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2. Introduction

The continuing advances in computer processing power, storage and network transmission capacity, as
well as an ever-increasng amount of information and services available on the Internet indicate that there
are great potential advantages for future CAD environments [1, 2] to leverage wide-area networks.
Moreover, as design complexity continues to grow exponentidly, so do the needs for and opportunities

provided by network collaboration and design environments.

In the future, advancesin computer and networking technologies will enable the rise of ubiquitous
computing [36], applications that dynamicaly adapt to different hardware capabilities [37, 38], and an
increase in the number of network tools and services. Moreover, emerging technologies will enable
data migration [39], agent/application migration [40-42], and network data accesg43]. In this
environment, it will be imperative that distributed applications be scaeable and extensble. In addition,
the rise of such distributed design systems will require advanced server features [44, 46, 50] like

consstency, fault tolerance, security, and intelligent resource location mechanisms.

On the client Sde, users of the system should be able to access and execute tools with minimal
hardware and software in place (e.g. Java-enabled network browser). Moreover, the working
environment should alow remote tool invocation according to users access criteriaand permission.
Flexible open frameworks could be achieved by customizable configuration of data formats and tools

from different sources.
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This report documents the research work carried out in the high-level design and architecture of a
digtributed design environment. 1t dso highlights and describes different pieces of client software
infrastructure and gpplications that have been developed to test the technicad and usage feasihility of a
network design environment. The issues and chalenges involved in building such a distributed
environment will be discussed and the experience and findings with developing, integrating and

deploying the dient and server infrastructure will be andyzed.
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3. WELD Architecture

3.1 Introduction

The god of the WELD infragtructure team [97, 99] isto provide ahigh-level system architecture aswell
as the software infrastructure that enable and facilitate a distributed design environment. This
environment should alow application devel opers to eadly incorporate their tools into the environment

and should alow network users to access and flexibly configure the tools and services available.

Throughout the design, implementation, and testing process, not only have we considered the technica
chdlenges, such as communications, connectivity, data condstency and availability, etc., involved in
building and deploying a distributed environment, we have adso looked into ways of improving the
usability, data transmission efficiency and hence the overdl performance of a network-based design

environment.

3.2 Comparison to Previous Work

Thework of providing the architecture and infrastructure of a distributed design environment can be
compared closdly to that of developing CAD frameworks, which is an area of active research[1-6].
Our system provides many of the features that a CAD framework provideq 2], such as.

design database — provison of a data manager and client object management package,

design data mareger — versioning, security and meta-data® handling capabilities and

design process manager — distributed tool flow manager.
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However, our approach differs from others work in a number of fundamenta ways. Most of the past
effortsin the area of CAD frameworksisinvolved in introducing new systems, techniques or extensons
in specific areas of design data management [7, 8], design meta data management [9-12] and flow,
process and tool management [13-25]. WELD, however, is concerned with providing the connection
and communication mechanisms among distributed users, tools and services. Whilewe are dso
involved in the development EDA gpplications [94], our main god isto provide the enabling and
enhanding® mechanisms that leverages mos, if not all, systems and toolkitsin place®. We ddliberately
engineered our infrastructure in away such that no restrictions or assumptions are placed on data
representation, design methodologies or data and tool usage. Instead, we alow gpplication users and

developersto retain ther existing methodol ogies and/or build on top of our infrastructure.

Past frameworks and systems were aso tightly-coupled with their particular operating environment; in
many recent cases, it has been the UNIX and NFS (Network File System) environment. Such a
relaionship madeit difficult, if not impossible, to extend the frameworks/'systems to an Internet
environment, which consists of heterogeneous hardware platforms and operating systems. On the other
hand, WELD infrastructure is based on platform-independent standards, such as Java on the client Sde,

socket implementation for network connectivity, and open and generic string-based communication

! Meta datarefersto information regarding the data, e.g. version, user and permission information.

2 Enhanci ng mechanismsinclude manipulation and processing of design information and tool dependency, etc.
% New or legacy tools can be integrated into our environment by placing a server wrapper on top of it.
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protocols. Complete platform independence on both the dient® and server® Sidesis another feature

which distinguishes our environment with other frameworks.

3.3 Motivation

Rapid technologica development istaking place in the area of Internet, networking and data processing
technologies, such asHTTP [63, 64], Java[65], object-oriented database [47-49] and distributed
systems [44]. It isimportant that any design technology infrastructure take account of, is compatible
with, and leverage these technologies. The increasein complexity of the data and process of eectronic
design, large and distributed teams of engineers, aso provides many needs and opportunities [23, 35]
for wide-area collaboration in the design of complex eectronic systems. These trends enable and
necessitate the development of a distributed design system that is composed of cross-platform,

network-enabled tools and a platform independent and collaborative user environment.

At the system levd, there are many attributes and benefits that pertain to an open distributed design
environment [44-46]. The environment and infrastructure should be scal eable and adaptive, i.e.
services and performance of the system would not be sacrificed with the addition of tools, users and
different technologies. The WELD infrastructure consists of components thet are flexible and extensble
S0 that users can eadily extend existing features (on the client, server sSdes and communication and
network service capabilities) and that the system could easily adapt to new, as well aslegacy, tools and

technologies.

* A Java-enabled web browser, such as Netscape or Internet Explorer, isall that a user needs to access the WEL D
system and available resources.
*Tool encapsulation mechanism is provided by ageneric C++ server wrapper.
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The didributed environment should be platform independent and place a minimum requirement on
end-users  hardware and software environment and capability. Anyone who has access to a Java-
enabled web browser can access the WELD system, regardless of their hardware and software

computing environment.

In addition, the system should have the ability to support a wide range of computing resour ces.
Server communication technology alows loca computing power to be coupled with gpplications and
data processing of network servers. The Distributed Data Manager (explained later in detal) enables
users to store and retrieve information a a network location. These capabilities dlow the WELD
environment to support of awide range of computing platforms from high-end workstations to mobile

PDAs.

Users and devel opers of adistributed (design) environment should be able to leverage existing
software, systems and toolkits. Java, network protocols and server technology enable the
encapsulation of existing tools and software resources regardless of their programming language,
operaing system base and devel opment environment (such as commercia or academia) and dlow them

to be integrated into the WEL D environment.

A digtributed environment should dso facilitate parallel processing. Paralldl processing can be
achieved implicitly and a alow cost in aweb-based environment (like WELD) since operations can be

eadly distributed over the network to different servers.
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There are lso a set of characteristics, at the user-levd, that are important to a distributed design
environment. The digtributed environment should be able to reach and be accessble by alarge user
base. Thelarge number of Internet users both creates needs and provides opportunities for innovation

and wide-area collaboration.

Applications and services in a digtributed environment should manifest high availability.
Networked toolsin the WELD environment provide users with on-demand access regardless of time of

request or geographica location.

Findly, adigributed desgn environment should provide consistent and intuitive user interfaces and
dlow flexible tool configuration to help reduce engineers start-up and training time. Platform
independence of Java enable client applications to provide a consstent user interface across different
computing platforms. The Distributed Tool Flow Manager (explained later in detal) dlows usersto

custom design and configure workflow of “networked” services to meet gpplicationspecific needs.
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3.4 System Architecture
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Figure 3-1 Weld System Architecture.

The WELD architecture is athree-tier architecture conssting of, Clients— users/programs who access
the network resources of the system, Remote Servers — tools or services that are made available for
network access and Network Services — sarvices exigting in the network that assist various client/server
activities. The mechanisms that enable these network entities to communicate with each other are the

Client-Server Communication Protocol and Client-Database Communication Protocaol.
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3.4.1 Components Description

This section provides a description and detailed explanation of the functiondity of eech WELD

component.

3.4.1.1 Clients

Clientsare (end-user) applications that make use of WELD network infrastructure. They can be Java
Network Clients— Java client programs ran via a Java-enabled browser, such as Netscape or Internet
Explorer, which utilize the capabilities of the Java-Client Package to gain access to the system
(database and remote servers). They can dso be Stand-Alone Clients— gpplications that are
developed in Java, C, C++ or PERL, that support network socket operations and the client

protocol (s) can dso connect with tools and services in the system.

3.4.1.2 Remote Servers

Remote servers are tools that can be invoked by WELD clients across the Internet. They can be
Legacy Tool Servers—legacy (and new) tools wrapped with server wrappers can be integrated into
the distributed system and executed by network clients. They can aso be Integrated Servers—
servers, developed in Java, C, C++, etc., that have built-in support for socket connections and the
client-server protocol can be seamlessy integrated into the WELD system. Integrated network
cgpabilities may aso endble Integrated Serversto play alarger role (beyond smple program execution

and data processing) in the system.

Architecture and | nfrastructure for a Distributed Design Environment 11
A Client Perspective



3.4.1.3 Network Services

Network services are components that provide features and functionality that are useful to most

goplications. These include the Distributed Data Manager, Proxies and Registry Service.

3.4.1.3.1 Distributed Data Manager

A database system that manages data residing in the network, as opposed to on client machines or

servers.
Functiondlity of the data manager indlude:

Saving and loading of data.

Query and search.

Versoning of data/objects/programs [50].
Incrementd update mechanism [50].

Fne-grained granularity of object/datalocking [51].
Transaction mechanism [52].

Directory/Registry service.

HTTP support (may be used also as aweb serve).

3.4.1.3.2 Proxies

In the WELD architecture, we refer to a proxy as a software program residing in the network that acts
“intdligently” and transparently as an agent[42] between clients, network servers and other proxies.
Functiondity of proxies[37] include:

When co-located with Web servers, proxies extend the Netscape- Java security modd and
enable Java gpplets/clients to communicate with available network resources.

Caching of (frequently accessed) data.

Automatic trandation between data formats as needed for tools.
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Daa“didillation” [38] according to gpplication needs and network links.

Security/Access control [54-58].

Dynamic search for servers (in case of fallures).

Queuing, batch processing and scheduling/locking for servers.

Pug-in architecture that allows the extension of proxy capability to meet gpplicationspecific
needs.

3.4.1.3.3 Registry Service

A table (dynamic storage), which may be co-located with a data server, that maintains information on
the availability of network resources.

Tools and services register with the system to inform the registry of their existence and
availability, aswell asany redtriction that is placed upon access of the resources.

User gpplications can query the regigtry for availability and possible sdection of tools.
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3.4.1.4 Client-Server Communication Protocol

The client/server communication protocol enables communication between client-server and proxy-
server. It was designed to:

Fexibly handle server parameter type and values.
Allow for sand-aone, aswdl asrecursive, command structure.

Be extensible by users and application developers.
3.4.1.5 Client-Database Communication Protocol

The client/database communication protocol enables clients/client objects to communication with a
network database system. This protocol:

Allows client objectsto be trandated and mirrored in the database.
Allowsthe linking of objectsin acompletdly arbitrary manner.
Enables clients to take advantage of built-in database capabilities, such as save, load, query,

versoning, etc.
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4. Client Infrastructure and Applications

4.1 Introduction

The success of adigtributed environment hinges upon both the quaity and quantity of services available
aswdl asthe number of usersthat can accessthe system. To enable alarge user base, Java [65], with
its applets and gpplications being platform-independent, was chosen as the language for the

development of infrastructure and client applications for our distributed design environment.

The focus of this research is placed on client infrastructure and gpplications. These packages and
gpplications cover awide spectrum of functiondity, ranging from end-user applications to a Java object-

level management package.

A brief description of the software developed are as followed:
Java Client Persistent Object Management Package — a software package that alows any
Java object to be mirrored in and manipulated by a remote data server.
Java-based OCT - A CAD Data Manager — Java-based verson of the OCT system [26] that
hel ps manage CAD data model.
W eb-based Project Management Application — an gpplication that facilitates managing and
collaborating on projects over the Internet.
Distributed Tool Flow Manager — an application that alows clients to custom design and
configure the flow of networked servers and data processing.
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4.2 Java Client Persistent Object Management Package

4.2.1 Objective

Java has evolved [66, 67] from a Internet programming language for congtructing applets for fancy
display on home pages to a programming language for robugt, full-blown gpplications. Thefirst wave of
goplets were client-sde gpplications that were downloaded as complete gpplications. With the use of
Java network and socket infrastructure [68], then came anew class of gpplications, such as on-line
games, chat rooms and whiteboards, that provide limited interactivity and data transaction to users.
Those boundaries were once again extended as the technology and need for persstent (Java) objects
aroe. To meet this demand, we have devel oped a Java Client Persistent Object Management
Package that utilizes a data- backend to support persstent objects. The ability to manage objects
across the network (WAN or Internet) is of paramount importance especidly in applications such as

distributed electronic design [34, 35].

4.2.2 Introduction

The Java Client Persastent Object Management Package allows Java (client) objects to be managed and
manipulated by a network data server. In addition to object storage and retrievd, it also adlows

capabilities that the remote data backend provides to be extended to client users.

The Persigtent Object package alows fields of objects to be stored in interna data structures. For
remote object management, these information are then extracted to compose a string according to a
dient-server communication protocol which isthen sent over to the data server. The data server then
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trand ates the messages received and recreates the object at the data backend. (Object processing in
terms of connectiong/attachments can then take place at the backend. These "connection” relationships
form the basis of representing object fields, such asvectors.) The client gpplications can dso utilize the

capabilities that the data server provides, such as querying and versoning.

The API provided for the Persistent Object package is Smple and intuitive so that gpplication
developers can easly utilize the features provided. It isdso flexible and extendible so that it could be
tailored towards applicationspecific needs. Its scaability and ability to work in adistributed manner

make it an attractive means for networked object processng.

4.2.3 Package Description

4.2.3.1 Simple

One of the main goas of building the Persstent Object package was to provide asmple, extendible and
flexible tool to empower gpplication developers and users to add vaue to a networked environment.
The overhead for usang the package is minimd, and exists mainly in object definition and ingtantiation.
The smple API, which conssts of commands such as load, save, connect, etc., allows the complexity of
the underlying operations (object persstence, network implementation, and workings and interactions of

the base classes) to be completely abstracted away from the user.

4.2.3.2 Flexible

The current implementation of the package stores and retrieves only the pre-designated fields of the

objects. Other fieldsin the object will be automaticaly skipped when performing network operations.
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A smilar mechanism has been implemented in the Object Seridization [69] portion of the Java Remote
Method Invocation [70] system provided by Sun Microsystemswherest ati ¢ andpri vat e fidds

that are declared transent will not be processed for remote operations.

The packageis flexible in handling policies” such as caching and security. While the infragtructure is
present for implementing these policies (such asai sDi rty fiddandadbl d fidd in the objects), no
policy isenforced in the current implementation. Application developers are free to use the Structures

provided to implement the policies that suit their gpecific needs.

4.2.3.3 Extensble

Due to the object-oriented nature of Java, it is very easy to extend the functionalities of the base
package. For instance, developers are free to create additional objects/methods that inherit from

Per si st ent Obj ect orto Smply override existing methods.

The classes are organized in afunctionally-modular way so that any component can be changed if
certain parameters need to be atered, such as the client-server communication protocol
(PO_CommandConst ruct or . j ava) or the network connection (PO_Net Cl i ent . j ava)

mechaniam.

® Policies are rules and behaviors that make use of primitive mechanisms of a system, as defined by users or
application devel opers.
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4.2.3.4 Distributed

The location where objects are to be loaded from and saved to can be changed at the individual-object
levd (by cdling set Ser ver , set Por t ). Thisability dlows pardld and distributing processng
across the network.

4.2.3.5 Object Manipulation Mechanisms

The network operations and object manipulation mechanisms supported by the package include:

Command Description
save Saves a copy of the object to the data server.
versi onSave Saves anew version of the object to the server.
| oad L oads the object with the corresponding 1D.
ver si onLoad L oads the object with the corresponding ID and version.
del et eObj Deletes the object in the data backend

(all attached objects will dso be automaticaly deleted).
connect Connects 2 objects in the data backend.
di sconnect Disconnects the objects in the data backend (if they are attached).
i nitGenContents L oads the objects that are attached to the current object.
i ni t GenCont ai ners | Loadsthe objectsthat the current object is attached to

4.2.3.6 Versioning

The support of versoning is of great importance, epecidly to applications and processes such as
electronic circuit design [1, 2] and software engineering [49]. Versoning capabilities of this package

are built on-top of the basic save/load mechanisms. They are enabled by backend mechanismsand a
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verson fidd (string) in each persstent object on the front end. The client-end versoning capalilities,

which includes, save, retrieve, browse, etc., are described below.

4.2.3.6.1 Save

Any (Persistent) object can be saved asanew versonusing ver si onSave
Versoning aPoint - If it isthefirg timethe object issaved, aVer si onObj ect will be created
at the data backend with the original object and new object attached to it, otherwise a copy of the
object to be saved will be attached to the already existing Ver si onObj ect inthedata
backend.
Versoning aTree- All and any attached objects, starting from the point of the object to be saved

will be recursively saved and attached on the backend server.

4.2.36.2 Retrieval

Three types of versioned-object retrieval mechanisms are provided:

1. Retrieving agpecific verson (e.g. verson A.B)
2. Rérieving the latest rlease (with verson flag sst as"R")

3. Rérieving the latest verson (with verson flag set as L")

4.2.3.6.3 Mechanisms

Although versoning cgpabilities are built-in, objects that do not require versoning need not dedl with the

implementation & al. The basic vergoning mechanisms provided with the package aso dlows more

sophigticated versioning policies, that applications may need, to be built on top of them.
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4.2.4 Extensionsin the Package

The core of the Persistent Object package has itsdf been used to implement some of the more

advanced features that were deemed important and useful to genera applications.

4.2.4.1 Directory Object

In order to fecilitate adirectory structure in the OODB server, a specid class of

Per si st ent Obj ect —Di r Obj ect wasimplemented. In addition to the

Per si st ent Obj ect functiondity, Di r Obj ect saso provide specia connection-related
commandssuch asdet ach andget Cont ext .

A Database Browser (graphical user interface) (see Figure 4-6) has been implemented in Javato dlow

users of the system to peruse the database and directory structure.

4.2.4.2 Query Object

Quer yObj ect wasimplemented in order to provide a more flexible and effective retrieving
mechanism and take advantage of backend intelligence. Currently, the keyField (firs fidd) of the
object can be used to perform a pattern matching retrieval. Plans have been made to expand the
protocol and package to allow:

Query object field vaue.
Query fidd of object by uniqueid.
Query fidd vaue by fidd vaue.
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4.2.4.3 Version Object

Ver si onObj ect wasimplemented to represent aversion object node in the data backend. It acts

as the point where the traversal of versioned objects is performed.

4.2.4.4 Data Object

Asabasic extenson of the package, Dat aObj ect salow usersto easly take advantage of a
network data server. Any files, data or objects, that can be trandated to a string representation can be

saved to and retrieved from the data server with the use of this class.

Data Basic
Object Application

F---=====~-==-=--- ‘
|
|
: \ersion Dir Query : Package
| Object Object Object | Extensions
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R |
Inherits \/,""_“\\
Key: Uses x S
m— p— “
CC -- Command / \
Constructor = / CQ NG \\
NC - Network Persistent |,/ e e \
Client Object \ K
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Ol -- Object Info AN 4
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Figure 4-2 Module-level organization of the PersstentObject Package
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4.2.5 FutureExtensonsand Consderations

Althoughthe Per si st ent Obj ect classisfunctiona at the present stage, there are many possible
directions of extending its functiondity and improving its robustness. Some of the possbilities are

described bel ow.

4.2.5.1 Preprocessor of Source Class Files

Currently, use of the Per si st ent Obj ect classrequiresthe object developer to absorb an initia
code implementation cost. Such an overhead, though fairly smdl dready, can be further reduced by the
development and incorporation of a preprocessor that parses the object files (j ava) and automaticaly
generate and compile the code for network object management. However, a this stage, thiswould be

atask that provides little value-added to the research of distributed Java object management.

4.2.5.2 Client/Server Load Distribution

With a data management backend, gpplications can intelligently make use of server processing power
by "shifting" some of the computation/analysis to the backend. Load baancing [11] and didtribution
between a Java gpplication front-end and server backend serves as greet future extension of this project

or an independent project on its own.

4.2.5.3 Resource Location

While the package alows for retrieva of individua objects from different servers and ports, the
mechanisms for locating an object or aservice by providing user- pecified properties has not been
implemented. Even though resource location [53] is an important aspect of a distributed environment,
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the discussion and implementation of resource location on top of the persistent object management

package is outside the scope of this document.

4.2.5.4 Object Management Policies

The current Persistent Object package has provided many enabling mechanismsin the areas of caching,
security and versoning. Applicationspecific or generic policies can be implemented using the

underlying structures and mechanisms.

4.2.5.5 Security

Different methods and measures can be taken to improve the authenticity, integrity and privacy of the

data transmitted to and from the backend server.

1. Authorized access[57, 58] of objects on the backend (login/password), which istightly-linked to
session control and efficient multi-user support.

2. Check-length/checksum of protocol message to provide grester security measures for verifying that
message received is in fact message sent.

3. Other encryption schemes [55] (e.g. digital Signatures) can be added to the transmission and receipt

of message streams to ensure privacy of network session.
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4.2.6 Overview and Analysis of Java Remote M ethod I nvocation

4.2.6.1 Introduction

The Java Remote Method Invocation (JRMI) system [70] alows distributed Java applications that run
on different network hosts to communicate with one ancther asif only locd cals were made. Itsmain
feature and redtriction is that the system was pecificaly designed to operate in the Java environment. It
assumes the homogeneous environment of the Java Virtuad Machine’ [62, 71], dlowing it to seamlesdy

follow the Java object moddl.

Since the RMI system/package is a part of the Java AP! [68], it is very convenient for gpplication
developersto take advantage of the networking and inter-object communication capabilities. However,
it being a complete Java client- server/peer-peer sysem make it an unattractive/unusable option in a

digtributed system conssting of gpplications developed in multiple languages.

4.2.6.2 Technical Description

4.2.6.2.1 Definition

Remote Object - an object whose methods can be invoked from another Java Virtud Machine. This
type of object has to be declared by one or more (Java) remote interfaces.

Remote Method Invocation - invoking amethod of aremote interface on a remote object.
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4.2.6.2.2 Technical Meritsand Features

There are amany technicd meritsin usng JRMI as the communication mechanism among distributed
Javaobjects. The reference of aremote object can be passed as an argument or returned asaresult in
any method invocation, asif only aloca operation was performed. The JRMI system takes advantage
of and extends the language and security features of Java, such as security managers, class loaders and
distributed garbage collection of remote objects. It also trangparently handles server replication,
multiple object invocation and the loading of a class dynamicdly if it is not readily avalable locdly. The
j ava. rm . Nam ng interface provides URL-based methods to lookup, bind, rebind, unbind and
list the name and object pairings maintained on a particular host and port which make it convenient to

access remote objects.

"The Java Virtual Machine is the software implementation of a CPU designed to run compiled Java code, including
stand-alone Java applications as well as applets that are downloaded and run in Java-enabled Web browsers.
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4.2.6.3 Comparison with Other Object Communication Models

suit gpplication-specific
needs (speed, memory

requirement, etc.).

Remote cdls are platform

Independent.

M odel Advantages Disadvantages
JRMI Seamlessincorporation of Only supports Java-Java
distributed objects and environment.
object manipulation.
RPC [59, 60] System is built-in and Ability to manage and manipulate
supported by the remote objectsis very redtricted.
host.
Cdlls are platform dependent.
CORBA [78- Pre-defined interface that Requires alanguage-neutral object
80] provides platform- modd for al partiesinvolved (in
independence. order to handle a heterogeneous,
Ability to take advantage of multi-language environment).
the CORBA resources
aready in place.
Java/Network Protocols can betailoredto| - Requiresthat the client and server
Sockets

engage in a pre-defined gpplication

leve protocol.

Requires the packaging of and

decoding/parsing of messages by
clientsand servers.
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4.2.6.4 Comparison with WELD Client/Server Infrastructure

JRMI Characteristic

WELD Infrastructure Characteristic

Possible to access aremote object by

reference.

Object referencing is not supported.

However, dynamic referencing isonly
meaningful in atrangent environment.
Remote persistent object management has
to be done by copying object.

The Object Serialization protocol was
designed and implemented to achieve the

trandation and re-construction of objects.

There are no natura extenson to furthering
the built-in capabilities.

The communication protocols alows for
querying, versoning, aswell astrandations of
objects.

Developers can easly extend the client,
server and/or client-server protocol for

applicationspecific needs.

Thewr i t eObj ect method seridizesthe
specified object and traversesits references to
other objects in the object graph recursvely to
create a complete serialized representation of
the graph.

Object Seridization producesjust one stream
format that encodes and stores the contained

objects.

Each object is encoded into a separate
message, object relationships are represented

by an explicit connection message/command.

Finer object granularity dlowsfor flexible
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Minimizes number of network operations.

data transfer, especidly for loading.

Users only need to import the JRMI package,
which is available with the Java AP, for the
objectsto utilize the functiondity.

Users need to explicitly download the package
for usage.

Users may use the database server
provided by the WELD group or

implement their own data server.

Versgoning is done with respect to
new/updated object definition.

Versioning is done with respect to updated
datalfield values of exigting objects.

4.2.7 Conclusion

The Java Remote Method Invocation system serves as a ussful network package for developing

distributed Java- based gpplications. Such applications could easily take advantage of the built-in

networking and communication functiondity, such as object seridization, remote object method

invocation and referencing, etc. However, its language- dependence makes the JRMI an unsuitable
candidate for the communication backbone of a distributed environment, such as WELD, which conssts

of not only Java-based clients, but aso various network entities, such as database manager, proxies,

gpplication servers, that are developed in various programming languages.
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4.3 Java-Based OCT - A CAD Data M anager

4.3.1 Objective

OCT is adata manager for VLSI/CAD applications [26]. It has been amgor component of the
Berkeley CAD framework and has been used in many CAD applications and projects [25-33] since

the 1980s.

The development of the Java-based OCT package marked WELD group’ s firgt attempt to gain
experience in evauating efficient techniques and data structures for representing CAD data formats and
models and managing data in a network environment, with the use of an object- oriented database

backend.

There were anumber of reasons why we chose to port the OCT package as the first-cut network data
mode. Structuraly, the use of generic attachmentsamong Oct Obj ect s to represent object
linkage/relationship trandated well into an object-oriented mode. While architecturaly smple, the OCT
package could be used to build and traverse arbitrarily large and complex objects, usng smple
mechanisms [26] suchasAt t ach, | ni t GenCont ent s and| ni t GenCont ai ners.
Developed origindly at UC Berkeley, OCT isadata modd known and understood well within the
research (UC Berkeley CAD) group [95]. Modifying some of the OCT-compliant legacy toolsto
work in anetwork environment with the Java-based OCT and Java front-ends was one of the

congderations for future extensons and experiments. The resulting package would be a good base-
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object structure for the class assgnments and project for a graduate class in design technology a UC

Berkdey. Thistrandatesto a solid user base for implementation and usage testing.

4.3.2 Technical Introduction

Because of OCT’ s architectura eegance and smplicity, Java-based OCT has retained many of origind
OCT’ sfeatures, properties and structura representation mechanism. The basic unit in adesign isthe
cel. A cdl isthe portion of adesign that the user wishesto consder asaunit. A cdl may have many
views, such as“schematic”, “symboalic”’, “physcd”, “dmulation”, etc. Each view has afacet named
"contents’ which contains the actud definition of the view and various gpplication dependent "interface”
facets. Facets, which exist benegath the leve of views, contain ingtances of other cells, which may in turn

contain instances of other cdls.

Facets consist of a collection of objects that are related by attaching one to another. The basic OCT
sygemdlows Oct Obj ect ssuch as bags, boxes, terminds, etc. to be arbitrarily attached to each
other. The main mechanism of traversang these relationshipsisby | ni t GenCont ent s (for
generating thecont ent s vect or @ of objects attached) and | ni t GenCont ai ner s (for

gengatingthecont ai ner s vect or of objects which the object is attached to).

OCT imposes no restriction on the interpretation of data and few redtrictions on the organization

8\Vect or isadatastructure similar to alinked-list. It isprovided as apart of the Java API.
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of Oct Obj ect s Itisleft to the gpplication developer to implement policies that assgn meanings to

the organization and structure of data represented usng OCT.

---------------------------- G oucal

..................... ; hema/ OctView . --.

Figure 4-3 OCT Data Structure Example.

The figure shows an example of an OCT gructure (that was used as the basic cdll of a
class assgnment (explained later in detail)). The ovasrepresent Oct Obj ect sand
the linksrepresent At t achment rdationshipsamong Oct Obj ect s.

4.3.3 Implementation Description

While we tried to retain as much of the origind flavor of OCT as possble, thisimplementation differsin
many ways from the origind OCT system. New concepts, structures and organizations have been
introduced and, at the same time, unsuitable features have been discarded.

The three main implementationd differences between Java-based OCT and the original OCT are:
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1.

2.

The client/user code iswritten it in Java, an object-oriented programming language, as opposed to
C, whichiisaprocedura language. Object-oriented design and organization can and has been
utilized.

An object-oriented database is used as a data back-end (for load, save, queries, €tc.), whereasthe
origind OCT made use of UNIX files.

Since the Java-based version of OCT was designed to be able to work in both a Internet and LAN
environment, alot of emphasis has been placed on protocol efficiency and minimization of (network)

transactions for network storage and retrieval.

4.3.4 Functional Description

The (Oct)object manipulation mechanisms are dl supported in this Java- based implementation and are

embedded inthe Oct Obj ect implementation which dl other Oct Obj ect s inherit.

These mechanismsinclude:

Attach

AttachOnce

Del et e

Del et eConmmi t

Det ach

Det achConmm t

I ni t GenCont ai ners
I ni t GenCont ents

Del et eComm t and Det achConmm t were added to the list of manipulation mechanisms due to

the need to differentiate between local and remote object processing. Objects that exists only

dynamicaly on the client Sde or operations that need not be committed can make locd cdls (Del et e,
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Det ach); operations which require the persistent object/data server to record the updates need to
explicitly cdl the methods (Del et eConmi t , Det achCommi t ) that invoke remote calls over the

network so that the respective operations can be executed by the data server.

4.3.5 Applications

The Java-based OCT package was used in two assignments of the class Design Technology for
Integrated Electronic Systems (EE 244, UC Berkdey, Fall 96) [96]. The assgnments involved the
place-and-route and display of anetlist (consgting of 10X 10 cells) and the subsequent use of
partitioning agorithms to optimize the placement of the cdlls (see Figure 4-4). The purpose of the
assgnment, in addition to introducing CAD concepts to the students, was to test and demondrate the
usability and ease of programming of Java by regular sudents/engineers, as well as the acceptable

performance of Java applets/applications in a computing- and user-interface-intensve setting.
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Figure 4-4 Snapshot of one of the homework examples that used Java-based Oct as the base object
data structure.

The figure shows a Java gpplet that alows users to choose multiple partitioning
dgorithms and visudize the placement of the cdlsresults. During execution, various

costs of the placement are dso displayed (by the line graph and bar chart) to the user.

4.3.6 Conclusion

The experience gained from this assignment/experiment provided a number of interesting and

encouraging ingghts with regards to using Java as a programming language for computing-intensve

(EDA) applications and generd user interface.
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Java programming was well-received within agroup of users that focused on developing mainly C
goplications. Thisis due to the object-oriented nature, ease of programming for both generd
programming logic and user interface manipulation, good abstraction of 1/0 and network
communication, as well asthe useful library functions [68] and documentation provided with the Java

Development Kit [72].

On the performance sde, a Significant performance pendty was observed when comparing the Java-
based gpplications (which included intensive computation and data structure manipulation) with
comparable applications developed in C/C++. However, the performance was still deemed acceptable

for full-blown applications.

The development of Java-dedicated hardware [ 73] and compilers[74] promisesto provide a great
performance boost to Java applets and applications. The performance improvement, together with the
inherent advantages of Java as a programming language [65], and it being Internet-compliant (supported
by most Web browsers), will make Java an attractive candidate for developing both user interface for

exiging EDA toals, aswell as new gpplications.
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4.4 Web-Based Project Management Application

4.4.1 Introduction

Evolving into more than just a communications medium for gatic publishing, the Internet is emerging as
the platform for wide-area collaboration [20, 35]. However, many chalenges and obstacles [44-46]
factor in into the viability of such aplatform. These include arich set of user gpplications, a“secure’
transaction and storage data model, efficient communications protocols and supporting infrastructure

goplications.

The development of WebProj, a Java-based project management application [81, 82], contributesto a
number of the aforementioned aspects. WebProj provides a common working environment and helps
manage the flow, collaboration and adminigration of projects, with an emphasis on eectronic design,

that are performed by people over the Internet.
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4.4.2 Functional Description
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Figure 4-5 High-level functiona description of the different components of the WebProj system.

Users can access the WebProj system either as a Java application or as an applet running viaa Java-
enabled network browser. A registered or new user can log on to the gpplication environment viaa
Profile Window, which is anaogous to an dectronic time-sheet or the finger information in a UNIX
environment. After filling in the fidds of the Profile window, a Password Window will prompt the user
for apassword. The password is compared with the corresponding Member object in the back-end
dataserver. (If itisanew user, the information will be used to create anew Member object.) After the
verification process, the profile is saved and an e-mail is sent to the adminigtrator indicating that alogin
has occurred. The main window of the gpplication will then appear, dlowing the user to create new

projects (and edit them in the form of a PERT Chart [83-85]), update existing projects, etc.. Through a
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Database Dialog window, the user can access desired additional information (such as members,

projects, profiles) as alowed by higher permissons.
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Figure 4-6 Snapshot of WebProj.

The figure shows the main window of WebProj, which hasin dislay a PERT chart that
corresponds to the project as indicated by the Project Window. The Database

Browser is aso shown.

4.4.2.1 Persistent Object Package Usage

In addition to it being a groupware/project management application [89], WebProj also served asa

driver and user of the features provided by the Persistent Object package.

Architecture and Infrastructure for a Distributed Design Environment 39
A Client Perspective



A table that pinpoints the demongirated infrastructure capabilities is followed.

Activity Infrastructur e Capability
Displayed
Loadingfromww\«~ cad. eecs. ber kel ey. edu |- Proxy Server.

(web server t heseus) with data server at

yoyodyne. eecs. ber kel ey. edu.

Password Verification. - Loading Objects.
Query.
Saving Profile (during log in). - Saving Object.
E-mall Natification (during log in). - Messaging through e-mall.
Opening Project. - Database Browser.

Directory Structure Traversd.
Attachment Traversd.

4.4.3 Future Extensons

The extenson of Java client object versioning cagpabilities will enable the development of a distributed
software configuration management system [86, 87]. Thisis especidly important in managing network
files or data, especialy those that are frequently updated of have versions scattered across the netin

different data servers.

Policies and visudization techniques that alow dependencies among data and membersin the
environment to be easily traced and managed could be developed to enhance the wide-area

collaboration aspect of this application.
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Database [61] capabilities such as indexing, storing, table look-up and queries can be used for user
profile operations. Inherent database fegtures, such asreplication, for distributed data management can

also be explored.

Scheduling functiondity can be incorporated into persond profiles through integration with other Java
packages. These may include cdendar and persona organizer functionality as well as meeting

proposals.

444 Summary

The development of WebProj provided an excellent opportunity for testing, extending and showcasing
the features of the Java Persistent Object Package and Didtributed Data Manager. The design and
implementation of such a groupware shed light onto the needs of engineersin adistributed collaborative

environment, areas of user interface, concurrent engineering and network data access.

It also acted as a springboard to the development of an important piece of infrastructure/application in a
Web-based design environment — The Digtributed Tool Flow Manager, presented in the following

section.
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4.5 Distributed Tool Flow Manager

45.1 Introduction

One of the visons of a distributed design environment was the ability to pool together as many tools as
possible and enable any user to leverage the networked resources. Thereisalot of room for innovation
and cretivity in such an environment as users can choose best- of-breed applications easlly and at alow

cost®.

The Digtributed Tool Flow Manager is a Java-based gpplication that dlows users to flexibly choose
network tools, design workflow and configure servers to meet applicationspecific needs. This

capability is of great vaue, especidly to CAD applications and processes [13-16, 20, 24].

At the system levd, the Digtributed Tool FHow Manager ties together the whole environment by utilizing
many pieces of the network infrastructure developed. These include:
Java Client Package, Client-Server Communication Protocol, Client-Database
Communication Protocol — Enables any Javalbrowser client to access the network tools and
services.
Proxy — Enables any browser client to access network resources.
Registry Service — Provides network clients with information on the availability of network

resources.

® Users can access tool s without following the traditional purchase-install model.
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Server Wrapper — Enables any new or legacy tool to connect to the WELD system by alowing
network clients to communicate with and invoke the tool.

Data Manger — Provides network storage for client.

4.5.2 Functional Description

Networked tools that are encapsulated by the Server Wrapper register with the Registry Service to
inform potentid users of its availability, network location and other information, such as parameter
types. When aclient invokes the Digtributed Tool Flow Manager, acommand is sent to the regidtry to
query thetools that are available. The response from the registry (available tools) is then used to
dynamicaly configure the menu bar entries of the tool flow manager. A user can then pick any of the
tools (such as data processing servers, trandation tools, database entries, etc.) to be part of aflow. The
tool will be represented as an object on the tool pand. The user can then “connect” the tools chosen
and complete aflow. When the user “executes’ the flow, the tool flow manager automatically traverses
the graph and configures the tools (according to user input parameters) so that the actud network flow
can be carried out and executed by the tool flow manager or a backend workflow server. During the
flow, the Tool Flow Manager continuoudy queries the servers and updates the tool pand so asto dlow

usersto visudly track progress, including intermediate results and failure information of the flow.
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Figure 4-7 Snapshot of the Didtributed Tool Flow Manger.

Thefigure shows aworkflow that is congtructed with the help of the Distributed Tool
Flow Manager. The circles represent the tools chosen and the connections represent
data flow between them. The colors of the tools indicate the execution status of the
current workflow (e.g. red for falled, green for finished, blue for not yet run).
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45.3 Conclusion

Many challenges and issues were encountered with the development of the tool flow manager, a both
the server’® and dlient side. At the dlient side, challenges included how best to represent and edit a
workflow, usng different user interface metaphors, e.g. different graphs, colors and shapes.
Furthermore, there were o interactivity issues as to how much, how frequent and what kind of
feedback about the (execution(s) of) workflow should be relayed back to and what kind of information

to seek from the user.

The Didributed Tool How Manager will be used to demongrate asgnificant CAD workflow &t the
1997 Design Automation Conference[94]. Experience from development and deployment, aswell as

feedback gained from potential userswill be used to improve the features of the gpplication.

1 The focus of implementation related to thisreport is on the client side. Details of the issues at the systems level
can befound at [97].
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4.6 Resultsand Experience

Through the design and development of various infrastructure components and client gpplications, we
have gained much knowledge and experience with regards to the needs, issues and chalenges of

building a digtributed environment.

These experience and ingght include:
Choice and tradeoffs among different types of data serversin a distributed object environment.
Types of applications that best fit a distributed client-server model.
Current and expected performance of Java as applets and applications.

Performance and different modes of networked object operations.

4.6.1 Server Requirements

Currently, an object-oriented database [47-48] acts the data manager of the environment. However,
the underlying implementation that makes use of sockets and the transmission of strings make the
components flexible enough to interface with any backend proxy or data server, such as relationa

database or file server.

The table below describes the tradeoffs of using different data backends:
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required.

Server Type | Capability/Advantage Disadvantage
Object-Oriented | - Object characterigticsand The whole database needsto be
Database properties can be preserved. recompiled/re-linked after the
Can provide built-in database manua entry of any new schema
capabilities (e.g. query, (object definition), which requires
attribute processing). database administrator access.
Rdationd Fairly flexible in object Requires mapping of object from
Database addition, deletion and object-oriented structureto a
meanipultion. relational representation.
Built-in database capabilities.
File Server Minimd extra software Complex object-mapping

techniques are required.

An (intelligent) transaction
manager in the native environment
has to be implemented.

While the use of an object- oriented data backend currently suffers from dight deficiencies such as

inflexible object additions, it was adopted due to its important ability to seamlesdy preserve object

properties and thus provide object manipulation.

4.6.2 Applications

The WELD group has been involved in developing various types of network applications:

Full-blown EDA applications written in Java— SpecChart Editor[ 75].
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Addition of Javauser interface to exigting tools— WebSpice [ 76].
Web-gzing and integration of legacy (Nova) and commercid tools (Synopsys Design Compiler)

with our server technology [77].

A summary of the effort required and application capabilities of the aforementioned devel opment routes

islisted below:
Type Development | Suitable Applications Remarks
Efforts

Devdoping/porting | High Stand-aone user gpplications | Performance hit since
ful-blown Java thet cannot utilize network Javais till dower than
aoplications processing. C/C++.

User-interface-intensive™.
Addition of Java Moderate Applicationsthat can Suitable for most
front-end to exigting leverage both flexible user goplications
tools input/response and network

Server processing.
Integrating with Low Data processng/computing- | Cannot support Ul-
server wrapper intensive applications. intengve applications

4.6.3 Performance

The running of Java applets, as opposed to C/C++ programs in a native environment, introduces
various performance issues.

Our experience and expectation of their current and future impacts are summarized below:
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Affecting Factors Experience and Expectation

Loading of Applet Size of gpplet - Acceptable [75]

Network bandwidth - Bandwidthishighly dependent on the
client and server. Will get better in the
future.

Program Execution | Complexity of applet - Acceptable, but will improve upon the

introduction and optimization of Just In
Time compilers [74] and Java chips[73]
(dedicated hardware).

4.6.3.1 Data Transmission Overhead

Another performanceissueis network latency caused by (frequent) network operations. Thiskind of
network overhead is introduced with the setting up of connection, opening and closing sockets. While
making use and taking advantage of object-oriented representation of data, we needed to design and

implement the palicies of how (to what extent) objects would be saved and retrieved.

We made the decison that during save, the complete object, including everything below it would be
saved. Thismodeisthe mogt intuitive and reasonable since users need only to save the highest level
object and can expect the necessary updates to be saved and passed over the network, as opposed to

having to explicitly state which particular object(s) to save.

Asfor loading object, we decided to follow the mechanism of the OCT system — aload only retrieves

an object at asinglelevd. Theuser hasto explicitly cdl i ni t GenCont ent s to retrieved the

" Ul Programming with Javais easier (to do and learn) than Xtoolkit, but |ess powerful and harder than Tck/Tk [93].
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data/objects that are attached to the originad object. This policy could reduce the amount of data or

objects (at alower levd) that is unnecessarily-transferred.

While observing object-oriented properties, this approach introduced complexity and (object-oriented)
features that were not utilized by many legacy tools. Therefore, we implemented Dat aObj ect , a
Java class which provided the abstraction and mechanism that dlows users to easly save to and retrieve
agring of arbitrary length and representation from a network data server. This mechanism dlowsthe
amplefile-saving mechaniam of many existing tools to be preserved and reduces the integration time of

these tools to the WELD environment.

Moreover, during stress-testing and gpplication integration, we redized the network overhead of saving
and loading complex objectsto be fairly substantiad. Therefore, we have looked a bundling the
commands that saving and retrieving a complex object involves to reduce the network overhead

involved.

Architecture and Infrastructure for a Distributed Design Environment 50
A Client Perspective



4 different approaches to handling network data transmission are described in the 2 tables below:

Data/Object Performance Availability Example
Transfer
Mechanism | Sngle/Smdl Lage
Object Set  Set (- - - socket set-up)
Save
Entire Objects | Lowest Moderate | Low - Box
Whole object Save
Pointl 11
structure hasto be -
Connect Box Pointl
locked
Save
Point2 2 2
Connect Box Point2
Save
Block Files Low Highest Low - { Box
{Point1(1,1)
Wholefile hasto be Poi nt 2( 2, 2)
}
locked }
Save
Separate High Low High - Box
Network Object-levd locking | save
Pointl 1 1
Commands can be deployed -
Connect Box Pointl
Save
Point2 2 2
Connect Box Point2
Complete High Moderate | High- T
Save
Command in 1 Object-levd locking | Box
Save
String can be deployed Pointl 11
Connect Box Pointl
Save
Point2 2 2
Connect Box Point2
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The pros and cons of each type of object/data transfer mechanism is listed below:

Data/Object Transfer Pros Cons

M echanism

Entire Objects User receivesthe whole Performance hit due to
object with asingle load. unnecessarily-transferred

data.

Block Files High network Does not take advantage
performance when of object-oriented
trandferring whole files. properties.

Low Availability.
Clients need an internal
representation and a
parser for objects.

Separate Network Observes object-oriented May suffer performance

Commands properties. hitswhen trandferring

complicated objects.

Complete Command in 1 Gives user highest Complicated message

String flexibility. format.

Complexity introduced at
both the client and server
end in preparing and

parsng commands.
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4.6.4 Conclusion

Many tradeoffs exist in the choice of infrastructure (such as different kinds of data servers and network
requirements) and gpplication characteristics when building distributed applications and systems. Our
experience has shown that there is not ways a clear-cut favorable strategy. It isimportant that the
system architects have the right vison and understanding of technology in order to choose an
implementation strategy that best meets system and user capabilities and demands. They should dso be

ableto evolve ther thinking as system requirements and technologies evolve.
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5. Conclusions and Future Directions

This report has described our vison and motivation of building, aswel asthe high-level architecture of a
distributed design environment. Our experience and results in developing, testing and using various
goplicaionsin this environment have aso been documented. While we have taken a substantid stepin
reglizing the god of ddivering adidributed design environment, there il exists many architecturd,
feature and client chalenges that we need to overcomein order for the WELD system to be considered

successul.

5.1 Architectural Challenges

Architecturdly, it is of paramount importance to design the system and its protocols to be scaegble,
flexible and extensble. With the increasing popularity and prevaence of Internet gpplications and users,
it isimperative that the system be scaleable and able to accommodate the addition of tools and usersto
the system without sacrificing the performance and availability of resources. The architecture and
components should be flexible and extensible so that it is easy for clients or externd developers, in both
the industry and academia, to add-vaue to the system by connecting legacy tools, incorporating

emerging technologies or providing custom features for our environment, etc.

5.2 Feature and Service Provision Challenges

The development and provision of applications a different user levels
Object-Level Management Package — Java Client Persistent Object Management Package

Data Manager — Java-Based OCT
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Engineering Application — Distributed Tool Flow Manager

Generd-User Application — Web-Based Project Management Application,

to the systlem have enabled us to redlize that these applications not only satisfy specific client needs and
improve the richness of the environment, they aso provide a means of measuring and evauating the
performance of the infrastructure and (network) environment, which could help reved potentid
challenges and problematic areas that needs to be addressed and improved. Furthermore, they also

serve as drivers for the research and development of new and useful technica features of the system.

5.2.1 Future Development

In addition to continuoudy improving the features of the different packages and infrastructure in place,
effort could be put into investigating traditiona and innovative ways to enhance collaboration, aswell as

tackle the issues and chalengesin building and deploying a distributed environment.

5.2.1.1 Collaboration Over Space

Besides encouraging and making it easy for geographicaly-dispersed clients to use the environment and
goplication developers and vendorsto link in their tools and services, more work can be donein the
direction of facilitating the management of flows and dependencies of network tools, data and users

through the diplay of information using various visudization techniques [98].

5.2.1.2 Collaboration Over Time

Desgnisahighly collaborative and iterative process which often includes rounds of refinements and

exploration usng different (combinations of) data, techniques and tools in search for the optima or an
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acceptable solution. Therefore, features which enhance concurrent engineering and version management
[86-88] are of ahigh vadue to adesign environment.

L ocking and Transaction M odel — We should investigate ways of data synchronization[43] to
achieve:
Incrementa update and redl-time sharing of data
A transaction mechanism that ensures data consistency and facilitates collaboration.
Fne-grained locking and access that enable parts of a design or data to be queried and
updated.
Bdance in database availability and performance.

Versoning — More elaborate versoning techniques, such as branching, merging, etc. (techniques
used by many software configuration management products [86-88]), could be investigated and
implemented to augment the current versioning features.

5.2.1.3 Digtributed Environment

While we have overcome many chdlengesin building a digtributed design environment, such asahigh-
level architecture, remote data and process management, communication mechanisms and tool and user
connectivity, there remains a number of system and client areas where we can improve upon.

I nter activity — Work can be done in the area of researching and prototyping mechanisms for
delivering and digplaying information that are of value to users, as wdl asfinding out Stuations where
seeking user input or feedback may be necessary and/or useful.

Reliability — Ways of improving the fault tolerance, durability, availability of network resources and
handling of network errors should also be considered.

5.3 User and Developer Participation Challenges

The expectations and gods of developing an environment is somewhat different from regular research

and development, where success is measured by the elegance of solution to a problem, efficiency or a
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protocol, features and robustness of a piece of software, etc. The success of a system is measured by,
in addition to the technical soundness of the environment and components, the number of users and the
benefits that are generated from using the environment, in terms of parameters such as improved

productivity, higher application profile, better user education about available tools, collaboration, etc.

Through interfacing with potentia users and gpplication providers of the system, we have found out that
usersg/clients are generaly concerned and skeptical in the areas of security and performance (of Java and
the Internet). Therefore, besides making the system scalegble, easy to use and feature-rich, we need to
make the system secure and robust, by providing fault tolerance, data replication, encryption, access
control capabilities, etc., SO asto ensure data consistency and help manage and protect intellectua
property, in terms of designsand data. Only will such a secure environment gain the trust and interest of
acritica mass of users and developers to make the system truly rich and useful. We aso need to
continuoudy look into ways of improving the performance of our infrastructure components through
better design and making use of advanced technologies. Last but not least, we need to inform users of
the system and promote its ease- of- use and benefits so that more people can use, provide feedback

and input on feature extensions for, contribute and add va ue to the system.

While much of the design and research is either done or under way, alot of engineering and
development is left to improve and extend the various features of the system. Sound and feature-rich
infrastructure, outside participation in both using and providing applications, and improvement in

networking and Java capabilities will determine the eventua success of the WELD environment.
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7. Appendices

7.1 WELD Client-Server Communication Protocol

7.2 WELD Client-Database Communication Protocol
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