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Abstract

This thesis investigates basic user interface abstractions and tools, with the purpose of simplifying and
enhancing their use on large, high resolution tiled displays (display walls). The hardware platform com-
prises 24 projectors driven by 12 commodity x86 PCs, interconnected via gigabit ethernet. The underlying
software platform is based on Linux and Mac OS X, with X Windows and VNC forming the display wall's
backend.

A control management interface and tool is developed and implemented to simplify the process of boot-
ing the many components of the display wall, supporting hardware and software control of individual pro-
jectors and computers. Support for multiple cursors is added to the X Windows-driven interface in an
application-agnostic manner by multiplexing the system cursor, providing different users with individually
controllable virtual cursors. Interaction is simplified by making new windows appear at the current user’s
cursor, and by allowing windows to be grouped and moved together.

The management and user interface proposals developed and implemented in this thesis have been
deployed in the display wall lab at the Department of Computer Science, University of Tromsg, and are
currently in daily use by both teachers and students.
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Chapter 1

Introduction

In the summer of 2004, the Tromsg Display Wall became operational. Since then it has been in use for
demonstrations and various educational purposes, mostly with good results. During this time, we have
made a number of experiences with its use. We have discovered how the way one works changes radically
when a large display surface is available, and have painfully observed how many applications fail to adapt
gracefully to such a large resolution.

We have seen how regular users often come to view “turning the display wall on” as something of a
black art, resulting in the need for a simple and robust way to bring the display wall up. The demand for
this has steadily risen as the display wall as a demonstration tool has grown in popularity.

In working with the display wall, we have also noted how the lack of support for multiple cursors pre-
vents efficient and simultaneous use of the large, shared surface. We have also observed how the placement
of windows can become a pain to deal with, as windows pop up everyvituerghere one would want
them to be, and how the need for a simple mechanism for moving more than one window around grows
with the display’s size.

This master thesis aims to ease and rectify these problems. A user friendly management system for the
display wall is developed, with a simple GUI to perform the most common tasks (turning the display wall
on and off). Multi-cursor/multi-input support is implemented for the display wall, and the way one works
with windows is improved by utilizing window groups as a method for easily moving windows.

The thesis begins by describing the hardware and software that drives the current incarnation of the
display wall. It then moves on to deal with two facets of working with the display wall, first describing the
design and implementation of the display wall management software, before detailing the development of
a multi-cursor, high resolution aware window manager. Finally, some related work is presented, limitations
of the developed software considered, and some conclusions are drawn.

1.1 Background

The display wall in Tromsg currently consists of 24 projectors back-projecting an image of a large desk-
top onto a cinema-sized silver screen surface. Behind the screen a cluster of 12 computers is deployed,
with each node driving two projectors. The computers are interconnected with a switched gigabit ether-
net network. In addition, one computer (calledl ) provides serial interfaces to control each of the 24
projectors, allowing the projectors’ power state and many other settings to be programmatically controlled.
Thectrl computer is also connected to a camera that looks at the front of the silver screen. The camera
allows tasks such as automatic projector-to-node mapping to be performed, in addition to currently unused
features related to capturing images for use in automatic projector alignment. A state-of-the-art surround
sound system has also been deployed in the lab, though it has not yet been put to use. A schematic of the
setup can be seen in Figure 1.2.

On the user-end of the lab, a number of workstations are available. One of them runs the VNC server,
and is responsible for many of the other tasks required for “powering” the wall. These will be further
detailed later. The workstation also has a gyro-mouse and wireless keyboard attached, in addition to a
wired keyboard and mouse.
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A PowerMac G5 with dual 30" screens and a
tablet computer is also available in the lab. The
G5 runs the GUI, developed as part of this thesis,
for easily starting and stopping the display wall.
The tablet computer gives the user control of one
cursor on the display wall, and provides a simple
means of drawing figures on the wall. These com-
puters are all connected via gigabit ethernet to
the display wall cluster, with the exception of the
tablet, which usually communicates over a wire-
less network.

1.1.1 Software

The display wall is powered mainly by comput-
ers running some flavor of Linux. The display
wall cluster runs RedHat Linux 9 while the
workstations run Fedora Core 2. In order to dis-
play a unified desktop, modified versions of Re-
alVNC’s “VYNC for Unix 4.0” [1] [2] server and
viewer software are used. Attempts were first
made both at using the Princeton-modified Tile-
viewer as well as the original Tileviewer [3] dis-
tribution for creating the virtual desktop, though Figure 1.1: The projectors creating the display wall.
these efforts failed due to the packages being very

unstable and prone to crashes.

Gbit
switch

[

Camera

Wall
Manager

VNC
server

Figure 1.2: A schematic of the hardware/software setup for the display wall.

The modifications made to RealVNC'’s server and viewer software mainly aimed at adding support for
displaying and serving only parts of the virtual desktop (i.e., display region support), although support for
distorting the displayed image using OpenGL was also ported over from the Princeton Tileviewer distribu-
tion. This code (known as the “alignment code”) is currently not in use due to major performance problems,
probably caused by driver issues.

The projectors are controlled with a simple application that talks to the various serial interfaces con-
nected to the projectors. This program was written by Ken-Arne Jensen, one of the engineers at the Depart-

1During the spring semester of 2005, the cluster will be upgraded with a new Linux distribution, a new column of projectors will
be added and the cluster will be expanded to 24 nodes.
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Figure 1.3: The display wall running the multi-cursor window manager and some applications.

ment of Computer Science in Tromsg@. Regular users will not use this application, as this functionality has
been embedded in the developed GUI (the “Wall Manager” box in Figure 1.2).

The various display wall nodes are controlled with a master-slave based python script (this script is also
invisible to end-users, as it is controlled by the GUI). The details of its development and operation will be
treated later in this thesis, as it is part of the display wall management software.

1.1.2 Discussion

The current hardware and software setup for driving and supporting the display wall works well. Although
projector failures occasionally occur, the remaining hardware and software has proven stable and depend-
able. In particular, the VNC-driven backend creating the large virtual desktop works surprisingly well.
Performance is naturally a problem, as the VNC server is not easily distributable and thus must run on a
single computer, creating a bottleneck. Keeping well over 18 megapixels of content fpalateguts a
strain on the network and prevents straightforward display of moving content, such as movies or graphics-
intensive visualizations or demonstrations.

Some experiences with replacing the VNC backend with a software package called Xdmx will be de-
tailed in section 2.2, though no major focus is placed on this aspect of the display wall in this thesis.

2The wall currently has a resolution of 6144x3072 pixels.
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Display wall challenges

This chapter deals with some of the challenges in creating a display wall, presenting some of the existing
display walls and contrasting them to the one built in Tromsg. An overview is also given of the software
backend driving the display wall in Tromsg, before an alternative backend is considered.

As mentioned in the introduction, a display wall consists of a cluster and a means for displaying output
from the cluster nodes. The output can be displayed either by projectors, or using tiled LCD displays;
the former is more common, as it allows the individual images to stitch seamlessly together. LCD-based
solutions are less popular due to the borders surrounding the individual displays, but have the benefit that
they are more space- and heat-efficient.

Although display walls are becoming more and more popular, their basic design has not changed much
since their inception. Examples of these are the display wall developed for the iRoom, which is part of
the Stanford Interactive Workspaces project [4], and the Scalable Display Wall project at Princeton Uni-
versity*. The software solutions are different - the iRoom relies on much custom software for supporting
collaboration, whereas the display wall at Princeton is based on the same software as in Tromsg, using VNC
for providing a very large desktop. Princeton’s display wall cluster, however, runs Windows, and also has
some applications that do not use VNC, such as some 3D demonstrations and a parallel MPEG player for
displaying movies on the entire display wall.

Using VNC as the backend for creating a large desktop has both advantages and disadvantages. The
primary advantage is that it is very simple to set up and configure. Using VNC also avoids the entire
problem of synchronized program execution, as all applications running on the display wall are executing
ononecomputer. The disadvantage is that VNC does not support any kind of 3D acceleration, and that it
needs a lot of bandwidth for keeping the display wall updated.

2.1 The display wall backend

The display wall at the Department of Computer Science in Tromsg is driven using a VNC server running
on a user-configurable machine, with viewers configured to run from the cluster. The viewers are started by
the management software, detailed in chapter 3. The VNC server’s resolution must match that of the display
wall, which is 6144x3072 pixefs The server can be running in either 16- or 32-bit mode, depending on
the desired performance characteristics. 32-bit mode is preferable when large, detailed, colsfatiend
images or models are to be viewed. 16-bit should be used when many users are interacting concurrently,
resulting in many pixels needing to be moved around on screen.

The VNC server and viewer software has been modified to support serving and displaying only a part
of the virtual desktop Code has also been ported from Princeton’s VNC viewer software to gain OpenGL
distortion support, allowing software alignment of projector edges. This code turned out not to work very
well due to some issues with the NVIDIA drivers and/or video accelerators, and is due to this not in use.

Ihttp:/iwww.cs.princeton.edu/omnimedia/
26x4 projectors, with each projector running at a resolution of 1024x768.
3These changes are outside the scope of this thesis, and will not be detailed further.
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2.2 Alternative display wall backends

During our work with the display wall, we have observed how our use of VNC for driving the wall both
works and doesn’'t work. Achieving a simple and fairly robust setup comes at the cost of functionality and
performance. Investigating further, there are some other potential candidates for powering the display wall.
The most prominent of these, Xdmx [5], will be described and explored in this section, before naming some
other options.

Xdmx, or Distributed, multi-head X, is an entirely different beast compared to VNC. While they both
provide a single virtual display running on a single computer, their approaches for sharing that virtual
desktop with other computers differ wildly. Where VNC shares pixels, Xdmx shares the actual drawing
operations. For a discussion of the benefits and disadvantages of sharing pixels and drawing operations, see
[6]. VNC was designed to share a single desktop with a potentially large number of users, whereas Xdmx
manages a large desktop tigt’'t shareable with others.

Xdmx works by connecting to a number of “slave” X servers, and then distributing X protocol requests
and replies to the slaves. In the display wall lab, this translates to the X servers running on the display wall
cluster. When configuring Xdmx, the hostnames of the slaves are specified according to their location in the
virtual display (thewall_ctrl master script, part of the developed management software, has a method
for exporting the current display wall configuration to a configuration that Xdmx can understand).

By sharing drawing operations (or more precisely, distributing X protocol requests), Xdmx can achieve
support for some things that VNC can not, OpenGL being the most useful of these extra features. In trying
out Xdmx, focus was put mainly on how it handled the things we already do with VNC: Move windows,
show, zoom and drag images around, and finally standard browsing of PDFs and the web.

The reason for these, perhaps somewhat limited, tasks, is that they are the tasks the wall is most fre-
quently used for during lectures and demonstrations, and as such need to at least remain at their current
performance levels, if not surpass them. Improving other areas with a new backend, while at the same time
destroying performance in another area, would only serve to frustrate the current users of the wall. It is es-
sential that the main tasks at least maintain the performance we observe in VNC (even if that performance
is far from what should be considered good enough).

Benchmarking GUI performance is a very difficult task, and it is not made simpler by working with per-
formance that is already sub-optimal. The following deliberations are based wholly on subjective opinions
from the author and comments solicited from others in the lab while the Xdmx solution was being tested. It
was also discovered, by accident, how big an impact small changes to the underlying operating system on
the node running the Xdmx server can have on performance.

After using Xdmx for a while, browsing images, moving windows and testing the OpenGL support,
it turns out that Xdmx lacks in a few key areas. First, its update mechanism is inferior to that of VNC.
VNC manages to reuse the existing pixels it already has available to a much greater extent during dragging
operations compared to Xdmx.

Xdmx was also prone to crashing, and didn’'t adequately support very large windows. As soon as
windows got bigger than approximately 4096 pixels wide, pixel artifacts resulted. At this point, window
performance was also a lot worse than the VNC counterpart. VNC also has an advantage in that it isn’t
affected by its viewers exiting or crashing.

The one area where Xdmx really shone, was in OpenGL performance. VNC can not match this, as
it doesn’t support OpenGL. The initial test of Xdmx’ OpenGL support was in running GLgears, a simple
OpenGL demo application showing spinning, interlocking cogs in red, green and blue. The demo runs
superbly, but as one of the workstations were upgraded with newer Fedora packages, performance dropped
by more than 90% when Xdmx was using that node as the front-end. The underlying reason for this
drop has not yet been uncovered. GLgears, previously capable of well over 300 frames per second in a
window approximately 3000 by 3000 pixels, suddenly stuttered along at around 20-30 fps. It is possible
that the upgrades caused Xdmx to run OpenGL unaccelerated, although this doesn’t make much sense as
the OpenGL commands aren’t executed on the Xdmx’ front-end node, but rather on the cluster.

Xdmx was also tested by attempting to play the first-person shooter game Enemy Territory on the display
wall. While the game started correctly and rendered correctly, it turned out to be difficult to make the
game utilize the entire resolution offered by the display wall, in addition to mouse control being extremely
sensitive. Due to this, it was difficult to obtain any meaningful performance data.

One of the popular demos on the display wall during the entire past semester has been the rollercoaster,
a 3D visualization of a rollercoaster ride on many different tracks. The rollercoaster easily ran, although
also this had trouble filling the entire display wall. Some artifacting was visible with large window sizes,
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but performance was very good, and clearly comparable to the parallel version of the rollercoaster, which
renders directly on the 12 display wall cluster nddes

Trying the modified window manager with Xdmx was a worthwhile exercise, and uncovered a number
of issues. The first problem is related to the way the window manager ends up interacting with Xdmx. In
cases where it was necessary to kill the window manager, the port used for listening for multi-input was not
closed by the operating system, making it impossible to re-launch the window manager; Xdmx itself had to
be killed for the port to be released. This is is not a problem when the window manager manages windows
served by the Xvnc server.

The performance experienced with using Xdmx and a number of virtual cursors was also far from
impressive, and yet again demonstrated how VNC and Xdmx differ in their strategies for updating pixels.
In conclusion, despite the stellar OpenGL performance, Xdmx is not yet ready for prime-time use on the
display wall. Its problems keeping content refreshed (at least compared to VNC) makes it unsuited for the
standard display wall uses. Only when OpenGL support is required, should Xdmx be used, as Xdmx also
crashed numerous times during testing, indicating that it is still a beta product. Xdmx may still be very
useful on smaller display walls, such as the mini-wall that was recently installed in the lab, consisting of
four LCD displays.

2.2.1 Other options

There currently aren’t many other solutions available for driving a display wall; most are simply improve-
ments or re-implementations of VNC- or Xdmx-like applications. One such example is NoMachine's NX
server and client software [7], which promises to deliver much improved performance over VNC. A free
implementation of the server component is available, and testing this application for driving the wall is
currently left as future work.

Despite this lack of solutions for driving the wall, the goal of using OpenGL on the display wall is still
within reach. Using Chromium and/or WireGL (WireGL has been rolled into Chromium, so in reality one
only needs to consider Chromium) [8] [9] for OpenGL and VNC for the remaining tasks is one potential
solution. Conducting experiments with Chromium/WireGL is also left as future work.

4Note that the “single-threaded” version of the rollercoaster, running under Xdmx, also renders directly on the 12 cluster nodes.
The difference is that the rendering commands pass through the network first, distributed by Xdmx, as opposed to being generated
locally on each node and synchronized using MPI.
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Management software

This chapter deals with the design and implementation of the management software for the display wall,
with the management GUI being detailed in the next chapter. The software consists of a number of discrete
components. The components, shown in Figure 3.1, are:

e A GUI for starting and stopping the display wall
e Display wall master/slave software

e Projector control software

e Linux boot scripts on the display wall cluster

e Xpattern and ppmsub

The GUI, namedMNall Manager interacts with all parts of the system, including the VNC server, to
provide a simple means of starting and stopping the wall. As one of the chief goals of this thesis is to make
the display wall simple to use, it also aids in discovering where a problem may be rooted in cases where it
fails to start the wall.

The master/slave software, calledll_ctrl , consists of a master script that sends commands to
slave instances running on each computer in the display wall cluster. The commands supported are very
versatile, allowing simple tasks such as starting VNC viewers and displaying patterns with various colors
and geometric shapes, to more complex tasks for creating the projector-node mapping, or executing arbitrary
command-line executables.

The projector control software was written by Ken-Arne Jensen. It can be executed manually from the
ctrl  machine, or indirectly through the Wall Manager application. Unfortunately, the projectors provide
no status information, not even rudimentary information indicating whether a given projector is on or off.
This creates some problems for the management software, as there is no way to tell whether a given projector
has started successfully (see section 4.5).

The Linux boot scripts serve to bring the cluster into a known state, by re-defining run level 5 on the
node from starting an X login session, to running the slave script instead. The slave script, in turn, brings
up the additional necessary components (an X Window server and a black blanking window). Finally, the
xpattern application allows custom display of various colors and geometric shapes, and the ppmsub appli-
cation allows for fast subtraction of one PPM image from another. The xpattern application is used when
determining the projector-to-host mapping, for displaying a black blanking window, manual color calibra-
tion and warp configuratidn The ppmsub application is used for speeding up the process of subtracting
a background image from a foreground image during the various calibration phases. The implementation
and functionality of xpattern and ppmsub, being as simple as they are, will not be further discussed in this
thesis; their source code is included in the appendix, however (see pages 81 and 42).

3.1 Requirements

This and the following sections detail the requirements, design and implementationwélthetrl
management scripts. Theall_ctrl software is divided into two parts: A master script and a number of

1The display wall no longer uses the warp configuration, as the performance of the wall while warping was in use was terrible.
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Figure 3.1: An overview of the wall management components.

slave scripts. Note that an implicit assumption regarding the control of the display wall has already been
made, namely that the software will be organized according to the master-slave pattern. The reason for
this is that it is the most intuitive organization for this kind of software - anything else would needlessly
complicate the design and implementation. A slave needs to be able to do the following:

1. Start the X Window System on the node

2. Receive commands from the network

3. Perform various actions in response to commands from the master
4

. Reload configuration and code on-the-fly

Starting X Windows is important as X windows needs to run directly, with no login box and with full
access from any node (i.e., no restrictions on who may display windows to the node). Receiving commands
is essential for controlling a slave, and the actions performed will naturally depend on the commands the
slave receives. Finally, the ability to reload configuration and code at runtime is important for the following
reasons. First, reloading the configuration is necessary whenever the master changes the configuration.
Although this doesn't happen often, restarting the slave only to reload the configuration results in wasted
time. Second, reloading the code that drives the slave is necessary both during testing/bug fixing, and in
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cases were additional features need to be incorporated into thé slélveut manually restarting the slave
each time.

The master must be able to instruct the slaves to perform tasks over the network, and receive status
messages from the slaves. The master doéseed to be running continuously, it only needs to run for the
duration it takes to relay a command to the slaves, and receive any replies.

A common requirement for both the master and slaves, is that they should be implemented in a platform
independent way. This is required in order to allow the underlying platform to change, and to allow the
slaves to be controlled from any platform - be it a PDA, a Macintosh or an x86 computer. Python is an
interpreted language that fulfills this requirement, and has been chosen as the implementation language for
the master and slaves for this reason.

3.2 Design

The master script is designed to simply relay commands to the slave scripts, running on the cluster. As
such, it shouldn’t run continuously, but only on demand. The slaves, however, need to run continuously,
and be sulfficiently stable to avoid causing problems with the operation of the display wall. The following
design descriptions are based on the fact that Python is to be used as the implementation language.

The network operation of the master/slave scripts is designed around using multicast for sending re-
guests and replies. While multicast in general is not reliable, it works well on the LAN in the display wall
lab as long as the network is not completely saturated. Also, as no operation performed by the master has
devastating consequences should a packet not make it to one or more of the cluster nodes, it is safe for the
user to simply re-issue the request if it fails.

The messages exchanged should also be human-readable, in order to simplify the implementation and
ease debugging. Considering that the code is to be written in Python, Python dictionaries are a simple way
to implement the message structure, while also being easily readable. This also has the benefit of avoiding
problems with marshaling/unmarshaling (specifically, converting to and from network byte order), as all
integers/floats are expressed as text strings. While this may be slightly less efficient than packing the
information tightly, the loss of efficiency isn’'t a big issue due to the small number of messages being
exchanged. The only real problem with this approach is that as the dictionaries get larger, problems with
the lack of multicast reliability may arise, and messages may begin to stretch the size limit of individual
multicast datagrams. This is an indication of an inherent scalability problem with the multicast approach -
as more projectors/hosts are added, the size of the datagrams will increase. Despite this potential problem,
the decision to use multicast remains, due to the reduced complexity of the implementation.

3.3 Implementation

Thewall_ctrl software has been implemented in Python. In addition to the above-mentioned platform
independence requirements, a Python-implementation made it simple to get the wall up and running, which
was a big priority during the initial development of the package.

The implementation consists of a master-script and a slave-script. The master-script’s main responsi-
bility is to take commands given by the user, and broadcast them to the slaves running on the same local
network. The master is also responsible for creating the initial wall configuration, and updating the config-
uration as necessary. The configuration may also be updated by hand.

The master sends commands to the slaves using IP multicast, at the cost of some potential reliability
problems. The justification for this lies primarily in the simplified implementation, as opposed to imple-
menting reliable multicast. Experiences from the past semester have shown that packet loss almost never
occurs, yielding small potential benefits from such an effort, in addition to complicating the code base a lot.

The multicast address used by the master and slaves for communication is 224.10.20.30, on port 10101.
The choice of port number was random, with a slight bias towards an interesting-looking port number.
The messages exchanged follow a simple format, using serialized Python dictionaries both for requests and
replies. The general form of these dictionaries are shown below, with serialization and de-serialization as
the next two steps:

# Create a message of type <type> with <params>:

2This feature has proven extremely useful on several occasions, usually for adding features.
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message = {"type":<type>, "params":<params>}
# Serialize it:
data = repr(message)

mysock.send(data, ..)

# On the other end:

data = mysock.recv(..)

message = eval(data)

# message now contains our dictionary.

<type> is expected to be a string describing the message typmrams> is also a dictionary, which
can either be empty, or contain parameters for the message type in questipnandeval are Python
built-ins for marshaling different Python objects.

The following are the currently supported message types sent from the master, along with their inter-
pretation. The parameters are described further below.

identify Requests that every slave identify itself by hostname and num-
ber of available projectors. This can be thought of as a “ping”
request.

reload_config Requests that every slave reloads the configuration file, updating
their own view of the world.

reset Requests that every slave resets their state completely. This in-
volves completely reloading their own code from disk.

execute Makes the slaves execute a given command.

terminate Terminates a command previously executed withekecute
directive.

die Causes the slaves to exit.

set_projector_state A broad command instructing a projector to enter a certain state.

Table 3.1: Messages sent by the master

The identify request is used initially (before any configuration is present) by the master to build
what is essentially a random host-to-projector mapping using the available hosts (i.e., the hosts replying to
the identify command), and does not require any parameters. After this initial mapping has been created,
the master will issue a series of directsst_projector_state commands, instructing the owner of
a given projector to display a small, white square in the projector’s center. For every projector, an image
is captured, in addition to a background image where all projectors are turned on, but displaying black.
The background is subtracted from the captured images using the ppmsub utility, before an analysis of the
resulting images is performed. This analysis basically consists of looking for the first pixel whose intensity
exceeds a given threshold, and note its location in the image.

The entire analysis process yields a list sorted by projector location from top-left to bottom-right, in-
dexed by projector ID. The projector IDs are then re-assigned to the correct host based on the knowledge
gained when randomly assigning the projector IDs, and then grabbing an image of the projector corre-
sponding to that ID, yielding a correct projector-to-host mapping. Once this mapping is complete, the
master instructs the slaves to reload their configuration. idéetify request is also used by the Wall
Manager to discover the current state of the cluster.

Due to the use of multicast, the user is not guaranteed that a request from the master is performed by all
(or any) of the slaves, as multicast packets may be dropped. This applies in particulardientifg
reload_config andreset commands. Losing such a command may pose a problem for casual users.
However, since these commands are usually executed by administrators, the actual users of these commands
will be people already familiar with the wall. Verifying that the command actually completed can then be
done manually, if necessary.

The set_projector_state request is the most complicated request, featuring a number of dif-
ferent states, and a fairly complicated parameter structure. It has two required parameters: The requested
state, and the set of projectors to which the state should be applied. A slave will decide whether to execute
the request or not by determining if the projector ID(s) it owns is part of the set given in the message. The
dictionary keys in the parameter structure for these two parametestadee andprojectors . The
projectors key is expected to resolve into a list of numbers, each identifying one projector ID that the
command applies to.
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The following table lists the different states a projector can be placed in:

Displays a white square 100 pixels wide on the projector.

Displays an image with horizontal lines, as part of the automatic pro-
jector alignment process (out of scope for this thesis).

Same as above, except vertical lines are displayed.

Displays a mesh; essentially the two states above at once.

Displays a rectangle encompassing the borders of the projector. This

state is used when the projectors are being manually aligned (i.e., by
physically moving the projectors around).

calib_image_white
calib_image_red
calib_image_green
calib_image_blue

Displays a solid white, red, green or blue color.

rgb Displays a given RGB color on the projector. The color is part of the
parameter dictionary, stored under the kesd , green , blue .

on Turns the projector “on” - that is, starts a VNC viewer covering the
projector.

off Displays all black on the projector.

kill Kills any projector-state binary (VNC viewer, xpattern), displaying

the “raw” X 11 desktop on the projector.

Table 3.2: Messages sent by the slaves

The execute andterminate commands are used to execute arbitrary applications on the nodes,
either for displaying to the display wall, or for producing debug output that can be read from a slave’s
standard out. The parametersexecute is a dictionary containing the name of an executable and the
arguments to be passed to it.

Thedie command will only be performed by slaves whose hostname matchdw#teame pa-
rameter, or if the hostname is “all”. The remaining commands display various patterns and colors on the
projector(s) in question.

3.3.1 Slave implementation

This section describes the implementation of the slaves, including how a slave responds to the requests
listed above. When a slave starts, it begins by setting up a multicast socket for receiving commands, before
it reads the current configuration and examines its environment. The environment examination consists
mainly of checking for a running instance of X Windows. If no instance is found, the slave will start an
instance of X Window& Once this is done, the slave will set its projectors to state “off”. Note that this
state is not related to thgower stateof the projectors, only what the projector displays once it has been
turned on.

Checking for X11 is done by executing tipg command, and parsing its output, looking for an ex-
ecutable named “X” or “X11*. If no X server is detected, it is started by executstgrtx , and then
waiting for 40 seconds - the approximate time it takes for the X server to start completely. The slave then
proceeds to export thBISPLAY environment variable to any applications it will later execute (such as
VNC viewers or xpattern), and then executes some applications for configuring the X environment. This
configuration consists of disabling energy saving (so that the projectors won't be blanked by the X server),
disabling the terminal bell, disable the X server’s screensaver and ruximirsgy + , allowing everyone to
display applications to the server.

Once this has been done, the slave enters a loop where it waits for incoming traffic on the multicast
socket, and responds to requests if necessary. The slave uses the xpattern application to set the projectors
to the variougalib_image * ,rgb andoff states, anencviewer for theon state.

In response to aidentify request, the slave will send &tentity message, containing the host-
name of the node and number of projectors as parameteesed request is processed by performing an

3Note that this requires that special permissions are enabled on the host computer, as starting X11 usually requires either console
or root access.

4In retrospect, a much simpler technique for accomplishing this exists, by simply attempting to open a TCP connection to port
6000, similar to the probing phase of the Wall Manager implementation (see section 4.3.2).



CHAPTER 3. MANAGEMENT SOFTWARE 12

execl call, re-executing the Python interpreter with the slave script as the argument. This is sufficient to
reload the slave’s code, and as a side-effect also reloads the slave’s configuration.

3.3.2 Configuration

The display wall configuration is stored as a simple Python source file. It is loaded by the scripts, incorpo-
rating the variables named in the file into Python’s global namespace. These variables can then be accessed
by the scripts whenever details about the configuration is required. Both the master and slaves load the
configuration using the following method:

def read_config(self):
# Get the location where this script is stored
folder, ourname = os.path.split(__file_ )
# Append the remaining path to the config file path
conf_file = os.path.join(folder, "conf/"+wall_common.wall_config_file)
# Open the file, read it and close it

cf = open(conf_file, "r")
data = cf.read()
cf.close()

# Instruct python to parse and execute the data we just read
exec(data, globals())

The current configuration used by the display wall is shown below:

wall = [6, 4]

proj_ctrl_hostname = "ctrl"

resolution_pr_projector = [1024, 768]

vnchost = "wksl:1"

mapping =

{/d045.Cluster.cs.UiT.No": [14, 15], 'd039.Cluster.cs.UiT.No": [2, 3],
'd040.Cluster.cs.UiT.No": [4, 5], 'd043.Cluster.cs.UiT.No: [10, 11],
'd048.Cluster.cs.UiT.No": [20, 21], 'd047.Cluster.cs.UiT.No": [18, 19],
'd041.Cluster.cs.UiT.No": [6, 7], 'd044.Cluster.cs.UiT.No: [12, 13],
'd046.Cluster.cs.UiT.No": [16, 17], 'd038.Cluster.cs.UiT.No": [0, 1],
'd042.Cluster.cs.UiT.No": [8, 9], 'd049.Cluster.cs.UiT.No: [22, 23]
}

warp = {}

The wall variable defines the geometry of the
wall: 6 projectors along the X axis, and 4 pro-
jectors along the Y axis, for a total of 24 projec-
tors. proj_ctrl_hostname sets the name of
the host controlling the projectors (this variable is A
primarily used by the Wall Manager application), W
vnchost contains the hostname and screen num- —
ber of the machine running the VNC server, and
resolution_pr_projector describes the pixel 2 3
resolution used by each projector. Theapping Q<-Q‘< B
variable describes the projector-to-host mapping (or
vice versa), with projectors named sequentially from
0, starting with the upper-left projector, moving right.
See Figure 3.2 for a small projector-to-host mapping
example. Thavarp variable (which is not shown hereFigure 3.2: A simple example of projector-to-host
in its entirety), consists of the corner-points used toapping. Node A is connected (and thus, mapped)
align the VNC viewers, emulating hardware projectdo projectors 0 and 1, and node B is connected to
alignment. projectors 2 and 3.
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3.4 Discussion

The current incarnation of theall_ctrl script suite was the first component of the management soft-
ware to reach a stable state, having been in use for most of the past semester. It has also gone through a
number of minor changes, bug fixes and feature enhancements, where the reset-functionality has proven
itself very valuable. The architecture is also versatile enough to easily add new commands to both slave
and master, something which has been done on numerous occasiomgb(ttemmand is one of these

added commands, after it was discovered that the white, red, green and blue commands were not sufficient
to achieve good color calibration of the display wall).



Chapter 4

Wall Manager

This chapter deals with the design and implementation of the GUI for controlling the display wall. The
Wall Manager GUI has as its main goal the ability to easily turn the display wall on and off. This means
that it must do more than just become a pretty front-end fomtak _ctrl master script, as starting the

wall also entails turning the projectors on and making sure a VNC server is available to create the display
wall’s virtual desktop.

4.1 Requirements

The Wall Manager application has the following requirements. First, it must be able to interface with
the master script, in order to instruct the slaves to perform the following common tasks: Start/stop VNC
viewers, display a user-selected color or pattern on the entire display wall and check the slave status. This
requirement stems from the desire to re-use the existing Python code, avoiding a duplication of coding
effort.

Second, Wall Manager must be able to start a VNC server remotely, and turn the projectors on and off.
This also requires that Wall Manager is able to login to the hosts that are to provide this functionality, and
execute commands in a well-defined environment. An interface for controlling individual projectors is also
necessary, as communication with the projectors occasionally.fails

Wall Manager must also be as independent from the hardware configuration of the display wall as
possible. It must be able to reflect changes in the number of projectors and computers in use in its interface.
Finally, Wall Manager must be able to detect which components potentially can be the cause of a failure, in
cases where the display wall fails to start, providing the user with suggestions as to where the error might
be located. Wall Manager should consolidate all these functions so that it, in essence, can provide the user
with a single-click interface for starting and stopping the display wall.

4.2 Design

The Wall Manager's GUI was designed in Apple’s Interface Builder, an application for creating user inter-
faces on the Mac OS X platform. This locks the Wall Manager to the Apple Macintosh platform. The main
reason for this decision was based on the fact that creating and prototyping GUIs on Mac OS X is very
simple, meaning that development time could be spent on creating functionality, rather than tweaking pixel
offsets for the various GUI elements. Also, the display wall lab already has a top-of-the-line Macintosh
installed, and not putting it to use seemed like a great shame. A screenshot of Wall Manager can be seen in
Figure 4.1.

The user interface is laid out in two parts - a “simple” view, and a “detailed” view. The simple view
contains a field for authenticating the user (which is necessary for logging into the computers controlling
the projectors and VNC server), as well as three buttons titled “Start”, “Stop” and “Open Terminal”. The
first two buttons are used for respectively starting and stopping the display wall, whereas the last button is
used for opening up a standard terminal. This is useful for cases where the user needs to do tasks that are

INote that this failure in communication it due to the use of multicast for master/slave communication, but a problem with the
serial interface on the computer connected to the projectors.

14
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Figure 4.1: A screenshot of the Wall Manager application.

not supported by Wall Manager, and thus may require the use of a terminal. It is also a convenience for
users that are not familiar with Mac OS X, and as such may not know how to open a terminal.

The detailed view consists of a number of tabs. The tabs are: A detailed control tab, a tab for viewing
the current wall configuration, a tab for detailed projector control and finally a tab containing a log for
troubleshooting. The first tab offers more control over the wall, allowing the user to start or restart the
VNC server and VNC viewers. It also allows the user to set a custom color on the entire display wall (for
color calibrating purposes) or set one of a number of predefined patterns on the display wall (for manually
aligning the projectors). Finally, the user can start or stop the projectors.

The configuration tab shows the current configuration of the display wall: The current resolution per
projector, resolution of the entire display wall, projector geometry, the number of cluster nodes and the
hostnames of the computers running the VNC server and controlling the projector.

The detailed projector control tab allows the user to “manually” turn given projectors on or off, in
cases where the automatic projector control fails. This unfortunately happens quite often, and is related to
problems with the serial communications link between the projector controlling computer, and the different
projectors. The buttons representing the different projectors should be created dynamically based on the
wall’s configuration.

The log tab contains a log over actions taken by the Wall Manager. The log includes generic information
about events, and also details about where failures in the system might be located.
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Figure 4.2: Diagram of the Wall Manager design.

The design for the Wall Manager’s code has been kept as simple as possible, as can be seen in Figure
4.2. In essence, it consists of two parts. The first partis a controller class written in Objective-C, responsible
for keeping the user interface up-to-date and for responding to the user’s actions (clicks, menu selections,
etc.). The second part is a wrapper-class written in Python, that is responsible for calling through to the
various functions in thevall_ctrl script. The wrapper-class should be written according to the calling
conventions established by the PyObjC britlgdlowing it to be treated as a proper Objective-C class, and
accessible from the controller class.

4.3 Implementation

Wall Manager was implemented in Objective-C, utilizing PyObjC 1.1 [10] to communicate between Python
and Objective-€. PyObjC is an open source project that makes Python classes available as Objective-C
classes, and vice versa. This module allowswiad_ctrl master script to be effectively reused from
within the Objective-C/Cocoa-based GUI.

While the bridge between Python and Objective-C made implementing the GUI simpler, it wasn't by
far enough to complete the GUI. As the GUI also needed to start a VNC server and control the projectors,
code was required that would allow these tasks to complete. The choice quickly fell upon using the existing
secure shell infrastructure to execute the commands. The difficulty here, however, turned out to be getting
ssh to successfully authenticate the current user (or, rather, supply a passvestd for authentication).

The developers adsh have made this task very difficult (or at least cumbersome) to perform. In the end,
the following approach was settled on, and then implemented in Python:

1. Start an instance afsh-agent , exporting the resulting environment variables to the GUI's envi-
ronment.

2. Export three additional environment variables: SSH_ASKPASS DISPLAY and
ASKPASS PASSWORThe two first environment variables are requiredsisir to solicit special
behaviour from its password entry mechanism. The last variable is justified below.

3. Start an instance ah-add , connecting pipes to its input and output (this cawsstsadd to use
the output from the executable iI8$H_ASKPASSor authentication).

(a) ssh-add starts theaskpass executable, developed as part of Wall Manager.

(b) askpass reads the environment variablA$KPASS_PASSWORdNd outputs it to standard
out. The reason for using an environment variable here isfatdoes not allow arguments to
be passed to theSlEH_ASKPAS®xecutable.

(c) Ifthe passwordis corredsh-add returns immediately. If the password is incorrest-add
hangs.

4. Should the authentication take longer than approximately one second, Wall Manager assumes that
the authentication failed, and kills tissh-add proces$, before informing the user what happened
and requiring the user to re-attempt the authentication. Otherwise, authentication has succeeded.

2An introduction to PyObjC can be found here: http:/pyobjc.sourceforge.net/doc/intro.php
3Towards end of work with this thesis, PyObjC 1.2 was released - compatibility with this release has not been verified.
4This shouldn't be necessary, as ssh-allduldexit with a non-zero status code on failure. For some reason, it doesn't.



CHAPTER 4. WALL MANAGER 17

5. The 8SH_ASKPASSariable is reset, to prevent leaking the password

Assuming that authentication succeedssh can now be used for executing commands on remote
hosts where the key is authorized for password-free login (i.e., it's public component is stored in
/.ssh/authorized_keys2 ). The setup in the display wall lab is such that this works without prob-
lems, due in part to the underlying shared filesystem. When the user quits Wall Managsh-tmgent
instance is terminated.

4.3.1 Controller class implementation

The controller class, namedhll_manager ,is implemented in the standard Cocoa fashion. It has a num-
ber of action methods, each the “target” for one or more buttons or menu items in the user interface. These
connections are established in Interface Builder. It also has a number of “outlets”, which are connected to
various parts in the user interface, allowing the controller to set the properties of these objects. An example
of this is the outledepth_menu , which gives the controller object access to the popup-menu used to
select the bit depth of the VNC server.

The controller class mainly consists of these action methods, along with logic logging events and pro-
ducing user-friendly error messages when failures occur (for instance, trying to start a VNC server without
being authenticated). The most complicated method is probabstdhie everything method, which
itself relies on a number of function in the Python wrapper-script. See below for a detailed description of
how this function operates.

4.3.2 Probing the system

Before Wall Manager attempts to turn the display wall on, it will probe the system. It is also possible
to manually probe the system, by clicking the “Probe system” button, accessible from the Log tab. The
probing phase performs the following actions (in order):

Check that we are authenticated.
Check if we can ssh to the computer controlling the VNC server.
Check for a running VNC server.

Check for ssh access to the computer controlling the projectors.

o M w N oPRE

Check the status of each individual cluster node using the master script.

If any of the above tests fail, a note is made in the log, and the user is informed. The implementation
of the tests is fairly straight-forward; checking for ssh access simply involves opening a connection to the
machine in question on port 22. Similarly, the presence of a VNC server is easily checked by opening a
connection on port 6000 + the VNC server’s display number (usually 1).

The cluster status is verified using multicast messages sent in response to a “ping” message from the
master script. If no reply is received from a given computer in the cluster within 3 seconds, the slave
software on that computer is assumed to be down. The most straightforward way to fix this problem is to
simply reboot the node in question, although it is also possible to restart the slave software rhaAlsally
it is possible that the lack of a response is a false negative, in that the response packet has been dropped by
the network. This is why Wall Manager offers to try starting the wall even if it doesn'’t receive a reply from
each cluster node.

4.3.3 Booting the display wall

After having probed the system, Wall Manager knows which components it needs to start in order to bring
the display wall into the “on” state. It proceeds to start a VNC server (if necessary), before starting the
projectors (which are assumed to be off when Wall Manager starts). Wall Managessisés perform

5Before this step was added, password leakage was possible. This was due to the fact that the terminal application inherits Walll
Manager’s environment, and can display it if launched after successful authentication.

6The Wall Manager does not currently support remote rebooting of either the entire cluster or individual cluster nodes, as this
requires root access.
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these two tasks, instructing it to log in to the host, perform a command and log out again. The following
listing illustrates how the projectors are started using ssh:

def startProjectors_whichProjector_(self, projhost, which_proj):
print "Will attempt to start projectors.."
if self.has_authenticated:
cmd = "cd wallctrl/bin/ ; ./p_start.sh"
if which_proj != None:
cmd += " "+which_proj
os.spawnvpe(os.P_WAIT, "ssh", ['ssh”, projhost, cmd], os.environ)
else:
print "We are not authenticated yet."

The VNC server is started by first setting tRATHenvironment variable, and then running the “vnc-
server” script (assumed to be located iwvallctrl/bin/ , See section 4.6) supplying geometry and bit
depth as appropriate for the current hardware configuration. The projectors are started using a small script
calledp_start.sh

After starting the projectors, Wall Manager proceeds to call upon the master script (using the PyObjC
bridge), which in turn instructs the cluster nodes to start the VNC viewers. This finishes the display wall
boot sequence.

Stopping the display wall currently consists only of stopping the projectors. The remaining software
can be left running; in fact, it has been our experience that the user rarely wants to kill the VNC server, as
it may be displaying web sites, pictures or documents that the user wants to return to next time the wall is
in use. The VNC viewers currently time out after one hour of use; this behaviour removes the necessity of
stopping them. Note, however, that the user can directly control the viewers in the detailed Wall Manager
view.

4.4 Using the wall management software

Over the course of the past semester, the wall management code has been extensively tested through real
use by multiple people involved with the display wall, including both teachers and students. It has been
well received, although there has to some extent been the feeling of there being a “black art” to getting
the display wall up and running. The author of this thesis was previously often asked to start the display
wall, for others to give lectures or demonstrations. With the GUI in place, this task has been reduced from
taking minutes to being done in seconds, and even better, can be performed not only by a select few, but by
anyone wanting to use the wall. The GUI has been in use for approximately a month at the time this thesis
is delivered, and is currently in active use by the students in one of the courses offered by the University.

The Wall Manager application has also been tested to verify that it indeed reports the various failure
scenarios correctly, and gives meaningful error messages to the users. This testing consisted of in turn
disabling various components, and seeing how Wall Manager responded to and reported the conditions. The
results from these tests show that Wall Manager successfully isolates the errors it is supposed to recognize.
In conclusion, the Wall Manager application has proven itself to be a stable and worthy addition to the
current crop of applications related to the wall, significantly lowering the bar for casual users wanting to
use the wall.

4.5 Discussion

Development of the Wall Manager GUI is an excellent example of applying the end-to-end principle [11]
to the particular task of developing a control interface for the display wall. The Wall Manager is capable of
performing a fixed set of tasks, but in the end, it is the user who will be able to see if the tasks are performed
correctly. Only a very large amount of engineering can, for instance, overcome the problem of detecting
whether a projector is on or off, by for instance integrating the camera present in the display wall lab with
the Wall Manager GUI, to accurately report projector state. Such a solution is still bound to fail in some
circumstances, whereas the user operating the GUI will have detailed knowledge of projector state simply
by looking at the display wall.

Similar arguments apply to issues such as deciding what to do if some part of the system ends up being
unresponsive. Applying the end-to-end argument again, it is clear that no matter how a failure is detected,
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and whatever complicated schemes can be devised to rectify the error, in the end, it is simpler for the user
to do something about it by herself, rather than scripting many “tailored” solutions into the Wall Manager
application.

Wall Manager fulfills its purpose of providing users with a one-click way of starting the wall, but
lacks one desirable piece of functionality. After starting the wall, users need a way of controlling it. This
currently entails logging in to one of the Linux workstations and executing ei®er or x2wmx (see
section 5.4.1). These applications are responsible for forwarding cursor and keyboard events, enabling users
to interact with the display wall. Adding “one-click” support for this as well should be a simple matter, but
is limited since the PowerMac is not attached to a remote keyboard and inQaserolling the wall from
the PowerMac would thus become a somewhat tedious task, especially considering that the PowerMac is
positioned exactly opposite to the display wall. Apart from this one short-coming, Wall Manager fulfills its
requirements.

Future versions of Wall Manager should support the above-mentioned cursor forwarding mechanism,
as well as integrate support for performing administrator-level operations on the cluster. An example of
such an operation is to remotely reset the runlevel of each computer in the cluster, effectively restarting the
cluster software (slave scripts, X server, etc). This will require more work on the authentication code, since
the cluster currently doesn’t support ssh-access.

4.6 Deployment

This section describes how the various components have been deployed and the interactions between them,
in essence giving a blueprint for a possible software foundation for future display walls. The figures given

in the introduction to this thesis and in chapter 3, Figures 1.2 and 3.1, visualize the deployment. The overall
software setup is as follows:

e An instance of the slave script runs on each node in the display wall cluster.

e The master script can run from any computer on the LAN, but must run frorctthe computer to
perform tasks related to frame grabbing, as these tasks require direct access to the camera attached to
thectrl computer.

e A VNC server runs on thevks1 computer.

e The GUI runs on the PowerMac G5.
When deploying the slave scripts on the cluster, the following directory structure is expected:

~/wallctrl/
~/wallctrl/conf/
~/wallctrl/bin/

This directory structure must exist in the home directory of any user wanting to use the Wall Man-
ager GUI for controlling the display wall. The reason for this requirement is that Wall Manager needs to
know where its supporting scripts and binaries are located. If the user does not intend to use the GUI, the
wallctrl directory can be moved and renamed at will.

The source code for both the slave and master scripts, along with some supporting code, is located in
the wallctrl directory. Theconf directory holds the configuration for the display wall (see section
3.3.2), and théin directory holds x86 copies of the binaries important for driving the wall. The binaries
are the modified VNC server and viewetunc, vncserver  andvncviewer ), the xpattern executable,
thectrl_4100 application for controlling the projectors, a small tool for subtracting ppm-images from
each other calleppmsub (used to speed up image analysis), as well as a couple of scripts utilizing the
ctrl_4100 executable.

The cluster nodes have been configured to execute the slave script when entering run level 5 (which is
the default run level on the cluster nodes), which in turn takes care of starting the X server. The scripts are
stored under a special user, with the password for the VNC server stored in thatws&r’sdirectory. The
“password” is simply a copy of the VNC server’s password file (which does not store a plaintext password),
allowing password-free login to the VNC server.

"The mouse is in fact wireless, but has a very limited range.



CHAPTER 4. WALL MANAGER 20

Whenever the VNC server is started (usuallwdisl , though this is configurable), the modified VNC
server located in the above directory structure, is used. Xdnax alternative is also run fromvks1l,
although not in an automated fashion, as it currently needs to be started manually.

The Wall Manager application has been installed on the Power Macintosh, and a user with correctly
configured SSH keys has been set up to allow others to easily use the display wall. This user shares the
same login as the standard user for display wall usage in the rest of the lab.

Deploying the various pieces of the software turns out to be a fairly simple task, as the cluster and
workstations all share a filesystem where the users’ home directories are stored. Setting everything up from
scratch thus merely entails copying thellctrl directory into place, configuring SSH keys and setting
up the proper permissions and boot scripts on the cluster nodes.



Chapter 5

Implications of large, high resolution
displays on basic user interface
abstractions

This chapter deals with extending an existing window manager for X Windows, aiming to better support
its use on the display wall. During the past semester, we have experienced how using the display wall
occasionally can be a painful experience, either due to lack of performance, functionality or simply that the
applications being run on the wall don’t scale well to the resolution offered by it.

One illuminating example of this is the placement of windows. While most window managers offer
preferences to guide the placement of new windows on screen, these preferences are rarely suited for use
on the display wall. In addition, they don’'t seem to apply to every window, which ends up frustrating users
instead of helping them. Many programs, for instance, ask users if the document they are working on should
be saved. The standard way of doing this is to open a dialog, containing Save and Discard buttons. Now,
this dialog tends to pop up in the center of the screen. This is very nice for a one- or dual-monitor setup,
where you will be likely to notice the dialog quickly, and make a decision.

On the display wall, however, a dialog popping up in the center of the virtual display, can be “miles”
from where the user’s current focus is. At the very least, the user will be annoyed at having to move
the cursor from her current area of focus, in order to dismiss the dialog. At worst, the user won't notice
the dialog for some time (it might even pop up under another window), and begin wondering why the
application has stopped responding to clicks or keyboard input.

A second issue revolves around the concept of multiple cursors. A display wall can be an excellent
tool for collaboration, but its usefulness as a collaborative tool can, in some respects, be proportional to the
number of concurrent users it supports. Naturally, the wall can support as many viewers as can be in the
room at the same time. The same can unfortunately not be said for interaction.

User interfaces today are in a large part designed and implemented with a single user in mind. While
multi-user interfaces are becoming more common (for instance in applications such as Microsoft NetMeet-
ing [12], where application sharing between multiple users is possible), the fundamental fact is that these
applications were never designed with more than one (simultaneous) user in mind. This aspect makes it
evident that any attempt at bringing multiple cursors to the wall has to support legacy applications; any
effort that only supports applications specifically written or modified to support multiple cursors, will at
best see only limited use.

5.1 Requirements

As a basis for experimentation with different “display wall friendly” user interface concepts, it was decided
that an existing, open-source window manager should be used, as developing a full-fledged window man-
ager from scratch would be too much work, and outside the scope of the thesis. Our experiences with the
display wall before work on the thesis started lead the author to believe that the following features could be
useful:

e Multi-cursor support

21
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e Moving multiple windows simultaneously
e Make new windows appear where the user’s cursor is
e Larger cursors

e Larger window borders

The motivation for the different features vary. Multi-cursor support is clearly motivated by the fact that
it is desirable to have more than one person interact with the display wall simultaneously. Moving many
windows at once might not seem like an important feature, but the previous semester has shown how it
would be very useful to move a group of (possibly related) windows from one area of the display to another.
The alternative is to move the windows one by one, a task that quickly becomes tedious to perform on the
wall; both due to performance problems, and due to the long pixel distances involved. Moving one window
is okay, moving four or five is tedious and difficult.

Having new windows appear where the current user’s cursor is, appears to be the simplest solution to the
problem of windows appearing a long pixel-distance away from the user’s current focus. It can be viewed
as a variation of the technique used in some operating systems, where the cursor is moved to the location
of the default button in a dialog. Here the technique is turned around, and the window is moved under the
cursor instead.

A larger cursor is necessary because the standard cursor is only 16x16 pixels large, a practically invisible
guantity on a large display. Larger window borders are useful because hitting small/thin targets on the
display wall is difficult - much of the time spent resizing a window is often spent aiming the cursor at the
window’s “sweet spot”. The aim is to make these regions of the windows easier to hit.

A system for dynamically magnifying areas of the display wall would also be a nice addition to the
usability of the display wall. The best approach here would probably either be based on pixel-magnification
or using the projector hardware to zoom (this part of the projectors is programmable via the serial interface,
so this is not impossible). Developing this functionality has been left for future work.

Finally, a surprisingly simple enhancement that very much improves the quality of work with the dis-
play wall is to simply set the desktop background to black. This drastically reduces the strain on the eye
compared to using a lighter background, and gives the added benefit that the seams between the different
projectors become more difficult to spot. Black has become the default desktop background in all the setups
utilizing the wall.

5.2 Design

This section describes the design of the two main com-
ponents added to the window manager: Multi-cursor
support and window grouping. The other modifica-
tions either appear as part of these components, or | Display Wall backend (VNC, XdmXx)
as small patches elsewhere in the window manager’s
source code and are, as such, not “designed”.

The overall view of this part of the system is shown

Window manager

in Figure 5.1. Window | | \1iiicinput
group module
module

5.2.1 Multi-cursor design

In order to grasp the solution space in which a multi-

cursor solution can operate, it is necessary to know

how input is handled in existing graphical user interFigure 5.1: Components in the window manager.
faces, such as those found in Mac OS X, Windows and

Linux. These systems traditionally support only one

user providing keyboard and mouse input. The mech-

anism used to alert applications about the different kinds of input has always been events. A keypress, for
instance, causes the window system to generate a key-down event, followed by any number of key-repeat
events and finally a key-up event. Similarly, a mouse will cause the window system to produce mouse-
moved, mouse-down and mouse-up events. The first work to deal with both mice and multiple cursors was
the classical paper by Douglas C. Engelbart and William K. English, on man-computer interaction [13].
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The multi-cursor component is aimed at achieving the following goals:

e Non-invasive

e Modularizable

e “Unlimited” number of cursors
e Good performance

e Integration with the window group implementation

The multi-cursor component needs to be as non-invasive as possible. This ties in with the goal of it being
modularizable, as it should be simple to just “drop into” a different window manager, without requiring too
many changes. As will be explained in section 5.4.1, this goal is difficult to achieve. Non-invasiveness also
implies that multi-cursor support should not require existing applications to be re-compiled for the specific
goal of “understanding” multiple input sources.

There have been some previous attempts at adding multi-cursor support to X. One approach is based on
multiplexing the existing system cursor to emulate a “real” multi-cursor environment [14]. The particular
implementation in [14] combines X cursor multiplexing with utilizing unused bits in the existing X protocol
and a modified window manager, making it possible to catch, parse and re-route multi-cursor events before
they reach the client applications. This works reasonably well, but has the disadvantage that applying the
modification to different window managers can be a bit of work, and that it only allows up to seven cursors
(eight if counting the system cursor).

Another approach is to add multi-cursor support in the X server, with appropriate extensions exposing
them to other applications. The disadvantage to this is the fact that modifications are needed to the X server,
a component that can be difficult to replace in many settings. A third approach, which can be thought of as
application-level multi-input, is explored in works such as MMM (Multi-Device, Multi-User, Multi-Editor)

[15] and PebblesDraw [16]. MMM is based on building applications from the ground up with multi-input
taken into consideration, focusing on concurrent text editing and truly handling multiple different input
sources (different keyboards and different cursors). PebblesDraw is another example of application-level
multi-input. Its input sources were PDAs running a program called Remote Commander, which relayed
input to PebblesDraw. Remote Commander also supported relaying input to any other application, although
without proper support for simultaneous usage.

The approach taken for the multi-cursor design in this thesis is a variation of the system cursor multi-
plexing approach. However, rather than attempting to piggy-back multi-cursor information to the existing
X Windows event structures (as in [14]), a new protocol is developed. The protocol is designed only to
send events from a source to a server, with the sources being the different input clients, and the server being
the window manager. The protocol’s client side is implemented in an application that works much like
x2xt, while the server-side is implemented in the window manager, forwarding the events in the best way
possible.

The combination of the system cursor multiplexing approach and a simple protocol for forwarding
events has many advantages. The implementation is no longer hampered by the legacy X protocol, and
does not need to make such compromises resulting in, for instance, at most seven cursors being supported.
Whether more than seven cursors are necessary in practice remains to be seen - at least it won't be a
limitation for future development. Also, the multi-cursor module will be simpler to port to other window
managers, as it (in theory) no longer needs the sort of hooks into the window manager’s existing event
processing system as are present in [14], fulfilling in part the goal of modularizability. Finally, it provides
system-wide multi-cursor support, not requiring modifications to existing applications.

There are disadvantages as well. Since the design effectively necessitates an additional network con-
nection, the multi-cursor module needs to run in its own thread, as it can’t rely on the window manager to
give it time to check for traffic on the sockets it listens to and communicates on. While this design also aids
in making it simple to port to different window managers, it also necessitates a second connection to the X
server, as Xlib isn’t thread safe. It also creates a number of problems related to thread safety in interacting
with the window manager’s internal data structures, which turns out to be essential in making the system
usable.

1x2x is an application that allows a mouse to be used on more than one X display.
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Multi-cursor input

Multiplexing the existing X cursor is not sufficient to create a usable multi-cursor enabled window manager,
as it becomes impossible for two users to simultaneously move windows, select text or perform similar
actions. The solution is to add a number of special-cased behaviours to the multi-cursor design, where the
system cursor is not needed. This currently applies to moving and selecting windows - a future version will
also allow window resizing as part of these specially programmed behaviours. Keyboard input does not
suffer from the problems associated with cursor multiplexing, as long as the correct window is focused at
the time the keyboard event is processed by the X server.

Overall, the approach taken for multi-input is similar to the one employed in [14], but differs in that it
does not attempt to piggyback multi-cursor information using the existing X event system. The two also
differ in their strategy for managing the focus window - the solution in this thesis does not use the cursor to
emulate the user changing the window focus, but rather uses the window manager’s own focus management
functions for making sure that keyboard events get routed to the correct window.

The decision to not use the X protocol combined with x2x for forwarding input events also allows the
implementation to partially bypass the overhead of having events propagate twice through the % agrver
they are being received directly by the multi-cursor implementation. This point s true at least for modifying
the cursor location on screen, as well as the remaining cursor events and mouse-button processing. For
keyboard events, the situation is slightly different; see section 5.4.1 for details.

Multi-cursor protocol

The multi-cursor protocol is a simple, acknowledgement-based protocol. For the following discussion, the
client will be a user manipulating a cursor on a shared display, calledgheer The client initiates the
transaction by connecting to the server (which, by default, runs on port 5000 + display number). The server,
upon receiving the client’s connection, sends the client a message containing the cursor ID allocated for the
client, as well as the width and height of the screen the cursor will be moving in. The choice of port number
was meant to correlate somewhat with the ports on which a regular X server runs (6000 + display number),
while also using a port that is available in the display wall lab.

The client uses the width and height of the display to intelligently scale cursor movements, as well as
knowing when the cursor leaves the virtual display (meaning that the user wants her cursor back). The
cursor ID is currently not used by the client, but may in the future be used to indicate what color or shape
the virtual cursor has. Once the message containing this information has been received, the client and
server enter a loop, where the server responds to any message sent by the client with an acknowledgement
message.

The messages the client can send contain either information about a mouse motion event, mouse button
event, or keyboard event. Motion events indicate that the client wants the virtual cursor to move; button
events indicate that a mouse button is pressed or released (scroll wheel events are also treated as button
events) and keyboard events send information about key presses and releases.

The client will, at most, send four mouse motion messages, before waiting for an acknowledgement
from the server. Allowing four motion messages prevents the acknowledgment system from becoming a
bottleneck (and thus, creating jerky mouse movements on the display wall), while still preventing the server
from becoming swamped with motion traffic in cases where it is not able to respond quickly enough to
mouse motion messages.

Keyboard and button event messagesshrayssent, even if no acknowledgements have been received.
The reason that acknowledgements are used in this protocol is to prevent the server from being swamped
with mouse motion messages, as these can be very frequent. They aren’t otherwise necessary, as the under-
lying transport protocol in use is TCP.

A previous incarnation of the protocol did not require acknowledgements, and lead to the virtual cursor
continuing to move for several seconds after the user stopped moving her mouse, indicating that the server
was still busy processing old mouse motion messages. Mouse button and keyboard events do not require
acknowledgements for two important reasons: First, they do not occur as frequently as mouse motion
events, and as such rarely risk flooding the server. Second, and most importantly, it would be catastrophic
for the user experience if a mouse button or keyboard event message was simply lost. A user typing “hello”

2In [14], the event is first received by the X server, which passes it to the window manager. The window manager decodes it, and
if it was a multi-cursor event, passes it back to the X server, this time without the multi-cursor bits.
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expects the full text to appear, not “hefp™ello”, “heo” or any other combination of dropped keyboard
packages. In the case of a lost “key released” message, the user could end up seeing “heeeee” on the
display, which is just as bad.

The protocol ends whenever either side closes the connection. The server can naturally handle multiple
clients simultaneously.

5.2.2 Window groups

The window group functionality has its roots in the requirement that a user should be able to move many
windows simultaneously. Every cursor has its own group, with group membership indicated by drawing a
colored border around the windows belonging to a particular group. The border’s color is equal to the color
of the cursor owning the group - for instance, a red cursor implies that all windows belonging to the cursor’s
group have a red border.

A window becomes a member of a group in one of two ways. Whenever a user clicks a window, it will
be added to that user’s group. The user can also click and drag on the desktop (root window), producing a
selection rectangle. Any windows inside this rectangle will replace the windows in the current user’s group
(see Figure 5.2). To deselect all windows, the user can simply click on the desktop.

X200

Selection rectangle Selected windows

Figure 5.2: How window selection works.

The selection rectangle is also used when windows are moved, and a selection rectangle is naturally
maintained for each group. When a window in a group is attempted moved beyond the (now invisible)
selection rectangle, the entire group will move with it (including the selection rectangle); moving a window
inside the group’s selection rectangle does not affect the positions of the other windows in the group.

The benefit with this behaviour is that it is possible to rearrange windows within the group, without
moving all the other windows at the same time. When, however, the user needs to shift her “working area”
from one end of the display wall to the other, all the windows can come with her. Changing working area
often happens as the user moves around the room, making windows far away harder to manipulate.

The window group mechanism also supports some keyboard equivalents, as this part of the window
manager not necessarily requires multi-cursor support. They serve the purpose of allowing the user to
assign windows to groups and teleport groups to the current cursor position.

Window teleportation works by moving the selected group of windows to the current cursor position
(or, when multi-cursor support is available, to the position of the group’s cursor), when the user presses the
F1 key*. This is useful when many windows are selected and need to move a long distance, as dragging
many windows (and thus many pixels) tends to be slow on the display wall.

Window placement

The algorithm for placing windows is designed to be simple and provide for “convenient” positioning of
new windows. It works by simply positioning new windows at the current cursor position. Windows that
don’t belong to a group are placed at the system cursor’s position, while windows spawned from a window

3Except, maybe, if the server happens to be a mail server. This is not the case here.
“When the window grouping mechanism is used outside the multi-cursor implementation, the different groups are teleported using
the F1-F10 keys.
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belonging to a group (that is, windows whose parent window belongs to a group) are positioned at the
location of that group’s virtual cursor. The new window is also added to that group.

5.3 Selecting a window manager

Deciding on a window manager to modify was a difficult task. There are many window managers for
the X Window System to choose from, but in order for there to be a reasonable chance of completing an
implementation complying to the requirements and design outlined above, it can not be to complex in its
implementation. That is, finding a suitable location to hook into the existing implementation is the key to
success.

Unfortunately, this conflicts with the next desirable quality of the window manager: That it is suffi-
ciently feature rich to be comfortably used on the display wall. Among the window managers considered
before the choice fell on Window Maker [17], were twm, FluxBox (a BlackBox spinoff), Enlightenment,
IceWM, kwm (the KDE window manager) and CDE. This list is by no means comprehensive. The main
reasons for rejecting a window manager were stability, code complexity and feature set. FluxBox, for in-
stance, does not handle the resolution offered by the display wall, never managing to start up. twm simply
was too simple in its implementation, and kwm was rejected because of its complexity and tight integration
with KDE.

In the end, Window Maker was chosen. The window manager offers a respectable set of features,
providing compatibility with both Ghome and KDE applications, while at the same time retaining a “no-
frills” approach to managing windows. The source code is acceptably complex and structured given the
features it provides, and seemed fairly simple to hook into. Also, Window Maker has support for moving
multiple windows - however, the mechanism used in Window Maker is slightly different from the solution
sought in this thesis. The current approach in Window Maker only allows moving many windows while
retaining their relative distances - this thesis aims to allow a single window to move independently within a
well-defined area, and the entire group once the window is moved outside this area.

Finally, Window Maker was chosen because the author of this thesis found it to work well on the display
wall, while providing a good-looking graphical user interface mixed with a reasonable set of useful features.

5.4 Implementation

This section describes the implementation of the multi-cursor and window group modules, developed for
the Window Maker window manager. The code was written in C, and compiles with Window Maker 0.80.2.
Figure 5.3 shows a screenshot of the completed implementation.

5.4.1 Multi-cursor implementation

Multi-cursor support is initialized from the window group init function. It also depends upon some of
the data structures used by the window group implementation, primarily for selecting the cursor color.
Initialization consists of the following steps:

Open a new connection to the X server
Set a blank system cursor
Check that the X server supports the XTest extension

Create a graphics context for the window selection rectangles

a M w N oRE

Start the processing thread

A new connection is necessary due to the fact that the multi-cursor component runs in its own thread,
and thus risks interfering with the window manager’s Xlib calls. The blank system cursor is used to avoid
flickering, caused by the X cursor multiplexing mechanism. (The system cursor jumps between many
different positions to emulate the virtual cursors.) The XTest extension (which is supported by nearly all X
servers these days) provides a way to post keyboard, button and mouse events that look like real events to
the applications receiving them, as opposed toX8endEvent function, which produces events that in
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Figure 5.3: A screenshot of the modified window manager, featuring three concurrent users, each owning
one window.

most cases are masked by applications. The graphics context created is used to draw the window selection
rectangles. This task is handled by the multi-cursor implementation, as the group implementation does not
have any knowledge per se of more than one cursor (group support can work independently of multi-cursor
support).

Once the processing thread is up and running, one additional initialization step is taken, by creating
a socket listening to incoming multi-cursor clients. If successful, the code goes into a loop, processing
requests from clients as they arrive (see Figure 5.4).

As alluded to in section 5.2.1, attaining the goal of window manager non-invasiveness in the multi-
cursor implementation proved to be a difficult task. The reason for this is that the multi-cursor implemen-
tation needs access to a number of window manager-internal data structures, as well as use a humber of
functions in the window manager for moving windows. This implies a tighter dependency on the win-
dow manager’'s implementation than what is strictly desired. Unfortunately, this integration is necessary to
achieve the required performance and usability.

Request processing

This section describes how the server responds to the various requests described in section 5.2.1, and in
general how clients are managed by the server.

When a new client connects to the multi-cursor server, the server assigns the first available cursor ID
to the new client. This means that the cursor ID a user ends up with for most purposes is random, and
that a user can't rely on always receiving, say, the green cursor. Although it would be possible to extend
the multi-cursor protocol with messages allowing the user to choose a cursor ID, it was decided that this
functionality was unnecessary, as it needlessly complicates the user’'s multi-cursor experience. A user just
want’s to have a cursor on the display wall, and not worry about details such as cursor IDs. Also, since the
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Figure 5.4: The multi-input server loop.

window grouping functionality is fairly non-persistent in both design and implementation, users need not
worry about “losing their group” or similar, as they can simply “re-color” it when they resume interaction
with the display wall.

After having received the connection and assigned the cursor ID, the server creates a window represent-
ing the virtual cursor. The window is shaped as a cursor, and filled with the color associated with the cursor.
The server proceeds to receive keyboard, button and mouse input events from the client. The way these
events are handled depends on the current state of the client. The client can be in the following states:

Default
Selecting

Moving

A W dpoE

Dragging

In the default state, clicks and keyboard events are simply relayed using the XTest extension, although
keyboard events are handled a bit differently than clicks (see 5.4.1). The multi-cursor module maintains
a focus window for each cursor, which is used when keyboard events are posted. During keyboard event
posting, the cursor window is hidden automatically. This prevents typed text from becoming obscured,
and also prevents the cursor windows fighting with the “real” window for focus, as the virtual carsors
windows.

Mouse movements are echoed to the user by moving the “cursor-window” associated with the cursor,
giving the appearance of an actual cursor moving on screen. The window is created and maintained in such
a way that it is always on top, by listening f¥fisibilityNotify events produced by the X server.

This ensures that the cursor is always visible. The cursor windows are 32x32 pixels large, 4 times more
than the standard cursor size of 16x16 pixels.

The selecting state is used when a client attempts to select a number of windows and group them. A
client enters the selecting state whenever the left mouse button is pressed with the virtual cursor residing in
the screen’s root window. While the client is in this state, a selection rectangle is drawn between the point
where the click began, and the point where the virtual cursor currently is. Once the left mouse button is
released, the client leaves the selecting state. Any window completely inside the two corner-points of the
selection rectangle at this time are grouped and associated with the client.

The moving state is used when a user wants to move a window, and is entered when a user clicks and
holds on a window’s title bar. The reason this state exists is that multiplexing the system cursor doesn'’t
work when multiple users attempt to move windows at the same time, resulting in the different windows
jumping between the different positions the system cursor ends up moving to and from. The moving state
ends when the user releases the left mouse button. A similar problem exists for users simultaneously
attempting to resize windows, and it can be solved by adding a new cursor state (this is left for future work).
Note that the moving state uses some internal window manager functions for performing the actual window
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repositioning (to achieve things like “sticky” windows and prevent windows from moving offscreen - things
already implemented by the window manager).

Finally, the dragging state is used for emulating drags using the system cursor, and applies regardless
of what button is being clicked. The system cursor is moved to the location of the virtual cursor, and a
drag is emulated by first posting a mouse button down event, followed by a series of mouse motion events.
The drag is concluded once the user releases the mouse button in question, and an emulated mouse button
released event is sent. Only one user can be in the dragging state at any given point in time, to prevent
interference with their current action from other users.

When the user leaves the display wall (i.e., regains control over her local cursor, rather than having
cursor movements forwarded to the display wall), the server proceeds to hide the virtual cursor window,
and remove the cursor from the server loop.

Keyboard event delivery

Correctly delivering keyboard events turns out to be very tricky to get right. The initial attempt, combining
XSetlnputFocus  with a call toXTestFakeKeyboardEvent , did not work as expected. The diffi-

culty does not lie in synthesizing the keyboard event XfiestFakeKeyboardEvent  call handles this

part beautifully. Rather, the problem is making sure that the event gets posted to the correct window. The
overall design of multi-input event processing is illustrated in Figure 5.5.
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Figure 5.5: Multi-input event handling and forwarding.

Realizing that the problem lies with the window manager’s focus management, a second attempt was
made where the correct window is focused, using the window manager’'s own functions for focus man-
agement\SetFocusTo ). This attempt was mildly successful, as keyboard input now worked mostly as
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expected. The problem with this approach was with Xlib and thread safety, as the window manager’s focus
management code uses the window manager’s own connection to the X server. The first attempt at resolving
this was based on simply adding the X server connection as a parametemt8étieocusTo routine -

a strategy that had proven itself useful for utilizing other window manager functions. It was quickly dis-
covered, however, that this was not a feasible task, as the routine relies on a number of other functions that
would also require the same treatment, which in turn rely on other functions, and so on.

The only solution was to post the events from the main thread, avoiding all of the thread safety issues.
Doing this became another exercise in working with and around the X event system. The general idea of the
approach is as follows. First, a window is created in the main thread (using the window manager’s X server
connection). This window will never be mapped on screen, and serves only as a conduit to the window
manager.

The second step involves usiXgendEvent to send an event to the window constructed in the first
step. This event will be delivered to the window manager, as that is the client owning the conduit window.
The window manager’s event handling system was then patched to catch any events destined for the conduit
window. These events are then parsed for the keyboard and focus window information, before the focus
window is set and the event posted using the XTest extension.

The obvious choice of event to send was @GlentMessage  event, which allows users to send
32 bytes of data to any window. After testing this, it turns out that the window manager frequently runs
“sub-event loops” in many locations, we@ientMessage events are not processed as expected (of-
ten because these loops mask out most events). As it happer@jghtMessage  events can not be
“masked in”, resulting in the need for a different event type which does not suffer from this problem. The
need arises because the sub-event loops have the ability to effectively deadlock the window manager. A
simple example illustrates this: Processing the “alt-tab” keyboard equivalent. A user attempting to “alt-tab”
to a different window would end up deadlocking the window manager, as the keyboard release event never
is posted. The reason is that tGéentMessage containing the event isn’t processed by the sub-loop
handling the “alt-tab” combination, resulting in the window manager waiting forever for the release event.

The only event available to remedy this problem isEmterNotify event (or it’s sibling,

LeaveNotify ). It has a sufficient number of available fields to pack the conduit window, focus window,
keycode and keyboard status (press or release), while still propagating to the point where the event hook in
the window manager has been installed. The event type can also be “masked in” in the previously mentioned
sub-loops, allowing it to be handled correctly also in these contexts. Using this event, keyboard events are
now transported from the multi-cursor module to the window manager, where they are “executed”. The
strategy has paid off and works well, while at the same time avoiding numerous thread safety issues.

X2Wmx

As part of the multi-cursor module, a client application to forward mouse and keyboard input in a multi-
cursor compatible way was needed. This section details the implementation of this application, called
X2wmx.

x2wmx works on the same principle as the, until now, standard application for forwarding such infor-
mation:x2x . x2x is the de-facto way to forward X11 events from one computer to another, also outside the
display wall realmx2x has many more features than what was required for use in a multi-cursor environ-
ment (such as support for “shadow displays” and different interfaces for grabbing and releasing the cursor),
which makes its codebase fairly difficult to port in a sane manner to the multi-cursorre@his is the
reason a new application was developed from scratch, rather than building on the ex@stingdebase.

x2wmx is a very simple application. On launch, it parses its arguments, before creating a thin, 1-pixel
wide window along the left edge of the screen. Whenever the cursor enters this window (see Figure 5.6), it
is grabbed and hidden on the local display. All subsequent movements, keyboard and mouse button events
are forwarded to the remote end. When the remote cursor shifts off the other edge of the display wall,
control is returned to the local cursor. Event forwarding is done using the previously described multi-cursor
event protocol (see section 5.2.1), sharing the messaging code with the Window Manager’s multi-cursor
module.

Local events are processed in a loop together with the messaging socket used to communicate with the
remote multi-cursor server. The messaging socket is opened once the cursor enters x2wmx’ border window,
and closed when the cursor returns to the local display.

5In [14], x2x is modified to include the necessary bits indicating the cursor it is controlling. These modifications are small enough
to easily be applied tg2x .
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Figure 5.6: x2wmx grabbing, forwarding and releasing the cursor.

x2wmx has three different forwarding modes for translating cursor movements on the local computer
to cursor movements on the display wall: Absolute, relative and pad. Absolute positioning is the simplest
mode, where cursor movements on the local computer are scaled to the coordinate space of the display wall:

scale_x = remote_width/local_width

scale_y = remote_height/local_height

' =z * scale_x

y =1y *scale_y

The problem with absolute mode is that it doesn’t always provide sufficiently good precision. The rel-
ative mode rectifies this problem, by using relative distances to calculate the new location of the remote
cursor, using the difference between the current and previous local cursor locations to calculate the delta
values. The relative and absolute modes work well for computers connected to standard mouse input de-
vices, where no sudden “jumps” in the local cursor position can occur. This is not the case for the tablet
computer present in the lab, which uses a stylus as its primary mouse input device. The stylus input is
processed in an absolute fashion by the tablet, meaning that the cursor is kept at the tip of the stylus.

This kind of cursor positioning creates problems for the relative forwarding mode, but continues to
work correctly for the absolute forwarding mode. Absolute mode is not ideal, however, when working on
the tablet, as it prompts extensive hand movements to move the cursor. Users also tend to gravitate towards
keeping the stylus roughly centered on the tablet’s display, confusing users who all appear to expect a
relative forwarding mode. The same problem with lack of precision also plagues absolute mode on the
tablet. In sum, these two factors prompted development of a different forwarding mechanism for use on the
tablet.

The model for developing this forwarding mode was to emulate a touchpad, as present on many laptops.
After a lot of experimentation, a suitable way to emulate touchpad behaviour was found. It works by
maintaining a “center point”. The center point is used to calculatanddy:

dx = current_zx — center_x

dy = current_y — center_y

The deltas are then scaled to prevent enormous jumps in the cursor position on the display wall, using
the following function:

scale(r) = (1 + (Inz)?) * scaling_factor

Two plots of the function can be seen in Figure 5.7. The input value (a pixel delta in either the X or Y
direction) is along the X axis, with the function’s output along the Y axis. This function was chosen because
it maps large deltas to smaller deltas, while slightly accelerating the cursor when the deltas are small (less
than 96). A number of other functions were also experimented with, but they all produced behaviour that
felt wrong to work with on the display wall.

The linear scaling factor is used to increase or decrease the standard speed obtained from moving the
stylus on the tablet. The scaling factor should lie in the intejiél >, to allow for precise cursor move-
ments using the stylus (factors greater or equal to 2 will effectively prevent cursor movements with deltas
less than the integer value of the scale factor). The cursor position is stored as a floating point number in
the implementation, allowing the fractional parts of the deltas to accumulate correctly. Note that the cursor
position is sent to the server as integers.

For all this to work, however, the center point needs to be maintained in an intelligent manner. The
center point is changed in two ways, as illustrated by the pseudo-code below:
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644

Figure 5.7: Plots of the function used for scaling mouse deltas.

if (current time - last event time > threshold)
center point = current cursor location

last event time = current time

delta = current cursor location - center point
center point = average(current cursor location, center point)
delta = scale(delta)

First, if the amount of time since the last event exceeds a certain threshold, the center point is reset to the
current cursor position. This has the effect that the user can drag the stylus, lift it and return to the original
position, continuing the drag, without adversely affecting the virtual cursor position (this is impossible in
the standard relative mode). Second, the gradual convergence of the center point and current cursor location
allows the user to move the stylus to a position on the tablet’s display and keep it there, without producing
a continuous stream of large deltas.

In testing, the pad forwarding algorithm has proven itself to be both precise and simple to use on the
tablet computer, although different users end up preferring different levels of “acceleration”, which is why
the scaling factor is allowed as an argumenx2evmx. It should be noted that using the tablet computer
requires some practice, as the stylus needs to be lifted a rather long distance from the tablet’s display before
not producing further local cursor events. The user needs to take this distance into account when moving
the stylus back and forth in an attempt to move the cursor a long distance in one direction.

5.4.2 Window group implementation

The window group implementation works by first initializing its group-array. Currently, only 10 groups are
supported, but this can easily be changed. The limitation stems primarily from the number of common,
named colors available in X windows. Initialization consists of zeroing a number of fields, and allocating
colors to the various groups. These colors are also used by the multi-cursor implementation to color the
various cursors. Once the colors have been allocated, the group implementation calls the multi-cursor
initialization routine.

The remaining part of the group implementation consists of functions to manipulate groups; adding one
or several windows to a group, removing one window or clearing all windows from a group and manipulat-
ing the bounding rectangle encompassing all windows in a group. These functions are called both from the
multi-cursor implementation, as well as from various places in the existing window manager code, usually
in response to a keypress. Note that this does not introduce problems with thread safety, as the calls are only
come from either the window manager (i.e., when multi-input is not enabled) or the multi-input code. The
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multi-input codedoes notpass along the keyboard events that trigger these calls from within the window
manager’s main thread.

In order to associate windows with groups, it was also necessary to add an identifier to Window Maker’s
centralWWindowstructure. This variable is used in the window managgo®/indowMove function to
determine whether the window belongs to a group, and if so fetch the group’s selection rect, and move mul-
tiple windows if more than one window belong to the group. It is also used to implement group inheritance
- that is, new windows whose parent is assigned to a group, is assigned to the same group. This mechanism
is essential in having new windows pop up at the requesting user’s cursor position.

Intelligent window placement is implemented by calling a custom placement function after the window
has been initially positioned by the window manager, but before the window is updated. The placement is
performed after having figured out if the window should belong to a group.

Each group maintains a focus window, a bounding rectangle, a group color and a list of windows
belonging to the group. The focus window is mainly used when the multi-cursor implementationh is
present, in order to “focus” a group. The bounding rectangle is the union of the initial selection rectangle
(if any) and the bounding rectangle of all windows belonging to the group.

As part of the window group implementation, modifications were also made to the window manager’s
existing window movement code. These modifications hook into the group implementation, and check
whether the entire group should be moved, or just a single window. This allows existing window movement
code to be leveraged, meaning that features such as “sticky winélowrstinue to work even in the presence
of window groups.

As part of the requirements, the window manager should also provide larger window borders to more
easily allow users to resize windows. This need exists because hitting thin borders on a large screen quickly
becomes a very delicate and difficult task. Implementing this requirement was done by changing a constant
in the window manager sources, controlling the thickness of the resize border.

5.4.3 Multithreading concerns

Both the multi-cursor implementation and the window group implementation give rise to some multithread-
ing concerns in their integration with the host window manager, although these problems plague the multi-
cursor implementation more than the window grouping component. The underlying reason for these mul-
tithreading concerns is simply the fact that central data structures in the window manager may be modified
by the window manager at the same time as the two components attempt to access them. The multi-cursor
module also needs to be careful to avoid calling functions in the window manager utilizing the window
manager’s connection to the X server.

A problem also related to thread safety is the problem of stale pointers. Since the code written is an
add-on to an existing, fairly complex window manager, it is important to ensure that windows are not freed
without the two components’ knowledge. This has been solved by incorporating hooks into the window
manager's window destruction function, allowing clean-up also in the group and multi-cursor modules.
Apart from this, the window grouping code is not subject to multithreading problems to such a large extent
as the multi-cursor component, as it runs in the same thread as the window manager.

Currently, the multi-cursor module does a number of things to ensure some level of thread safety. First,
a number of the window manager’s functions have been modified to take the X server connection as an
argument, rather than using Window Maker's glothgy variable. These changes prevent problems related
to out-of-sync X connections, and allow the multi-cursor module to use some of the window manager’s
functions without too many problems. This change does not completely ensure thread safety though, as
the list of windows may still change while the multi-cursor module is executing code in somewhere in the
window manager’s bowels. This happens mainly when the user selects or moves windows, but also every
time the user performs a mouse click.

To avoid dangling references and windows being removed by the window manager while they are being
worked on by the multi-cursor implementation, a mutex has been introduced that is locked whenever a
message is received and processed, and unlocked when processing is done. The only other place the mutex
is taken is in the code responsible for destroying windowdMindowDestroy in the existing window
manager. At this point, two methods are called in the group and multi-cursor implementations, removing
references to the window being destroyed. The lock is not released until the window has been removed

6When a window is moved close to a different window, it will “snap” to that window when the distance between the windows’
borders are less than a certain pixel threshold.
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from the window manager’s internal list of windows. Although this locking strategy is oriented towards
the “one giant lock” approach, it was the only feasible solution to implement in the time available for this
thesis, as the window manager is too complex for it to be possible to introduce fine-grained locking without
investing a large amount of effort.

There are still undetermined locations in the code where race conditions can (and do) occur. In using
the window manager, however, it turns out that the possible race conditions rarely, @wlthe window
manager has proven remarkably stable considering that it has not been made entirely thread safe. This
is likely due to extreme care in the design of the multi-cursor module, avoiding techniques where race
conditions would be made more likely. Also, keyboard event processing is executed in the main thread,
avoiding the problem altogether.

The problems of thread safety, however, illuminate one area that was not considered sufficiently well
when deciding on a window manager. Ideally, the selected window manager should have been multithreaded
already (and thus, presumably, thread safe), or at the very least consistently use data structures that are
simple to make thread safe. A simple structure, such as a linked list, can be made thread safe relatively easily
by only using wrapper functions to perform list management and iteration. This is not done consistently in
the Window Maker implementation, thus thwarting any attempt at making such list management functions
thread safe.

5.5 Experiences using the software

The software developed to implement multi-cursor and window group support has been continuously tested
during its development, and is now in a stable state. The multi-cursor implementation has been exercised
by having 3 users simultaneously interacting with the wall. This testing uncovered a couple of interesting
behaviours and performance problems with the multi-cursor implementation.

First, as expected, multiplexing the system cursor works, but is not without flaws. In an early version,
users ended up noticing this particularly well when attempting to resize windows or select menu items from
different menus. If another user attempted to use the system cursor at the same time in a similar operation,
the result was that neither user got their task performed as expected. This is the main shortcoming of the
cursor multiplexing paradigm, and has been partially resolved by preventing other users from interacting
with the system cursor when it is in use by another user. The resizing problems can also be relieved by
implementing a fifth cursor state, a feature currently left for future work.

An unexpected performance problem with the multi-cursor responsiveness became evident when mul-
tiple cursors were in use on the display wall. If one user started dragging many windows totaling a large
area on the display wall, the other cursors would begin stuttering, and move in an extremely jerky fashion.
This is not a shortcoming of the multi-cursor implementation per se, but an artifact from using VNC for
driving the wall. Since the cursors are just windows (and thus pixels) being moved around, they end up
being updated less often when large windows are moved, causing the apparent stuttering effect. For the
users, though, the root cause isn’t the issue - the lack of responsiveness is.

Multi-input has also been very extensively tested, due to the many attempts required before getting the
keyboard event delivery mechanisms right. While it usually works, there are corner cases where input from
multiple clients end up getting posted to the same window, or not at all. One example of this is cases where
users share the same focus window (even though it only belongs to one group). A similar problem exists
when applications enter fullscreen mode. This causes the multi-cursor module to incorrectly set the focus
window, resulting in keyboard input being lost.

The focus mechanism also ends up continuously flashing the different windows receiving keyboard
events between “focused” and “unfocused” appearances, a visually displeasing effect. Solving this problem
is currently left as future work.

The window placement algorithm works well, and usually positions windows where a user would expect
the window to appear. The algorithm is not foolproof, however, as there are cases where it is not possible
to determine who the window should belong to. In general, though, this feature has improved the user
experience more than it has diminished it, and as such should be considered a success.

Testing also uncovered that the modified window manager still occasionally experiences problems with
Xlib and what appears to be Xlib calls from the multi-cursor thread utilizing the window manager’s X server
connection. The root cause of these problems has yet to be determined, as the problem occurs very rarely
and is difficult to reproduce for debugging.

7One of the hallmarks of race conditions.



Chapter 6

Related work

Much of the related work in the fields studied in this thesis does not deal with the problems examined in this
thesis. They focus instead on conducting user studies or perform different kinds of thought experiments -
things that are quite irrelevant when it fore instance comes to looking for interesting, working multi-input
implementations. Despite this, there are a number of articles that are relevant to the discussions in this
thesis.

The first work in which multiple cursors were present was in an article by Douglas C. Engelbart and
William K. English from 1968 [13]. This work, in addition to presenting the mouse as an input device, also
allowed collaboration by giving one user a controlling cursor, leaving the rest of the users with cursors that
could only be used for pointing.

Since then, a number of interesting systems have been developed in the field of multi-input. Some of
them also have features similar to the window grouping feature developed in this thesis. MMM [15] and
PebblesDraw [16] have already been mentioned - see section 5.2.1. Tivoli [18] is a third example featuring
a shared whiteboard-style solution, where users interact with the shared surface using special pens. Tivoli
is also interesting because they have made similar observations regarding window placement as in this
thesis, although their motivation is different, in that users simply can’t reach dialog boxes or other controls
placed too high up on the “liveboard”. The RoomWare “DynaWall” [19] is another example of a shared
whiteboard, and also carries similarities to the work developed in this thesis, especially in their window
placement policy: The DynaWall dialog boxes always pop up in front of the current user(s). The DynaWall
also supports simultaneously interacting users, but is limited in that it doesn’t allow generic multi-input -
users have to use the application(s) provided, and nothing else, whereas the work presented here allows
multi-input to any X application.

Most similar to the multi-input solution developed in this thesis is the multi-input window manager
developed at Princeton University [14]. The main difference between the two is how focus is managed and
the mechanism by which input is received by the multi-input implementation.

In Dynamo [20], the developers have created a feature called “carves”. A carve is an area of the screen
where only the user creating the carve can interact, and optionally grant access to other users later on.
Carves differ in their goals from the window grouping developed in this thesis. While carves primarily
were created for the purpose of persistence and access-control, the window grouping mechanism is aimed
at easing interaction with many windows on the display wall. Window groups are not as persistent as the
carves in Dynamo, nor are they meant to be.

In terms of display wall management, there has also been some previous work. Display Wall-in-a-Box
[3] was tested, but found lacking in several areas. It does not provide projector control, and the VNC server
and viewers shipped with it (Tileviewer) are unstable. DwallGUI [21] provides a feature set similar to Wall
Manager, but differs in many key areas. Where Wall Manager requires Mac OS X to run, DwallGUI runs
on Windows. The cluster being controlled by DwallGUI also needs to run Windows. Wall Manager also
differs in that it helps the user isolate and locate the source of errors, a service not provided by DwallGUI.
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Chapter 7

Conclusions

This thesis has had its main focus on two parts of the display wall: The software driving and managing
the wall, and the experience end users have in working with the wall, and how that user experience can
be improved. A sophisticated system for operating the wall, both for administrators, power-users and end-
users alike has been developed. Over time the system has proven itself to be stable and simple to extend
when the need presented itself. The master-slave organization of the wall-controlling scripts is robust and
intuitive, both from an end-user standpoint and from a development perspective.

The Wall Manager software has further elaborated on this, and is currently the best and simplest way
of operating the display wall. It has successfully achieved the goal of giving the display wall a simple “on-
off” switch, while still providing power-users with enough control to be able to diagnose errors. The more
advanced functions of the master script have also been successfully exposed through a simple interface.

The modifications made to the Window Maker window manager have succeeded in their two primary
goals of bringing multiple cursors to the display wall, and easing the manipulation of many windows for
end users. Multi-cursor support works reliably, and has already contributed to making the display wall a
canvas suited for many users working together at once. As expected, the window group feature has eased
window movement and alleviated frustration as users shift their focus areas on the display wall. The simple
modification of making windows pop up near the current user’s cursor also aids in improving the user
experience.

Investigating different ways of powering the display wall was also instructive, both in watching how
the modified window manager would work with the alternative Xdmx solution, and examining the differing
performance characteristics of a VNC-driven approach versus Xdmx. While Xdmx currently doesn’t work
well enough, it shows promise.

In conclusion, the work carried out in this thesis has eased interaction with the wall, and lowered the
bar for casual users wanting to use it. The multi-input implementation promises to allow for greater “par-
allelism” among people wanting to interact with the wall. The window grouping feature tends to become
addictive after using it for a while, an effect that surely indicates that the feature is useful. Having multiple
cursors available also feels “liberating” in interacting with the wall, as one no longer has to wait for one’s
own turn using it. Wall Manager is already in day-to-day use, and the modified window manager will be
configured as the default once the remaining issues are solved.

7.1 Limitations and future work

The current window group implementation is limited to at most 10 groups. The primary reason for this
limitation stems from the most common “named” colors available in X Windows, and can easily be rectified
by dynamically creating colors based on RGB values or adding further entries to the list of named colors.
This also imposes a limit of 10 cursors on the multi-cursor component, which gets its colors from the
window group code. Fixing this is not urgent, as there currently aren’t even enough computers equipped
with mice in the display wall lab to use all 10 cursors.

Although the window manager currently is largely thread safe, there may be undiscovered problems or
race conditions that need addressing. Verifying the thread safety of the window manager was unfortunately
too much work for this thesis (and not to mention far outside the scope of it), but should be done in the
future. Also, the window manager currently produces a number of graphical glitches during tasks such as
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window resizing or window selection. The problems stem from callX@abServer being removed

from the window manager, as they would effectively result in a deadlock between the multi-cursor module
and the window manager These problems should be fixed, but were not prioritized during development
for this thesis, as the goal was prototyping functionality, not flawless presentation.

The display wall could also be made easier to use, by implementing zoomability of various parts of
the display. Users often have the need to enter or read small type on the display wall, but find themselves
standing or sitting on the wrong side of the room, being too far from the wall to read the text. This could
easily be solved by implementing a zooming mechanism for X Windows. Doing this correctly may be
somewhat difficult, however, and has been left for future work.

Related to both window groups and multiple cursors, one can see the need for making ones window(s)
“private”. That is, preventing other users from interacting with windows that oneself has claimed. Similar
features already exist in systems such as the carve-based system mentioned above. Exploring this topic
further will be done in future experiments, once the grouping implementation has been modified to support
“window locking”.

The window group support will also be extended in the future with an audio-based window movement
mechanism, allowing a user to stand in front of the screen and clap her hands to move a bunch of grouped
windows from one end of the display to the other, or something similar to this, as an experiment in using
sound to interact with large surfaces. This will be a first step towards Asimov’s vision of a fully interactive
display wall, where objects can be manipulated by gestures and voice commands on surfaces that effectively
are display walls.

The x2wmx “pad” implementation currently doesn’t support real acceleration, only scaling. A future
version of x2wmx should implement a proper acceleration mechanism, taking the swiftness of the stroke
into account when reporting deltas to the multi-input server.

Wall Manager in its current state does not need much further work, although it would be desirable to
implement support for allowing users to control the wall from the PowerMac, either directly from Wall
Manager, or using2x or x2wmx. Support for even better control over the cluster nodes should also be
considered. Note, however, théx does not work correctly on Mac OS X, and that a similar utility called
0sx2x can be used in its place.

1The problem is strange, though, as the XTest extension provides a function for making the calling client impervious to server
grabs. For some reason, this call does not seem to work.
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Appendix A

CD-ROM

The included CD-ROM contains the source code for both the Wall Manager application avelltharl
scripts. In addition, some supporting software (notably the PyObjC distribution) and the modified VNC
server and viewer source has been included.

This thesis is also included in both PDF format andAdgXsource. More information about the CD-
ROM'’s contents can be found in the CD-ROM’s read me.
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Appendix B

Source code

This appendix contains (almost) all the source code developed as part of this master thesis. Please note that
while some effort has been made to make lines fit within the “standard” page margins, this style has not
been used everywhere, as the author prefers source code with longer lines. For best viewing, the digital
copies should be studied, with the tab length set to 4 spaces.

For the window manager development, much code has been incorporated into existing source files. In
many cases the changes amount to just one- or two-line additions/modifications. These files are notincluded
in the following source listings, but can be found on the accompanying CD-ROM. Other files have had more
extensive additions or changes. For these files, a lot of unrelated “junk” has been removed to emphasize the
added code. In some cases, this also includes removing the function prologues and/or epilogues.
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