service-based) communication
between itself and the workers.

The compute farm in the LooPo-HOC differs from a common cotafarm implementation for Grids [2] in two
ways:

1. the LooPo-HOC embeds, besides a farm of workers, the Lam#?and uses it for ordering tasks in the form of
a task graph taking dependences among tasks into accowntaith executes the tasks according to this order,
freeing the user from dealing with task dependences.

2. the communication does not rely on a single protocol, @iridrease the ef ciency, a Web service is used only
as the remote interface for supplying input to the farm vidraernet connection. All internal communication
(between master and workers) is handled using a light-vigigitocol, speci cally developed for this compo-
nent which is a distributed, version of MPI, supporting b# basic and most of the collective operations, using
only Java and TCP sockets [5].

The LooPo-HOC offers a universal farm implementation fmaJeode [2], i. e., this farm is capable of executing
applications without dependences as well (and has showosalinear speedup in various experiments) It is included
in the open-source distribution of the HOC-SA [15] in the kgemwDependence.

The worker nodes in Fig. 1 are fully decoupled from each ¢ther, they need no communication between
each other, and are supposed to run in a distributed envaotnin the following, we describe in more detail the
transformation process, the scheduling and the workloagitoring, which make up the core of the LooPo-HOC and
which are supposed to run locally, on the same server, ideala multiprocessor machine.

2.2 Transforming Loop Nests into Task Graphs

For the automatic parallelization of loop nests, LooPo agesthematical model, the so-callgalytope moddR0]. In

this model, af ne linear expressions are used to represeaqt iterations, dependences and accesses to array elements
LooPo is an implementation of various methods and toolstiaheing a given loop program, bringing it into model
representation and performing a dependence analysis artthal parallelization using integer linear programming
The result of the code transformation done by LooPo is a temitgin which groups of independent tasks are arranged
in a sequence.

For the automatic parallelization of loop nests using LadRere are a number of steps involved, as follows [18].

The rst step is to analyze the input program and bring it itite polytope model representation. This is done
by analyzing the (af ne linear) expressions in loop boundd array accesses. The resulting model consists of one
so-calledndex spaceer statement. The index space contains the coordinaeshie values of the loop variables, of
all steps in which the statement is executed. LooPo keepk tifaall array accesses and computes the resulting data
dependences.

In the second step, we use mathematical optimization mettmdompute two piecewise af ne functions: the
schedulemaps each computation to a logical execution step, angl@menimaps each computation to a virtual
processor. The objective is to extract all available palialh, independently of any machine parameters, e.g., the
number of processors. The result of this step is the soetsflace-time mapping
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In order to adjust the granularity of parallelism to a lewsdttis optimal for task farming (our method for the
distributed execution of the parallel tasks, as discuss&ection 2.1), théling technique is used in the third step to
aggregate time steps and virtual processors into largerksheallediles.

Each tile produced by LooPo representaskfor the LooPo-HOC and contains the corresponding set of cemp
tation operations for the time steps and virtual procesbatswere aggregated. Information about data dependences
between tasks is stored in the form dbsk graphthat is used by the master for scheduling them, i. e., to chan®r-
der of execution between dependent tasks. Thus, the mastsponsible for arranging the execution order, whereas
the target processor for the execution can be determined @si advanced scheduling system [11] to exploit task
locality. In Grid environments which do not provide a schiguysystem with tunable policies (e.g., KOALA [11]),
users of the LooPo-HOC can also directly adapt the masteh, that the complete scheduling is handled there. This
way, programmers can, €. g., arrange chains of tasks thatdshe executed on the same worker. For data depen-
dences between tasks that make the exchange of computegletatents necessary, the master provides a method to
join a new (dependent) task with a nished task. This way, the ddpet task is decoupled from its predecessor, gets
the updated data and is scheduled for execution.

2.3 Integration of the LooPo-HOC with the Middleware

Beside the workers (executing the single tasks, as desciib8ection 2.1) and the master (running LooPo, as de-
scribed in Section 2.2), the LooPo-HOC comprises a Web @eifer remote access and a resource con guration for
maintaining the distributed application state (status datd intermediate results), as is typical in the Web Service
Resource Framework (WSRF) [19].

While the service interface itself is stateless, the resesiconnected to it (as con gured in a setup le) hold their
state (in the form of transient variables, calledource propertiesn WSRF [19]) even past the scope/duration of a
session. The LooPo-HOC makes use of this feature, e. g. af@dlplizing a loop nest and preserving the resulting
task graph as a data record in a resource, which can be regetdny a key and reused in multiple applications.

X ]
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Figure 2: Sequence Diagram for using the LooPo-HOC

Another feature, through which the LooPo-HOC bene ts frdvea WSRF middleware, is its support for asynchronous
operations. While LooPo transforms loop nests, the cliantadisconnect or even shut down. The LooPo-HOC can
restore the task graph from a former session, when the sigmts it the corresponding resource key. The LooPo-HOC
uses two types of WSRF resources. For every code transfiamraiuest, one new resource instance (i. e., transient
storage) for holding the resulting task graph is createddyinally. The other resource is static (i. e. , instantiatelg
once and shared globally among all processes), callatitorand explained in Section 2.4.

The task graph resources are instantiated following thivfagattern, returning a unique remote reference (the
resource key) to the client. As shown in Fig. 2, the clientdsetine resource key on every communication with the
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LooPo-HOC, which uses the key afterwards to retrieve theesponding resource data (the task graph and interme-
diate results). Thus, a LooPo-HOC server is not a singletpdifailure, but rather a service provider that permits
clients to switch between mirror hosts during a session.

2.4 Workload Monitoring in the LooPo-HOC

The transformation of loop nests into tasks graphs is a ceatipn-intensive operation, which is quite unusual for

Web services: typically, a Web service operation retriewei®ins some data remotely and terminates immediately.

Due to the asynchronous operations of the LooPo-HOC, tketsliproduce processing load rigtfter their requests

are served, since this is, when the code transformatioria f@mncrete time costs follow in Section 4).

From the user's viewpoint, the asynchrony is advan-

tageous, since local application activities are not bldcke |

by the code transformations running remotely. However, |

when multiple users are connected to the same LooPo- |
|
|

ﬁLooPo HOC

task graph

HOC server, the workload must be restricted to a certain

(server-speci c) maximum of concurrrent requests. For

this purpose, the LooPo-HOC has an integrated work- cll _

load monitor (see Fig. 3) which provides status informa- /Se”‘fo( ransiormaton

tion to the clients. K‘fxgﬁlques‘
The monitor consists of two parts, a xed-size threa

pool and a status map. For every transformation,

LooPo-HOC rst checks if an idle thread is availablélent ,\%e,yslams
If the thread pool is fully loaded, then the LooPo-HOC Mstays | M ,
creates a new transformation thread and adds it to the ! monior - —manage resouro
pool. The maximum threshold for the thread pool is set |
by the server administrator and is usually equal to the :

|

workload monitor
(shared resotce)

T T
thread pool‘

I
—

number of CPUs of the hosting server. Once the number
of executing threads has reached this maximum, incom-
ing requests are queued.

The status map (shown bottom right in Fig. 3) is a
structured data store, used to keep track of the succesaivid@rmations. The client can read the map by issuing an
XPath query [9] to the monitor at any time. This feature isfuls&hen the client reconnects during a loop transfor-
mation. The map also allows one application to execute thlesteesulting from transforming the sequential loops
submitted by another application: via the map, users caik titge status of transformations (and run the resulting
tasks), even if they connect to the LooPo-HOC for the rstdifand, consequently, receive no automatic noti cation
about status updates). This scenario arises, €. g., if theséfwice for connecting to the LooPo-HOC is deployed to
multiple servers, allowing clients to switch between hpstsen a connection fails or some host's request queue is
full.

As future work, we are considering to use the workload marital the status map, for automatically balancing
workload: instead of queuing requests that exceed somshthisk another server will take over the processing load.
Implementing load balancing this way is probably also aaridting case study for on-demand deployment of HOCs
and combining multiple code transfer technologies [12].

Figure 3: Workload Monitor

3 Case Study: The SOR Equation System Solver

As an example application, we have implemented a solveirfeat equation system8, = b, using the successive
overrelaxation method (SOR). The SOR method works by eatasipg the Gauss-Seidel method [6], as shown in the

following iteration formula:

A D W L P}:farA ke Po w0

i a i j=i+l &

Here, vector (K) denotes thdth iterate, thep; are elements of the input matrix, and! is called therelaxation
factorwhich is reduced in each iteration, until it declines beleme tolerance. Roughly speaking, the SOR algorithm
computes weighted averages of iterations, leading to agukar system of linear equations, which is much simpler
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to solve than the original arbitrary system. There is ondrobdependence in the SOR solver, i.e., in each pair of
successive iterations the follow-up statement dependsqmedecessor.

1: @LooPo("begin loop", "constants: m,n; arrays: a{n+1}")

2: for (int k = 1; k <= m; k++) {

3: for (inti =2; i<=n-1; i++) {

4: /I average computation

5: alil = (@i - 1] + afi + 1)) / 2.0; ... } }

6: @LooPo("end loop")

Figure 4: The sequential code parameter

To run this application in parallel on the Grid, the user diggthe LooPo-HOC with the application name (here,
SOR and a sequential description of the computations exptdeissdava notation, as shown in Fig. 4. Any loop
nest (with metadata, as the delimiting annotations in lihesd 6) can be used as input for the LooPo-HOC. The
annotations have the purpose of delimiting the code thatiismaatically parallelized. The parallelization itself is
applied to the Java source code using the steps from Secfomeaulting in a task graph. First, a model of the
input program is derived (Fig. 5). For the space-time trarmsétion, the following scheduleand placement were
determined: (k;i)=2 k+iand (k;i)= k.

For obtaining the task dependence graph, tiling is appliethe transformed target program. Fig. 6 shows the
representation of the transformed program after tilingjsli@d using the same color tone for tiles that can be exdcute
independently. The nal model is derived by joining eack ks a node into a graph with every inter-tile dependence as
a directed edge in that graph. From the task graph modelseptation, the LooPo-HOC generates three Java classes

Figure 5: The input program (M=7, N=5)  Figure 6: Transformeagram after tiling

as output which are stored in the Code Service [BQRMaster , SORDataandSORTask TheSORMaster holds
the dependence graph (it implements the interfackTaskDependence from the mwDependenceService
package) and provides th@in -method (required for distributing data to task groups; Seetion 2.2).SORData
objects are used for buffering application data and3fiRTask class describes a single task (as an implementation
of theexecute method from the interfacemwDependenceService.UserTask ).

Since these les comply with the interface de nitions in thEDC-SA [15], the user can directly load the three
output les for parallel processing as code parameters®fdahm described in Section 2.1.

4 Experiments

Fig. 8 shows the computation times for matrices of diffeserés using froni to 10 workers running on commah7

GHz PCs. We also experimented in a more heterogeneous emérd (and observed promising speedups), but here,
we only report the most regular results (for homogeneou&evrsy, since these results are the most comprehensible
ones.

The experimental environment was set up in a high-perfagmigtwork reaching a data throughput of approxi-
mately3:4M Bit=s . The strong time decay in the left of Fig. 8 (fradhto 3 workers) shows that especially the adding
of the rst 2 workers leads to a strong performance improvement, as caapa the sequential computation time.
The corresponding ef ciency values support this assunmptfor 3 workers, the ef ciency was abow&0% and for2
workers even aroun@0% in multiple measurements.

The decline of the plane along tlzeaxis (matrix size) shows that using more than 5 workers iy pnb table
for large matrices, while, for th#00K 200K matrix there are not enough tasks (using a 5 tiling [18]) to take
advantage of more thahworkers.

The eight bars in Fig. 9 represent the initialization timas1fO workers (i. e. the time that passes by after the client
sends a request, until the remote computations in the faart).sfThe time required to establish ash connection
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Figure 7: Computation Times Figure 8: Initialization Times

between the master and all workers varied between 4 and mid®cds can be observed by comparing the bars
in the front row and the back row, there is no correspondemteden the time required to connect and the full
initialization time (including the remote code loadinghieh exhibits strong variations between 30 and 90 seconds
(the standard deviation from the mean value of 50 seconds was 22). This is due to theeotion between the farm
and the database: as explained in Section 2.1, the farm veold&d the code for processing the single tasks from
the Code Service using OGSA-DAI [25], which is known to deliunreliable performance under certain conditions,
especially when it is deployed on a single server togethtr @ther Web services [14]. In relation to the much longer
computation times of the SOR application (from several @ado several hours for large matrices), the initializatio
time can, thus, be disregarded. It should also be notedhbanitialization is only performed once per worker and
application. After the rst set of input data (a matrix in tB®R example) has been processed, the same parallel code
is used to process any number of successive inputs withpeatiag its generation (using LooPo) and its transfer from
the Code Service to the workers.

The transformation of the single loop nest used in the SORnpl@in Section 3 takes approximatdlymin on
a contemporary dual-core PC, utilizing 50% of its overalllC&apacity. From this quick increase of computational
load, we conclude that, if only one server is used to run thike ¢ansformations in multiple different applications of
the LooPo-HOC, this machine should be a powerful multipssoeserver.

5 Conclusion

The idea of using LooPo for transforming the code parametieasHOC was suggested in an earlier paper [13] and
a prototype of such a component was tested for local areaonieti5]. By now, the implementation of a Grid-aware
version, called LooPo-HOC, has been completed and extesrditk server side: instead of a farm, that supports only
dependence-free applications, the distributed mastek&v@amplementation, described in Section 2.1, now provie
distributed environment for Java programs that is capafyearessing dependent tasks using a task graph scheduler.
Using the LooPo-HOC, the treatment of dependences becahesé&nsparent, i. e. , the Grid application programmer
is no more responsible for scheduling independent taskogrfil8], but there is an internal scheduler in the master.

Using the SOR program from Section 3 as an example, we havensthat the LooPo-HOC provides a promising
scalability and the time needed for the initial code transi@tions does not critically impact the overall applicatio
performance.

Another approach to automating the generation of paratidecwas developed within the recent research on
OpenMP programs aneparallelizingthem for the Grid [8]. This work also covers Java programs tueduse of
distributed shared memofpSM) for data exchange among tasks, but still requires fpoogrammers dependence-
free input and the explicit declaration of parallel loopa @penMP directives. The LooPo-HOC, on the contrary,
offers a fully transparent programming interface that regpionly sequential code. The required data sharing could
have been implemented using Sun's standardized DSM impitatien inJavaSpacep!]. However, the LooPo-HOC
requires only the joining of single tasks and no support fstrifhuted transactions, and, thus, relies on a more light-
weight implementation [5], which provides much better parfance.

The LooPo-HOC (including the source code) can be downlodded the Internet as a part of the HOC-SA
Globus incubator project [15]. It is interoperable with asther Globus-based Grid software. For integrating the
presented parallelization technique into the GCM, the taalkbh may also be included into an automatic manager in
the membrane of a GCM component [16]. The suggested conityinaftcomponents with loop parallelization is not
only useful for the GCM, but also for other popular componantiels, such as CCA [23] and CCM [21]. Beside the
code transfer mechanism used by HOCs [12], no other spegialres of this component technology are required.
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