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Abstract

Scientific applications often involve computation
intensive workflows and may generate large amount of
derived data. In this paper we consider a life cycle,
which starts when the data is first generated, and
tracks its progress through replication, distribution,
deletion and possible re-computation. We describe the
design and implementation of an infrastructure, called
Active Data, which combines existing Grid middleware
to support the scientific data lifecycle in a platform-
neutral environment.

1. Introduction

The 21* century has been described as the century of
data. Various groups predict an exponential growth in
the amount of data that will be captured, generated and
archived. For example, Foster predicts a ten fold
increase every five years from 2000 to 2015 alone [14].
Not surprisingly, there are numerous projects
addressing the computer science challenges that
underpin management of this explosion in the amount
of data.

Typically, data is generated in two main ways;
either from real laboratory based experiments or in-
silico experiments. Real experiments in areas such as
high energy physics, astronomy, biology and medicine,
and geophysics, capture data from scientific
instruments like telescopes, micro-arrays, seismic
sensors and synchrotrons. The data is usually stored in
primary repositories, where additional metadata can be
attached and made available for interrogation. Primary
data can be replicated and distributed to a variety of
geographically distributed sites, where they are
processed, mined, analyzed and refined to produce
secondary data sets. Primary data also comes from in-
silico experiments; computer simulations that model
some real world phenomenon (possibly driven by real
world data) and produce output data which is then
stored and analyzed in much the same way as real data.
Regardless of the data source, there is a well

recognized need for data curation and provenance
information management [17][31]. For example,
metadata such as the date and environmental
conditions must be saved for a real experiment.
Likewise, input parameters and date information must
also be saved for an in-silico experiment. Because data
from these two sources is handled in very similar ways,
data management middleware typically does not
distinguish between them. Thus, common solutions for
handling metadata can be applied regardless of source.
Tool kits such as the Storage Resource Broker (SRB)
from the San Diego Supercomputing Centre [1], and
the Globus RLS [22] epitomize this approach.

The problem with an exponential growth in data is
that it requires an exponential growth in storage
capacity. Conventionally, communities usually store
and replicate everything they capture (or compute).
However, this is clearly wasteful, and it is unlikely that
we will be able to continue doing this for very long.
There are a number of potential solutions to the storage
problem. For example, compression techniques might
reduce the amount of storage required. However, in
some instances it may be simpler to recapture or re-
compute the data, rather than to store it. This leads to
the development of a virtual data grid [16], where data
are identified by logical names and derived data from
previous experiments can be re-generated when
needed. Research on virtual data has attracted focused
attention from a small number of groups (e.g.
[9I[15](21]).

One view of the re-computation problem is that we
want to produce a copy of a file transparently where
one does not exist. Thus, if an application opens a file
that was produced by a computational model, but the
data has been deleted, then the file could be re-
computed without the application being aware. Clearly,
implementing such a strategy requires sufficient
metadata on how a data set is produced, and a set of
mechanisms that can reproduce it on demand.

Further, building on the idea of a virtual data grid,
we view data regeneration as a special case of



replication. When a computational model executes, it
generates some output data that may later become
input data of some other models. The data may be
replicated to many different locations for various
reasons. Later on when the data are not needed, they
may be removed. In the end, this would result in
complete data removal. When a reader application
reads from this data, data regeneration is needed since
all copies of the data are gone. We call this the Grid
Data Life Cycle (GDLC), shown in Figure 1, from non-
existence of data, to the original copy of new data
(computed), to many copies of the data (replicated), to
non-existence of data (deleted), and possibly back to
one copy of the data (re-computation).
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Figure 1 — Grid Data Life Cycle (GDLC)

We have developed a prototype system that
manages the GDLC of the computational models and
workflows in a platform neutral environment. This
system, called Active Data, provides mechanisms to
existing applications and workflows to run on the Grid.
It also allows them to access data stored in different
replica management systems, to associate metadata that
describes how the data is computed across multiple
replica systems, to ensure that data cannot be removed
unless sufficient metadata for regeneration is
associated, and to regenerate the required data
transparently when needed during execution.
Importantly, because Active Data is built under our
GriddLeS system [6], no source code modification is
needed.

2. Data Management Middleware

High performance computing applications in domains
such as high energy physics, climate modelling and
astronomy are often data intensive. They require access
to large amounts of data, which are often copied and
distributed in different locations in the Grid in order to
improve reliability and system performance. While the
Grid [14] describes software infrastructure that links
and shares computational resources such as machines,
scientific instruments and data, the term Data Grid [2]
usually refers to a network of distributed storage
resources that allows sharing of data distributed across
remote repositories. Typically, these data can be
accessed (e.g. file 10) transparently as if they were

stored locally. Today, many scientific communities are
using Data Grids for managing and sharing large-scale
distributed data, such as [32][33][34][35][37].

Distributed data (replicas) management on Data
Grids has attracted a great deal of interests (e.g.
[10][16][30]). A data grid management system must
tackle issues such as user authentication, access
control, storage resource management, scalability,
performance and data uniqueness. Further, support for
metadata management is important because researchers
often associate metadata with scientific datasets, and
this describes the contents and structure of the
associated datasets. Examples of such systems include
SRB [5], Globus RLS [22] and Gfarm [23].

Developed at the San Diego Supercomputer
Centre, the Storage Resource Broker (SRB) is a data
grid management system that employs a client-server
architecture. It supports distributed data management
using global logical namespace, including data
publication, replication, transfer, discovery and
preservation. The SRB uses logical namespaces to
identify files, storage resources, users, metadata and
access controls. Because these are done independently
of the physical storage systems, a logical name that
maps to a file does not change even if the file is moved
to a different storage system. SRB supports various file
systems and provides comprehensive client commands
and APIs.

When an SRB object is registered, the SRB
associates system-level metadata, such as location, size
and creation date, with this object. For application-
level metadata, SRB users are provided comprehensive
metadata support via Scommands and APIs. User-
defined type of metadata can also be specified by using
extensible schemas, which allows new tables to be
added to the MCAT.

The Globus Toolkit [36] provides a number of
components for supporting data management in the
Grid. Specifically, the toolkit provides tools for data
transfer (GridFTP and RFT) and replication (RLS and
DRS). GridFTP [4] extends the standard FTP protocol
to allow data to be transferred efficiently among
remote sites. It is secure and uses multiple TCP
streams for fast performance. However, one
shortcoming is that when a client fails, GridFTP does
not know where to restart the transfer because all the
transfer information is stored in the memory. This
means that a manual restart for data transfer is often
required. To overcome this, the Reliable File Transfer
(RFT) service [24] was developed. This non-user-
based service is built on top of the GridFTP libraries
and stores the transfer requests in a database rather
than in memory. Clients are only required to submit a
transfer request to the service and do not need to stay
active because data transfer is managed by RFT on



behalf of the user. When en error is detected, RFT
restarts the transfer from the last check point. The
transfer status can be retrieved at anytime and RFT can
also notify users when a requested transfer is complete.

Data replication is supported by the Globus
Replica Location Service (RLS) [22] and, currently as
a technical preview, the Data Replication Service
(DRS) [3]. The RLS is an implementation of the RLS
Framework [1]. It is a distributed registry that stores
mapping information from unique logical identifiers to
physical file locations. Using this information, RLS
keeps track of the data replicas in the Grid. Client
libraries and command line tools are provided for the
user to register file copies, as well as to discover
replica locations by querying the RLS server.

The RLS employs a metadata service, which
contains information that describes the registered
logical files. Descriptive data is attached to a file by
creating and associating attributes. Currently, RLS
supports values including decimal numbers, integers,
strings, date and time. Attributes can be created using
the provided client command. C and Java APIs are also
available.

DRS is a high level data management tool that
uses RLS and RFT. The main function of the DRS is to
ensure files (replicas) exist on desired storage
resources. This is done in three phases. The DRS firstly
locates the desired files on the Grid by querying the
available RLS servers. When the files, or replicas, are
found, the DRS creates and submits a transfer request
to RFT for copying the files to the desired storage
resources. Finally, upon completion of the transfer,
DRS registers the newly replicated files with the RLS
servers.

Gfarm [23] also provides support for data
replication and employs a metadata system to manage
the file distribution. It focuses on building a distributed
grid file system that provides scalable and high
performance 1O by integrating many local file systems
and clusters. However, different to the SRB and the
Globus Toolkit, the Gfarm metadata system is used to
store file and parallel process information and currently
does not provide support for users to associate
descriptive data to the files.

The above systems all share the same goal; to
provide mechanisms to manage data that are
distributed geographically. However, in GDLC we also
require high level tools that manage data access within
workflows, data deletion when desired, and
importantly, regeneration of the deleted data.

Data regeneration is a significant feature in a
virtual data system, for example, as demonstrated in
Chimera [15]. Chimera tracks how data is derived and
allows deleted data to be recreated when needed. It
uses the virtual data language (VDL) to describe

procedures that generate data and records information
on how these procedures may be rerun later. This
information is specified as VDL definitions, which are
stored in the virtual data catalog (VDC). The
corresponding data definitions are used when a
workflow being created requires the data. Chimera
creates an abstract workflow using the data definitions
and stores it as an XML document. This document is
then sent to the planner that generates executable forms
of a workflow. Currently, Pegasus [11] is used by
Chimera as the primary planner that converts the
abstract workflow to a Condor DAGman DAG, a
workflow that can be executed over the Grid resources.

One limitation of Chimera is that it does not
provide support for remote 10 operations. It copies the
whole file from remote host to the execution node after
a derivation of the file is done. Whilst this is efficient
when the file size is small, it is inefficient when a
reader application only requires a small portion of a
large dataset.

Apart from data storage and regeneration, one key
aspect in the GDLC is data removal. The storage
systems mentioned above all provide ways to remove
data from distributed resources. If a file is no longer
required, a user may decide to delete it permanently.
However, when a file is used by a computational
model, the user may not want to delete it unless there is
a way to recreate the file. Chimera does not provide
facilities for the user to remove derived data and
execution will fail if no derivation definition is defined
for the deleted data.

3. GriddLeS and Kepler workflows

Grid workflows refer to workflows that are executed
on the Grid. Such workflows are common in many
domains, such as physics, earth sciences and
astronomy, and often involve intensive computation
and generate large amount of derived data. These data
can be in various forms, such as datasets and images,
and may serve as inputs to subsequent models.

Several workflow engines exist (e.g. [13][25][29])
that allow users to compose virtual applications using
existing components. In this model, each component
typically takes inputs and produces outputs that would
become inputs of another component. Components
within a workflow usually communicate by passing
files or using interprocess communication pipes. When
files are used, it is often difficult to overlap processes
because a reader application needs to wait until the
writer application finishes writing the output file. Also,
when different machines are used for each process, the
output file needs to be copied. To overcome this, we
developed GriddLeS [6] and have also recently
integrated it to the Kepler workflow system [13].



3.1 GriddLeS

GriddLeS is a middleware layer that provides a set of
interprocess communication facilities for constructing
arbitrary Grid applications/workflows from existing
software components [6]. Such components are
connected by a mechanism called GridFiles. A
GridFile is a logical file that contains user-specified
information about the physical file, including, but not
limited to, resource location, file path, type of storage
systems and user access information. GriddLeS
employs a flexible architecture for supporting different
file access mechanisms, such as local file access,
remote file access and replica access. Importantly, no
source code modification is required to access the
GriddLeS run time, and this allows legacy codes to be
run using a variety of different file access mechanisms.
Previous work shows that Grid workflows can easily
be constructed using legacy programs (e.g. Fortran
programs) and performance can be significantly
improved by pipelining and overlapping workflow

components in parallel processes [8][27].
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Figure 2 — The GriddLeS Architecture

GridFiles are supported by a device called the File
Multiplexer (FM), which traps an application’s 10
system calls (e.g. open, close, read, etc.) and maps
these operations dynamically to appropriate services.
This IO interception mechanism enables applications
to access files on the Grid without changing any code.
Currently, GriddLeS provides access to local files,
remote files, remote buffer for streaming, and data
replicas in a number of different replica systems.

Instead of modifying the application, users need to
specify the file mapping information in the GriddLeS
Name Service (GNS). Each mapping in the GNS
contains the original file path and the new file
information. This is the central place for the users to
tell GriddLeS what to do when a program is trying to

access a particular file. When file path changes, a user
modifies the mapping information instead of the
application code.

3.2 Kepler

Recently, we have developed a number of GriddLeS
actors in Kepler that allow users to specify file
mapping information directly into a Kepler workflow
without using the GNS [7].

Kepler is an active open source project to build
and evolve a scientific workflow system [13]. This
system allows scientists from multiple domains to
design and execute complex scientific workflows.
Kepler is built on the Ptolemy II system [26], which
provides a set of Java APIs for modelling
heterogeneous, concurrent and hierarchical
components using various models of computations
(MoCs), which govern the interactions between
software components. The Ptolemy II project studies
modelling, simulation and design of concurrent, real-
time, embedded systems.

In Kepler, an actor is a computational unit. It is a
reusable component in a workflow that communicates
via input and output ports. The interaction styles of
actors are defined by directors, which are responsible
for implementing particular MoCs. Examples of
directors are Process Network (PN) and Synchronous
Data flow (SDF). The former runs actors concurrently
and the latter runs actors sequentially. The workflows
are controlled by the directors. When changes are
required (e.g. scheduling), only the director needs to be
changed and no change to the workflow graph is
required.

4. Active Data

The main goal of Active Data (AD) is to provide an
infrastructure that allows the users to manage derived
data within the GDLC. Specifically, such infrastructure
must provide means for the users to:
* access data stored in different storage systems;
* enhance the performance with optimized data
access;
* create data replicas when needed (and access the
best one during runtime);
* create metadata that describes how the data may
be recreated;
* delete the derived data (and ensure sufficient
information on data regeneration is defined);
* regenerate the data when needed; and
* avoid source code modification in existing
application components.
To support these, AD integrates various existing
middleware, including GriddLeS and Kepler.



4.1 Data Access

In AD, data access is supported by GriddLeS.
Conventionally, the user composes workflows by
specifying file mapping information in the GNS. Each
component within the workflow may access local files,
remote files or replicated files. Streaming between two
components can also be configured by using a
location-independent buffer. This means that reader
and writer applications can be overlapped using a pipe
in the Grid for faster performance.

Using Kepler, the workflow can also be created
without using the GNS. The user simply draws a
workflow graph in Kepler with the desire director (e.g.
a PN or a SDF director) and the GriddLeS actors. The
file mapping information is specified within each actor
by connecting the output port of an actor to the input
port of another actor. Users can instruct GriddLeS to
copy the output files to the execution node of the next
actor via GridFTP or scp. Streaming is used when PN
director is in use.

Each component (i.e. actor) can be executed in
different resources and user authentication is done via
Globus or SSH. When PN director is used, all actors
are run concurrently and a buffer will be created
between each pair of actors. In this mode, the
components within the workflow are connected using
pipes. On the other hand, when SDF director is used,
Kepler will run the actors in a sequential order and
third-party file transfer will be performed at the end of
each actor execution.

4.2 Data Replication and Selection

GriddLeS employs a flexible plug-in architecture for
supporting different file access mechanisms for various
replica management systems [28]. It provides
applications transparent access to the replicated data, in
which more than one copy may exist. Each supported
system provides means for users to replicate data and
the replica information (e.g. number of replicas and
their locations, creation dates, access level and user-
defined metadata) is maintained by the storage
systems. Such information is useful because GriddLeS
will choose the best replica during program execution
based on network statistics. It can also automatically
switch to a better one dynamically in runtime.

4.3 Data Deletion and Metadata

AD provides a special client command (adrm) for
deleting replicated files. Based on the GriddLeS’
unified data access framework, AD employs an
abstract interface for data removal from supported
systems. The users may want to specify the physical
file path (i.e. replica system-specific file information)

or the logical filenames that are used in the GNS. The
latter is useful when the GNS is used for composing
the workflows.

The major reason for this interface is to ensure that
data regeneration information exists. Data can be
removed permanently only when 1) there are replicas;
or 2) data regeneration information associated as
metadata. When the remove command is executed, it
checks the existence of the file in the corresponding
replica system. If there are more than one copy, it
displays a list of the replicas and asks which one to be
deleted. Then the command removes the chosen one
permanently from the system. If the user wants to
delete all replicas (or the last copy), it firstly checks
whether there is data regeneration metadata associated,
in which case it removes all the data but keeps the
metadata in the system. An empty file still exists in the
system because it is where the metadata will be
associated with.

When no data regeneration metadata is available,
the remove command requires the user to specify
information about how data can be regenerated.
Currently, AD supports regenerating data via running
an arbitrary application (e.g. a linux binary), or a
Kepler workflow. For an application, AD requires
metadata such as physical file path to the binary, the
arguments, and in the case of an application that
outputs more than one file, which one is desired (Table
1). Input files for this application may be missing and
require regeneration as well. If a Kepler workflow is
used, then the user must save the workflow into a
Kepler-specific XML document and store the
document, and its path, in the replica system (Table 2).

Attribute | Value Description

wf no no workflow is used
host argos where the program is
cmd $HOME/ccam | the program command
arg > output.dat command arguments
ofile output.dat the output file desired

Table 1 — Metadata information for arbitrary programs

Attribute | Value Description

wf kepler:/argos/poll.xml | the workflow

Table 2 — Metadata information for a workflow

Clearly, a Kepler workflow is preferred over a
single binary because it allows program execution on
Grid resources and all execution-related information
(e.g. user authentication, input/output files, program
paths, resources, etc.) is stored within the workflow.
With Kepler’s data provenance model [12], tracking
and rerunning the derivation process of the data can be
performed in more complex applications. Furthermore,
regeneration information is stored in the replica system




as metadata and is not specific to a particular workflow
system. Hence, it is possible to support other systems,
including Chimera.

One problem of this design is that not all replica
systems support user-defined (application-level)
metadata. For example, SRB and Globus RLS both
support this but Gfarm does not. Currently, Active
Data overcomes this problem by storing the
information in a simple text file. This file is registered
in the Gfarm system so that it is accessible via the
Gfarm native interface.

4.4 Data Regeneration on demand

AD provides facilities to regenerate deleted data on
demand. During runtime, when a user-specified input
file is not available, AD looks for the associated
metadata. If there is no metadata, the execution will be
terminated because an input file is missing. When data
regeneration metadata exists, AD will try to rerun the
procedures that created the data previously. If a Kepler
workflow is used, AD firstly retrieves the associated
XML document from the replica system and uses the
Kepler client command interface to execute the
workflow.

The data regeneration process is transparent to the
reader application. AD blocks the reader application
and reruns the previous application or workflow using
the information from the metadata. If the executions
are on the same host, then the reader application
simply reads from the local file using GriddLeS once it
is created. If an execution is performed on a remote
resource, then the file may either be copied, or may be
accessed remotely using GriddleS® remote 10
operations. Further, rather than blocking the reader
application, it is possible to stream the data between
the writer and reader applications using the GriddLeS
Buffer Service.

5. Evaluation and Results

A few case studies have previously reported the
effectiveness of the GriddLeS data access mechanisms
[27][28], and demonstrated that execution performance
can be improved significantly using the data source
optimization. A recent case study [7] was performed
using a scientific workflow that computes the air
pollution scenarios from a chain of atmospheric
software components. The case study shows that it is
easy to compose Grid workflows in the Kepler
environment using existing code. In this example,
Kepler was used to create, execute and monitor the
entire virtual application. The result shows that the
total execution time of the five computation actors
almost reduced in a half when run in parallel.

Here we conducted a case study that considers
some components of the pollution model workflow,
including the global climate model (CCAM) [18], the
data conversion program (cc2lam), the regional
weather model (DARLAM) [19], another data
conversion program (lam2cit) and the photo-chemical
pollution model (CIT) [20]. The main aim of this case
study is to demonstrate that a deleted file can be
regenerated on the fly without significant performance
loss. For evaluation purpose, two experiments were
performed and all data and applications were run in the
same machine.

5.1 Experiment 1 — Rerun an arbitrary
application

The first experiment considers a writer application
(CCAM) and a reader application (cc2lam). CCAM
writes climate data to the file, globaus8xx.197901, and
this serves as input to the conversion utility, cc2lam.
During the experiment, CCAM was run and the output
file was stored in an SRB server. The regeneration
metadata were associated with the file and this was
then subsequently deleted using AD’s remove
command. File mapping information was entered (to
the GNS). When cc2lam was executed, AD found out
that the input file was removed from the SRB server. It
suspended the cc2lam execution, retrieved the
associated metadata and used the information to rerun
CCAM. The output data of CCAM was written to the
original SRB file. The experiment was repeated 10
times to get an average execution times (and standard
deviations) for each model.

The results are shown in Table 3. Originally the
total execution time for the two models took a bit more
than 30 minutes. With the data regeneration and SRB
in place, the execution took roughly 2 more minutes to
complete. Such loss is expected due to the overheads in
GriddLeS, and the re-computation layer.

Model Original Std. | Active Std.
Dev. Data Dev.
CCAM 24:43 0.9 - -
cc2lam 6:02 1.1 - -
Total 30:45 1.3 32.37 1.2

Table 3 — Experiment 1 results

5.2 Experiment 2 — Rerun a Kepler workflow

The second experiment concerns rerunning a Kepler
workflow using the native Kepler client command. A
workflow that outputs fine-grained regional weather
data for an air pollution model was created.
Specifically, this workflow includes these components:
CCAM, cc2lam, DARLAM and lam2cit, as shown in
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Figure 3. The final output file (winds_progfc_6km.bin)
serves as the input for the CIT program. Two
workflows were actually created, one using SDF
director and the other one using PN director.
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Figure 3 — Regional weather workflow using SDF

Two separate tests were performed and each test
was repeated 10 times. The first test used the SDF
workflow and the second one used the PN workflow.
For each test, the output data of the workflow was
written to the SRB server. After the execution, the
workflow was saved into the Kepler XML file and this
file was stored in the SRB server. The path to this
workflow file was also saved as metadata in SRB. The
output file was then deleted using the adrm command.
After that, the CIT model, which requires data from the
deleted file, was run.

In runtime, AD discovered that the file,
winds_progfc 6km.bin, was missing. It then suspended
CIT and re-executed the Kepler workflow using the
XML document from the SRB server. Results are
shown in Table 4. Rerunning the Kepler workflows
took a few more minutes because of the initialization
process of the Kepler environment before the workflow
was run.

App. Original | Active | Original | Active
(SDF) Data (PN) Data
(SDF) (PN)
Climate | 46:01 - 39:24 -
Model
CIT 30:24 - 14:21 -
Total 76:25 80:12 53:45 56:43

Table 4 — Experiment 2 results

6. Conclusion

This paper discusses Active Data, an infrastructure that
combines existing middleware, including GriddLeS,
Kepler and several replica systems, to support the
GDLC. It provides support for data access, replication,
selection, deletion and regeneration. Importantly, no
source code modification is required and almost all
existing applications can be supported.

The GriddLeS library is used extensively in Active
Data because it supports legacy software components.
It also employs a flexible architecture that provides
applications transparent access to data in the Grid. The
support for data streaming can also significantly
improve the program performance. Besides, Active
Data extends the virtual data concept to support data
removal, where data files within workflows should not
be deleted unless the system knows how to recreate
them when required. Also, data generation information
is stored as metadata and is not specific to any
workflow systems. We plan to support more systems in
the future.
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