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Abstract
/

The Stanford Network Graphics Project has the goal of providing high-quality interactive graphics over both
local-area and long-haul networks. Specifically, a user sitting at an intelligent workstation should have
simultaneous access to a variety of graphical and non-graphical applications distributed throughout an
internetwork. Interaction with these applications must be responsive, which requires that much of the
interaction be handled by the workstation itself. To do so the workstation must deal in terms of high-level
objects, rather than graphical output primitives. That is, it must provide both modeling and viewing facilities,
in contrast to contemporary graphics systems. This paper describes the system architecture we have developed
and the hardware and software components we are using to realize this architecture in the Stanford University
Network environment.

This research was supported by the Defense Advanced Research Projects Agency under contract MDA903-
80-C-0102 This paper has been submitted to ACM Transactions on Graphics. An earlier, abridged version
was submitted to SIGGRAPII '83, ACM, July 1983, under the title A virtual graphics terminal service.
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INTRODUCTION 1

Introduction

Computer science is gradually evolving from an era in which people learned to adapt to machines to an era
in which machines arc made to adapt to people. One aspect of this evolution is the increasing use of graphics.
An impediment to extensive use of graphics in the past has been its cost, resulting from the extensive
processing, storage, and communication requircments, and the need for expensive displays and specialized
hardware. These considerations dominated the development of early graphics systems, which consisted of
graphics devices connected directly to relatively large-scale computers, either single-user of time-shared. As
these devices became more sophisticated, the load on timesharcd hosts, in particular, became insufferable.

Fortunately, the development of microprocessors led to satellite graphics systems which served to offload a
variable amount of graphics fuinctions on to another machine 123, 561. The more powerful the
microprocessor, the more functions that can be offloaded, until the satellite system takes on the appearance of

the host. Typically, however, the bulk of the application continues to run on the host computer.
The advent of networks, local networks in particular, has made distributed graphics possible. For example,

a workstation might be employed as a remote terminal or a satellite, as in the above examples. Alternatively, a
powerful workstation may be employed to provide the graphics support to a variety of backend hosts running
various applications. Some applications might run local to the workstation. All approaches raise the
distributed systems issues of problem partitioning, concurrent programming, and communications protocols.
Key differences from satellite systems include the nature of the interconnection between workstation
(satellite) and host, and the programmability of the workstation. 1

We refer to these types of systems as first, second, and third generation systems. Naturally, there are a
number of other ways to categorize graphic4 systcms, including:

* type of protocol or language:

1. mosaic
2. control abstraction
3. data abstraction

* type of graphical representation in the graphics station:

1. frame buffer or storage tube
2. simple display list
3. transformed, segmented display file
4. structured display file
5. graphical data base incorporating the application model

* degree of user interaction:

1. low, as in videotex protocols
2. medium, as in remote terminal applications
3. high, as in real-time animation

* bandwidth of the host- workstation interconnection:

1. low, as in serial lines (for videotex, sonic satellites, etc.)

In fact. distributed graphics systems might be regarded as programmable satellites in the sense of F'oley 1231.
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2. medium, as in long-haul networks
3. high, as in local networks

A number of these factors will be discussed below. All of the factors are interrelated and none of them are
strictly ordered in time. Nevertheless, going from first to last in each category corresponds roughly to going
from terminal-based to distributed graphics.

The Stanford Network Graphics Project is concerned with third generation graphics, that is, the use of
graphics over both local-area and long-haul networks. Specifically, its charter is to develop protocols and
software that allow intelligent workstations to be separated from machines running applications without
incurring inordinate network overhead or degrading response. In addition, the workstation must be capable
of supporting multiple applications simultaneously.

This paper describes the virtual graphics terminal service (VGTS) developed to meet these goals. The major

attributes of the VGTs are:

" Instead of describing how to draw a picture, the application describes what is to be drawn; the user
then specifies where the picture should be displayed. Thus, the VGTS provides modeling as well as
viewing facilities, in contrast to most existing systems (21, 25, 28).

* Objects have a hierarchical structure. An object can consist of primitives or calls to other objects,
which can in turn be defined in terms of other objects. Hence, the VGTS supports structured
display files rather than segmented display files 1401.

*The VGTS is suitable for a range of relatively high-performance devices. There is a standard
interface, called the virtual graphics terminal protocol (VGTP), between a VGTS and its clients.
Neerthelcss, due primarily to its use of a st ictured display file, the VGTs is not suitable for low-
end graphics devices.

" Applications can be distributed over multiple machines. They can run on the same workstation as
the VGiS. on another workstation, or on some large computation server. Since communication is
at a high level, the different machines may have vastly different architectures. Moreover, if the
application is written in a suitable high-level language, the same code can be used.

" A single user can access sceral different applications simultaneously.

There are several similar systems, each of which shares one or more of these attributes. It is the combination
of features that makes the VUIS unique and powerful.

Setting the stage. Section - ' -ribes the target computing environment. Section 3 presents the network
graphics architecture for that environment, including the user's model of the system and the role of the
workstation. Section 4 presents the application's view of the VGTS, namely, the VGrP. Section 5 discusses the
transport protocol necessary to support distributed graphics. Section 6 describes an implementation of the
VG1S and Section 7 closes vith some comparisons to other systems and future work.

L Lt
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The Environment

Both industrial and academic research laboratories are investing significant resources to develop systems
composed of workstations of considerable power connected to each other via high speed communications
networks. The Stanford University Network (SUN) project [7], the Spice project at Carnegie-Mellon
University [41, the Eden project at the University of Washington [341, the NU [571 and ILisp [6] machine
projects at M IT, the Jericho project at BBN, and the Cedar project at Xerox PARC are but a few of the more
prominent projects now underway. It seems likely that within the next five years such systems will begin to
replace large timesharing systems as the workhorse of research computing.

Although the hardware being used to build workstation-based distributed systems ranges from the
powerful ECI. Dorado [311 to MSI ITL processors such as the Pcrq [55] and Jericho, to microprocessors such
as the Motorola 68000, there is remarkable uniformity in a number of the gross hardware characteristics of the
systems. All the projects cited (and a large number of others) will provide:

" a powerful workstation with:

o a high-resolution raster display;
o a general-purpose 1 M IPS processor plus local memory (1 MByte or more);
o a large (> 20 bit) virtual address space;
o a graphics input device such as a mouse; and, optionally,
o a disk

that (typically) will be dedicated to a single user at a time;

" a fast (> 1 MHz) communications network that will link the workstations;

" a number of server processors providing printing, file storage, general computation support on a
single session 3 basis, and other services; and

" access to timesharing or special-purpose computers and to long-haul computer networks.

The general layout and interconnection of these components is shown in Figure 2-1. One or more trunk
nets are connected by gateways to multiple cluster nets. A trunk net consists of backendcomputing resources
such as laser printers, archival file storage, and large-scale timesharing systems. A cluster consists of a
collecti )n of workstations typically associated with a particular administrative entity. Each Ouster may have
its own file server or printer, in addition to those provided by the trink nets. The local file server, for
example, would act as a file cache and swapping device.

2.1. The Stanford University Network

SUN. in particular, is a rapidly evolving computing environment consisting of standard timesharing
systems, workstations, and dcdicated server machines (fir printing and file storage), connected by
ethernet [37] (Figure 2-2). Various machines are also connected to long-haul networks such as the ARPAN-T.

2 Systems such as the Xerox Star [471 and the Apollo Domain [21 are explicitly excluded from this list bL.ausc they are not currently
targeted for the research computing environment.

3."he processor is allocated :o a single user for the duration ofa session.
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w!

p- Cluster

[ ! I Trunk

Trunk

W = Worlstation
F = File Server

G = Gateway
P = Printer

A =- Archival File Server

T =  Timeshared Host

Figure 2-1: A typical workstation-based distributed system.

The environment currently provides bulk file transfer, page-level file access, remote terminal connection
(TF.N-T) and mail delivery between hosts 41].

A high level of hardware acquisition is planned over the next four years to extend the functionality into

new areas such as higher-performance graphics and professional workstations as well as to respond to
increasing load on existing facilities. In addition, we arc developing a wide range of distributed system
services, including the facilities described in this report.

SUN is an attractive environment in which to experiment with network graphics for several reasons:
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Figure 2-2: n'e Stanford University Network.

e Users: Much of the user community is composed of computer scientists who are capable ofI

critiquing the facilities we provide and generally willing to suffer through experimentation.

e Applications: Applications include many that would benefit from high-quality graphics, such as

VLSI design aids, analysis stations for VI.SI foundry automation, document illustrators, and

image analysis.

e Hardware: The necessary hardware exists in the form of multiple timesharing systems, dedicated
server machines, and high-performance raster graphics workstations, interconnected by a variety

of networks.

* Software: There already exists much of the software required to make SUN a productive
environment for software development, document preparation, and computer-aided design. We
have access to the program source for much of the software we use and freedom to modify and
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extend this software within the restriction of maintaining functionality.

In the following sections we will describe briefly the salient characteristics of our user community, the
principal applications, the SUN workstation, and the operating systems and networks with which we must
cope.

2.2. Users

The present SUN user community consists largely of research computer scientists with a diverse set of
needs. 'lhesc Users can be categorized as "experts" who find it relatively easy to learn to use new computer
systems and are highly motivated to do so. However, this does not mean that they can not benefit from the
use of well-designed user interfaces that reduce the amount of time required to get things done.

The remainder of the user community consists largely of secretarial and support staff, as well as researchers
in other departments, who use our timesharing systems. These users perform typical office automation tasks,
such as text processing. The Network Graphics Project emphasizes support of computer science research, but
recognizing that computer scientists often perform these same tasks as part of their work, we believe that
support for office automation should be one of our goals.

2.3. Applications

As in any large-scale computing environment, there is a wide range of applications. For example, a vast
amount of research is underway at Stanford in the area of VILSI design and fabrication. Of particular concern
to Network Graphics are VI.SI design aids (5]. Network Graphics and the ARPA-sponsorcd VISI project
seek to integrate a variety of analysis and synthesis aids distributed across the local network.

The VLSI project has implemented a layout editor, YALt, that runs stand-alone on the SUN workstation,
communicating with the remote host only for purposes of retrieving and storing chip representations. The
Network Graphics Project has distributed Y,.i i between a SUN workstation and a VAX, with the workstation
providing the graphical frontend support and the VAX (or equivalent machine) providing the analysis tools.
Details are described in subsequent sections.

A new VISI project involves process control f36]. Here, workstations will be used to monitor the
fabrication facility, acting ts sensors and analysis stations The analysis stations, in particular, will be required
to display graphical% the tAtc of the falcility and allow an operator to make changes. Network Graphics seeks
to provide the necessary graphics and distributed system support.

A third area of interest is document preparation. This includes a variety of text and figure editors of the
sort prevalent in state-of-the-art office environments.

Lastly, we need to support existing non-graphical applications (such as text editors and debuggers) or to
extend them with graphical frontends. With the increasing use of graphics workstations and the development
of the necessary support software, we expect the use of graphics to become the norn rather than the
exception. [hat is, we believe that the use of graphics is restricted by its availability, not its applicability.

2.4. Workstations

In 1979, Stanford acquired a number of Altos tinder a university grant by Xerox Corporation. The Alto is a
16-bit. microprogramnmable processor with a 606x808 raster display and 4 Mbyte disk 1531. It was one of the
first personal computers and is the fbrerunner of the Xerox I) machines. including the l)orado [31] and the
Star professional workstation 1471. As such, the Alto and its attendant software has served as a guiding light in
the devcelpment of workstation software throughout the computing community. However, having been
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designed in the earlier 1970's, it is not sufficiently powerful for today's applications. As a result, in 1970
Stanford embarked on an ambitious project to develop its own personal computer. The result was the SUN
workstation.

2.4.1. The SUN Workstation

The basic SUN workstation [71 consists of the following components (Figure 2-3):

Multibus

68000 Graphics Ethernet
Processor System Interface

Keyboard Display Ethernet

Figure 2-3: SUN workstation hardware.

" processor board: 8 or 10 M I z 68000/68010, capable of executing from on-board memory without
wait states- two-level virtual memory management: 256 KBytes of on-board main memory; high-
speed programmable serial channels: 16-bit input port for configuration control; five 16-bit
timcrs, one of which can be configured as a watch-dog for auto-reload in remote applications

" graphics system: 1024x1024 single-bit pixel frame buffer, of which 800x1024 are normally visible;
video refresh logic: lx 16-pixel hardware RasterOp [401, allowing screen fill in 64 milliseconds (32
MBit/sec)

" network interface: 3 or 10 Miit ethernet interface implementing the data link and physical layer
functions: 4 KlB1te receiver 111 o allows back-to-back and loophack packets, offering a latency of 5
milliseconds for 2 KByte packets: using zero-access-time port, the host processor interface
supports data transfers at rates up to 4 Mbyte/sec

" display, keyboard, and mouse

The entire electronics consists of 260 chips mounted on three PC boards compatible with the IEEF-796 Bus
(Intel Multibus4).

As a result of the modular construction of the hardware, different network nodes have been assembled

4 Muliihus is a trademark of Intet Corporation.
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using the processor board, the ethernet board, and other boards depending on the application. Examples
include terminal concentrators (Ethertips). printer servers, file servers, and gateways. Additional memory
boards may be used to allow up to 2 Mbytes of directly addressable physical memory and an additional 1
Mbyte of Multibus memory.

2.4.2. IRIs and the Geometry Engine

Rapid response requires special-purpose hardware support in addition to the general-purpose processor
and graphics controller currently available for the SUN workstation. Color graphics are also desirable,
particularly for VLSI design aids. Stanford has undertaken the development of two complementary systems,
the IRIS terminal and the Geometry Engine [191.

[he IRIS (Interactive Raster Imaging System) terminal is a variant of the SUN workstation that provides a
much higher performance graphics system. IRIS can be visualized as a 4-stage Multibus-based pipeline
consisting of:

* applications processor: the standard 68000 board

e geometry system: itself a pipeline of 10 to 12 custom VLSI Geometry Engines, which together
provide a stack of 4x4 floating point matrices, matrix multiplication operations, clipping and
scaling operations, a hit-testing mode, and curve generation capabilities; capable of transforming
3-1) coordinates at a rate of I coordinate every 15 microseconds

* frame buffer controller: microcoded processor based on the AMD 2903 bit slice that receives
instructions froimn the 68000. either directly by bypassing the GE or indirectly through the GE;
responsible for supplying bit plane controller with starting values for the Bresenham coefficients
used for vector scan conversion, collecting and scan converting convex polygons, maintaining a
name stack for hit-testing purposes, and performing clipping and hit-testing on fixed- and
variable-font characters

* hit plane controller: is in charge of vector scan conversion, rectangle filling, character painting.
and video refresh

2.5. Operating Systems and Networks

The principal pre-existing operating systems with which need to communicate are Unix5 and TOtS-20.6

The principal network architectures are Internet 142] and PuP 19]. Pull is a precursor of the Xerox Network
Systems Architecture 1201. In addition, the Network Graphics Project is developing a message-based
distributed operating system called V [171.

5Unix is a trademark of IMl I thoratorics

I o ii i a trademark ofr IOgtal 1 qtunpm' nt (Corporation.
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-3-
The Network Graphics Architecture

The software structure of systems composed of large numbers of processors connected by a local network is
still bcing hotly debated. This section develops the architecture for the Network Graphics Project.
Subsequent sections elaborate on specific components.

3.1. The User Model

In the previous section we saw that the user requires access to a variety of applications, distributed literally
throughout the world. We would like to take advantage of the power of SUN-like workstations to provide a
high-quality user interface to these resources. In particular, we would like to make graphics an integral part of
the user interface such that programs exploiting the higher bandwidth of pictorial communication are more
the norm than the exception. This section presents the "ideal" user interface that we are seeking to build.

Sophisticated user interfaces are founded on three fundamental principles:

1. The command interaction discipline should be consistent and natural.

2. The user should be allowed to perform multiple tasks simultaneously.

3. The interface to application programs should be independent of particular physical devices.

The first principle has led to numerous designs for command languages. The second has led to a great deal of
work in window systems. The third has led to work in virtual terminals and device-independent graphics
packages.

In view of these principles, we have developed a system architecture that allows the workstation to function
as the frontend to all available resources. When the user boots his workstation he communicates with a view
manager, which alloms him authenticate himself and initiate one or more activities. Each activity may be
associated with one or more independent virtual graphics terminals (VGT). Each VGT has a type associated
with it that indicates, for example, whether the V(;I will be used solely for text or for graphics.

A VGI may he created h the human user or by the activity itself. When the user wishes to initiate a new
activit. he may first crete a ne" V(;I. with an associated executive. The executive serves as a command
interpreter frotm which the desired acti% ity may then be initiated. The user can create a new executive, with
V ;I, at iiny time, that is. assnchronous to any existing activities. When a particular activity requires
additional irtual graphics terminals, it is free to create them. These VGTS will be deallocated when the
acti'.ty terminates, %hereas V\;iscreatedby the user may only be deallocated by the user.

Virtual graphics terminals are mnapped to the screen when and where the user desires.7 A particular VGr
ma be mnippcd to se erafl different areas of the screen simultaneously. Fach such mapping is termed a view.
Views 1n,1V overlap. When an activity creates a new VGI, a default view is used- the user is free to modify that
vicw as he wishes.

Ihc Network Graphics Project is not concerned with solving all the problems of command interaction and
job execution. liowcxe~, simply in order to manipulate the screen we must provide a reasonable command
interface -- for creatinp, destroying. awl -ranging VGus; zooming, etc. In addition, many of the common
command interaction techniques. .,i , menus and forms, require graphical support, which the VGT

7In fact. nitillip(c wrccns rn; he employcd.
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software is best suited to provide. Thus, Network Graphics is providing the tools necessary to experiment
with a variety of different user interfaces.

3.2. The Role of the Workstation

The user model suggests a number of requirements with respect to workstation hardware and software:

* Workstations supporting graphics must become predominant so the graphics hardware capability
is widely available.

* The extensive processing and storage capacity required for responsive interaction must be
decoupled frorr the unpredictable response behavior of standard timesharing systems.

*T he design must extend to new hardware and the increasing demand for storage and processing
power in a cost-effective fashion.

The requirements, in turn, dictate the role that the workstation plays in the distributed system.

To date, three basic approaches stand out:

I. lhe workstation as (intelligenO terninal.

The workstation serves merely to offload termnal management functions, in the manner of fixed-
function satellite systems. Workstations have frequently been employed in this manner, examples
being AI)IS [491. A '[31, and die Icll Labs Blit terminal [30).

2. [he workstation is personal compuler.

The %orkstation is viewed as a single-user computing system with limited requirements for
interaction with external processors. Precisely because of their autonomy, such systems are free to
run any type of olpcvating s.stenl they desire. Access to remote resources is typically explicit,
providcd by a collection of routines designed to interface the workstation to backend databases,
tile servers, printers, and the like. In terms of graphics, this model reverts to first generation
graphics. where the application and all the graphics facilities are associated with a single machine.
FIxamples include inost of the sstens built around tie Alto and its successors, die L.isp Machine,
and the Perq.

3. The workstation is componcnt of a distributed multi-computer system.

A number of uniprocessor systems in the past have been organized around the principle of close
interprocess coolperation, Usually through a form of message-passing. The emphasis in such
s stemns is On breaking ildividual tasks into a number of processes that communicate to solve a
problem. In addition, the functions commonly associated with an operating system can be
provided by processes. In so\eral cases, these systems have been transparently extended to a
neltork en ironlnent in which the workstation provides a set of Functions as defined by the

processes running on it. Ihus. the workstation may play any role -- intelligent terminal,
computation screr, file server, etc. -- with equanimity. RIG 1321, Spice (41. and V are examples of
this approach.

The choice of role for the workstation primarily depends on the available hardware and the application
enironmient. In tcrins of' hardware. "small" workstations are best suited as intelligent terminals, whereas
personal Coiputing requires reasoaably "large" workstltions. In particular, personal colptiters typically
have their o~ln disks. "Component" work.stations fall somewhere in between, requiring enough hardware
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support (e.g. memory) for a reasonably sophisticated distributed kernel, but not as much as a stand-alone
computing system would require. In particular, they do not require a local disk, which reduces the cost per
workstation and avoids the power, noise, heat, and space limitations imposed by the user's office
environment.

In terms of application environment, intelligent terminals and personal computers represent a rather
constrained view of workstations. In thc first case, the power of most existing workstations is wasted if they
can only provide terminal management functions. In the second, the workstations are isolated from the rest
of the world, under the false assumption that they can provide all the functions necessary.

For example, local-net-baso.d systems have been built in which the workstation maintains little or no
information as to what is being displayed. That is. the workstation does not support a display file. Rather, the
renote application maintains all the data structures relating its output to areas on the display and issues the
equivalent of line-drawing or "remote IitIlt" commands to the terminal. This leads to frequent and
potentially data-intensive communication between the host running the application and the workstation. This
approach has been successful due to the speed of the communication media and the relative simplicity of the
applications,

-lowever, as the use of graphics becomes pervasive, we must address more seriously the issues involved in
transmitting graphical in formation. In particular, in a long-haul environment, the level of interaction just
described is prohibitise. I ecause transmission bandwidth is expensive and a typical raster screen may need
125 Kl~ycs to represent at coaplete Image. clever protocols are needed to transmit the essence of the
information Without inc.-urt1ig excCssC costs. [hc workstation software should be capable of handling
higher-leel objects than lines and bitmps and, in addition. should supp)rt local editing. By so doing, the
frequency of the colnnti cat ion and tile amolnt of data transferred on each communication are substantially
reduced. Workstations no%& being built aie powerful enotugh to provide this functionality via structured
display files.

Turning to the personal computer approach. many applications require processing and storage capacity that
far exceed vhat i, coomiMc to dedicate to a single user's ,ffice or what is acceptable in the user's
environment. [hus. some portion of the Qapplication inust reside on another host. If workstation software
suppOlts transparent dist ,t hteLd 0prtont. It Is ipossiblC t0 Conflgure the sy.stel1 at rot1n-time to use either local
or remote resources. Ihit is. the partitioning boundaries ma be changed without having to rewrite
application sot'tvare.

[hus. wc hbase chosenl Ito trcatc the workstation as a (ompot'uic (f a distbihtCd, multi-computer system. We
do not Aistc its powe h\ trcating it solely ts a dullll terminal nor do we isolate it from the rest of the world
b, treting it smlcl as ,a p Isin al co iputer. Rather, we assume that the wo-kstation may play any role
deened Ippropritc ,, ilc user, the hardware, and the applications at hand.

3.3. The Architecture

The resulting software ,achtectMUre fits the classic ob/cc or server model 129, 581: The world consist of a
collectioni of re.sootv accessible h clntts8 and managed by servers. A screr defines the abstract
represcntation of its Iestrc( s) and tile operations on this representation. A resource iiia. only be accessed
or maniptiflited thruigh its serer. lecause servers aire constructed with well-deined interfaces, the
imiplementalion details of a resource re of concern onl. to its server. Note that a server frequently acts as a
client \A hen it acccsses rcsources managed by other serters. [ hus, client and sen'er are merely roles played by
a process or module.

8We v il use the term chit l e t efr to h Itiiit 1 h 1u; r (l progra iTquct ijn ac.ccs, io a i csource We will uNe the Icrn user to refer
excius\cly to humans
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Clients and servers may be distributed throughout the (inter)network. By default access to resources is
network transparent', a client may access a remote resource with the same semantics as it accesses a local
resource. Thc result is an environment in which clients may communicate with servers without regard for the
topology of the distributed systern as a whole. However, we do not intend that a client cannot determine or
influence the location of a particular resourcc, rather that a transparent mechanism is available. Moreover, we
must allow tir clients and servers that were not written with network-transparett access in mind.

From the point of view of user interaction, the principal resource is the workstation, the server is the Vo'Is,
and clients consists of the user and application programs. Figure 3-1 presents the interrelationships among
these components.

Application

Workstation

1 RTP
VGTS Application

VGTP

CApplication

I II
User Other Services

Figure 3- 1: 1 ligh-level network graphics architecture.

Following the traditional virtual terminal model, applications r'ommunicate with the V(GIS via the tenninal-
indepndent virtual graphic.% I, io inol ('[ pocal (VGllP), anld with host software in whatever way necessary.
The V sll communicates v itl the hardware via the terminal-dependent real Irm'ninal protocol (R'). Ihus.,
the V(G IS provides a protocol titirslation service between VjI P and RT'. Alternatively, tile V(ri defines the
ilter/c or . l'm i"f/&s of the Vi. IS,
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-4-
The Virtual Graphics Terminal Protocol

An intcractive program generally consists ofafrontend that converses with the user and a backend that does
the real processing. A frontend invariably fits the editor paradigm because it must allow the user to enter, edit
and display as part of his intcraction. Thus, the ideal VGTs would provide this common editing portion and
avoid the duplication and inconsistent interfaces that currently abound between applications. We argue that
any limitations and structuring constraints that the VGTS may impose on different program/user interfaces
are justified in return for a more uniform user interface overall.

The hard problem is defining a good interface (VGTP) to the VGrS. This is hard because there are many
applications with different requirements. On the other hand, the VGTS must be reasonably efficient, which
would not be possible if it tries to do too much

4.1. Interactive Graphics

An interactive program generally operates in a response cycle. A user action is signaled by an input device
(such as a key board or mouse) This signal is communicated to the application program which then processes
the user action and generates an application reaction that is indicated on an output device (typically the
display). 'he response time is the time from user action until the reaction is. olayed.

Thisfll-c'cle response cycle must in the network graphics setting go through the VGTS, the local agent, the
workstation network soft~aire, mer the netvsork, through the application processor network software, cause
the application to be scheduled, and after the application has generated the response, return across the same
route. In our concern for high-quality interactive response. there is a need to choose the VGTP to allow the
response cycle to be shori-circuiicd for some user actions, as illustrated in Figure 4-1.

VGTS Interface

application_

application r ion frame
VGTS buffer,

program I short-circuit mouse
and

keyboard
user action

Interactive Response Cycle

Figure 4-1: Short-circuiting of the response cycle.

Short-circuiting is possible at a nuiher of different levels, including:

* mouse-controlled cursor: The updating of the cursor position is performed by the VGi'S in
response to user motion of the mouse (or similar pointing device).

e screen nianaagenlent funclions: This is necessary to allow distributed applications to run
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concurrently without interference.

" hit detection: Here. applications are informed when a significant event occurs, such as selection of
an object; they do not keep track of the cursor position.

" graphics editing: The VGis supports editing of the graphical objects so only some high-level

indication of the editing changes needs to be communicated to the application.

fHligher-level short-circuiting provides:

1. better response for operations that can be short-circuited,
2. better tili/ation of orkstation resources, and
3. reduced programming and processing demands for applications.

Typically, those operations that cannot be short-circuited are more expensive to begin with and, hence, have
greater overhead in the user's mind. The longer response is acceptable in that it meets the user's expectadons.

However, to provide high-leel short-circuiting, the VrIs needs to be provided with high-level information
about input and display semantics. That is. the VcnI must allow the application to communicate the model
that it is representing pictoriall., not just the image of dat model. For instance, a circuit drawing program
may need to communicate that a NOR gate is logically a single unit, not a collection of lines and arcs, so the
ViS can support editing the circuit Aithout communicating with the application itself. If the NOR gate is
communicated to the \'(uis as a sequence of low-level graphics operations, the VGTs cannot know the
structure of the underlying object.

This requirement suggests in turn that arbitrary amounts of processing and storage capacity can be used
effectively. This may be supported by simply considering the issue of incremental versus complete image
redrawing. Some graphical representations and protocols provide structuring on the image representation to
facilitate incremental update of the display when some aspect of the image is changed. We have instead used
the structure to encode application-meaningful information and semantics. This may be of no help or in fact
contrary to incremental update speed. In that vein, it would be simplest from the point of view of designing a
VOTS to simply redraA the image from its figure representation after each update (as currently done in the
IRIS terminal).

For this discussion, we see that key issues in the design of a VGTP are:

" support for interaction and good response; and
* function partitioning.

In general,. our major challenge is to design a means of high-level communication instead of relatively low-
level communication that has been presiOusly used. There is a strong analogy to be found here with the
development of high-les el programming languages.

4.2. The Programming Language - Protocol Analogy

languages are related to prtocols in that an inleraclivc hnguage is a protocol in computing terminology.
The history of programming languages might be broadly summarized as a struggle to develop high-level
languages for describing prograils. The major problems have been:

1. efficiency versus gcnCrality: and
2. stncture versus expressibility.

We perceive a gradual convergence in programming languages from problen-orienied languages to a few
widely used languages plus a A ider acceptance of disciplines in structuring programs in particular forms that
are explicitly supported bh the lngumagcs. In this sense, modern programming languages do not support
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doing all things in all possible fashions, but doing reasonable things in a reasonable fashion.

In examining the structure of high-level programming languages, there appears to be three basic levels of
languages.

1. machine language
2. control abstraction
3. data abstraction

Machine language deals with the representation understood by the processor. Control abstraction languages
have primarily dealt with providing control constructs such as if...then...else. while loops and procedures.
BCli., FoRfTRAN and numerous other languages are at this level. Data abstraction languages appeared later
with the recognition that data structuring was the central task in designing larger programs. It is no accident
that one of the major features of Pascal over ALGOL is Pascal's data structuring facilities.

The categorization of programming languages provides a basis for classifying graphics protocols.
Specifically, we can identify three classes of protocols that roughly correspond to the three levels of
programming languages.

1. mosaic protocols
2. control abstraction protocols
3. data abstraction protocols

These protocols differ primarily in the graphical representation that they employ to communicate. 9 Drawing
the analogy with programming languages, we claim that success with high-level graphics protocols is
contingent on finding and accepting structure within our graphical communication. Judging by the
experience with programming languages, this may well be a long, painful process.

4.2.1. Mosaic Protocols

Mosaic protocols are characterized as using a graphical representation as a mosaic of fixed size, shape and
color primitives combined into a picture. This representation may be stored directly on a storage tube, or in a
frame buffer or intermediary bitnap for raster displays. Examples include the Prestel videotex protocol (101,
facsimile, and remote bitmap protocols. Prestcl is the best example in that it produces pictures using shapes
much like the pieces of tile found in mosaics. Bitmap-level protocols are simpler but use essentially one shape
and size of tile A ith only the color being variable.

There is a tradeoff between quality and quantity in mosaic resolution. The cost of commtinicating the
mosaic pieces may be reduced through the use of compression techniques, such run-length encoding. Mosaic
protocols have the advantage of requiring only a simple display processor and being tolerant of lost data due
to the redundancy in the image.

However, mosaic protocols incur costs in communication and storage. More importantly for us, the
structure of the picture is not explicit. This limits the short circuiting of interaction due to the low level of
representation, e.g. cursor and %irtual frane buffer management. A further disadvantage (and similarity to
machine language) is device-dependence.

9Nolo that seeral powerful. non interaci', grdphic, reprcsentations hawc been designed. IFX DVI and Xerox Press, for example,

are structured io facilitatc ,-qucrnnal gencration. rapid Pamc li put and p'inlnn, and compact repteseniation.
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4.2.2. Control Abstraction Protocols

In a control abstraction protocol, the graphical representation is a sequence of drawing operations, such as
DrawLine, DrawCircle, etc. This is roughly analogous to the control abstraction programming languages in
that basic control functions have been abstracted. The primitives are stored in some form of display list or
display file. Primitive structuring facilities may be provided in the form of segments, in which case a
segmented display file is employcd. Examples include most current graphics protocols, including the Core
System 1251. GKS 1281, and the Telidon videotex protocol [12, 13]. A survey of other popular protocols may be
found in 121J.

Control abstraction protocols have the advantage of lower communication and storage cost. In this sense,
transmitting and storing, for instance, an image of a circle as a single DrawCircle operation with its radius and
center coordinates can he Nicmed as a data compression technique over storing the mosaic pieces constituting
the circle. Control abstraction protocols have the further advantage of offloading part of the graphics
calculations from the application, e.g. mapping from DrawCircle to the raster operations. They also support a
higher degree of device-independence since images can be produced according to the technology and
resolution of the display from each specified operation.

However. the potential for interaction short-circuiting remains limited due to the primitive structuring
facilities. For examp!e, the draw operations to produce an image of a bicycle need not communicate anything
of the structure of the bicycle. Thus, the user can not edit the bicycle structure without communicating with
dte (remote) application.

4.2.3. Data Abstraction Protocols

Graphical representation in data abstraction protocols is in terms of figures. structure imposed on figures
and ticir attributes. Here, a figure is the graphical equivalent to objects in data abstraction programming
languages. Its key characteristics are:

* Figures are semantically mcaningful objects to the application.

e 'he structure of figures is explic;tly represented.

The figure representation encodes some piece of the application model, not just the pictorial image. This
provides the structure and emantics required tor hiLgh-level interaction short-circuiting. Thus, we see the
need to explore this class of protocols further, analogous to the on-going work in data abstraction languages.

Ironically, a nunber of early graphics systems took this approach to its extreme by merging the application
model and the display file into a single graphical im base 118, 45, 511. 'This approach fell in to disfavor
largely because it impscd a fixed graphical representation fir all applications. In light of distributed
graphics, it is also impractical to support a single data structure spanning multiple machines.

A number of subsequent systems developed the notion of a structured display file that encodes the
hierarchical structure of figures. but leaves most of de application-specific information in a separate
application model 18. 50. 541. [ie structured display file is partially redundant. but provides a reasonable
amount of structure for high-level short-circuiting. We draw much of our inspiration from Sprovill and
Thomas's stnaturd /irmna proIocol, outlined in 1974 but never implemented 1501. '[hat protocol, in turn, was
inspired in part by a system built at MIT's Lincoln Laboratory as part of the I:-A11 language
development 122, 401.
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4.3. Partitioning of Function

One of the most important issues to address is the partitioning of function between the various software
and hardware components. This issue arises when determining what functionality to give to the VGTS, where
to place the graphical database(s), and when and how to distribute an application. It would be easy to
o% erload either the Wi is or the application, the workstation or the host.

Although application- and device-indcpcndence is a laudable goal, it can lead to a VGTS that suppC "ts too
much function for some applications and too little function for others. Both situations lead to excessive
o% erhead: the first because the VG IS is doing do much; the second because the application must go to extra
elegths to "subvert" the V(;.S. For example, if the VGTS were "optimized" for the basic SUN workstation, it
Aould include a variety of routines for clipping, scaling and the like. However, in the IRIS terminal these
functions are pro% ided in hardware by the Geometry Engine. Thus, the VGTS itself must be structured as a
collection of building blocks. Moreover. the IRIS provides considerably more functions than the SUN
workstation, requiring additions to the VGii'. Careful thought must be given to the design of the VGTP such
that it allows for terminal negotiation of the sort commonly found in traditional network virtual terminal
protocols.

Replication of data is another problem. The application, the VGTS, and the frame buffer each maintain
representations of the data. I:or the most part. the representations are at different levels (objects vs. bits, for
instance), but each lckel adds okerhead. If the data typically is changed in response to user interaction, then
the VIS should have fast access to the graphical database: that is. the VGTS shoi.ld maintain the database.
On the other hand, if the application drives most of the changes, it should maintain the database.

Distribution raises additional problcms. In all cases we would like to limit both the frequency of
Co11n i in iication and t e amount n f data transmitted at any one time. In some cases this will requ ire caching
mechanisms on the St,\ vkorkstution and necessitate additional protocols to keel) the workstation cache
s nchronized A ith the retnote database (see Section 5).

A more basic quetIn i,, V, hcn to distribute the application in the first place. language, storage, or speed
requiremCnts rna IM cCCssitAtc that the application run on another host. In addition, using a workstation
Silthout a local disk ma,\, implh a substantial amount of file traffic for sw&apping. Reducing tile load on the

%Aorkstation liniit this acti'ity.

4.4. A Virtual Graphics Terminal Protocol

WC now describe a ftrst attemipt at a V(; p that addresses the is,,ues just discussed. The V\'II manipulates
tvo ha,ltC t ps of strlucttlVs: %Iulured di sphi filc.s (SOi 1-) and virtual graphic icrininals. :eNcry graphical
objcct is defilcd \ ilhin ,j speci t'iC Si t thus. an S: F represents an object dhftiniion space. In order to ,,icv' an
object, it is ncccssar\. firstl o asSi ciate its Siti with a V( I and, second, to specify, a mapping of the \' uI to tie
uIscr s Screen.

4.4.1. Object Management

Ail Si1) consists ol ci ollection of items. I'he itens can be grouped into snt inos. which can in turn contain
inst.nces of other Smltuols, to ani desired depth. Items are named by identifiers chosen by the application
and arc t pod. Current item t. pes inclttde:

* point
* line
* fillcd rectngle
* text
* 5\itnhol defilition
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* symbol call

A client can create and delete structured display files, symbols, or items. It may edit symbols, and obtain
and/or change the properties of an item (including type and extent[241). The following functions are
provided:

CreateSDFO -z) sdf
Creates a structured display file, and returns it in sdf This must be done before any symbols are
defined.

DeleteSDF sdj)
Returns all the items defined in the given sdfto free storage.

DefineSymbol (sdf item. name)
Enter a symbol into the symbol table, and open it for editing. The sdf is returned from a previous
CreateSDF call. item is an application-specific integer identifier for the symbol and name is an
optional string name.

EndSymbol (s.df item, vg0)
Close symbol item in sdf so no more insertions can be done, and cause the vgt to be redrawn to
reflect the new s.df Called at the end of a list of items defining a symbol, started with
CreateSymbol or EditSymboL

EditSymbol (sdf iteW,)
Open existing symbol item in sd'for modification. This has the effect of calling DefineSymbol and
inserting all the already existing entries to the definitions list. The editing process is ended in the
same way as the initial detinition process - a call to EndSymbol.

DeleteSymbol (sdf item)
I)lcte the definition of symbol iem from sdf Any dangling instances of this symbol, created by
CallSymbol, A ill remain, but will contain nothing.

('aliSyinbol (Ald item, a/Act, ca/lcd.Smbol)
Add an instance of calledN"ymbul to the currently open symbol in the sdf The instance is given the
name itcm. [he cllcd symbos origin will be placed at offset in the calling symbol's coordinate
space: it is not clipped or transfornied in any other way. This is equivalent to a move call unit in
Sproull and Thomas's structured fonnat protocol.

Addltem(sdf item. extent iw. tyll)ata)
Add an item to the currently open symbol in the sdf giving it the name item. extent specifies the
bounding box of the item in its coordinate space. type and typeData determine the type and type-
spccilic intformation, respectively.

Deleteltens (,xdf iteo
I)clcte item from the currently open symbol definition in sdf

Inquireitem (01,' item) -- > (.xtctit. type. typeData
Return the paranmeters for item in sdf

Inqu;ieCall (.,lf item) ) calh(l.SPbol
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Returns the item name, calledSymbol, of the symbol called by the item in sdf

Changeltem (sdf it em, extent, itype. typeData)
Change the parameters of an already existing item in sdf This is equivalent to deleting an item
and then reinserting it, so the item must be part of the open symbol.

4.4.2. VGT Management

Once the VGis client has defined some graphical objects, it or the user needs to provide information as to
how the objects should be viewed. The VGTS lets a user view objects in any VGT anywhere on the screen in
views. Each view has a zoom factor, a window on the world coordinates of the VGT, and screen coordinates
which determine its viewport. Although the client can create default views, the user can change them with the
view manager, and create and destroy more of them.

Each VGT can exist in zero or more views, but each view has exactly one VGT associated with it. Each VGT
is associated with at most one SDi, but each SmI: may be associated with several VGTS. Symbol definitions are
shared between VG Is. but instances of symbols are not.

Routines for clients' manipulation of VGTs and views include:

Create VGT(type. name, sdf item) =) vgt
Create a VGr of type type and return its identifier in vgt. name is a client-specified symbolic name
for the VGr that may be used later to select that VGT for input, item in sdf is placed as the "top-
level" item in the Vr: it can be zero to indicate a blank VGT. The type can be some combination
of Text, Graphics, and Zoomable.

Destroy VGT (vgt, andViews)
Destroy the given vgt. IfandViewsis set, all the views of the VGT will also be destroyed.

Create iew (vgt, viewport, i .Xvi, w}m.in, zoom. showGrid)
Create a vicw of the gi en display, with vicsport determining the default viewport. wXmin and
wsmin are the Aorld coordinates to map to the left hotton corner of the viewport; the amount of
the world actually \icwed depends on the size of the viewport and the zoom factor. The zoom
factor is the power of tM to ioltiply world coordinates to get screen coordinates: it may be
ncgative, to denote that a vicw is zoomed out. If showGrid is set, a grid of points is displayed in
the % iewport.

4.4.3. Input

A single synchronous input routine is provided:

GetE ent(cl-cia.11ask. -wardChullfw, searchType) =) eventDescriptor
Wait ftr an input e\ ent to occur and return a variant record in eventDescriptor that describes the
event. [he record should contain the type of the event. and the relevant type-dependent
in tormation. 'vent.Ilask specifics die acceptable ty pes (if input events: keyboard, button, locator,

pick, or saluator. sarchuttons and NwarchType are used for picking: scarchType specifies the
depth of the search (in the hierarchical SDi[) and the type(s) of the object(s) to search for.
scare'hluttons mdicmtes the set of buttons (on a mouse, say) that must be pushed in order for an
object to he selected.
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4.4.4. Output

The only way to display a graphical object in a VGT is to define it as a symbol and execute the following
routine:

Displayltem (vgl. sdf top)
Changes the top-level item in vgt to be item in sdf The new item is displayed in every view of the
VGT.

Create Viewexecutes an implicit Displayltem after creating the view.

4.4.5. Menu Support

PopUp (menu) ) selection
Display a function menu, consisting of an array of strings, to the user. When the user selects a
particular item, return the index in the array in selection.

4.4.6. Terminal Emulation

The VGTP supports a text VGT mode optimized for page-mode terminal emulation. Specifically, an
application may treat a VG1 as a standard ANSI terminal [1]. Such an application need not know anything
about the graphical facilities of the VGTP, and may use the ANSI terminal protocol to communicate with the
Vc IS. That protocol is encapsulated within the VGTP without the application's knowledge. Output to the
VGr is stored in a pad[33I. which is a symbol within an SDF.

-~ I
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-5-

The Network Graphics Protocol

The previous section presented a high-level object-oriented virtual graphics terminal protocol that attempts
to limit both the frequency of communication between application and VGrs and the amount of data
transmitted at any one time. The VGTiP is constant over all clients. However, some clients have no knowledge
of the VGiP and some clients are running on machines that do not support the interprocess communication
mechanisms underlying the Vu I P. The following situations arise (Figure 5-1):

SUN VAX

SUN

VGTP NGP-

VGTS C

DEC-20 VAX

0 E
Telnet NGP

Figure 5-1: Possible clients of the VGrS.

* Client A runs on the workstation and communicates via the VGIP.

* Client B runs on a machine that supports network-transparent interprocess communication. B
communicates with the V(;is via the V I', as in the case of a client A.

* Client C runs on a imachine that does not support network-transparent interprocess
communication, but (oes support a traditional network architecture (the Internet protocol
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family (421, say). In addition, a VGiP interface package is available that encapsulates the VGTP
within the appropriate transport protocol. Similarly, a local agent for the client will be created on
the workstation to decapsulate the VGiP. Thus, the client may still be written in terms of the
VGII' and ncithcr it nor the VGTS have any knowledge that the other is remote.

" Client D has no knowledge of the VG IS or the VG'I P; it wishes to regard the workstation as just
another terminal. The local agent is "user TI.NFT" and performs the appropriate translations
between TITLNET and VGTP.

" Client E is distributed between the workstation and one or more other machines. The local agent
is responsible fbr representing the multitude to the VGTS. It must perform the appropriate set of

protocol conversions indicated above. In addition, it may wish to perform application-specific
functions, such as caching. In this eent, the protocol used to communicate with the remote
clients may require more than transport service.

All clients but A make use of a network transport protocol. Client B employs an interprocess
communication protocol that has nothing to do with graphics per se. Client D employs a protocol that in no
%ay depends on knowledge of the V(its and typically has nothing to do with graphics; in order to run, an
appropriate protocol-converter (user [iT NI ) must run on the workstation.

Clients Cand E, on the other hand, know all about the VGTS and are very interested in graphics. We will
refer to the transport protocol they employ as the n'twork graphics protocol (NGP). '[he NGP may be identical
to an existing transport protocol, it ma% be a problem-oriented protocol [46 , or it may itself be a multi-level
protocol. Client C, for example. may find Internet T' , (441 or TIEI.Nr (431 acceptable. Client E however,
may wish to maintain a replicated database (the main database ad the cache), or may wish to trade reliability
against cost. In this case, the Nol offers considerably more fuiction than mere encapsulation/dccapsulation
of the VGTP.

5.1. Reliability Issues

An important issue is the appropriate transport protocol required to support network graphics. Possible
choices include datagrams. byte streams, and packet (or message) streams. One might argue that streams are
most appropriate because thcy genterall provide a high degree of reliability, they can be used with a wide
divcrsit of terminals and nctworks, and the ease the job of programming both the design aids and the
irttual graphics terminal. In addition, if the W orkstation and remote host interact frequently and in volume,

high and)width is required: this is better ,chiex ed with virtual circuits.

If bandwidth requirements are low, then we are interested in low delay, which suggests that datagrams are
more appropriate. In addition. graphics data is less sensiti e to data loss or corruption than, for example, File
data. If a line on a bitmnap display is corrupted, it has minimal effect on the picture due to the redundancy
provided by the other lines. Furthermorc. interactive graphics as real-time communication places greatest
importance on the most recent data. often not caring about the loss of older data. In contrast, streams under
load tend to lose or dcla ne w data in fav or of old data.

The graphical representation also impacts our choice. If high-level infoirmation is being transmitted via
datagrams. the loss of' a single datagram may be catastrophic. Moreover, since high-level information
ty pically comes in bursts, packet streams arc more appropriate than byte streams.

Iastld,. the network technology impacts our decision. In fact, it may impose a particular decision. An X.25-
based subuetwork, tr example. dictates %irtual circuits (b.kte streams). Ironically, local networks frequently
pro) ide similar reliabilit\ it the data link level. The most difficult problems arise with lon1g-haul. datagram-
based nctwo 0ks Such as the A i',N r.

Fortunately. the N' architecture allows us to experiment with any of these protocols simultaneously. Since
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each remote application must have an agent on the workstation, the application and the agent may

communicate with whatever protocol they desirc.

5.2. Caching

There are many reasons that an application should not or can not be run on the workstation. It may not be
written in the right language-, it may require more physical or virtual memory than is available; or it may
require floating-point support. It may be more cost-effective to run it on a remote machine when that
machine is much faster than the workstation.

Unfortunately, placing the application on another machine obviously incurs additional communications
costs. One powerful way of reducing these costs is to write an agent for the application that maintains a cache
of the "main" data base. Once a cache is in place, the traditional problems of update arise: When is the cache
updated and how much of it is updated at a time. For example, there are two interesting cases in circuit
layout:

* When viewing the entire chip it is typically unnecessary to maintain the details of specific butts.
etc. TIhis information may be flushed in order to maintain the representation for the higher-level
structure.

* When viewing a specific component it is unnecessary to maintain the representation of pieces of
the chip not now on view.

Thus the agent would be constructed in such a way so as to manipulate its Six: to maintain only the necessary
data. Appropriate points in the figure representation would contain the equivalent of invalid pages, leading
to the equivalent Of Page faults.

T; ideal VGUS would provide most of this support without requiring that a special-purpose agent be
written for each application.
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-6-
A VGTS Implementation

The services and protocols discussed above have been implemented as part of the distributed operating
system V [14, 15, 16, 171. Logically, V consists of a distributed kernel and a distributed set of server processes.
The distributed kernel consists of the collection of kernels resident on the participating machines. The
individual kernels are integrated via a low-overhead request-response protocol that supports transparent
interprocess communication between machines. Servers include network servers, storage servers, command
interpreters, and, of course, virtual graphics terminal servers. 10

The Vrs has been implemented for three varieties of SUN workstation, running the V kernel. An
implementation is in progress for the IRIS terminal [191.

6.1. Protocols

The current VGTS implements the VGTP discussed above. The current NGP consists of a reliable byte-
stream protocol, namely, Internet- or Pup-based 'I'ImtNET [9, 43]. 'The VGTP is embedded as escape sequences
within TELNET. Thus, we provide for clients A through D in Figure 5-1.

6.2. Organization

The VGTS consists of the following modules:

master multiplexor Fandles all client requests by dispatching to the appropriate .;utine in the other
modules.

terminal emulator Interprets a byte stream as if it were an ANSI st-ndard terminal. Printable characters
are added to text objects, and control and escape codes are mapped into the proper
VGI operations.

SIm: manipulator Handles requests to create, destroy, and modify graphical objects in structured display
files.

Sim) interpreter Hlighest-level redrawing operations. The structured display files are visited
recursively, with appropriate clipping for extents totally outside the area being
redrawn.

display operations )ev ice-independent graphical operations called by the Six: interpreter.

hit detection 'The structured display file is visited, but instead of actually drawing the primitives, the
positions are checked to match the cursor's position. A list of possibly selected objects
(under other optional constraints) is returned to the client.

viewport primitives Pertorm the view-changing operations.

10 We %kill refer to both the ser icc and the server ms V; s 'he latter is the software mudule that provides the formier.
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output handler l)evice-dependcnt graphics primitives. On the SUN workstation this is a simple
interface to the RasterOp package [11]. At this level color rectangles arc drawn as
stipple patterns on monochromatic displays.

input handlers Dcvice-dependcnt modules for reading the keyboard, tracking the mouse, etc.

view manager Top-level "client" of the VG'I'S, which provides the means by which which users can
create, destroy, and modify the screen layout. Viewports can be moved rigidly,
stretched, or squeezed. Views can be zoomed or panned, all without affecting the
applications manipulating the prepresented objects. On the SUN workstation zooming
is by powers of two, and all motions are done in one step. On the IRIS system zooming
and moving viewports are smooth, continuous operations.

6.3. Screen Updating

VG'is prov ides centralized rather than distributed control of screen updating. In contrast to many systems,
there is a fixed set of graphical primitives, executed under the control of the VGTS. This is primarily due to
the distributed nature of the en isioned VGt s applications. The concept of "user-defined" objects has been
inestigated. but hs not been implemented due to the performance problems it would introduce.

6.4. Overlapping Viewports

Originally. 'iewports "ere restricted to lie entirely on the screen and to not overlap. However, this proved
to be inadequate, since screen space quickly filled tip, and viewport manipulation commands often failed.
The current implementation uses a novel scheme of dividing each viewport into visible non-overlapping
rectangles (called subviewporis) whene er the screen layout changes. The viewports are then redrawn by
interpreting the structured display file in each of the subviewports. '[his has the advantage that there is no
speed penalty for updating iew s that are not obscured (the nonnal case). Views which have non-rectangular

isible portions may take longer to update for complicated Sit:s, but almost always the actual drawing time is
the do minating factor, ,hich i, proportional to tile area being redrawn.

[he resulting scheme is clean and simple. and performs reasonably on the SUN workstation. One major
advantage omer systems that maintain obscured bitmaps like the Apollo [21 and Fllit 130], is that no extra
memory is required to store obscured bitmaps. The SDI-" can represent extremely large objects in modest
anloInts of memory.

6.5. Zooming and Expansion

The VGis provides support for /ooming and expansion depth that is invisible to clients. Zooming on the
St N is by powers of 2. Fxpansion depth indicates how far down in the S)1F to go when displaying a symbol.
If [he eXpa nsion depth is less thai the tree height. an outlined box will be displayed at the a ppropriate point
in place of the symbol. I )epending on the siue of the box, the text name of the symbol may also he displayed.
Views may be /oomed and expanded independently such that a user may view an entire chip in one view, for
CxaTmplc. while simultancously \iewing a piece of the chip in a much larger view.
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6.6. Performance

Current performance figures arc qualitative, based primarily on experience with the YALE layout editor.
YALE can run stand-alone on the workstation, without V support, or can be distributed between a workstation
and a VAX. The VAX may be on the local ethernet or anywhere on the ARPANET.

The stand-alone version requires substantial amounts of code on the workstation and, as a result, suffers
from severe memory restrictions for data. The distributed version places all of the application-specific code
on the VAX, as well as the application model. As a result, the code size on the workstation is substantially
reduced and the restrictions on the size of the application model are virtually eliminated due to the address
space of the VAX (both physical and virtual).

Response across an ethernet is virtually indistinguishable from the stand-alone version. Performance
across the ARPANT is comparable to that on the ethernet, although the variance in delay is higher. 'Tbe
reasons that performance is comparable include:

1. Ethernet-based VAX TI'LNli-r delivers on the order of 14000 baud, a figure easily matched by
ARPANU lT-based TI.N ET.

2. Many functions are local to the workstation, including screen management, panning, and
zooming.

3. The high-level object-oriented VGTP permits small amounts of data to be transmitted across the
network.

More detailed performance figures are being gathered.
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-7-
Related and Future Work

VGrs owes a great deal to a number of earlier systems. Sproull and Thomas's structured format
proiocol1501, in particular. was a major inspiration. That protocol was never implemented, primarily due to
the lack of sufficient computing power in the available terminals. Moreover, the VGTS supports multiple
applications simultaneously.

The RIG Virtual Terminal Management System (VTMs), on the other hand, was one of the earliest systems
to provide simultaneous access to multiple, possibly distributed applicaticr, [331. The basic architecture of
the virtual graphics terminal server, as well as the characteristics of a text pad, are reminiscent of VIMS. In
addition, the RIG notion of grouping virtual terminals associated with a single application within a logical
construct (callcd a superwindow in RIG) is an important feature missing in VGTS. When the user resumes a
particular activity, all the virtual terminals would be brought to the "top" of the pile of viewports (although
they would continue to overlap as necessary). An additional VIMS construct being considered is that of an
screen image: images are used to maintain several distinct screen configurations in the event, say, that two
applications each want to use up all of the available screen space.

I lowever, V ims did not pro\ ide graphics support, nor did it provide effective terminal emulation. Rather,
it defined a standard page-mode irtual terminal, with which all applications were required to communicate.
In fact, the line- and page-editing features of the virtual terminal were so powerful as to make it difficult to
"step down" to the level of typical page mode terminals. The VGrS takes a more cautious approach by
providing a minimal set of functions, on which additional line-, page-, and graphical editing facilities can be
easily built. Indeed, we have built both a line-editor and a text-editor with features similar to those in V*Ims
and a number (f other systems: we are currently considering moving some of those functions into the VGTS
proper.

A number of sophisticated window systems have been built for personal computers, most of which evolved
from the Smalltalk environmenti521. These include Cedar Viewers 1351 for the Xerox I) machines,
NWS [39, 591 for the Iisp MNlachine, and the Star user interface 1481, among others. One shared characteristic
of these three systems is that they are object-oriented, resulting from the common ancestry of Smalltalk [27]
and Actors 1261. The advantage of such an approach is extensibility: applications can define their own
graphics objects and primitives since screen updating is effected via library packages. An observed
disadvantage, at leaist in NWS and Star, is poor performance. In addition, these systems have not been built
with distributed applications in mind: fir the most part, applications are local. In particular, these systems do
not cope well with existing applications running on heterogeneous hosts somewhere on an internet. Doing so
requires centralized screen updating (at the workstation) as implemented in VGTS.

T[he graphical facilities of the V(;Ts are similar to a number of existing graphics packages, including those
conforming to the Core f251 and GKS [281 standards. The principle differences are:

1. standardized support fir niodeling as well as viewing;

2. hierarchical structure of objects (multilevel vs. segmented structure 1381);

3. the ability to handle multiple, distributed applications simultaneously.

All features are made possible primarily by the power of SUN-like workstations.

On the other hand, a major deficiency of the current implementation is the lack of a number of common
object types. such as circles, polygons, splines, and bitmaps. The last is rather ironic considering we currently
support only raster displays. It must be remedied before the system is suitable for image processing or can
support multiple character fonts and character clipping. We are also working on 31). color, floating-point.
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and image transformation facilities.

We are considering how best to handle animation, rubberbanding, and the like. For example, we might
add the notion of ephemeral graphics primitives that would cause changes to the screen, but would not be
stored in an SDF. 'rhese would be similar to the notion of temporary segments in the Core standard. More
attractive would be to specify rubberbanding, tumbling, and the like as an attribute of the object.

Most of the facilities just mentioned represent a considerable amount of additional programming, but are
reasonably well-documented in the literature. More important from a research point of view, we are just
embarking on a study of the caching and reliability issues broached in Section 5. In addition, we are
collaborating with the Stanford Intelligent Agents project, among others, to develop sophisticated user
interfaces built on top of the VGTS.

Even with these deficiencies, the current VGTS is more than adequate for a variety of applications,
including the VI.SI layout editor that inspired them. As noted above, implementations have been completed
for three varieties of SUN workstations and an implementation for the IRIS is underway. In addition, plans are
underway to use the VGTS as the frontend for Xerox Dolphins, Symbolics Lisp Machines, and VAX- and DEC-
20-based Interlisp.
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