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Abstract. Computational environments used by scientists should pro-
vide high-level support for scientific processes that involve the integrated
and systematic use of familiar abstractions from a laboratory setting,
including notebooks, instruments, experiments, and analysis tools. How-
ever, doing so while hiding the complexities of the underlying compu-
tational platform is a challenge. VINE is a web-based electronic note-
book that implements a high-level interface for applying computational
tools in scientific experiments in a location- and platform-independent
manner. Using VINE, a scientist can specify data and tools, and con-
struct experiments that apply them in well-defined procedures. ViNE’s
implementation of the experiment abstraction offers the scientist easy-to-
understand framework for building scientific processes. This paper dis-
cusses how ViNE implements computational experiments in distributed,
heterogeneous computing environments.

1 Introduction

The increasing application of high-performance computing, storage, and graph-
ics systems to scientific problem solving coupled with the ever-widening access
to and interaction with scientific tools and knowledge made possible by high-
performance networking, offers the potential to remove physical constraints of
space and time in scientific investigation. However, scientists routinely employ
processes in their work that specify many aspects of experimental procedures,
including measurement protocols, sequenced data analyses, process monitoring,
and results presentation. These processes provide the framework for scientific
study and are commonly reflected in the physical operations of the traditional
laboratory environment. Scientists also follow processes in computational envi-
ronments that include the use of simulation programs, databases, analysis and
visualization tools, networked computing resources, and web-based documen-
tation [2, 3]. However, whereas these computational “instruments” are highly
advanced, the support for the computational science processes is often simplistic
and limited. One reason is that the processes are naturally defined with respect to
the scientific domain of abstraction and these abstractions are not easily mapped
to the system-level complexities of the computational environment and infras-
tructure. In this paper, we discuss a web-based framework called ViNFE designed
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to support computational scientific processes in a high-performance distributed
environment.

The Virtual Notebook Environment ( ViNE) is a platform-independent sys-
tem that manages a range of scientific activities across distributed, heteroge-
neous computing platforms [10]. On the one hand, ViNE provides the web-based
equivalent of common paper-based lab notebooks with additional features for
notebook sharing, security, and collaboration. Other electronic notebook systems
offer similar capabilities [4, 5, 6, 8] in addition to features such as automatic data
acquisition [9] and image annotation [5]. On the other hand, ViNE is unique in
its ability to represent, manage, and execute computational experiments; 1.e.,
support scientific processes that involve the use of data, tools, and programs
throughout the scientist’s computing repetoire. ViNE hides system-level com-
plexities, allowing scientists to specify and launch computational experiments
using a visual specification language. The scientist is freed from concerns about
inter-tool connectivity, data distribution, data management, and machine id-
iosyncracies. Experiment specification is abstracted in the notebook interface
and results from experiments can be dynamically linked back into the notebook
content.

We focus here specifically on ViNE’s support for computational experiments.
In particular, we describe how VINE represents experimental processes in the
notebook and executes the experiments in a distributed, heterogeneous system.
In section §2, we give a high-level view of VINE’s system architecture. Section
§3 briefly describes some of the components that make up the ViNE system.
The framework for computational experiments is discussed in detail in Section
84. We conclude the paper with our future plans.

2 VINE Architecture

The Virtual Notebook Environment provides functionality through five compo-
nents: browse, administration, data organization, tool organization, and experi-
ment [10]. The administration and browse components provide the basic note-
book functions which include managing notebook structure (pages, chapters,
content), security parameters, and navigation. Extended functionality such as
describing data, tools, and analysis tasks are provided by the data organization,
tool organization and experiment functional components, respectively. These five
components work together to access, store and manipulate notebooks, data, and
tools on a given machine.

ViNE is constructed to operate in a distributed, heterogeneous system, and
its components are spread across the machines used in the computational envi-
ronment. A leaf 1s the abstract entity that contains the functional components,
notebooks, data, and tools. In addition, a leaf contains a communication server,
called a stem, and a webserver. The stem is responsible for sending and receiving
URL formatted messages that encode VINE’s commands and protocols between
the leaves. The webserver provides the notebook’s user interface.
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A leaf can contain all five components, providing full VINE functionality
for the user. It is also possible to have a more restricted leaf where only the
notebook administration and browsing components are available. This type of
leaf is a notebook server that only provides the basic notebook functions and
does not have any extended functionality. In addition, there are special leaves
that do not contain any components, but do have stems and web servers. These
leaves can be used to provide access to data stored in large data repositories or
act as computation servers running specialized tasks, offering users with a wider
spectrum of tools. These leaves can be thought of as data and computation
servers that do not house notebooks. The leaves can be configured and located
in a way that best fits the distributed system.
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Fig.1. Virtual Notebook Environment
Together, the leaves distributed across the computational platforms define

the notebook environment. An example of a notebook environment can be seen
in Figure 1. It contains a leal that provides complete functionality {Host B),
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a computational and data server (Host C), and a notebook server (Host D).
ViNE’s architecture consists of one or more notebooks environments.

3 VINE Components

The data organization, tool organization, and ezpertment components work to-
gether to provide the extended functionality of the notebook. The data and tool
organization components implement the management facilities for a notebook’s
resources. Once data and tools have been described in the notebook, the user
is able to combine their data and tools to perform analysis tasks, which we call
experiments; see section §4.

The data component allows notebooks to reference data throughout the VINE
system. VINE currently recognizes just two types of data, tabular and general
data. Tabular data is a matrix of values, fully described by its dimensions. Both
tabular and general data are treated as a flat files. A general data file is described
by giving it a name, providing the name of the host it is located on, and the
complete path to the file. Data that can be interpreted and understood when
viewed, such as matrices and images, can be displayed on the notebook pages.
All described data is available for use in the experiment control component.

The tool organization component maintains descriptions of available tools
and their wrappers. Tools are categorized as either general or custom depending
on whether they can be fully controlled from the command line (general) or
require more complex interaction and control (custom). Wrappers are Common
Gateway Interface (CGI) scripts that run a tool with the given parameters and
can be accessed by a leaf’s webserver. VINE provides wrappers for general tools.
To register a general tool with VINE, the user enters its name, location, and
a description of its input and output parameters. For a a custom tool, he/she
must also supply a wrapper to interface between VINE and the tool. The wrapper
is responsible for accepting a complex string containing the input and output
information, translating it for the specific tool, and executing the tool correctly.
In either case, once the tool is registered, it can be used in experiments.

4 Computational Experiments

The VINE experiment component provides users with the ability to create and
execute distributed tasks for data analysis and manipulation. This component
was designed with the target user in mind and provides a layer of abstraction
between the system and user. This layer hides details related to the function
and implementation of the underlying data transport and control mechanisms,
leaving the user to concentrate only on the task they wish to accomplish. The
experiment component is divided into two sub-components that together provide
all necessary functions - the ezperiment builder and the experiment controller.
Before discussing the software architecture, it will be necessary to intro-
duce the representation of experiments within the environment. In general, an



385

ezperiment within VINE is a sequence of data transfers and operations. An ex-
periment is represented as a directed acyclic graph of computational nodes and
data-flow connections. This representation is advantageous to the implementa-
tion for many reasons. For constructing experiments, one can easily construct the
data-flow graph within a visual application. Well known algorithms for proving
certain characteristics about graphs, such as cycle elimination, allow for simple
error-detection at construction time to avoid potential problems at execution.
Finally, the use of a graph representation in the controller provides the capability
to easily describe parallel task execution within a single experiment.

One of the important design considerations within experiments was defin-
ing the input/output characteristics of the nodes and data-flow connections.
As stated above, when a tool is introduced into VINE the user must describe
the I/O characteristics of the wrapper. Since experiments also involve data files
and previously constructed experiments, the I/O treatment of such entities also
must be defined. It is assumed that a data files is available for either reading
or writing at any given moment. In order to protect data integrity, data files
are allowed a single input during an experiment. Since read operations cannot
damage data and data is assumed to be static once created, an arbitrary number
of entities can receive input from a given data file. The I/O characteristics of
existing experiments are defined so that any experiment may be used within a
new experiment. More explanation of experiment construction and execution is
necessary to describe this fully and is given in the experiment control section
below.

4.1 Experiment Builder

Construction of experiments is accomplished using a Java [1] applet executed
within any Java-enabled web browser. The builder provides a visual environment
in which users may choose data, tools, and experiments contained within their
notebook to create new experiments. Entities are chosen and placed into a canvas
on which the user creates connections between the entities to represent data-flow
within the experiment. Tools within an experiment may be configured within
the applet by entering information into a configuration frame which appears
when the tools is added or selected. These configuration frames use information
from the tool description component to allow the user to set parameters for the
tool execution. Tools which do not utilize the general wrapper architecture may
provide a custom frame which is dynamically loaded into the applet to allow
user configuration of the custom wrapper.

The custom tool configuration frames and other portions of the builder rely
on its object-oriented design and implementation. The representation of an ex-
periment within the builder is as a set of objects representing each node and
connection. The node classes all derive from a generic parent containing the ba-
sic information shared by all node types, while providing an abstract API which
each specific sub-class must provide regardless of the implementation. By using
an approach such as this, the generic API provided to entities allows classes such
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as the configuration frames to be rapidly created and integrated into the basic
system with no modification.
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Fig. 2. Experiment Builder

In addition to the classes which represent the experiment itself, the experi-
ment builder contains classes which perform experiment verification and routine
GUI tasks. The GUI classes do not deserve much attention and simply provide
a flexible canvas for drawing experiments while providing access to configura-
tion information. The verification classes are able to rapidly test the experiment
during construction to ensure that the resulting graph conforms to certain basic
requirements. With the addition of data-flow connections, the verification class
notifies the user and prevents the creation of dangerous cycles or impossible in-
put/output combinations (such as an inappropriate number of input or output
streams.) Database access scripts, implemented using Perl, provide a means for
querying and modifying the database’s existing experiment, tool, and data infor-
mation. A simple CGI-based communication scheme to these backend database
access scripts, in combination with the applet components, provide all required
functionality for experiment creation.
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4.2 Experiment Controller

Like the experiment builder, the VINE ezperiment controller application is also
implemented using Java for a variety of reasons. An object based design was used
to implement the controller, taking advantage of Java thread, networking, and
I/O constructs available within the default library. The controller utilizes the
Java-based stems to perform actions such as locating data and tools, retrieving
security information, and transferring data between leaves. At execution time
the controller is invoked on a single leaf and manages data and tool invocation
for the duration of the experiment.

Before execution the controller reads the description of the data flow graph
as constructed in the builder applet. Since this graph was checked for errors
during construction, this process is not required within the controller. The data
flow graph is reconstructed as a network of objects within the controller, with
each object containing required dependency information so that the correct or-
der of operations will occur. Synchronization is accomplished by implementing
each node as a thread object and using built in thread methods for monitoring
dependency states. Reconstructing the experiment graph involves two steps -
first, each node is created with all information relevant to finding and executing
or moving the appropriate entity. If the node represents an existing experiment,
the representative node is substituted by the entire experiment graph.

\ Data A ‘ | Tool A ] | Data A l I ToolIA |

Tool B
b
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Fig. 3. Experiment Substitution : Experiment (a) contains inlined experiment (b),
resulting in the actual executed experiment (c).

Once the nodes exist as threads, the connection information is read and each
connection is established. Connections are established by giving each node with
an input a reference to the node providing the input data. Nodes which are
referenced as dependencies also are given a count of nodes who require their
output. This is used later in managing execution workspaces. This node is then
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monitored by the receiving node in so that execution begins only when the output
data is ready. Once all nodes and connections are created, all nodes are given
a reference to a single semaphore thread and each thread is started. Once all
threads are started, each attempts to join the semaphore which ceases execution
when the last node is started. This causes all threads to start simultaneously.
Each thread then attempts to join all threads it requires as input. Threads which
have no dependency list start immediately while all others enter a waiting state.
The experiment is completed when all node threads have terminated.

Experiment substitution for inlined experiments, as mentioned above, in-
volves a more complicated I/O treatment than data or tools. Input to an inlined
experiment depends on which nodes within the inlined experiment have no de-
pendencies. If a tool occurs in this set of nodes with no dependencies, any input
given to the experiment is passed to these tools regardless of whether or not it
is used. If data files occur as nodes without dependencies, then incoming data is
ignored for these particular nodes. Output from an inlined experiment is some-
what ambiguous to define. Since experiments are not required to have single
input/single output behavior, an experiment may produce many data files as
the final step of execution. Deciding which of these to pass along to the fol-
lowing nodes in the new experiment is difficult, and for obvious reasons such as
performance and space constraints, all of the output data cannot simply be given
as input leaving the receiver to decide which to use. For these reasons, output
from an inlined experiment is assumed to arrive in data files defined within the
inlined experiment, which can be utilized in the new experiment by explicitly
adding the required data files as nodes.

Actual execution of a node is a simple process which occurs in the body of
the thread objects. The first step in the lifetime of a thread is to wait for its
dependencies to complete execution. Once this occurs, the thread queries each
dependency thread for a list of available output data. Given this list of data
files, the node creates an instance of a Java-based client to communicate with
ViNEs Java servers. Using this client, the node checks what type of node it is to
determine the next step. If the node is a data file, input from the previous node
is moved into the notebook and a database entry is created for the new data if
necessary (existing data of a given logical name is overwritten). At this point, the
node terminates execution and threads that depend on it automatically start. If
the node is a tool object, the execution process is somewhat more complex. The
first step is to use the Java client to create a workspace on the host containing
the tool, into which all input and output data is temporarily stored. The Java
client is then given the set of inputs which are moved from the dependency
nodes to the current workspace. Once all data is moved, the dependency nodes
are notified and are allowed to remove their workspaces if all nodes which depend
upon them have sent notification.

When all input data is within the workspace, the node then copies any ad-
ditional files required for tool execution to the workspace. This is required for
tools such as MatLab [7], in which programs may require additional modules
to exist within the workspace where the execution occurs. As soon as all data
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and other required files are completely moved, the client is used to invoke the
CGl-based tool wrapper. When the tool has completed execution, the wrapper
returns output information to the client, which then passes it to the node thread
for further processing. The node uses this output information, along with a di-
rectory listing of the workspace to build the list of output files created during
runtime. This list is then made available for other nodes which depend on this
node, and execution of the thread terminates.

Experiment output is placed within the notebook of the user for future use
and analysis. If, for example, a visualization is created, the user may then place
this within a notebook page for later browsing. Status information of experiments
is also stored within the notebook so users can monitor running experiments
or analyze the behavior of previously executed experiments. Since experiments
are run within the experiment controller, an arbitrary number of simultaneous
experiments may execute, constrained only by system resources. Each executing
experiment involves starting a new instance of the controller software, while all
using a common Java server. By using a common Java server to which all clients
connect for data movement and workspace creation, collisions of workspaces and
intermediate file naming is prevented.
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5 Future Directions

The current version of VINE is a prototype being tested by scientists at the
University of Oregon [2]. During this testing, we have identified a number of
enhancements for future versions of the system. The notebook administration
component will be extended with a framework for integrating editors appropriate
to a variety of data content, allowing users to directly manipulate images, data,
and text without leaving VINE. Currently, we use a persistent-server model for
leaf process scheduling but to support systems with low resources, we will pro-
vide on-demand processing. For the scientist with very large amounts of data,
we will provide more sophisticated ways to organize it, and we need to be able
to link directly to existing databases. Adding support for automated mainte-
nance of the tools’ configurations described in the notebook is another area of
future development. Finally, we will enhance the experiment component, adding
facilities for experiment monitoring, steering, and analysis.
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