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“Itisn’t that we build such bad cars, it’s that they’re such bad customers.’’

— Charles F. Kettering
Director of Research at GM from 1920 to 1947

‘“User error.”’

— Conrad Huang
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Abstract

Computer modeling is an indispensable tool in studying molecular interactions.
The goal of this project is to design and implement a macromolecular workbench
(MMWB) which integrates the many techniques used in molecular modeling with

modern computer hardware to create an easy-to-use and powerful modeling environment.

To achieve this goal, MMWB provides the following facilities: a single user inter-
face, a single data communications protocol, and a single data management library. The
user interface is a multi-layered system that facilitates user customization and extension.
The data communications protocol is built on top of standard network protocol to tran-
sparently provide distributed computing. The data management library uses an object
paradigm on top of tables to structure data hierarchically. Each facility provides a stan-

dard system service which simplifies the task of its users.

With standard system services, users need only learn a single system to access the
entire range of applications in the environment; applications can communicate with each
other without explicit prior arrangements; and data duplication is minimized since the
same data may be shared by many applications. These characteristics make MMWB an

effective and useful modeling tool.
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Chapter 1

Designing a Modern Molecular Modeling Environment

1.1. Introduction

Molecular modeling is an interdisciplinary field employing many different tech-
niques to study interactions among biomolecules. One of the indispensable tools of
molecular modeling is the computer, which is used for a wide range of tasks, including
simulating molecular dynamics, computing minimum energy structures, exploring con-
formational space, and visualizing results. In view of the importance of the computer,

existing molecular modeling software environments are surprisingly inadequate.

Currently, most molecular modeling software environments consist of several
independently developed packages, each addressing a different area (e.g., energy minimi-
zation [25], visualization [9], etc.). Each package has its own unique user interface and
input format. The amount of time required to learn to operate each individual package is
reasonably low; however, when there are many packages to learn, the startup time for
users, time that may be spent doing research, becomes unacceptably lengthy. Addition-
ally, each package requires maintenance by local administrators, who must learn many

different programming conventions.

Another characteristic of existing software environments is that they tend to use
only a single computer. With networking and workstations becoming the norm of com-
putation, a distributed environment can take advantage of available hardware resources

much more efficiently than the existing centralized ones.

The goal of this project is to design and implement a macromolecular workbench

(MMWB) which integrates the many available packages and hardware so that users can



proceed straightforwardly to research, without spending much time in learning new sys-

tems and managing computing resources.

1.2. Design Goals

The major design goals of MMWB are

e correctness

e ease of maintenance
e ease of use

e ease of extension

e distributed computing

The first two goals can be achieved using standard software engineering practices. The
quality of the software may be evaluated using the criteria of modularity and integra-
tion. Modularity measures how well a software system is partitioned. Integration meas-
ures how well the various partitions interact. Modularity ensures that components of the
system may be maintained individually while integration ensures that the entire system

operates cohesively as a whole.

The latter three goals may be achieved if we provide the following facilities within

the environment.

e a single user interface to all computation services
e a single data communications protocol among programs
e asingle data management library

A single user interface guarantees that users need only learn a single system for
accessing the entire spectrum of services available in the environment. Of course, the
interface must be self-consistent, to minimize learning time. It should take advantage of
available hardware (e.g., present graphical instead of textual information when appropri-

ate). And it should be intuitive, to make the system easy to use.



A single communications protocol guarantees that programs share the same infor-
mation exchange format. Individual programs will have different detailed formats, but
they should be able to communicate with each other in generic ways (e.g., request for
parameters). Foreign programs may then be incorporated into the environment by writ-
ing a single conversion program, instead of modifying the foreign program or many
existing programs. With a single protocol, programs within the environment can work
cooperatively without explicit knowledge of each other. If the communications protocol
is designed to be usable over a network protocol, then distributed computing naturally

follows.

Finally, a single data management library guarantees that there is no proliferation of
duplicated data. One of the main problems with the current environments is that the
same data are stored several times in different formats for different programs. By having
a single data management library, the duplication is reduced, and generic data manage-

ment becomes possible.

1.3. Implementation

Designing the three necessary facilities requires detailed knowledge of several
fields. To design a good user interface, one must understand the application domain,
human factors [19], and presentation techniques [24]. To design a good communications
protocol, one needs to have a good grasp of data communications issues [6,23] and
differences between the communicating systems. To design a good data manager, one
needs to know the type of data to be stored and details of data storage techniques [7, 14].
Only by combining the expert knowledge of molecular modeling with the extensive algo-

rithms of computer science can one formulate useful and usable facilities in MMWB.



1.3.1. User Interface

Some desirable properties of user interfaces are

e customizability, for ease of use
e extensibility, for flexibility
e consistency, for ease of learning

These properties may be obtained by creating a multi-layer user interface. The lowest
layer implements the primitive operations supported by the interface, such as calling
other services and changing display parameters. The middle layer implements a meta-
language which is used to combine the primitive operations into user interface com-

mands. The highest layer converts user actions into user interface commands.

Customizability is handled by the highest layer, which may implement several
styles of interfaces. The user may select a preferred style (e.g., menu-driven commands)
with special options (e.g., pull-down rather than pop-up menus). The specified style and
options are used to determine how user actions, such as clicking a mouse button, are

mapped to user interface commands.

Extensibility is handled by the middle layer, which implements all user interface
commands. In most existing systems, a user action is mapped to a fixed series of pro-
gram actions. The meta-language implemented by the middle layer provides an alterna-
tive. User actions are mapped to user interface commands, which consist of a series of
primitive operations and are described in the meta-language. New commands may be
easily created by combining primitive operations in new and different ways without ever
modifying the user interface program.

Consistency is the most difficult of the three properties to achieve. If the user inter-

face is easily customizable and extensible, consistency among users is nearly impossible.



A prime example is the many dialects of LISP that derived from pure LISP [26]. Instead
of trying to achieve homogeneity of user interface styles, a more profitable approach is to
provide concepts that exist across all interfaces, i.e., use a metaphor. A metaphor is a
mapping of user interface concepts to real world concepts. For example, the objects and
actions in the interface may be modeled upon the objects on a chemistry workbench and
the actions of the chemist. Creating metaphors is beyond the scope of this project.
Instead, MMWB will rely on the discretion of users not to abuse the flexibility provided

by the user interface.

1.3.2. Data Communications Protocol

In MMWB, programs executing on different computers must be able to communi-
cate with each other over a network. The communications medium used by the programs
should be reliable since message delivery is not an application concern. These con-

straints limit the possible choice of medium.

Three possible techniques for communicating over a network are via network file
systems [22], remote procedure calls (RPC)[21,23), and transport layer mes-
sages [6, 16,23]. Using network file systems is undesirable because synchronization of
file operations is difficult. Remote procedure calls provide the ideal solution. Unfor-
tunately, there is no standard remote procedure call software package. Furthermore, dif-
ferent RPC packages make different assumptions (e.g., no multiple return value, different
error handling), so there is no clear choice which RPC package is most suitable for the
MMWB environment. Transport layer messages provide an acceptable compromise.
Although there are several transport protocols being used, one is in widespread use in the

academic community: the DARPA network protocol suite, including TCP/IP [6,11].



Additionally, most of the transport layer protocols implement two message delivery
methods: datagrams and streams. Thus, by designing a protocol on top of either

datagrams or streams, one can easily migrate from one transport protocol to another.

The reliability requirement for the communications medium precludes datagrams
because the DARPA suite does not support reliable datagrams. Thus the only choice
remaining is using stream connections. This choice provides side benefits other than
satisfying our requirements. Byte streams may be simulated on a single system easily
(e.g., UNIX! pipes and VMS2 mailboxes). Also, streams are easy to monitor and debug,

since output may be stored in a file and input may be read from a file.

The data communications protocol itself is a synchronous protocol that uses mostly
text. The protocol is based on the client-server model of communications, where one
side sends requests and the other sends responses to requests. Synchronous communica-
tions is much easier to implement than asynchronous ones because there is no need to
handle unexpected input. The decision to use mostly text is made primarily for imple-
mentors, since textual protocols are easier to monitor and debug than binary ones. When
all requests are textual, programmers can directly send commands to programs and view

the output, thus facilitating debugging efforts.

1.3.3. Data Management

Data management in molecular modeling environments is becoming a very impor-
tant issue. Several applications using commercial database systems for management

have been attempted [17]. Although this approach is possible in principle, there are

1 UNIX is a trademark of AT&T Bell Laboratories.
2 VMS is a trademark of Digital Equipment Corporation.



several practical problems. First, most database packages are designed for businesses,
where accounting and inventory are of primary importance. Thus, much of a database
system is given to handling simultaneous transactions that modify data. Also, the pack-
ages are designed to handle a few very large databases rather than many small ones.
Molecular data, on the other hand, tend to be static, modified only by a single user, and
consist of many different classes of data, such as atomic data, molecular sequences, elec-
tron density maps, etc. Thus, the needs of molecular data management and the features
of commercial database management systems do not match up well. A system designed
specifically for molecular data would be simpler and faster than a commercial database

system because it can take advantage of these properties of the data.

Data management in MMWB uses an object paradigm. Objects in the system
include molecular data, user interface state, program descriptions, efc. Objects consist of
properties, which include the object name, owner, access control list, and data. The data
associated with an object are stored in tables. Tables in MMWB have named columns
and ordered rows, thus they differ significantly from relational database principles [14].
The reason for not using relational algebra, with its rigorous mathematical basis, is sim-
plicity, both for application programmers and MMWB implementors. Tables with
ordered rows, where each row has a constant identifying row number, are easier to use in

programs than relations. Furthermore, they are much easier to implement than relations.

By using an object system, two layers of organization are introduced at a level com-
mon to all programs. First is the division of data into objects, which must be accessed in
a uniform way. There are no longer any ‘‘floating’’ data that must be accessed by some

non-standard method. Second is the coercion of data into tables. Although tables are not



universally suitable for all applications, they are convenient as a storage format to be
shared by all programs. Data from table, when read into main memory, may be reorgan-
ized in any fashion that is suitable for each applications. However, the storage format
must be compatible among all applications. With these two levels of organization, ancil-
lary programs may be written to manage data in a generic way without explicit

knowledge about the semantic information contained in the data.

1.4. Summary

Computing, ranging from simulation to visualization, has become a central part of
molecular modeling. Unfortunately, the existing software environments for modeling is
inadequate due to the heterogeneity of packages and changing hardware environment. A
new system is needed to reconcile the differences among the many packages and take

advantage of newer technology such as computer networks.

The design target for the new system is a user-friendly, extensible, and distributed

environment that integrates the many different tools available for molecular modeling.



Chapter 2
Network Communications of MMWB

2.1. Introduction

MMWB is designed to operate in a heterogeneous network environment to take
advantage of the different capabilities of different hosts. Thus, a user may execute
several processes on different hosts to achieve a single task. For example, when a user
wants to monitor the progress of an energy minimization calculation, he may run a
display program on a graphics workstation, the minimization computation on a super-
computer, and a data manager on a file server. The set of processes, display program,
computation, and data manager, may be considered a single conversation between the
user and MMWB. There may be many conversations for many users all executing simul-
taneously, so each is tagged with a unique conversation identifier to distinguish it from

all others.

Processes within the same conversation should be able to communicate with each
other, e.g., minimization computation with data manager. Processes in separate conver-
sations should be isolated from each other. The first networking requirement in MMWB
is to provide a mechanism which enables processes in the same conversation to locate
each other while preventing processes in different conversations from communicating
accidentally. Process rendezvous is a problem in the session layer of the International
Standard Organization Open System Interconnect (ISO/OSI) model of networking [16].
Once processes locate each other, they may exchange information. However, since
MMWB works in a heterogeneous environment, the hosts that the processes run on may

not be bitwise compatible (e.g., one may use IEEE floating point format while another

Nal
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uses a proprietary format). The hosts must agree on a mutually acceptable communica-
tions method before data can be exchanged. Data exchange format is a problem in the
OSI presentation layer. Both these problems are discussed in detail in the following sec-

tions.

2.2. Establishing Network Connections

When two processes attempt to contact each other, their behavior is usually
described by the client-server model. In this model, one process is the client which ini-
tiates the communications. The other process is the server which responds to the client’s
requests. A process in an MMWB conversation may be a client, a server, or both. In the
example above, the display program is a client, the data manager is a server, and the
energy minimization computation acts as the server to the display program and as the

client to the data manager.

In the client-server model, the client is responsible for locating the server. To help
clients in this difficult task, MMWB provides a dispatcher on each host to direct clients

to server locations.

2.2.1. Dispatcher

The dispatcher is a program which executes on a single host and keeps track of what
servers are currently running on that host.3 It maintains a list of servers, along with server
type, contact location, and conversation identifier. The dispatcher itself listens at a well
known location so clients can easily contact it. When the dispatcher receives a query

from a client, it waits for the client to present its conversation identifier and the desired

3 The communications protocol used by the dispatcher is shown in Appendix A.
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server type. The dispatcher then searches through its list of servers for one with match-
ing server type and conversation identifier. If such a server exists, then the dispatcher
sends the associated contact location back to the client. Otherwise, the dispatcher starts
up a new server of the desired type, informs it that it is in the client conversation, assigns
it a contact location, enters it into the dispatcher’s list of servers, and sends the contact
location back to the client. In either case, the client receives the contact location where

the desired server may be found.

An additional task of the dispatcher is to keep track of which servers are currently
active. When a server terminates, its associated entry must be removed from the
dispatcher’s list of servers, lest new clients be directed to contact a non-existent server.
The dispatcher design is similar to the ARPANET initial connection protocol and pro-

cess server [23].

2.2.2. Server

The task of the server is quite simple. A server is initiated by the dispatcher and
given a conversation identifier. Its first task is to wait for a connection request from a
client and verify that the client is using the same conversation identifier as the one that
the dispatcher sent. Once this authentication is complete, the server may continue on to

the task of providing its designed service.

2.2.3. Client

The client does most of the work in establishing a network connection between two
processes. The first step that a client has to take is deciding what service it wants from

which host. The client then contacts the dispatcher on that host at the well known loca-
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tion of dispatchers. It presents its conversation identifier and desired service type. The
dispatcher on the remote host should then return the contact location of a server. Using
the returned contact location, the client can then reach the server, present its conversation
identifier again, and send requests using a predefined information exchange format for

that service.

2.24. Implementation

The previous sections discussed networking without referring to any underlying net-
work protocols (transport layer in the OSI networking model). Any of several low-level
protocols may be used, e.g TCP/IP, XNS [27], and ISO. The only requirement of the
underlying protocol is that it permits a process on one host to contact a process on
another host at a predetermined network location. MMWB is currently implemented in a
TCP/IP environment where a well known location corresponds to a well known service

and contact locations are TCP port numbers.

The dispatcher needs to be notified whenever a server it started terminates. In many
systems, (e.g., UNIX and VMS), a process is automatically notified by the operating sys-
tem when a child process (one which is started by the original process) terminates. Thus,
notification is simple in these systems. If this mechanism is not available, an alternate
method, such as having the server contact the dispatcher prior to termination, must be

devised.

2.3. Exchanging Information

Once a network connection is established between a client and a server, information

may be exchanged. First, the server sends a greeting message, in the same format as a
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response to a command; this is most useful for presenting version and functionality infor-
mation. The client then continues the exchange by sending commands and waiting for
further responses from the server. Because MMWB operates in a heterogeneous environ-
ment, these commands and responses should be passed in a host-independent format.
The ideal solution is using some type of remote procedure call (RPC) mechanism. How-
ever, since there is no widely available standard RPC package, a simpler ASCII-based
protocol built on top of the transport layer is used. Effectively, the simple-minded proto-
col is a very primitive RPC mechanism. ASCII is chosen because programmers can then
converse directly with all server interfaces using a simple debugging program which

relays keyboard input to the server and server responses to the debugging terminal.

The protocol used by MMWB is very similar to the Network News Transfer Pro-
tocol [10]. Commands are a command word followed by a parameter list. Responses are
a three-digit numeric code followed by a short description of the response code. The fol-
lowing sections describe the set of commands and responses that all services must under-
stand. Commands and responses which are specific to individual clients and servers are

documented in the service description documents.

2.3.1. Commands

Commands are a series of white-space separated printable ASCII strings terminated
by a newline character. The first string is the command word and all subsequent strings
are parameters of the command. The following commands are reserved as generic com-

mands.

VERS minimum maximum min max

VERS is the first command sent by a client to a server. The four
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parameters are integers which represent the minimum and maximum pro-
tocol version numbers that the client understands. minimum and maximum
refer to the generic initial handshaking that is exchanged (see the HELO
and USER commands below). min and max refer to the specific service
protocol version. The reply from the server consists of two numbers,
specifying the handshaking protocol version and the service protocol ver-

sion (in that order) that the client should use.

HELO conversation_id
HELO is the second command sent by a client to a server. The single
parameter of this command is a conversation identifier of the form
project_id@host_id

where project_id is a series of printable characters, excluding ‘@’, and
host_id is a string compatible with the ARPA Internet host names [15].
The host_id uniquely identifies the host from all other hosts. Generally,
the host_id is a fully qualified domain name that is registered with the
ARPA Internet. The project_id uniquely identifies a group of cooperating
clients from all other groups executing on host host_id. Generally, the
project_id is a file name or some registered project name. The HELO
command identifies the client to the server which determines access per-

missions based on the conversation identifier.

USER account requestor
USER is the third command sent by a client to a server. It is used by the

server to determine whether the client has the necessary privileges to



HELP

QuIT
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receive service. The first argument, the account name to use on the server
host, consists of a string of alphanumeric characters. The second argu-

ment, a description of the identity of the requestor, is of the form

account@host_id

where account and host_id have the same format as above. In the future,
this command will be superceded by more sophisticated authentication

mechanisms such as the Kerberos authentication system [20].

HELP is the command sent by a client when it needs a list of available
commands and short description of each one. More elaborate HELP

schemes may be supported but are not required.

QUIT is the last command sent by a client to a server. This command

notifies the server that the client will not send any more commands.

2.3.2. Responses

A response consists of an ASCII string of printable characters terminated by the

newline character (hexadecimal OxA) optionally followed by data of unspecified format.

The ASCII string of characters is a general response line of the form

nnn response_text

where nnn is a response code consisting of three decimal digits, and response_text is a

textual description of the response code. The response_text may also contain parameters

describing any optional data which follow the general response line.

Each digit in the response code represents a general aspect of the response. The first

digit represents the status of the command.
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2xx
3xx
4xx
5xx
6xx
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Informative message

Command accepted

Incomplete command accepted; waiting for further input
Correct command rejected for some reason

Incorrect command rejected

Last response to command

The second digit represents the type of response.

x0x
x1x
X2x
x8x
x9x

Response to unclassified request

Response to data retrieval request

Response to computation request

Response to non-standard extensions

Response containing only debugging information

The third digit represents command-specific response codes which are described with

each command. The following codes are reserved as generic responses.

100

Help text

190 -199  Debug output

200
201
202
203
204
400
401
402
403
500
501
600

Generic acknowledgement message
Reserved for future use

ASCII data follow

n octets of binary data follow

No data available

Server is quitting

Protocol version mismatch
Permission denied

Internal server error

Unknown command

Command syntax error

Last response (must be sent for each command)

The optional data which follow responses may be of two formats: ASCII or binary.

ASCII data are sent as arbitrary strings terminated by the newline character. The length

of each string, including the newline character, must not exceed 1023 characters. ASCII

data are terminated by a string containing exactly one period (hexadecimal 0x2E) fol-

lowed by a newline character. Binary data are sent in a single block of network-order
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octets. The response text preceding the binary data must specify the number of octets in

the binary data.

The initial greeting message that the server sends consists of a generic ack-

nowledgement message (code 200) followed by the end of message (code 600).

2.3.3. Examples of Information Exchange

In the following examples, C stands for client and S stands for server.



200 Data manager at your service
600 End of response.
VERS1211

200 Protocol versions follow

202 ASCII data follow

11

600 End of response.

HELO 12345@cgl.ucsf.edu

200 Mirage data manager on host socrates.ucsf.edu ready.
600 End of response.

USER conrad conrad@cgl.ucsf.edu
200 User okay.

600 End of response.

OPEN /usr/mol/midas/1gcn

210 /usr/mol/midas/1gcn opened.
600 End of response.

OPEN /usr/mol/midas/3fxn

410 /usr/mol/midas/3fxn locked.
600 End of response.

TOC /usr/mol/midas/1gcn

211 Table of contents follows

202 ASCII data follow

atom

residue

model

surface

600 End of response.

QuIT

400 Data manager closing connection.
600 End of response.

An example of a less pleasant exchange is:
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200 Data manager at your service
600 End of response.

VERS 1211

200 Protocol versions follow

202 ASCII data follow

11

600 End of response.

HELO 12345@cgl.ucsf.edu

402 Permission denied, conversation_id mismatch
400 Data manager closing connection.

600 End of response.

2.4. Summary

Processes in MMWB can easily communicate with each other by using the protocols
described in the previous sections. Conversation contexts are preserved by maintaining a
conversation identifier for each group of processes that are part of a common task.
Debugging is simplified by using a user-interpretable information exchange format such
that all services may be accessed via a single general debugging program. Finally, these
protocols hide much of the networking details so that other underlying protocols (e.g.,

ISO/OST) may be used in place of TCP/IP.



Chapter 3
Application Services of MMWB

3.1. Introduction

MMWB implements an integrated molecular modeling system on a heterogeneous
network. The many services provided by MMWB are distributed among the hosts in the
network. Many hosts may provide the same service, e.g., data management. A single
host may provide several services, e.g., data management and energy minimization.
Servers (specific instances of services) may call upon each other to accomplish a set of
tasks, e.g., an energy minimizer requesting data from a data manager. A group of servers

act cooperatively to interact with the user.

The services provided by MMWB may be divided into three major categories: those
that supply data, those that transform data, and those that present data. In more familiar
terms, the categories are data management, computation, and user interface. Different
types of services have very different operating characteristics. The common thread

among all these services is the inter-service communications described in

Chapter 2.

3.2. Data Management

Data management is at the heart of a network-based system. Without a well-defined
and well-controlled data access method, the system may easily fragment into several iso-
lated subsystems with no means of communications. The important issues in data
management are data organization, data access protocol, concurrency control, and crash

recovery.

20
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MMWB ignores one major aspect of data management: selective data retrieval.
This design choice was selected because molecular databases can fit in main memory of
modern computers, and memory-based algorithms may be used for data management.
Without the limitation of long disk access times, memory-based data management is
much more efficient than disk-based database management. Thus, MMWB data
managers provides facilities to load entire data sets into main memory but leave selective

data retrieval to individual applications.

3.2.1. Data Organization

Data used by MMWB must be organized in such a way that they can be exchanged
among applications residing on different hosts. One possibility is to make data organiza-
tion closely parallel a data construct in a particular programming language, e.g., array of
records in Pascal. However, this choice is certainly sub-optimal for some environments,
e.g., Fortran programs prefer parallel arrays. A higher level data abstraction which is

independent of programming environment is preferred.

One possible way to organize data is to use tables, an approach previously used by
the Prophet System for managing small molecules and associated data [8]. A table con-
sists of a series of rows, each describing a different instance of an item. Each row con-
sists of a number of columns, each describing a different attribute of the item. Thus, a
table may describe the atoms in a molecule using the coordinate, name, and sequence
number attributes. Tables are particularly well suited for molecular data because molec-
ular data frequently consist of descriptions for many instances of the same type of item,

e.g., atoms, residues, connectivity.
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The concept of tables is not tied to any particular programming language construct.
Tables may be implemented using parallel arrays in Fortran, array of structures in C, or
list of lists in Lisp. This flexibility is important in the heterogeneous network environ-

ment in which MMWB operate.

3.2.2. Data Access Protocol

Defining the data access protocol is straightforward once the data abstraction has
been selected. Each command in the access protocol corresponds to an operation on the
data abstraction. The data for commands or replies to commands consists of items from

the data abstraction.

For tables, the defined operations are:

e get list of tables e delete row

e get table description e delete column
e get column description e update row

e get column data e update column
e get row data e create table

e insert row e destroy table

e insert column

and the items within table are:

e table identifiers

e column identifiers

e table description (number of rows and columns, and column identifiers)
e column description (data type and size)

e data stored in tables

e list of table identifiers (stored in a table, of course)

The detailed data access protocol is described in

Chapter 4.
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3.2.3. Concurrency Control

In university research environments, where much of molecular modeling is done,
concurrency control is not a critical issue.4 In general, users tend to work on distinct and
non-intersecting projects and data sharing is rare. In view of this situation, MMWB can
implement concurrency control by enforcing the simplistic policy of permitting at most

one data manager to have write-access to a data set at any given time.

This approach of single write-access to data sets has its merits and shortcomings. A
clear disadvantage is that orthogonal services (i.e., services which will not modify any
data other services access) which potentially can execute in parallel must be serialized.
For example, a user may want to perform two different computations on the same data
set and store both sets of computed data back into the data set. A less obvious weakness
of this approach involves whether other data managers can gain read access to the data
set while one holds write access. If other data managers can read the data set, they may
potentially read the data set while it is being updated and get an incorrect version of the
data set. If, on the other hand, other data managers are not permitted to access the data
set, then much concurrency is lost. All these problems may be solved by requiring
processes that access the same data to be in the same conversation. Then, all the

processes can share the same data manager and the multiple access problems disappear.

The advantages of the single write-access scheme derive from its simplicity.
Because it is simple, it is easy to implement and manage. Additionally, since write

access to a data set may be granted or rejected at file opening time, data managers have

4 In industrial environments, where researchers work in large teams rather than individually,
the concurrency problem must be addressed in a more sophisticated manner. The solution pro-
posed at the end of this section is a first step towards solving the multi-user concurrent access
problem.
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very little concurrency control overhead. Services which invoke data managers are also
freed of the responsibility to constantly keep data sets in consistent states. These advan-
tages outweigh the disadvantages because the disadvantages only apply in limited cir-

cumstances while the advantages apply in all cases.

3.2.4. Crash Recovery

Given the simple concurrency control scheme described above, crash recovery is a
relatively simple task. Most data updates are grouped into transactions, where each tran-
saction modifies a data set from one consistent state to another. Since the MMWB con-
currency control scheme only permits one data manager to access a data set at any given
time, one can treat the entire access as one single monolithic transaction. Thus, updates
are sequential non-overlapping operations on the data set. To guarantee data set
integrity, all one needs to do is require that data managers not overwrite the original data
set when updating it. Instead, a second copy is written, verified, and renamed as the new
version of the data set. If a crash occurs during the write or verification process, the ori-
ginal data set is still available. If a crash occurs during the renaming process, then either

the original or new version of the data set may be recovered.

3.3. Computation

Computation consists of many different types of applications. They range from
geometric calculations such as computing the solvent-accessible molecular surface to
energy calculations such as molecular mechanics. The data required for these computa-
tion range from atom type to partial charges of atoms. The output range from a set of

coordinates for each atom to modified coordinates for each atom. Their widely varying
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operating characteristics make standardizing computation applications only possible at a

very general level.

Computation servers in MMWB can generally be modeled with the following

sequence of actions:

1)  process user-specified options
2) fetch molecular data

3)  process molecular data

4)  store computed quantities

With this limited model, only a few simple guidelines may be specified for computation
servers acting as servers in MMWB. User-specified options are normally either boolean
flags, e.g., whether to use all atoms of a molecule in a surface calculation, or parameter
values, e.g., the density of points in the surface calculation. In either case, the amount of
data needed to specify the options is very limited. Thus, these options should be imple-
mented as commands in the communications protocol between client and server. Molec-
ular data, on the other hand, are generally quite voluminous. Although passing such data
as part of commands is possible, a better solution is to pass the molecular data via a data
manager. Passing data via data managers has two distinct advantages over passing data
directly: first, both client and server may take advantage of the operations provided by
the data manager, and second, the communications protocol is simplified because no new
data format needs to be defined. Output from computation servers vary from a single
number, e.g., the total energy of a molecule in a certain conformation, to a great many
numbers, e.g., the atomic coordinates of the minimum energy conformation. Generally,
low volume output should be sent as replies to commands while high volume output

should be sent to a data manager.
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3.4. User Interface

The user interface is the part of the system which interacts with the user. As such, it
greatly influences the chance of success of the system. While a good user interface might
be taken for granted, a bad one may spell doom for the system. The user interface is con-
strained by the input and output devices available to the system. In a network environ-
ment, many types of devices are available and the goal in designing user interfaces is

consistency. Other important goals are ease of use, efficiency, and extensibility.

Display capabilities of the output device constrains how data may be presented to
the user. Alphanumeric terminals provide very limited methods of displaying data, using
only alphanumeric characters and punctuation, while graphics workstations provide very
powerful methods, using lines, polygons, and raster images. These constraints greatly

influence how well each type of device supports different user interfaces.

User interfaces can generally be divided into two types: graphical and
alphanumeric. Graphical interfaces are powerful for displaying large amounts of data in
interpreted form, e.g., atomic coordinates as Corey-Pauling-Koltun or ball-and-stick
models which are easier to interpret than thousands of numbers. Graphical interfaces are
excellent at presenting a global view of a set of data but poor at presenting precise infor-
mation. Alphanumeric interfaces, on the other hand, are good at presenting precise infor-
mation as strings of characters. However, due to the limited size of terminal displays and

human short-term memory, they are poor at presenting global trends.

Input devices place additional constraints on user interfaces. The classic input dev-
ice is the keyboard, which may be used to either enter commands or data. Keyboards are

useful for interacting with alphanumeric displays but are inefficient for interacting with
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graphical displays. Pointing devices, such as a mouse or light pen, provide ways for
users to indicate areas of interest on the display without knowing names associated with
the displayed items. They also provide an alternative to the typing interface of a key-
board: menus. Pointing devices are generally available only on devices capable of some
graphics, thus further distinguishing alphanumeric and graphical displays.

Due to the very different characteristics of graphical and alphanumeric devices, two
different types of user interfaces are required to make full use of their different capabili-
ties. Since most molecular modeling applications deal with large amounts of atomic
data, the primary interface to MMWB is its graphics display program, MIRAGE (Molec-
ular Interactions Represented As Graphical Entities). The alphanumeric interface is used
to access uninterpreted data residing in data sets or to access MMWB services at the com-

munications protocol level.

3.5. Summary

The services provided by MMWB can be divided into three general categories with
very different operating characteristics. The issues that each category of services must

consider are listed in Table 1.

Data Management Computation User Interface
Data organization Data access protocol Ease of use
Data access protocol | Service-specific considerations | Efficiency
Concurrency control Extensibility
Crash recovery Consistency

Table 1 — Service categories and design issues
Data management in MMWB depends on the fact that molecular data can fit in the

main memory of modern computers. This critical assumption greatly simplifies data
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management since data managers no longer need to be concerned with selective data
retrieval. Instead, molecular data may be treated as several large tables whose contents
need not be examined by the data manager. With tables as the abstraction for molecular
data, the communications protocol for the data manager reduces to a set of commands
corresponding to operations on tables. Another simplifying assumption for data manage-
ment in MMWB is that only one data manager may access a data set at any given time.

This assumption makes both concurrency control and crash recovery trivial issues.

Computation services comprise the most diverse category due to the complex nature
of molecular modeling. The general guidelines for implementing computation services

in MMWB are

e Define a precise communications protocol

e Implement options and parameters as commands
e Pass molecular data via data managers

e Return low volume output as replies to commands
e Return high volume output via data managers

These recommendations are intended to create a simple and easily reproducible execu-

tion environment for the computation server so that debugging is simplified.

User interface is an important part of the system because it is the only part that users
see. MMWB supports two different interfaces for graphical and alphanumeric devices.
The need for different interfaces is due to the very different characteristics of the two
types of devices. The primary interface to MMWB is MIRAGE because most molecular

modeling applications deal with voluminous atomic data.

Three classes of services, data management, computation, and user interface, form
the MMWB molecular modeling system. Acting cooperatively, they provide easy and

complete access to resources available in a heterogeneous network environment.
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Chapter 4
Data Management in MMWB

4.1. Introduction

Techniques from many fields, such as energy minimization and distance geometry,
are used to model molecules. These techniques share some data, such as atomic coordi-
nates. Each, however, requires its own exclusive data as well, e.g., only energy minimi-
zation needs to know the partial charge and non-bonding energy parameters of all types
of atoms. The responsibility of the data management system is to provide all these appli-

cations with necessary data in a usable form without burdening them with irrelevant data.

Two obstacles that MMWB data management must overcome arise from the hetero-
geneous network environment. In such an environment, data sets and applications poten-
tially reside on different hosts. The first obstacle is for applications to retrieve data
across the network. The second obstacle is for applications to interpret the data once
they have been retrieved. Since hosts are not required to be binary compatible, the
interpretation process may be quite difficult, e.g., translating IEEE floating point format

to VAX floating point format.

MMWB addresses these data management problems by creating a model of molecu-
lar data. The model includes both tables and permissible operations upon these tables.
The MMWB data manager (DM) manages these tables. The operations are the basis for

defining a data access protocol to the DM in the format described in

Chapter 2. To provide higher level structure to the data, tables are further organized into

an object file system (OFS). Application programs then use a functional interface to the

29
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OFS to access molecular data. The following sections describe the data model, DM, and

OFS as well as some implementation issues.

4.2. Data Model

Most molecular modeling data may be described by the entity-relationship diagram

shown in Figure 1.

atoms |- @ L 1 esidues |- @ I lmolecules

1 1

Figure 1 — Entity-relationship diagram for molecular data.

where the rectangles represent entities and diamonds represent relationships. The con-
necting line segments are labeled with either ‘1’ or ‘m’ to show whether relationships
between entities are one-to-one, many-to-one, or many-to-many. Both entities and rela-
tionships may have associated descriptive attributes, such as coordinates for atoms and
hydrophobicity for residues. The attributes are not shown in the diagram above to

preserve readability.

The organization described by the entity-relationship diagram provides a method for
managing the molecular data in a uniform manner for many different modeling applica-
tions. The molecular data required by each application are a subset of the attributes of
entities and relationships. If attributes may be selectively retrieved, modified, added, and

deleted, all applications can conveniently share the same set of data.

The scheme described by Figure 1 may be implemented using tables. Each table

corresponds to an entity or relationship. The rows of tables correspond to instances of



31

the entities or relationships; the columns of tables correspond to attributes . The intersec-
tion of an instance and an attribute is a cell, where actual information is stored. New
attributes may be added by adding new columns to tables. These tables are similar to

relations of relational databases without the restrictions of normalization’,

Tables may either be ordered (instances are identifiable by row number) or unor-
dered (physical positioning within tables of instances is not significant). Although the
latter model gives greater flexibility to the data model, it also imposes certain penalties
which make it undesirable. For example, instance operations must identify the target by
the value of an attribute. This implies that the data manager needs to know about the
concept of key attributes which must be unique within a table. Additionally, accesses to
instances, either reading or writing, will also be slower since the data manager must now
search the table based on the value of the key attribute. These characteristics make unor-

dered tables less attractive than ordered tables.

Instances in ordered tables are identified by row numbers. This implies that the data
manager does not need to know the value of attributes in the table. All accesses can be
done without data references. The simplicity of the data model makes it much more
attractive than unordered tables. The major disadvantage of ordered tables is that
instances are pinned in ordered tables, i.e., once an instance is known to be in row n, it
must remain at row 7 until there are no further references to it. Pinned instances make
compacting sparse tables difficult (though not impossible), and forces a different
interpretation on row deletion. In unordered tables, a deleted instance simply disappears;

in ordered tables, the deleted row is still present, but references to its attribute values

5 Although the data manager does not enforce normalization restrictions, applications are en-
couraged to use a normalized data scheme.
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result in errors.

4.2.1. Items in the Data Model

A complete description of a table consists of

e atable identifier

e the number of instances stored in the table
e the number of attributes

e descriptions of attributes

e the actual entries in the table

The table identifier is used to distinguish one table from another within the same data set.
A table identifier together with a data set name uniquely identifies a table on a host. The
number of instances and attributes describe the size of the table. The attribute descrip-
tions specify the format of entries in the table. The actual entries in the table comprise

the actual data.

The description of attributes consists of

e attribute identifier
e attribute type

The attribute identifier, used to distinguish one attribute from another within the same
table, is a string of alphanumeric characters. The attribute type determines how the attri-
bute is described. Attribute types are divided into three categories: simple, composite,

and reference. Simple types include:

e 1-,2-,4-, and 8-byte integers
e 4- and 8-byte floating point numbers
e 1-byte characters

Composite types consist of fixed-length arrays with elements of simple type and
variable-length strings of characters, which are arrays of characters terminated by a null

character (ASCII 0). Reference types are used to refer to other items in the data set. The
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only reference type that the data manager supports is the table reference type. Although
the reference type may be implemented in many different ways internally, the external

representation is the same as table identifiers.

Tables, instances, and attributes are the items in this data model. The following sec-
tion discusses the operations, which define the set of permissible actions upon these

items.

4.2.2. Operations in the Data Model

Operations, which are actions performed upon items, may generally be divided into
four types. The first type is synchronization operations, e.g., locking. The second type is
data description operations, e.g., enumerating existing tables. The third type is data
manipulation operations, e.g., creating tables or reading data. The last type is data set

operations, e.g., creating or deleting data sets.

4.2.2.1. Synchronization Operations

The first goal of synchronization is to prevent several data managers from modify-
ing the same data set simultaneously. Although it is possible to coordinate updates
among several data managers, the required synchronization operations would necessarily
be complex. Since data sharing among unrelated tasks is deemed a rare event, the data
managers are required to have exclusive access to a data set before operating on it.
Exclusive access may be achieved by designating a specific file to as the access file for a
data set and using file locking. Only the data manager which successfully locks the
access file may use it; all others must either give up or wait until the file is relinquished,

except in one case. The exception occurs when the data manager which failed to lock the
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access file is in the same conversation as the one which succeeded. This may happen if
the file has multiple names (e.g., multiple links to the same file, or an entire file system is
accessible from several hosts via network file system services) and two data managers
tried to lock the same file using different names. In this case, it is desirable that the

failed data manager notify its client about the location of the active data manager.

The second goal of synchronization is to enable orderly access to data among clients
of a single data manager. The problems caused by uncoordinated data access apply
equally well to clients as to data managers. Unfortunately, while data sharing among
data managers is rare, table- and attribute-sharing among clients is quite common. Thus,
the exclusive access solution used for data manager is inadequate when applied to clients.
Instead a more elaborate scheme must be used. There are three situations that must be

considered:

e Two clients from different conversations try to access the same table or attri-
bute.

e Two non-communicating clients from the same conversation try to access the
same table or attribute.

e Two communicating clients from the same conversation try to access the same
table or attribute.

The first case cannot occur because data managers only serve clients from the same
conversation. Clients from other conversations are rejected before they can attempt to
access data. The second case may be handled by standard locking techniques. The most
common technique is to permit multiple clients to hold read locks on the same item
simultaneously, so they can all read data. If a client wants to modify data, it must
acquire a write lock on the item, at which time no other client may hold any lock on the

item. The third case is the most difficult and is best illustrated by Figure 2.
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Figure 2 — Clients C and D are cooperatively accessing table T
and do not want client O to interfere.

Suppose two clients are a display program, D, and a multi-stage computation program,
C. D wants to show all intermediate results of C, but C does not want to risk losing its
write lock (to O, yet another computation program) by relinquishing it each time D needs
to look at the data. A reasonable solution is to allow both D and C to hold write locks to
the data and let the two clients negotiate between themselves about synchronization.
Although this solution appears to be sidestepping the issue, it, in fact, is the most reason-
able solution. Only the clients themselves know the level and type of synchronization
that is required. Instead of imposing a possibly inadequate locking scheme, the data
manager lets the application-level clients control the synchronization method. The prob-
lem with this solution is determining which set of clients may simultaneously hold write

locks to the same data.

The simplest way to determine whether clients can simultaneously hold write locks
to the same data is by associating a key with each lock. The first time a data item is
locked for writing, the data manager creates a key for the lock and gives it to the client
requesting the lock. This client may then pass the key to other clients. Further write lock
requests to the data manager for this data item will succeed if the proper key is presented,
and fail if an improper key or no key is presented. As with synchronization, key distribu-

tion policy is left to application-level clients, thus providing great flexibility to the
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clients. This setup is similar to the capability schemes used by some operating sys-

tems [5].

In summary, data managers provide synchronization operations at two levels:
among data managers and among clients. Among data managers, synchronization is
achieved by exclusive file locking. Although primitive, exclusive access is sufficient
because data sharing among data managers is uncommon. Among clients, simple syn-
chronization is achieved by a hybrid of locking and capability schemes. More complex

synchronization is left to the discretion of application-level clients.

4.2.2.2. Data Description Operations

The DM provides two data description operators: size and enumerate. The size
operator lists the dimensions of an item. The enumerate operator lists the description of

an item.

The size operator, when applied to a data set, returns the number of tables in the
data set. When applied to a table, it returns two values: the total number of attributes,
and the number of attributes with at least one cell of data. When applied to an attribute,
the size operator also returns two values: the number of cells with data, and the max-
imum row number of cells with data. The former dimension describes how big a table is;

the latter describes how much of it is used.

The enumerate operator parallels the size operator. When applied to a data set, it
returns a list of table names. When applied to a table, it returns a list of attribute name
and their associated types. When applied to a attribute, the enumerate operator returns a

list of row numbers of cells with data.
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4.2.2.3. Data Manipulation Operations

There are four data manipulation operations: create, delete, get, and put. Each
operation may be applied to any item. The semantics of each operation is straightfor-
ward and, hopefully, intuitive. Table 2 describes the information needed for each opera-

tion and required conditions for success.
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Operation Required Information Condition for Success

Create Table Table identifier Table identifier is not
already in use.

Create Instance Table identifier Table is locked for
writing.

Create Attribute Table identifier Table is locked for

Attribute identifier writing and attribute
Attribute type identifier is not al-
ready in use.

Delete Table Table identifier Table is locked and
table identifier exists.

Delete Instance Table identifier Table is locked for

Row number writing and all attri-
butes are locked for
writing.

Delete Attribute Table identifier Table is locked for

Attribute identifier writing and attribute
exists.

Get Table Table identifier Table is locked.

Get Instance Table identifier .

Attribute identifiers All " attributes  are
locked.
Row number

Get Attribute Table identifier . .

Attribute identifier Attribute is locked.

Put Table None The put operation is
not permitted on
tables.

Put Instance Table identifier

Attribute identifiers Attributes are locked
Row number for writing.
Attribute values

Put Attribute Table identifier . .

Attribute identifier Attribute is locked for
Attribute values writing.

Table 2 — Operations in the Data Model

4.2.2.4. Data Set Operations

The operations listed in the previous section dealt with data within data sets. Opera-
tions which manipulate data sets as complete entities are also needed for data manage-

ment. The four operations supported by the data manager are open, close, create, and
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delete data sets.

4.3. Data Organization

Although tables are suitable for storing molecular data, they have two shortcomings.
First, the only way to determine the semantic meaning of the contents of a table is to
examine the attribute descriptions. Second, while tables neatly map to many aspects of
molecular data, they do not provide data organization for manipulating molecules as
complete entities. Both these problems may be easily remedied. The first problem may
be solved by adding a new field to the table header called class. The class of a table
determines the minimal set of attributes that must be present in the table. The second
problem may be solved within the current framework by creating new tables that contain

references to all existing tables relevant to a particular molecule.

These two solutions go part way toward a much more general concept. Tables store
the raw molecular data. Collections of tables can be organized into objects. This mul-
tilevel organization is similar to handling written correspondence. Tables are analogous
to letters, and objects to files of letters. All letters exchanged with a particular correspon-
dent may be dealt with using a single file. The advantage of using the object concept is
that objects will match physical items, such as molecules. Thus, application libraries
may take advantage of the organization to implement the object-specific semantics. The
desired end result is that users will manipulate familiar items rather than fragmentary

data.

An object can be described completely by a set of properties. This structure maps
directly to a single-instance table, with the attributes of the table corresponding to the

properties of the object. Operations on the table are also operations on the object. The



entire object abstraction is designated the object file system, OFS.

4.3.1. Object Properties

The minimal set of properties of objects is shown in Table 3.

Property Description

Type The type of this object (e.g., protein).

Class The class of this object (e.g., molecule).

Name The name that a user specifies for this object.

ACL The Access Control List that controls which users have access
to this object.

Owner The name of the user who controls the ACL of this object.

Time Creation, modification, and access times.

Description | Description of what this object really is.

Notes Additional descriptions.

Position Screen location of this object in some normalized
coordinate system.

Parent The object that includes this object.

Data Raw (numeric) data associated with this object.

Table 3 — Typical properties of objects.
Objects usually has more properties than those listed in Table 3. The additional proper-

ties depend on the value of the type property. For example, an object of type molecule,

as described by Figure 1, will also have properties residues, atoms, and bonds.

4.3.2. Object Operations

Since an object is described by a table, operations which apply to table attributes,
e.g., add, delete, get, put, etc., are also applicable to object properties. However, objects
have more operations than tables because a minimal set of properties are known to exist

for object. Table 4 lists the object operations.
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Function Description

Open pathname Fetch objects stored in pathname.

Enumerate objects List all known objects.

Add object Create a new object.

Delete object Destroy an existing object.

Find object Locate an object by property values (e.g., name).
Set default object Make property list operations refer to this object.
Drop object Change the default object to nil.

Enumerate property list | List properties of default object.

Get property Get the value of a property.

Update property Change the value of a property.

Add property Create a new property.

Delete property Destroy an existing property.

Table 4 — Object operations
4.3.3. Projects

A collection of objects may be grouped further into more complex aggregates. For
example, a set of related objects may be grouped into a project, which is a special type
of aggregate. Users may then deal with data on a project-by-project basis, perhaps in a

hierarchical structure, rather than trying to handle a huge flat data space.

4.4. Interface Specifications

MMWB data management specifications consists of two parts: program functional
interface and network protocol interface. The program functional interface describes the
list of procedures that applications use to access data. The network protocol interface
describes the protocol that the functional interface uses to communicate with data

managers across the network.

44.1. Program Functional Interface

The functional interface defines several new data types and a plethora of pro-
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cedures. The interface is specified in the C language. Bindings for other languages such

as Fortran are will be formulated at a later date.

4.4.1.1. Data Types

Some of the new data types are opaque, i.e., applications need not be concerned
with how the type is implemented. Other data types are transparent, i.e., types whose
structure must be known by applications. Opaque types are generically described as type

void *. The C declarations for these types are listed below.



/*

* Opaque types

*/
typedef void *DM_HANDLE;
typedef void *DM_TABLE;
typedef void *DM_ATTR;
typedef void *DM_OBJECT;
typedef void *DM_PROP;
typedef int DM _KEY;
/*

* Transparent types

*/
typedef int DM_ATYPE;
#define DM_A EXIST (]
#define DM A FILLED 1
#define DM A FULL 2
typedef int DM_ITYPE;
#define DM_I_MAX 0
#define DM _I_FILLED 1
typedef int DM_LMODE;
#define DM_READLOCK )

#define DM_WRITELOCK 1

typedef strxuct {

/*
/*
/*
/*
/*

/*
/t

/*
/*
/*

/*
/*

/*
/*
/*
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Data manager handle */

Table handle */
Attribute */
Object handle */
Propezty */

Key to locks */

Attribute type */
..Any attribute */

. .Attribute with any data */
. .Attribute with all data */

Instance type */

. .Maximum instance number */
. .Number of filled instances */

Lock mode */

..Lock for reading (shared) */
..Lock for writing (exclusive) */

Storage type */

..Basic element type */

. .Elements per datum */

/* Object description */

/*
/*
/*
/*

* Some constants for simplifying implementation

int base_type;
int length;

} DM_STYPE;
#define DM_S_INT1 )
#define DM S INT2 1
#define DM_S_INT4 2
#define DM _S_INTS 3
#define DM_S_FLOAT4 4
#define DM_S_FLOATS 5
#define DM_S_FLOAT16 6
#define DM_S_CHAR 7
#define DM_S_STRING 8
#define DM_S_BYTE 9
#define DM_S_TABLE 10
typedef strxuct {

int type;

int class;

int ident;

char *name;
} DM_OBJ_DESC;
/*

*/

#define DM_TABLE_NAMELEN

#define

DM_ATTR_NAMELEN

255
255

. .Object type */

. .Object class */

. .Unique identifier */

. .External object name */



4.4.1.2. Procedures

The procedures are divided into three sections: data manager, table, and object rou-

tines. Each routine is listed with its return value and its calling convention. The vari-

ables and arguments used by the routines are listed in Table 5.

Variable Type Description
acct char * Remote account name
ah DM _ATTR Attribute handle
attr char * Attribute name
atype DM_ATYPE Attribute type
cid char * Conversation identifier
class int Table class
data void * Pointer to data buffer
dmh DM_HANDLE Data manager handle
fp FILE * Pointer to stdio stream
host char * Name of host where data set resides
itype DM _ITYPE Instance type
key DM_KEY Key to locks
lock_mode DM_LMODE Lock mode
n int Generic integer
name char * Name of table, object, or attribute
names char ** List of pointers to names
oclass int Object class
oh DM_OBJECT Object handle
oident int Object identifier
olist DM_OBJ_DESC Object description list
otype int Object type
path char * Pathname on host where data set resides
prop char * Property name
s char * Arbitrary character string
sf int Return status, negative=failure, zero=success
stype DM_STYPE Storage data type
th DM _TABLE Table handle
wait int Whether lock functions should wait

Table 5 — Functional specification variables and types

The return value of each routine indicates the execution status of the function call. Null

pointers and negative numbers indicate failure; valid pointers and zero indicate success.
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A global variable contains more detailed description of the error. The possible error

values are listed below.

int dm errno;

#define DM_ENOERROR 0 /* Wo exrox */

#define DM_ESYSERROR 1 /* See <sys/errno.h> for exror */
#define DM_ETOOSMALL 2 /* User-supplied buffer is too small */
#define DM_ENOPERM 3 /* Permission denied */

#define DM_NODATA 4 /* Accessed cell was empty */

#define DM_CANTLOCK 5 /* Cannot immediately lock item */

4.4.1.2.1. Data Manager Routines

The following sections detail the various functions and procedures used to commun-

icate with the data manager.
dmh = dm open_path(cid, acct, host, path);
sf = dm close_path(dmh);
dmh = dm create_path(cid, acct, host, path);
sf = dm delete_path(cid, acct, host, path);
sf = dm times(dmh, atime, mtime);

These functions are used to obtain and release access to data sets. It is an error to open a
non-existent data set; it is also an error to create a data set when one already exists. The

last function is used to get the last access and modification time of the data set.

name = dm path_id(dmh);
dmh = dm path join(name);

The first function is used to obtain a data manager identifier which may be used as the
argument to dm path_join for getting a second connection to the same data
manager. These functions are most useful when one DM client starts up another client

and needs to tell the latter where to get shared data.

(void) dm perror(fp, s)
(void) dm_sync(dmh) ;

dm_perror is used to generate error messages based on the current value of dm_errno.
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dm_sync is used to ask the functional interface to flush any locally cached data to the

remote data manager process.

4.4.1.2.2. Table Routines

tbl_count (dmh) ;

tbl_count_by class(dmh, class);

tbl_list (dmh, names, n);
tbl_list by class(dmh, class, names, n);

- NI
nnnn

These functions are used to obtain a description of the data set. Note that the list func-
tions fill in data areas provided by the caller. If the data area is too small, the functions
fill in the entire data area and return an error; otherwise, they return the actual number of

names filled in.

th = tbl open(dmh, name);
sf = tbl close(th);
th = tbl create(dmh, name, class);
sf = tbl delete(th);
class = tbl _class(th);
name = tbl name(th);

These functions are used to gain and release access to tables, as well as getting the table
class and name. As with data sets, it is an error to open non-existent tables or attempt to

create an already existing table.

key = tbl lock(th, lock mode, key, wait);
sf = tbl lock _change(th, lock mode, key, wait);
sf = tbl unlock(th, key):;

These functions are used to explicitly manage the locks on tables. Locks are ‘‘stack-
able’’. If a table is locked twice by the same client, it must be unlocked twice to be
released. A key value of NULL means that the caller currently holds no key. The caller
can either wait for lock operations to complete or get an immediate failure if the lock is

currently unavailable by setting the wait to either non-zero or zero respectively.
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n = attr_count(th, atype);
n = attr_list(th, atype, names, n);

These functions are used to obtain the description of a table. The atype argument is used
to determine which attributes of the selected table will actually be counted or listed. The
value is interpreted as follows:

DM_A_EXIST All attributes are used

DM_A_FILLED Only attributes with associated data are used

DM_A_FULL Only attributes with data associated with every single

cell are used

As with the table functions, the list function fills in the data area as much as possible; if

the area is too small, it returns an error.

sf = attr_create(th, attr, stype);
ah = attr open(th, attr);
sf = attr close(ah);
sf = attr delete(ah);
name = attr_ name (ah);

These functions are used to manipulate attributes. A storage type must be supplied when
an attribute is created. If instances are already present in the table, they are extended to
include the new attributes and the new cells are empty. Both attr_create and
attr_open automatically acquire a read lock on the specified attribute. Both
attr_close and attr_delete release any lock held for the specified attribute.

attr_name returns the name of the attribute.

key = attr_ lock(ah, lock_mode, key, wait);
sf = attr_lock change(ah, lock mode, key, wait);
sf = attr_unlock(ah, key):

These functions are used for explicit management of locks on attributes. As with table

locks, these locks are also stackable.
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stype = attr_stype(ah);
n = cell count(ah, itype):;

These functions are used to obtain the description of an attribute. The storage type of the
attribute may be used to allocate memory for data areas in calls to cell_read and
cell_write. If an error occurs, the base type of stype will be set to -1. The second func-
tion is used to determine the number of cells under the attribute. If the itype argument is
DM_I_MAX, then the greatest instance number is returned; if itype is DM_I_FILLED,
then the total number of filled cells is returned. These functions implicitly lock the table

and attribute before executing and release the locks when done.

n = inst_ create(th);
sf = inst_delete(th, n);

These functions are used to create and destroy instances. A newly created instance
always has an instance number greater than any existing instance. The cells in the new
instance are all empty. When an instance is deleted, all cells in the instance are marked
as empty. No other action is taken unless the deleted instance had the greatest instance
number in the table, in which case its storage space is recovered. These functions impli-

citly lock the table before executing and release the lock when done.

sf = cell read(ah, n, data);
sf = cell write(ah, n, data);

These functions are the ones that actually access and modify data within tables. These
functions implicitly lock the table and attribute before executing and release the locks
when done. Note that reading an empty cell results in an error. data is a pointer to the
area where data is fetched or stored. For tables, data should be the address of a table

handle.
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4.4.1.2.3. Object Routines

obj_count (oh) ;

obj_count_by type(oh, otype):’
obj_count_by class(oh, oclass);
obj_list(oh, olist, n);

obj_list_ by type(oh, otype, olist, n);
obj_list by class(oh, oclass, olist, n);

98580808000
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These routines are analogous to the table counting and listing functions. The only differ-

ence is that the otype and oclass arguments refers to the object type and class rather than

table class.

oh = obj_open by name(oh, name);
oh = obj_open_by type(oh, otype);
oh = obj_open by class(oh, oclass);
oh = obj_open by ident (oh, oident);
sf = obj_close(oh);
oh = obj_create(oh, name, otype):;
sf = obj_delete(oh);

otype = obj_type (oh);

oclass = obj_class(oh);
name = obj_name (oh);

These routines are analogous to the table access functions. The only difference is that
objects may be opened either by object name or type. Note that these are not the name

or class of tables.

key = obj_lock(oh, lock mode, key):;
sf = obj_lock_change(oh, lock _mode, key);
sf = obj_unlock(oh, key);

These functions are used for explicit management of locks on objects. They are usually
unnecessary as most object handling functions implicitly lock objects automatically.

They are provided for completeness.

n = prop_count (oh);
n = prop_list(oh, names, n);
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These functions are analogous to the table description functions.

stype = prop_stype(oh, prop);
This function returns the storage type of a property. Note that there is no function analo-

gous to attr_count as properties only have a single value associated with them.

sf = prop_create(oh, prop, stype):;
sf = prop delete(oh, prop):;

sf = prop_ read(oh, prop, data);

sf = prop write(oh, prop, data);

These functions are used to access properties. The create and delete functions are analo-
gous to their table counterparts. The read and write functions are analogous to their cell

counterparts except no instance number is required.

oh = proj_open(oh);

oh = proj_create(oh, ename, host, path);
sf = proj_delete(och);

sf = proj_close(oh);

These functions are used to manipulate projects, i.e., the objects which are used to organ-
ize other objects. Each project is associated with a pathname on a particular host. The
caller can supply the host name and the pathname, or use the system default by setting
host and path to NULL. The results of these calls are object handles which may be

manipulated in the same way as normal object handles.

oh = ofs_sys init();
oh = ofs_proj_init (name);
name = proj_id(oh);

These are the initialization routines for the OFS. The first function opens a system pro-
ject where prototype objects and other miscellaneous information are kept. The second
function is used to open a user project. The argument to the second function may be

either NULL, where the OFS will open an ‘appropriate’ project, or a value returned by
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proJj_id, where the OFS will open that project.

4.4.2. Network Protocol Interface

The network protocol interface defines the communications protocol used between
the functional interface library and the remote data manager process. The protocol con-

sists of commands and responses as described in

Chapter 2. Only responses specific to the data manager are listed below. Generic
responses such as ‘‘permission denied’’ and ‘‘internal server error’’ may also be gen-

erated.

MACHINE machine_type
This command is the first command issued after the low level verifications (i.e.,
the VERS, HELO, and USER commands) have been sent, and is considered as
part of the generic handshaking between the client and the data manager.
machine_type is a quoted string identifying the machine type of the client. If the
server recognizes the machine type and can send binary data to that machine type,
then bulk data will be sent in binary format (see the READ and WRITE com-

mands below). The possible responses are

210 Use ASCII data
211  Use binary data

OPEN DATASET pathname
OPEN DATASET is used to access a data set. pathname is a quoted string that

contains the path to the desired data set. The possible responses are

210  pathname opened for reading and writing
211  pathname opened for reading only
410 pathname does not exist
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412  pathname already opened by another server
(This response should be followed by an
ASCII data response (code 202) containing
a string of the form pathname@host.)

CREATE DATASET pathname
CREATE DATASET is used to create a data set. This command does not impli-
citly open the named data set. pathname is a quoted string that contains the path

to the desired data set. The possible responses are

210  pathname created for reading and writing
411  pathname already exists

DELETE DATASET pathname
DELETE DATASET is used to destroy a data set. The client must have the data
set opened in order to delete it. pathname is again a quoted string containing the

path to the data set. The only possible response is
210  pathname is deleted

DESCRIBE DATASET

This command describes the data set. Possible responses are

210  Data set description follows
This response is followed by an ASCII data response (code
202). The lines consist of keyword value pairs. The
minimal set of keywords supplied is time, whose value is
two integers: the last modification time and last access time
as measured in seconds since January 1, 1970.

410 No such table table

COUNT TABLE
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COUNT TABLE CLASS class
COUNT TABLE is used to count the the total number of tables. COUNT TABLE
CLASS is used to count the number of table of class class, which is an integer.

The only possible response is

210  Number of tables
followed by
202  ASCII data follow

LIST TABLE

LIST TABLE CLASS class

These commands are used to list table names. The only possible response is

210 List of tables
followed by
202  ASCII data follow

CREATE TABLE table class
This command creates a table with name table and class class. The possible

responses are

210 Table created
411 Table table already exists

DELETE TABLE table

This command deletes a table with name table. The possible responses are

210 Table deleted
410 No such table table

OPEN TABLE table



CLOSE TABLE table
This command informs the data manager whether the client will be accessing
table in the near future. The OPEN TABLE command is also used to verify the

existence of table. Possible responses are

210 Table opened

210 Table closed

410 No such table table
412 Table was not opened

DESCRIBE TABLE table
This command describes a table, listing its class, number of attributes, and

number of instances. Possible responses are

210 Table description follows
This response is followed by an ASCII data response (code
202). The lines consist of keyword value pairs. The
minimal set of keywords supplied is class, whose value is
an integer corresponding to the table class; attributes,
whose value is three integers: the total number of attri-
butes, the number of attributes with associated data, and the
number of attributes which are completely filled;
instances, whose value is an integer corresponding to the
row number of the last instance with associated data;
owner, whose value is the string representing the user
identifier of the owner; and time, whose value is two
integers: the last modification time and last access time as
measured in seconds since January 1, 1970.

410 No such table table

LOCK TABLE table mode key wait
This command is used to get a mode lock to table table, where mode is either the
string read or write. key is the integer key that may have been obtained from a
previous lock request. If key is zero, then there is no previous key. If the lock is

unavailable, the DM returns an error message immediately if wait is zero;
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otherwise, the DM waits until the lock is available and sends the success message.

The possible responses are

210  key is key to table table

410 No such table table

413  Cannot lock immediately. Sorry.
414 Key does not match lock

415 Deadlocked

LOCKMODE TABLE table mode key wait
This command is used to change the mode of a currently held lock on table table.
mode and wait have the same functions as in the LOCK TABLE command. key
must be a non-zero key from a previous lock request. The possible responses are

the same as the LOCK TABLE command.

UNLOCK TABLE table key
This command is used to release a currently held lock on table table. key must be

the key from a previous lock request. The possible responses are

210 Table table unlocked
410 No such table table
414 Key does not match lock

LIST ATTRIBUTE table atype
This command lists the attributes of table table. If atype is DM_A_EXIST, then
all attributes are listed. If atype is DM_A_FILLED, then only attributes with at
least one non-empty cell are listed. If atype is DM_A_FULL, then only attri-

butes with no empty cells are listed. The only possible response is

210 List of attribute names
202  ASCII data follow
410 No such table table
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CREATE ATTRIBUTE table attribute stype.base stype.length
This command creates an attribute with name attribute within table table. The
storage type for the attribute will be of base type stype.base and length

stype.length. The possible responses are

210  Auribute created

410 No such table table

411  Adribute attribute already exists
416 Unsupported data type

DELETE ATTRIBUTE table attribute
This command deletes attribute attribute from table table. The possible responses

are

210 Attribute deleted
410 No such table table
410 No such attribute attribute

DESCRIBE ATTRIBUTE table attribute
This command describes an attribute in the specified table, listing its storage type,
maximum instance number, and number of cells with data. Possible responses

are

210 Attribute description follows
This response is followed by an ASCII data response (code
202). The lines are keyword-value pairs as in the
DESCRIBE TABLE command. The minimal supplied
keywords are type, whose value is two integer correspond-
ing to the base_type and length fields of the DM_STYPE
structure; instances, whose value is two integers: the total
number of cells, and the number of cells with data; owner,
whose value is two integers: the user and group identifiers
of the owner; and time, whose value is two integers: the
last modification time and last access time as measured in
seconds since January 1, 1970.

410 No such table table

410 No such attribute attribute in table table
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LOCK ATTRIBUTE table attribute mode key wait
This command is used to get a mode lock to attribute attribute of table table,
where mode is either the string read or write. key is the integer key that may
have obtained from a previous lock request. If key is zero, then there is no previ-
ous key. wait determines whether the DM returns an error message immediately
if the lock is unavailable, or whether it waits until the lock becomes available.

The possible responses are

210  key is key to table table attribute attribute
410 No such table table

410 No such attribute attribute

413  Cannot lock immediately. Sorry.

414 Key does not match lock

416 Deadlocked

LOCKMODE ATTRIBUTE table attribute mode key wait
This command is used to change the mode of a currently held lock on attribute
attribute of table table. mode and wait have the same functions as in the LOCK
ATTRIBUTE command. key must be a non-zero key from a previous lock
request. The possible responses are the same as the LOCK ATTRIBUTE com-

mand.

UNLOCK ATTRIBUTE table attribute key
This command is used to release a currently held lock on attribute attribute of
table table. key must be the key from a previous lock request. The possible

responses are

210 Table table unlocked

410 No such table table

410 No such attribute attribute
414 Key does not match lock
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CREATE INSTANCE table
This command creates a new instance in table table. The instance number of the
new instance is guaranteed to be one greater than the largest instance number pre-

viously in use. The possible responses are

210 nis new instance number
410 No such table table

DELETE INSTANCE table n
This command deletes the contents of all cells in instance n in table table. If n
has the largest instance number in use, then a new lower value is found. Note that
instance numbers of other instances are unaffected by this command. Possible

responses are

210 Instance n deleted
410 No such table table

READ table attribute from to
This command requests that the DM return the value of non-empty cells for attri-
bute attribute in table table between instances from and to inclusively. The data
may be sent in either ASCII or binary format depending on whether the client and
data manager can share binary format data. The return values are split into blocks
of consecutive instances. For example, if the client requests data between
instances 100 and 200, and there is no data for instance 150, then the DM will
return the data of instances 100 through 149 first, and then instances 151 through
200. Note that instance 150 is never explicitly mentioned. The possible

responses are

210  Values for instances from to
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202 Data follow i .
203 7 bytes of binary data follow

410 No such table table -
410 No such attribute attribute -

WRITE table attribute from to
This command requests that the DM replace the value of cells for attribute attri-
bute in table table between instances from and to inclusively. The actual data
should follow the command after the DM acknowledges the command. The for-

mat of the data depends on the outcome of the MACHINE command. The possi-

ble responses are

210 Datareceived

310 Write command okay. Send data. “,
410 No such table rable

410 No such attribute attribute

EMPTY table attribute from to D
This command requests that the DM delete the value of cells for attribute attribute

in table table between instances from and to inclusively. The possible responses

are

210 Data deleted
410 No such table table
410 No such attribute attribute

4.5. Implementation Issues

The previous sections describe the semantics of data manipulation declaratively
(what needs to be done), not imperatively (how things should be done). Many different

methods may be used to actually implement the data model discussed above. For exam- =
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ple, a data set may map to either a file or a directory in a file system. The techniques

that follow are suggestions on how to implement the data model, but are not part of the

model.®

4.5.1. Implementing the Data Manager

A data set should map to a directory in the file system. By using a directory for a
data set, the implementor can reserve special files within the directory for exclusive use
by the data manager. For example, the file index may be reserved to store a table which
contains the name of all tables in the data set. Other files in the directory can map to
tables. Each file should be able to store several tables to limit the number of files to a

manageable quantity.

Tables should be stored column-wise for ease of extension. If they were stored
row-wise, then addition of columns requires restructuring the file. If they are stored
column-wise, then addition only entails appending to the file. In the file, each table is
represented by a table header followed by the columns in the table. Each column may
then be stored in two different ways. If less than some fraction of the rows in the column
has data associated with them, then the column can be stored using sparse matrix tech-
niques, where only existing data are kept [13]. If most of the rows in the column contain
data, then a full column may be stored along with a boolean array that marks the empty
rows. Tables may be converted from one format to the other with some hysteresis, e.g.,
tables becoming less than 40% full are converted to the sparse format and tables becom-

ing more than 60% full are converted to the dense format.

6 The source code to a prototype data manager and a functional interface appears in Appendix
C.




Figure 3 — Internal structure of a file
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Data are stored in files as shown in Figure 3. However, when tables are read into

memory by the data manager, they are restructured for more convenient access. The

sparse matrix columns are converted into hash tables; the mostly full columns are split

into segments with equal number of rows. Using hash tables minimizes the access time

to specific rows without expending memory for storing nonexistent rows. Using seg-

ments makes memory management simple by sacrificing some execution speed. Figure 4

shows the two possible memory arrangements.

?
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row #

data

data
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e empty
data
row # o empty
(b)

Figure 4 — In-memory data structure of tables:

(a) hash table format for sparse tables,

(b) segmented format for mostly full tables.
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The data manager is a multi-threaded server, having many clients sending many
requests. If the programming environment provides multiple processes with shared
memory and synchronization primitives, the DM may be easily implemented by creating
a process for each client and having all processes sharing the actual data. Lock requests
are then mapped to synchronization primitives and each individual process may be con-

sidered single-threaded.

If the multi-process approach is infeasible due to lack of functionality within the
operating system, the data manager may be implemented as a non-preemptive multi-
tasking scheduler within a single process. In this approach, the DM is very similar to an
operating system, without the hardware interrupts. Clients correspond to processes;
tables correspond to shared memory; and locks correspond to synchronization primitives.
When a command is received from a client, the data manager executes it until it either
completes, and the DM returns the result to the client; or the command blocks waiting for
a lock request, and the DM saves the state of the current command, marks it as blocked,
and goes on to process other pending commands. When an unlock request is executed,
the list of blocked commands are checked to see whether any was waiting for the
released lock. If so, those commands are moved back into the list of pending commands.
When no commands are pending, the data manager simply waits for further commands
from clients. While this approach provides the same functionality as the multi-process
approach, it has two shortcomings: first, the implementation is more complex due to the
explicit scheduling of command processing; second, there is no possibility for parallel
execution of multiple independent commands. These weaknesses make using multiple

threads [2, 18] much more attractive.
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In either the multi-process or single-process scheme, the data manager must deal
with deadlock conditions. While deadlocks are unlikely because separate clients nor-
mally access separate tables, the DM should deal with the condition gracefully somehow
rather than letting it persist. Since the DM has no control over client behavior, it can only
try to detect deadlock conditions and notify the blocked clients. More severe actions

such as terminating service to certain clients are also possible.

4.5.2. Implementing the Functional Interface

The data manager only provides the table abstraction. The functional interface must
provide the object abstraction to its callers. The similar characteristics of tables and

objects make it natural to build one on top of the other. Figure 5 shows how tables may

be used to implement objects.
Type | Name .. Data _I_' Type | Name | Object
Project | Relaxin| ... ] NMR 9| nmrdatg R

Type |Name Data ‘
NMR 9 —I

nmrdatgq

Figure 5 — Objects implemented as tables

In addition to providing the object abstraction, the functional interface can also pro-

vide buffered access to the data stored within tables. Instead of always forwarding caller
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requests onto the data manager and returning the results, the functional interface can
cache data received from the data manager so that further requests for callers may be
handled locally. For example, the list of tables may be saved so that description requests
from the caller may be answered based on the stored information. By using an intelligent
data cache algorithm, the functional interface can minimize network activity and improve

overall performance.

4.6. Summary

The data manager employs ordered tables for storing data. Tables are especially
appropriate because molecular data translate very easily into tables, and they provide a
consistent view of the data across all applications. Tables are easy to understand and
manipulate. Also, they are independent of situations, making them equally usable in

many programming environments. Finally, the general nature of tables make them an

excellent foundation for building higher-level data structures.

The object file system organizes tables into objects that map to physical items. This
high level organization facilitates data management by users as well as application pro-
grams. As with tables, the object abstraction is also an excellent foundation for con-

structing higher-level data structures.

yomgm T - - -
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Chapter §

The Programming Framework for MMWB User Interfaces

5.1. Introduction

The primary user interface of MMWB is MIRAGE (Molecular Interactions
Represented As Graphical Entities). Since the user interface of a system plays a large
role in determining the degree of success of the system, the design of MIRAGE is an

important aspect of MMWB.

The overall organization of a program, the programming framework, should
reflect the goals of the program. The goal of MIRAGE is to provide easy access to a
variety of MMWB services. Thus, the programming framework is evaluated according to
extensibility (so new services may be incorporated easily), efficiency (so users need not
wait interminably), and development effort and ease of maintenance (so programmers

need not work interminably).

There are three possible approaches for implementing MIRAGE. The first is an
integrated single-layer design. The second is a modular multi-layer design. The third is

a hybrid of the first two. Each design is discussed in some detail in the following sec-

tions.
5.2. Design Approaches

5.2.1. Single-layer Design

The most straightforward approach to implementing any system is to write the
entire system as a monolithic program, where the system commands are rigidly defined

by the code. Both the merits and shortcomings of the single-layer approach derives from
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system rigidity. The main advantage is that the implementors can select the most
efficient algorithm for the system because all system commands are known a priori; for
example, YACC may be used to generate parsing tables for the command grammar [12].

Additionally, the system is straightforward to maintain because the entire system consists

of code.

The main drawback of a single-layer system is its inflexibility. Because system
commands cannot be modified at run-time, it must be prepared to deal with any situation
that may arise. For a system such as MIRAGE to anticipate all possible applications in
molecular modeling is highly unlikely. Another disadvantage to the single-layer system
is that programmers are needed to maintain, modify, and enhance the system. Since
MMWB will be used at sites which are more concerned with science than computer pro-

gramming, this shortcoming may have significant repercussions (e.g., many phone calls

to the implementors).

5.2.2. Multi-layer Design

A more sophisticated design uses a multi-layer approach. The lowest layer imple-
ments system primitives and a meta-language; the middle layer implements system com-
mands in terms of system primitives using the meta-language; the highest layer interprets

user actions and translates them into system commands.

The advantages of the multi-layer design derive from the division of system primi-
tives and system commands. Frequently, primitives remain unchanged while commands
need to be modified or extended. By separating the parts, one can maintain a stable and
simple layer for primitives while developing an evolving and complex layer for com-

mands. Additionally, since the commands are described in the meta-language, users may
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add their own commands without resorting to serious programming, assuming the meta-
language is reasonably easy to use. The highest layer is also insulated from possible
changes in the underlying layers and can handle primarily with human factors issues.

Thus, the multi-layer design can lead to an extensible and modular system.

The main drawback of the multi-layer design is its complexity. In addition to the
modeling system primitives and commands, one must implement yet another system for
the meta-language, which involves designing and interpreting another language. Com-
plexity has an impact on maintenance as well. When a bug manifests itself, one must
first determine where the cause of the problem lies. Since the system consists of three
layers, isolating the problem may not be an easy task. On the other hand, once the
offending layer has been identified, debugging can proceed rapidly since one need not

worry about other layers.

A secondary drawback to the multi-layer design is potential inefficiency. If the user
may add or modify commands at run-time, MIRAGE must be able to parse and execute
system commands at run-time, i.e., be an interpreter for the meta-language; and inter-

preters are potentially very inefficient.

5.2.3. Hybrid Design

To create an extensible and efficient system, one might use a mixture of the single-
layer and multi-layer designs. By implementing the most frequently used commands in

code while having an extensible command language, the system retains the advantages of

both systems.

A hybrid system may be approached starting with either pure system. One can start

with a single-layer system and treat unknown commands as user-defined commands
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instead of errors; however, one must then implement a meta-language for handling these
user-defined commands. This added complexity removes several advantages of the
single-layer approach. A more promising method is to start with a multi-layer system
and migrate frequently used commands into the lowest layer as primitives by either

manually recoding or using a meta-language compiler.

Regardless of which approach is taken, maintaining a hybrid system requires more
effort than maintaining the initial system. Since system structure is no longer well
defined, isolating bugs becomes a difficult task. Determining whether system commands
or system primitives cause problems does not help much because the two sets are no
longer distinct. This is the price one pays in the hybrid system for efficiency and extensi-

bility.

5.3. MIRAGE

The primary emphasis of MIRAGE, the molecular modeling interface to MMWB, is
the display and manipulation of three-dimensional molecular models. The molecular
systems displayed by MIRAGE may be divided roughly into three types. The first type
consists of sets of interacting molecules, for example, an enzyme-substrate complex.
The distinguishing characteristic of these systems is that each model only has a single set
of atomic coordinates. The second type of molecular systems consists of a set of spa-
tially related compounds, for example, many conformations of a single molecule, or a
series of substituted analogs of a single parent compound. The third type of systems con-
sists of a set of temporally related compounds, for example, snapshots of a molecule
from a molecular dynamics simulation. These three types of systems differ in display

capabilities. For the single-coordinate systems, the emphasis is on displaying and
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manipulating models independently, e.g., docking. For spatially-related-compounds sys-
tems, the emphasis is comparing and contrasting a single molecule or groups of
molecules. For temporally-related-compounds systems, the emphasis is in examining the
progression of events in time. These differing display needs can only be met if MIRAGE

supplies a versatile set of system primitives.

While the three types of molecular systems have unique system requirements, they
also share an extensive set of common operators. For example, focussing on a small
region of the models such as an active site, and labeling specific atoms are both opera-
tions that may be required regardless of which type of system is being displayed. In gen-
eral, accessing and modifying molecular data are generically useful operations. Another
set of operations that is generally useful is those dealing with external applications, e.g.,

sending an atomic coordinate set to an energy minimizer.

The remainder of this section discusses how the functionality provided by MIRAGE
is implemented by dividing operations into low-level primitives, combining primitives
into powerful system commands, and providing easy access to these commands to the

user.

5.3.1. System Primitives Layer

Primitives provide all the functionality that an interface can present to users. The
set of primitives should be as complete and orthogonal as possible. Completeness
guarantees that all semantically permissible commands can actually be performed.
Orthogonality makes implementation of commands easier because the combination of
primitives into commands is simplified. With these guidelines, the primitives of

MIRAGE may be divided into three groups: molecular, external, and graphical

-~
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operations.

5.3.1.1. Molecular Primitives

Molecular primitives handle accessing and modifying molecular data. Operators

and their functions are listed in Table 6.

open Fetch the molecular data associated with a model
close Release the molecular data associated with a model
group Assign a label to a group of atoms

ungroup  Dissolve the group

get Fetch the value of an attribute for an atom

set Define the value of an attribute for an atom

Table 6 — List of molecular primitives

While the set of primitives is small, the power provided by these simple operations is
sufficient for most purposes. More primitives may be added for efficiency purposes, e.g.,

reduction operators such as center-of-mass computation.

5.3.1.2. External Primitives

External primitives deal with entities outside of MIRAGE. These entities can be
divided into two groups: applications that understand some aspect of molecular model-
ing, and other support programs. The external primitive operators distinguishes between
them because the molecular data requirements of the two classes of applications are very

different. Table 7 lists the operators and functionalities.

call  Initiate another modeling application
start  Initiate a support program
wait  Wait for an application to terminate

Table 7 — List of external primitives
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The communications between applications was discussed in

Chapter 2 and uses simple network protocols. Thus, MIRAGE can call any external pro-
grams that uses the generic MMWB communications protocol. Currently, the generic
protocol is quite limited, however, with suitable development efforts, a more complete

and powerful protocol set may be designed.

5.3.1.3. Graphics Primitives

Graphics primitives converts all the molecular data and external communications
into forms that users can understand. This includes displaying molecular models as
graphical objects, showing output from external applications as either text or graphs, and
generally maintaining the appearance of the output device. Since MIRAGE is designed
for powerful three-dimensional graphics workstations, the list of graphics primitives is

quite long, and is shown in Table 8.

graph Construct the graphical equivalent of the molecular data

draw Show the graphical constructs

group Group graphics constructs into a single manipulation unit
ungroup  Dissolve group into individual component

select Add graphics construct to current manipulation unit
deselect  Remove graphics construct from current manipulation unit
center Define center of rotation

rotate Rotate current manipulation unit

translate  Translate current manipulation unit
window  Compute a view which shows all visible graphics constructs

scale Scale the entire view

clip Move the view clipping planes

match Superimpose two graphics constructs or groups
save Save the current graphics transformations and view
restore Restore a previously saved view

config Set graphics configuration parameter

inform Display text information message

print Make a hardcopy of the current view




72

Table 8 — List of graphics primitives
Table 8 is a minimal set of graphics operators. Many others may be added to access the
specific capabilities of individual workstations. However, with this minimal set of opera-

tors, one can provide nearly all the desired functionality needed in a molecular modeling

system.

5.3.2. System Commands Layer

While the primitive layer provides the required functionality of the interface, it does
so by providing many independent and orthogonal operators. However, many common
user activities consist of executing several primitives sequentially. For example, when a
user wants to display a label for an atom, the primitive operations needed are editing the
data associated with the atom, remaking the graphics construct, and redisplaying the
graphics construct. The sequence of primitives always remains the same and, hence, may

be grouped into a system command.

Grouping primitives into commands may either be done at system compilation time
or during execution time. When done at compile time, the system command is converted
into machine code and cannot be altered further. When done at execution time, the sys-
tem command is constructed at program start-up time. The advantage of the former is
execution speed; the advantage of the latter is flexibility. In either case, the grouping of

primitives may be done using a meta-language.

5.3.2.1. meta-language

A meta-language is a language which describes another language. In this case, the

MIRAGE meta-language describes the system commands available to users in terms of
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system primitives. Two goals in designing the MIRAGE meta-language are complete-
ness and simplicity. Completeness is always desirable in any language, and especially in
a programming language. Simplicity is also a criterion because system commands may
be implemented by users unfamiliar with computer programming; therefore, a simple

language where chances for mistakes are minimized is preferred.

The MIRAGE meta-language must be capable of describing both the syntax and the
semantics of a system command. This is similar to function definition in imperative pro-
gramming languages, where the function arguments are listed, followed by the actions to

be executed. A sample description of the color command is shown in Figure 6.7

color

c: string; # color name or number

al: optional atom list; # atoms to color
{

a: atom;

num: integer;

num = color_number (c);

iterate(a, al) {

set (a, "color", num);

}

graph() ;

redraw() ;
}

Figure 6 — meta-language description of color command

Figure 6 shows that the color command takes two arguments, a color (of type string), and
a list of atoms (of type atom_list). The actions associated with the command are to con-
vert the color string into a color number, set the color attribute of the selected atoms to
the color number, rebuild and redisplay the graphics constructs. This simple example

shows that the meta-language is a programming language, since it contains data types,

7 A small grammar for parsing the sample meta-language appears in Appendix B.

|
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execution statements, and branching operators. It also contains domain-specific features,

such as the arom_list data type, and primitive operators such as set.

5.3.3. Interpretation Layer

The interpretation layer translates user actions into system command or primitive
invocation. The four primary responsibilities of the interpretation layer is presentation
(e.g., displaying text input area and control panel), input handling (e.g., processing keys-
trokes and mouse clicks), user feedback (e.g., echo keystrokes), and invoking system
commands and primitives. The first three areas together provide the look and feel of

MIRAGE, while the latter provides the modeling capabilities.

Much has been written about the look and feel of user interfaces. The style of
interface that MIRAGE uses is a combination of the classical keyboard interface and the
point-and-click interface first developed for the Xerox Star workstation. A textual area is
allocated for displaying keyboard input. Mouse clicks over the background generate
pop-up menus whose contents are dependent on the current content of the text input area.
Items from the menus may be selected and are automatically entered into the text input
area. Mouse clicks over an icon representing molecules or applications will generate
pop-up menus which are appropriate for the chosen item, e.g., clicking on an external
application icon generates a menu with items invoke, describe, and edit parameters.
While this interface does not have the theoretical background behind some other inter-
face styles, it has the great advantage of familiarity to current users of molecular model-

ing software.

Some user actions may be mapped to system commands or primitives immediately.

For example, clicking the mouse over an area of the screen representing a joystick may
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be translated to invoking a molecule rotation primitive. Other user actions affect the
state of the interface. For example, a keystroke may simply add another character to the
text input area; however, if the keystroke happens to be return, then the content of the
input area is then interpreted as a system command, and processed accordingly. Thus
users may access all the functionality provided by the two lower layers through the

interpretation layer.

5.3.4. Summary of MIRAGE

Two aspects of MIRAGE need more work. First, the basic MMWB communications
protocol must be expanded so MIRAGE may communicate with a large set of applica-
tions. Second, further studies need to be done on the look and feel provided by
MIRAGE and how it may be improved. With these areas enhanced, MIRAGE should

provides a good molecular modeling interface to MMWB.

5.4. Conclusion

Table 9 highlights the features of the different approaches to constructing user inter-

faces.
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Design Framework Type
Consideration Single-layer Multi-layer Hybrid
Extensibility Extensible only Extensible at Extensible at
by modifying run-time run-time
code
Efficiency Very efficient Possibly Very efficient for
inefficient internal com-
mands. External
commands may
be inefficient.
Development Need to develop Need to develop Need to develop
modeling system both a language a language sys-
system and a tem and a model-
modeling system ing systems
Maintenance Easy Moderate Difficult

Table 9 — Features of user interface programming frameworks

The single-layer approach has been used successfully in existing molecular model-
ing systems. However, because MMWB will deal with a wide spectrum of problems, an
extensible system is highly desirable. An extensible system which can define not only
the syntax but also the semantics of new commands is particularly useful since it would

place the power of customization in the hands of users.

The multi-layer approach is the most elegant of the three frameworks. It provides
the desired extensibility while supplying a uniform and well defined interface between
system primitives and commands. If the potential problem of efficiency arises, one may
sacrifice elegance and settle with the hybrid approach by reimplementing commands as
primitives. By trading simplicity for efficiency, one may achieve the desired balance of

speed and functionality.

MIRAGE, the molecular modeling interface to MMWRB, is designed as a multi-

layered interface. The primitives are divided into molecular, external, and graphical
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operations. These primitives are combined into commands using a simple meta-
language. The efficiency of MIRAGE cannot be determined until a prototype interface is
implemented. Decisions on which commands should be migrated into the primitive layer
will be made at that time. The interpretation layer of MIRAGE currently uses both key-
board and menu input. This approach is only the first step in making the interface user-
friendly. A more detailed study of the user population once MIRAGE is implemented
should yield trends which will help determine whether a more complex interface is

required and what features are desirable.

r/
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Future Directions
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6.1. Introduction

The MMWB environment addresses three problems of molecular modeling in a net-

work environment:

e Communications among services
e Data exchange format among services
e User access to services

By defining standards in these three areas, MMWB provides the foundation for an exten-

sible modeling environment. Although these three areas form the cornerstone of
MMWB, several other issues need to be resolved to provide a complete system.

Unfinished business includes:

e Load balancing v
e Administration
e External data exchange format

Future extensions might include:

e High level data organization
e Multiple user interfaces
e Consistent treatment of data

6.2. Unfinished Business

Issues that deal with low level areas such as communications are considered t
unfinished business because they are affected by the design of the areas addressed by R
MMWB. None of the issues listed above are critical to the operation of MMWB. How-

ever, they should be resolved to complete the low level design.

Load balancing is the attempt to distribute the computing load evenly across hosts

78
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on the network. There have been many load balancing schemes proposed for general
computing environments, for example, maitre d’ [4]. Most of the schemes involve keep-
ing track of the load average on the participating hosts and sending compute bound jobs
to the least loaded host. MMWB can easily join such schemes by checking for load aver-
ages either at the user interface or the dispatcher. However, the user should retain the

authority to specify service execution on a designated host regardless of computing load.

Administration of MMWB includes publishing approved communications protocols,
table formats, and object formats; maintaining lists of services provided by various hosts
(i.e., keeping the dispatcher lists of services up to date); and resolving disputes among
privately developed services. The first task, publishing standards, is actually quite simple
because the administrator can require that the standard description be written by the
implementor and be in publishable form before approving it. The second task, maintain-
ing lists, is more tedious as different hosts may support different services; however, the
actual work involved, editing configuration files, is not great since adding and deleting
services are infrequent events. The third task, resolving disputes, is mostly policy selec-

tion and enforcement.

External data exchange formats are needed to communicate with sites that do not
use the MMWB internal data format. Formats from libraries such as the Protein Data
Bank [1,3] are simple transformations of the MMWB object and table format. Conver-

sion programs need to be written that converts to and from each of the required external

formats.
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6.3. Future Extensions

MMWB provides the foundation of a modeling environment. The facilities that are
constructed on top of this foundation defines the structure of the entire system. By
defining standards for higher level structure, the modeling environment gains a greater

degree of consistency.

Data are currently organized into objects. By organizing objects into even higher-
level aggregates, the data management subsystem can reduce the amount of detail with
which users need to contend. For example, if objects are organized into projects, then the
user interface only needs to present objects in the project that the user has selected.

Objects from other projects are completely hidden under the project abstraction.

MMWB describes why many user interfaces may be required to address the dif-
ferent aspects of molecular modeling. However, these interfaces should be consistent at
some level so that learning time for users is reduced once they master one of the inter-
faces. Similarly for privately developed computational services, the invocation method
should be consistent at some level so the user interfaces can invoke new services without
explicit knowledge about them. The consistency may be achieved by using a metaphor,
which maps a computer representation of information to a real-world situation, such as
working at a chemistry workbench. This consistency should make the system easier to

learn and appear more integrated to users.

6.4. Summary

MMWB provides a flexible and extensible environment for molecular modeling
using a network of computers. The computing tasks are divided into services which are

distributed across the network to take advantage of the different capabilities of different
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hosts. The services communicate with each other using standardized communications
protocols. A single copy of data is stored and managed on one machine by a data
manager and all services share the data by communicating with the data manager via the
object file system. A user accesses the computing resources via a user interface which

presents data to the user and helps him manage the plethora of data and processes.

Further development using higher level data aggregates such as projects will
further improve the quality of the user interface. Using metaphors will improve the con-
sistency of all elements of MMWB including compute servers and user interfaces. The

resulting product will be a powerful tool for investigating the structure and function of

macromolecules.
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Glossary

aggregate

A collection of objects.

class, table

See table class.

conversation

A set of processes acting cooperatively to complete task.

data manager

A data management service which deals with data in the form of tables.

dispatcher
A program which executes on a single host and provides server locations to

clients requesting service.

DM See data manager.

meta-language
A language for describing a user interface system command in terms of the sys-

tem primitives.

MIRAGE

The molecular graphics user interface to MMWAB.
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MMWB

A modern molecular modeling software environment.

object

A collection of information associated with an entity or relationship.

object file system

A system for managing objects and their contents.

object type

A characteristic which distinguishes a set of objects from other objects.

project

A special type of aggregate for grouping objects from the same research pro-

ject.

table

A data structure for storing information in rows and columns.

table class

A characteristic which distinguishes a set of tables from other tables.

well known location

A network contact location which is defined a priori for all applications.




Appendix A
Dispatcher Interface

Network Protocol: Commands and Responses

SERYV service_id
SERY is the request-for-server command. The single argument to the command
is a service identifier, consisting of an string of alphanumeric characters. The
possible responses to the SERV command are:
202  Service started. Contact point follows.
404  Service is not provided.
405  Service is currently unavailable.
DUMP type
DUMP is the print-server-list command. The type argument may be either ser-
vices or servers. If it is services, the response to the command should be the list
of available services. If it is servers, the response should be the list of active
servers. The possible responses to this command are:
202  ASCII data follows
202  List of servers:
202  List of services:

204 No active servers.
204 No services available.

Functional Interface: Library Routines

typedef void *DISPATCHER;
extern int dispatcher_errno;
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DISPATCHER I'
dispatcher_ open(host, acct, id)

char *host; /* Host where service is requested */ o
char *acct; /* Remote account to use */

char *id; /* Conversation identifier */

“This function is used to establish a connection to the dispatcher on a remote host. The
l1ow-level handshaking is done by this routine. The return value is a pointer to the

dispatcher if the handshaking succeeds, NULL otherwise.

int
dispatcher_close (dp)
DISPATCHER dp; /* Remote dispatcher */

“This function is used to terminate an established connection to a remote dispatcher. The

xeturn value is O on success and -1 on failure.

int
dispatcher_request (dp, service)

DISPATCHER dp; /* Remote dispatcher */
char *gservice; /* Name of requested service */

“This function is used to request the designated service from a remote host. The return

~value is a file descriptor to a server on success, -1 otherwise.

int

dispatcher_call (host, acct, id, service)
char *host;

char *acct;

char *id;

char *service;

“This function is the combination of the three previous functions and is equivalent to cal-
ling dispatcher_open, dispatcher_request, and dispatcher_close

in sequence. The return value is a file descriptor to the remote server if all three called ‘.

functions are successful, -1 otherwise. '
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void

dispatcher_perror(fp, s)

FILE *fp; /* Where to send error */
char *g /* Error message prefix */

“This function is used to print an error message based on the current value of the error

wariable dispatcher_errno. There is no return value.



The following YACC program may be used to parse a subset of the meta-language.

Appendix B

meta-language Grammar

$token IDENT CONSTANT OPTIONAL ITERATE

%
file

command
head

decl_list

decl

optional

type
body

stmt_list

statement

primitive

arg list

arg

assignment

expression

e

file command

head body
IDENT decl_list

decl_list decl

IDENT ’':’ optional type ’;’

OPTIONAL

IDENT

'{’ decl_list stmt_list '}’

stmt_list statement
statement

primitive ;'
assignment
iterate

IDENT ' (' arg_list ')’
IDENT ' (' ')’

arg list ’',’ arg
arg

IDENT
CONSTANT

IDENT ’'=’ expression ’';’

expression op term
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term

op

iterate

it_head

%

#include "lex.yy.c"

yyerror (s)
char *g;
{

.
4

term

primitive
IDENT
CONSTANT

Fy
"o
XY
1/:
III

I&I

it_head statement
it_head body

ITERATE ’' (' IDENT ','

91

IDENT ')’

fprintf (stderr, "Line %d: %$s\n", yylineno, s);

}

“The following LEX program may be used as a simple lexical analyzer.

$%
optional
iterate

[a-zA-Z_] [a-zA-Z0-9 ]*

[0-9]*
\n[*u]*\u
[ \t]*

\n

%

.
’

iy phey, gy iy i i g

.
’

return OPTIONAL;
return ITERATE;
return IDENT;
return CONSTANT;
return CONSTANT;

gt gt gd Cupd Cuph g Cmpd



Appendix C

Prototype Implementation

Prototypes of both the data manager and the functional interface have been imple-
mented. These prototypes make certain assumptions, such as all tables in a data set will
be accessed in a session, which are detrimental to performance. Since data access will
play an important role in MMWB, these prototypes should be replaced with new and
efficient versions. The prototype code listed here, while complete in functionality, is

only used for proof-of-concept purposes.
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