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Abstract. Efficient exploitation of the aggregate resources available to
a researcher is a challenging and real problem. The challenge becomes all
the greater when researchers who collaborate across functional or admin-
istrative domains need to pool their disjoint heterogeneous resources to
achieve their objectives. Support tools are becoming available for these
ad hoc resource integration and sharing scenarios. The focus of this pa-
per is the identification of suitable deployment and usage strategies when
using the workflow approach with these tools. In particular, we present
a novel two-level peer-to-peer model for dynamic resource aggregation
that operates entirely at the user level. This sidesteps the need for sys-
tem level middleware and administrative support. This paper presents
our strategy, the underlying framework and the workflow expression and
evaluation semantics.

1 Introduction

Much research is conducted in environments where there exist multiple indepen-
dent resources and multiple dynamic groups of occasionally collaborating users
with varying levels of access to subsets of those resources. Resources may be widely
distributed and have very different architectures and administrative policies. Such
environments evolve naturally within and among academic and industrial research
facilities. These sites are typically funded departmentally yet collaborations may
span departmental or other administrative or functional borders.

Without a large-scale, ongoing and predictable pattern of collaboration there is
little motivation to implement and maintain a computational grid [1] solution to
the problem of resource aggregation. Even if such a solution were provided it may
not be optimal for many classes of problem; the grid model of distributed comput-
ing is largely focused on high throughput batch processing and not easily tuned
to support other priorities such as deadline or interactive (steered) processing.
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In such scenarios there is a need for lightweight user-level tools that facilitate
dynamic resource aggregation while ensuring the efficient use of resources. Such
tools are emerging, yet the availability of tools that facilitate resource aggrega-
tion is not in itself enough to guarantee efficient resource usage and sharing.

This report presents our use of the Webcom system [2], [3], [4] to aggregate
and abstract distributed heterogeneous resource sets. These resources are typi-
cally under the control of different administrators and in active use by different
research groups for a diverse range of application types. We demonstrate our use
of Webcom as a tool for resource aggregation using a novel two-level peer-to-peer
Overlay Metacomputer model.

This paper makes the following contributions,

1. We propose a methodology for the dynamic aggregation of disjoint indepen-
dent resources. The aggregate resource set behaves as a distributed virtual
machine that interprets a common workflow expression format on all plat-
forms, thereby abstracting site differences. Our model provides a locality-
aware peer based system for load balanced workflow execution. This ap-
proach relies solely on user-level access to resources and does not depend on
any particular middleware or uncommon site policies.

2. We present our workflow expression and execution tools built on top of
the Webcom graph evaluation engine. With these tools we can make use
of Webcom’s unique semantics and task distribution capabilities to achieve
efficient workflow evaluation.

3. We present results of tests of our model, using both synthetic and real appli-
cation examples in a real and very heterogeneous environment consisting of
distinct and independently administered resources of different architectures
with only partially overlapping user communities.

The rest of this paper is organised as follows. In section 2 some background
details are presented to put our current report in context. The approach taken
is detailed in section 3. A motivating example is presented and discussed in
section 4. Initial results of experimental evaluations are presented in section 5.
Related work is discussed in 6. We close this report by presenting conclusions
and outlining future work targets in section 7.

2 Background

Webcom is based on the Condensed Graph (CG) model of computing [5]. A
CG is a directed acyclic graph (DAG) with enhanced semantics. Each node in
a CG is an executable entity. A node may represent a single instruction or an
entire graph that has been condensed (abstracted) to node form. Certain nodes
affect the flow of control (e.g., the conditional node) and, used in conjunction
with CG edge semantics, direct the order of graph evaluation. The CG model
is intended to give the programmer the benefits of both the control flow and
data flow models of computing in a single system. Webcom is implemented as a
peer-based CG evaluation engine; a distributed virtual machine that interprets
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the CG language. A detailed description of Webcom is presented in [4]. Webcom
is implemented entirely in Java to increase its portability. Our work focuses on
implementing workflow via Webcom, and analysing suitable deployment strate-
gies for different application and environment types, to support the development
of real applications with Webcom.

3 Approach

This section presents the runtime organisation and workflow expression strate-
gies of our model. These have been designed to leverage the capabilities of the
Webcom framework and the features of the CG model to support application
deployment in heterogeneous computing environments.

3.1 Runtime Topologies

Our approach to resource aggregation consists of constructing a two level over-
lay network across the available independent resources. When combining mixed
resources including stand-alone machines, Condor pools [6], [7], and clusters con-
trolled in space sharing mode, a top level ring links the sites. This is in keeping
with the work presented in [8] where it was shown that a peer-to-peer ring of
Condor pools proved an efficient, scalable and fault tolerant method to connect
sites. This top level ring is set up by starting the Webcom service at each site
using the site’s task submission interface. These Webcom instances connect to
each other forming the top level Webcom world.

Systems have been reported in the literature that use Ring (e.g., Chord [9] and
Tapestry [10]), and Balanced Tree [11] based topologies. The Webcom system is
in this sense ‘model free’; machines can be connected in any of these structures
or combinations thereof. We exploit this fact to group peers in the topology best
suited to their characteristics. Overlay strategies for connection management
are well established, with many efficient and robust solutions reported in the
literature [12], [11], [13], so new topologies are not a strong focus of our current
research. Hence, our illustrative example uses a ring at the top level, rather than
any more sophisticated connection management structure.

Similarly, a site-internal Webcom world is set up at each location using the
processors allocated by the local resource manager as appropriate. The topology
chosen at each site depends on the nature of the site and the number of proces-
sors to be used. In a mixed and widely disbursed or very heterogeneous Condor
pool, a tree topology is suitable as this means less traffic over the network and
less impact to the Webcom world when an individual Webcom is preempted by
Condor [14], [11]. At a dedicated space sharing site where preemption is not a
factor and all processors are connected to the same switch, a star topology is
more efficient. There remains the risk of losing connection with the entire clus-
ter, but the loss of an individual node is far less likely than at a cycle scavenging
site. Webcom can also be used to group any number of independent workstations
as it does not rely on the existence of a batch job manager for resource access.
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Fig. 1. An example of a Webcom overlay metacomputer. This example scenario shows
the aggregation of resource from three sites: a Condor pool shown on the left, a PBS
queue on the right, and an SMP machine at the bottom. A top level ring is formed with
these and a stand-alone workstation (at the top of the circle). The latter may act as the
point of submission for the user’s workflow and also contribute to task execution. With
this overlay in place, workflow graphs can be evaluated across the aggregate resource
set, with Webcom providing load balancing across the individual sites and abstracting
underlying differences in platform and topology.

A schematic of the approach is presented in figure 1. This shows a scenario
wherein three sites form a top level Webcom world. Each site hosts an indepen-
dent Webcom world.

3.2 Workflow and Job Description Languages

Expression languages for scientific workflow have been presented in a range of
projects for various systems [15], [16], [17]. Our workflow and job description
languages make use of the Condor DAGMan syntax and offer the potential to
go beyond its semantics. DAGMan workflows and CGs are both DAG based,
therefore every DAGMan workflow has an equivalent CG representation. The
workflow structure, expressed in the DAGMan language as a collection of jobs in
a parent/child hierarchy maps to an equivalent shape CG. As Webcom facilitates
flow control with conditional execution, iteration, and explicit recursion, it can be
seen as a superset of the DAGMan language. Mapping the semantic concepts of
Condor/DAGMan to the Webcom equivalent, as the two systems have radically
different deployment architectures, requires the use of specific Webcom nodes
designed to handle particular Condor job types. Figure 2 shows a synthetic
example application.

Our Webcom based workflow strategy uses three layers of condensation in
each workflow. The top layer is the workflow shape; the middle layer provides
exception handling. This is built into the graph expression making exception
handling a fully distributed part of workflow execution. The lowest layer shows
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Fig. 2. Workflows are implemented as a set of graphs with this pattern of condensation.
The top level graph expresses the logical sequence of tasks in the workflow. The middle
layer provides exception handling using Webcom’s flow control operators and lazy
evaluation semantics. The lowest level graph uses Webcom’s ability to add nodes to a
graph at runtime, using an enumeration node, dynamically creating a cluster of one or
more jobs.

the mapping from workflow task expression (attribute/value pairs) to graph.
When one of these graphs is executed on a Webcom worker, the “Parse” node
downloads the job definition from the submission site and generates a set of
parametrised job entities. These are passed to the “Gen” node who generates a
set of work execution nodes (instances of “Exec”), feeding each its own version
of the job description. This allows for site specific and task specific information
to be calculated when and where appropriate. This deferred approach to task
interpretation means that task definitions can change after submission of the
initial workflow. In the event of a task’s failure, its children must not attempt to
execute and the workflow should be aborted. In the absence of a central point
of control (fully decentralised workflow execution), where the tasks have been
submitted to the workflow system and are pooled for execution, conditional
execution of child nodes is used. The condition for execution of a child node
is the successful completion of all parents. Failure of a parent results in the
propagation of trace data through the graph that facilitates fault detection and
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re-running of the outstanding tasks. This behaviour is guaranteed by the lazy
evaluation semantics of the CG model. The nodes containing the task execution
logic are only evaluated when needed. If all parents are not fully successful, the
child task is not needed and so needless resource consumption is minimised.

4 Example Application

As part of the Webcom project we are collaborating with the Medical Physics
department of the University College Hospital Galway (UCHG) in an ongoing
effort to develop a distributed Radiation Treatment Planning (RTP) workflow
solution based around the use of a Monte Carlo (MC) radiation transport sim-
ulation package.

The use of the MC technique in medical physics has become increasingly
common. In radiotherapy, it is widely accepted that MC is the most accurate and
general calculation method available [18]. A number of review articles exist on
this topic [19], [20], [21]. The main drawback of this method is the time involved.
The more traditional, but less accurate [22], solutions such as the pencil beam
[23] or collapsed cone [24] calculation will take minutes to perform on a standard
desktop. A MC calculation can take days to complete. Our objective is to provide
MC based results in a time-frame that makes MC a viable option for clinical use.

The full workflow for this application involves data transport, the acquisition
and generation of simulation model input data, preparation of executables for dis-
tribution based on currently available resources, the simulation itself, result accu-
mulation and verification, format translation, and visualisation. This application
and our approach to it are described fully in a forthcoming paper. The purpose of
this overview is to demonstrate the applicability of our resource aggregation ap-
proach and workflow model to very real and computationally intensive problems.

4.1 Application Requirements

The main computational step in the RTP workflow is the MC phase. However,
there are significant data input and output issues. An accurate run of the sim-
ulation results in the transport, analysis and visualisation of approximately 20
GB of data. Runtimes are dependent on a number of user specified parameters;
a usable result can be generated in 70 to 100 CPU hours. A clinical time-frame is
in the order of one to three hours. Providing medical rather than computational
science experts with the necessary computational power in a flexible, reliable
and accessible manner is the central challenge of this application. Our approach
answers that challenge by facilitating the harnessing of disjoint resources on-
demand, and ensuring the efficient use of those resources.

4.2 Application Environment

Due to the interdepartmental nature of our research group, a mixed collection
of resources are accessible for use. These include a 64 processor cluster (32 dual
Intel Xeon 2.4 GHz processor machines with two GB of RAM per machine)
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managed by Torque [25] [26] and Maui [27] in space sharing mode, a very het-
erogeneous Condor pool featuring high end graphics workstations (two dual-core
AMD Opteron processors with 16GB of RAM), more modest Linux worksta-
tions, and general purpose laboratory machines (Intel Pentium III and Pentium
IV based machines with between 128MB and 384MB of RAM running Windows
2000 or Windows XP). Added to this there is a 16 CPU AMD Opteron SMP
machine with 32GB of RAM, partially managed by Torque/Maui and donat-
ing spare cycles to the Condor pool. Other independent (typically midrange)
workstations are managed directly as Webcom clients.

4.3 Discussion

None of these resources alone can provide the computational needs of the ap-
plication due to queue lengths, policy restrictions, or a combination of these
and other factors at individual sites. The benefit of our approach is the ease
and consistency with which the available resource subsets at each site can be
harnessed into an efficient and powerful metacomputer suitable for the process-
ing of the application workflow. Users can drive the application from a portal
that supports parametrisation of the workflow and the upload of patient- and
treatment plan-specific inputs. Progress can then be steered based on the expert
user’s interpretation of intermediate results.

Fig. 3. A sequence of decompositions for a parallel application. The ‘Java’ timings
show the basic performance of a 16 way parallel application. The ‘1x16’ arrangement
refers to a one node workflow version of the application. The ‘2x8’ arrangement uses
two nodes, each of which executes eight threads at the application level. The ‘16x1’
set of timings show the performance when the parallelism of the application is entirely
exposed at the workflow level. In all cases, for all task durations, the cost of workflow
expression is approximately two or three seconds.
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5 Evaluation

The basic performance of Webcom as an efficient resource manager and graph
execution engine is shown in figure 3. This experiment shows Webcom’s perfor-
mance when executing different workflow expressions of a parallel application.
The test application simulates a scalable job capable of being decomposed into
different arrangements. As the decomposition becomes increasingly fine grained
with more of the parallelism exposed at the workflow level (rather than the
application logic level), the overhead of graph management remains reasonably
constant, with execution times as short as 15 seconds.

The RTP application is scalable and can be tuned dynamically to the available
resources such that each node in the MC phase has approximately the same run-
time. Figure 4 shows the results of executing the MC phase of the RTP workflow
over a dynamically aggregated collection of 165 processors from different sites.

Fig. 4. A plot of start times to finish times for different decompositions of the radiother-
apy workflow executed over a collection of 165 machines using our resource aggregation
strategy to combine resources controlled by different managers including Condor and
PBS, in conjunction with stand-alone machines running the Webcom service. The ar-
rangement of 800 jobs shows the best performance as it is capable of making use of all
available resources. The smaller decompositions expose less parallelism at the workflow
level and consequently fewer machines are used, leading to longer execution times for
each job and consequently longer workflow execution times.
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This shows that the more fine grained decompositions of the task, which equate
to a larger number of shorter jobs, results in better completion times. One rea-
son for this is that the overall impact of jobs that are delayed on non-dedicated
machines is greatly reduced as each individual job represents a smaller fraction
of the overall workflow. The efficient handling of large parallel workflows over
mixed machines, demonstrates the utility of our approach.

6 Related Work

This work builds on investigations conducted in many areas related to task and
resource management. Pinchak [28] describes an approach to building a load
balancing meta-queue over a set of independent batch processing sites using the
concept of a placeholder task, inserted into each site’s queue, whose purpose is
to pull down instructions from a work server and execute tasks using the queue’s
resources. Our work is conceptually similar in that we use multiple independent
sites to form a metacomputing platform by overlay. However, the work in [28]
and [29] (the latter presents a DAG oriented extension to server) achieves load
balancing via self-scheduling workers that pull tasks from a single master site
following a fixed eager strategy. The Master/Worker (MS) model of work distri-
bution, as used in [28], is popular and well suited to certain classes of problems.
However it is not necessarily the most scalable model as the master’s ability
to dispatch work and collect results can prove a bottleneck [30]. The use of hi-
erarchical MS topologies has been studied as a step towards dealing with the
scalability issue [31]. A fundamental difference between [28] and this project is
our use of the peer-to-peer model [32] to achieve greater scalability.

Other systems offer a single package solution for resource aggregationand work-
flow execution, e.g., the Java CoG kit [33] offers the ability to use a suite of resource
access protocols including Globus [34], SSH [35], and web services, for workflowex-
ecution. Java CoG kit is built on the client/server model with pre-packaged com-
ponents for interacting with various resource managers. Workflow is defined and
managed using graphical or script languages that are translated to an XML-based
intermediate representation. Our work differs as we use a multi-level P2P over-
lay abstraction for resource aggregation to increase scalability and robustness. In
addition, as our approach is based on a graph-oriented model of computing that
provides a strong theoretical basis from which to reason about the execution of
workflow graphs. This model also provides conditional and iterative execution,
recursive graph definitions, and combinations of lazy and eager evaluation strate-
gies, which we leveraged to achieve decentralised exception handling.

The use of heterogeneous resources introduces the problem of platform de-
pendence; we have tackled this problem using concepts developed within the
Condor project [6], [7]. Condor supports cycle harvesting across heterogeneous
non-dedicated resources to implement a distributed batch system focused on
high throughput computing [36], [37]. Our technique uses the job and workflow
description languages developed in Condor and incorporates ClassAd [38] match-
ing with novel worker filtering techniques to achieve task to resource matching.
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Support for the expression and correctly ordered submission of dependency con-
strained job collections, or workflows, is implemented in Condor via the DAG-
Man tool [39]. DAGMan is a user level tool whose purpose is to ensure that jobs
are submitted in dependency-preserving order; it exerts no influence on Condor’s
placement and scheduling behaviour. Condor is batch-oriented and assumes that
jobs are independent of each other; DAGMan proceeds as a Condor client, work-
ing on behalf of a user, submitting jobs when all their dependencies have been
satisfied. Blythe et al. [40] discuss the impact of this lack of workflow awareness
at the scheduler or task allocation level; excessive or redundant input and output
transfer is identified as an issue with the Condor/DAGMan approach. Our ap-
proach is built on the Webcom graph evaluation engine and so the scheduler has
access to all the inter-task dependency information in the workflow expression.

7 Conclusions and Future Work

In this paper we have described our approach and methodology for resource
aggregation and collaboration support. The problem of integrating the diverse
and distributed heterogeneous resources available to researchers has been tackled
with a user-level overlay metacomputer. In addition, we have described the usage
of our tools designed to support workflow execution in a dynamic peer-to-peer
context. Initial results from both simulation and real applications have been
presented to illustrate the efficiency of our model.

The purpose of this work is to support the development of solutions to real
problems; these problems exhibit significant data and computational require-
ments. The solutions proposed herein are capable of exploiting the aggregate
computing power of disjoint resource sets. Our future work will involve further
optimisation of the tools discussed and support for dynamic task priority man-
agement, as well as enhancements to the automation of topological structuring
and restructuring of Webcom overlays.
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