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Abstract 
The Department of Defense (DoD) and Department of Home Land Security (DHLS) 
continue to push for advanced Command and Control (C2) Human Interaction Situational 
Awareness (SA) applications and technology enablers that will enhance the human sensor 
and dissemination of data to decide, act, and adapt to changes more efficiently.  General 
Dynamics C4 Systems National System Division (NSD) in Scottsdale Arizona, 
researches many technology enablers to address government agency needs.  This paper 
addresses multi-touch technology as a SA enabler for advanced C2 systems.  
The paper discusses large display benefits and multi-touch technology enablers. The 
paper reviews applications and Human-Machine Interface (HMI) multi-touch design for 
Situational Awareness (SA).  General Dynamics multi-touch SA design “guiding 
principles” are outlined for legacy application modifications and new multi-touch 
application development.  This discussion includes a Design Of Experiment (DOE) 
emphasis for multi-touch application improvements.  Lessons learned are documented 
last based on General Dynamics C4 Systems experience with multi-touch technology.   

o Multi-touch as a technology enabler for Command and Control Situational 
Awareness 

o Guiding Principles for multi-touch design 
o HMI design for SA 
o Performance benefits when using multi-touch applications 
o Lessons learned 

Multi-touch Introduction 

The power of large multi-touch displays lies not in the technology as an end but as a 
means to enable advanced applications that enable users to efficiently process visually-
oriented data.   Touch is quickly becoming a common way of interacting with software 
and devices.  Touch-enabled surfaces are becoming used in many areas of industry, 
which include laptop touch pads, cell phones, remote controls, GPS devices, and more.   
According to Microsoft, touch displays are just part of a movement to evolve how we 
interact with PCs with their recent move to enable Windows 7 with pervasive multi-touch 
technology. "Today almost all interaction is keyboard-mouse," Microsoft chairman Bill 
Gates says. "Over years to come, the role of speech, vision, ink--all of those--will be 
huge." [26] 

The definition of multi-touch technology for this paper refers to large monitors greater 
than 42” diagonal surface area that allow one or more users to work, simultaneously with 
multiple sensor input (fingers or stylus) from each user on a wall or tabletop device.  All 
of the interaction to the applications is done in the absence of a keyboard and mouse. 

A recent trend has been to marry touch-screen or multi-touch technology to large displays 
to create a human-machine interface (HMI) suited for multi-user human interaction to 
develop applications where data and visual collaboration are needed.   This paper 
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addresses several facets of multi-touch technology that provide the reader with 
knowledge of the technology and insight into the capabilities of multi-touch. 

The paper focuses on four multi-touch themes.  Those themes include a thorough 
discussion on large displays in general, multi-touch technology, human-machine interface 
(HMI) design and situational awareness (SA) applications using multi-touch, and multi-
touch lessons learned.   

The large display discussion is important and parallels multi-touch large displays.  The 
reason for the focus on large displays is to realize the same benefits with large traditional 
displays (mouse and keyboard enabled) to those of large multi-touch displays (finger or 
stylus enabled) compared to small desktop displays.  Further, the paper shows the 
hardware configuration of large displays through three primary tiers (top, middle and 
bottom).  Each tier of hardware is applied to different operator functionality.  Research 
areas discussed include performance, orientation, and space management and context. 

The second discussion of the paper leads to a discussion of multi-touch technology and 
the positive and negative features associated with the technology.   Some research areas 
addressed include hardware advancements, touch performance, measurement 
performance, touch sensitivity, accuracy, and software tool kits.  In addition, a trade 
study of existing large multi-touch displays was completed and included in the paper for 
reference. 

The third discussion of the paper addresses the HMI multi-touch design for SA.  Four 
areas of research include guiding principles to define scenarios and applications, 
developing multi-touch space management and context, designing the multi-touch SA 
applications and human interaction decision making approaches to minimize user stress. 

The fourth and final section of the paper discusses lessons learned from using multi-touch 
technology.  This is based usage of a multi-touch product at General Dynamics C4 
Systems in Scottsdale Arizona. 

Large Displays 

Performance 
The use of large displays for command and control (C2) operations has increased over the 
past several years.  Research has shown that larger displays allow operators to more 
efficiently process visually oriented information (reference Table 1). [1][2][3] Table 1 
identifies three sources that highlight as much as 3 times (3x) performance improvement 
in task management, productivity, and task completion when using large displays 
compared to small desktop displays.  Further, specific tasks such as identifying data on a 
line graph improve by 8.76 times (8.76x) when comparing display sizes.  The increase in 
visible data can be as high as 20 times (20x) compared to a single display [2] with a 
system of 24 combined monitors (32M pixel) versus a 2-monitor system (2M pixel).   
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It is important to note that even though the example in Table 1 defines a monitor that is 
32M pixels, that does not imply that all large displays will need this quantity of pixels to 
be as beneficial.  Significant pixel count is good when numerous applications or text 
based displays are required on a common display.  For instance, telephone call 
management systems may have thousands of entries displayed simultaneously on a large 
screen for an overall view of the system performance.   In this example, resolution is 
critical to display the large amounts of data.  However, other large display’s (96” x 36”) 
[8] have a pixel count or resolution similar to a large desktop monitor (i.e. 2048 x 768 or 
1.6M pixel) that is used primarily as a working monitor for collaboration and work 
product generation.   A large monitor with less resolution provides an adequate work 
environment to run several applications simultaneously, interface with those applications, 
and design products while gaining the productivity advantages of a larger surface area. 

Studies have shown that large displays improve user recognition memory [3] and 
peripheral awareness.  Further, females process the visual space better than males on a 
large display.  Research also shows that accuracy [2] for large displays is not as good as 
small displays.  However, advancements in technology [8] can provide a higher level of 
accuracy than can be expected with a mouse selection. 

Type Capabilities Measure Source
Performance

3.7x improvement in task management and spatial movement Task Time and Movement Interacting with Large Displays - Microsoft
3x improvement in task completion with 20x data increase 
(9'x3.5'-24 monitors with 32Mpixel vs. 3'x1.5'-2 monitor-2Mpixel)

Task time and Data Increase The Perceptual Scalability of Visualization - 
IEEE

8.76x improvement using data on line graph Task time with Line Graph The Perceptual Scalability of Visualization
6.45x improvement using data on bar graph Task time with Bar Graph The Perceptual Scalability of Visualization
4.54x improvement using data from multi-variant graph Task time with Multi Graph The Perceptual Scalability of Visualization
11x (mult) to 17x (line) improvement finding trend over time Task time with Trend Over Time The Perceptual Scalability of Visualization
4.5x to 9.3x (line) improvement finding trend in spatial data Task time with Trend Over Spatial The Perceptual Scalability of Visualization
92% vs 95% accuracy for large vs small screens Accuracy The Perceptual Scalability of Visualization
12% increase in productivity for common computer tasks Productivity The Large-Display User Experience - Microsoft

Females process optical ques (up to 100 degrees) better than 
males with the larger monitor. 

Visual Performance The Large-Display User Experience - Microsoft

Improves users's recognition memory and peripheral awareness. Memory Recognition The Large-Display User Experience - Microsoft
 

Table 1: Performance Improvements Using Large Displays 

Orientation and Tiers 
Orientation of a large display is important for the user environment.  Large displays are 
commonly associated with a wall mounted unit that is oriented parallel to the user.  In 
this case, the user is standing in front of the monitor or possibly sitting on a stool.  The 
user interface can either be a mouse and keyboard, touch, or some other wireless or touch 
stylus that allows commands to be executed on the screen.   In other cases a stack of 
monitors can be positioned at a users’ desk and the applications are accessible as is done 
today with a keyboard and mouse.  Still in other applications a large monitor can be 
mounted horizontal or near horizontal in a drafting table position.  The user interface can 
be keyboard and mouse, touch, or another type of stylus.  The question becomes, what is 
best for a user?  The answer is it depends on the applications that are being used.  A 
“graceful downgrade” of monitor size to application usage is important. 

To explain “graceful downgrade” it is important to understand the specific applications 
being used on the large displays and look at the display from a top, middle, and lower tier 
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aka “graceful downgrade”.  Table 2 below highlights some specific uses [9], [10], [11] 
for large displays.   

Type Capabilities Measure Source
Collaboration

Digital visualization
Storytelling
Collaborative problem solving
Showcase current and up-and-coming technologies
Support customer workflows
Bring groups together with subgroup breakout

User productivity Cinematic Meeting Facilities Using Large 
Displays

Geographical is the best type of visual metaphors for most 
applications

User productivity Visualization Research with Large Displays

Provides for a 1:1 scale for many drawings.  
Brings back collaboration, which was lost first gen of computers

User productivity Large Displays in Automotive Design

 

Table 2: Types of Large Displays 
Large displays (usually greater than 90” x 40”) can be used as a collaboration mechanism 
[9] to display significant quantities of data, provide story telling or story board 
collaboration, solve problems through disparate group discussion, examine business 
workflows and generally pull groups of people together in a common environment.   
Further, macro level or higher level group tasks [25] are typically accomplished with a 
vertical position monitor.  This would be considered a top tier display that is typically 
mounted vertically in a common operating environment such as a conference room, 
command and control environment, high volume data environment, public kiosk display, 
or an office setting where many people collaborate.  Figure 3 illustrates the three level 
Hardware Tier structure.  Distributed collaboration is possible in this type of 
environment, but is less likely than a middle tier display.  Ownership of the display 
would be with a department or team and not controlled by a single individual.  The form 
of a top tier large display can be made of many smaller displays connected to form a 
large view or a single large LCD, LED (touch), or plasma configuration. 

 

Figure 3: Multi-touch and Large Display Hardware Tier Structure 
Large displays that are defined as middle tier [10] (usually less than 50” x 30”) are used 
to plan missions, perform integrated planning between applications, develop product, 
collaborate with one or two people, perform distributed collaboration over remote 
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distances, and perform geographical mapping.  This type of display would typically be 
mounted horizontal or at a slight incline and would be found in a command and control 
environment, office setting, or design center.  Ownership of the large display would be 
with a single user or small team of users and treated as a typical work display.  The form 
of a middle tier large display is usually made of a single large LCD, LED (touch), or 
plasma configuration. 

Bottom tier large displays are typically collaboration whiteboards, Powerwalls, Portfolio 
Walls and other types of multi-user environments. [11]  Typically, these large display’s 
(same size as top tier) are used primarily for displaying notes for team members, drawing 
new ideas, marking up documents, and basic levels of communication.  Bottom tier 
displays are found in open work environments, conference rooms, public settings, 
academic environments, and other collaboration environments.  Ownership is usually by 
department or a team and not controlled by a single user.  The form of a bottom tier large 
display can be a LCD or LED touch-screen, IR beam array, Surface Acoustic Wave 
(SAW), capacitive, resistive or other materials that accept stylus input. [12]  Also, 
displays that are wearable fit into a bottom tier hardware configuration as shown in 
Figure 3. 

Space Management and Context 
Table 3 highlights many of the user interface context changes that are necessary when 
moving to large displays.  As the size of the display increases, the need to change the 
context of the display becomes more critical.  For instance, the movement of a mouse 
from the lower right corner to the upper left corner can cause significant user fatigue 
when using a large display in the same context as a desktop computer monitor.  The 
reason is obvious since the movement of the mouse increases as the size of the display 
increases resulting in more arm/finger movement and user fatigue.  To eliminate user 
fatigue, many large displays have modified the context of the user environment and 
operating system interface to include such features as Tablecloth, Snap-and-go [1], 
Zoomscapes, Frisbee [6], and touch screens [8].  These features allow a user to perform a 
simple movement that will drag or push an object from one end of a display to another 
(i.e. Tablecloth) with a simple gesture of the mouse.  Touch-screens [8] minimize the 
user fatigue since more than one hand and arm can be used during interaction.  However, 
a level of fatigue is still introduced with touch screens.   

Type Capabilities Measure Source
Space 
Management

Tablecloth - pull objects toward the user. User fatigue Interacting with Large Displays - Microsoft
Snap and go - warp technology to help with precision of moving 
objects since keyboards are not available.

User fatigue Interacting with Large Displays - Microsoft

< 10% of office space is dedicated to displays
20% of a poll of 1,197 users have two or more monitors.today.

Display area The Large-Display User Experience - Microsoft

Views include portal area, focal area, attributes, and boundaries.  Display area View and Space Management on Large 
Displays

Zoomscapes - areas are zoomed at different levels.  User fatigue View and Space Management on Large 
Displays

Frisbee - widget to act as a telescope to remote area on the 
display.

User fatigue View and Space Management on Large 
Displays

Users adapt quickly to more space and optimze the screens. User fatigue The Large-Display User Experience - Microsoft

Touch sensitivity with custom application selection User fatigue Perceptive Pixel  
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Table 3: Space Management Capabilities for Large Displays 
Large displays introduce additional levels of operator frustration, mental demand and 
physical demand (reference Table 4). [2] Research has demonstrated that the amount of 
perceived effort to perform a task is greater with a large display compared to a small 
display (measured scale from 1 to 10 shows 5.32 (large) vs. 3.13 (small)) [2]. The study 
outlined in [2] was done using a large display with 32M pixels versus 2M pixel small 
display and a single mouse/keyboard interface.  The research noted that both mental and 
physical demand on the user was greater with a large display compared to a small 
display. 

Type Capabilities Measure Source
Workload

Frustration with perceived effort - 5.32 vs 3.13 for large vs. 
small displays.  (Scale was 1-10)

Frustration The Perceptual Scalability of Visualization

Mental demand - 6.08 vs 3.08 for large vs. small displays Mental Demand The Perceptual Scalability of Visualization
Physical demand - 6.88 vs 3.04 for large vs. small displays Physical Demand The Perceptual Scalability of Visualization  

Table 4: Space Management Capabilities for Large Displays 

Multi-touch 
A recent trend has been to marry touch-screen or multi-touch technology to large displays 
to create a human-machine interface (HMI) suited for multi-user human interaction to 
address applications where data and visual collaboration are needed.   This paper implies 
that the same large display performance and human interaction benefits, as noted in this 
paper, are realized with multi-touch displays.  In addition, multi-touch displays bring 
many other benefits to the human interaction environment.  Those benefits included 
touch advanced applications, hardware advancements, touch performance, touch 
sensitivity, accuracy, and spatial display and fatigue minimization.  Rudimentary work on 
multi-touch interfaces dates to the early 1980’s.  However, recent advancements in multi-
touch technology to overcome tough hurdles such as achieving fine-resolution fingertip 
sensing were started around 2000 [8] [27]. 

Technology Discussion 

Applications 
The power of large multi-touch displays lies not in the technology as an end but as a 
means to enable “killer applications” that enable users to efficiently process visually-
oriented data.  Additionally, multi-touch technology embedded in large-display platforms 
fosters collaboration amongst two or more people working in front of the same display to 
solve a problem or set of problems.  Furthermore, with the proper approach to 
exchanging data between end-devices, collaboration between non-collocated users 
working at different displays is not only possible, but bandwidth efficient.  This 
collaboration is not limited to multi-touch terminals but can be extended to smaller 
single-touch or standard terminals. 

Hardware Advancements 
Multi-touch monitor hardware is believed to be the next generation human interaction 
with computer platforms eliminating the need for a mouse selection device and keyboard.  
Multi-touch hardware allows multi-selection control and simultaneous user input.   
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Monitors can be mounted vertically or horizontally and range in size from 48” to over 
100”.  One type of technology utilizes Frustrated Total Internal Reflection (FTIR) [8] 
from Perceptive Pixel Inc. to command the computer hardware to perform actions, which 
is common in biometrics.  The Perceptive Pixel Inc. technology has been evolving since 
2000 to overcome the fine-resolution requirements for multi-touch [27]. This state-of-the-
art technology working within a collaborative decision theater environment for ground 
mission control is believed to advance the usability and efficiency of human interaction 
with computers.   

The multi-touch hardware [8] that has back lighting with a high definition monitor 
provides bulb MTBF of 1800 operational hours.  The lumen factor for many rear 
projection monitors is 500-1000 (energy within the range of frequencies we perceive as 
light).  Field operations would require maintenance to support downtime associated with 
bulb replacement, which will impact system availability. 

Direct input on a multi-touch monitor with a finger or stylus requires a level of 
maintenance to ensure the monitor surface is free from wear, sodium deposits from finger 
perspiration, and other chemicals.   Most multi-touch monitors are designed with wear 
resistance in mind [8].  The multi-touch surface is durable and can support sharp objects 
(i.e. point of a mechanical pencil) [8] directly touching the surface.  Some monitors allow 
the surface to be cleaned with alcohol or other cleaning materials to ensure a clean 
operating surface. The vinyl material covering the waveguide can be replaced if the 
surface becomes scratched.   

Performance is impressive on some multi-touch monitor hardware [8]. The performance 
is generated using graphics accelerators and rendering OpenGL on the computer graphics 
card.  Therefore, a low end desktop computer can provide excellent performance on a 48” 
[8] multi-touch monitor, based on testing at General Dynamics C4 Systems in Scottsdale 
Arizona.  

Multi-touch monitors are usually comprised of high definition projectors, IR cameras, 
and lens/mirrors to project images, as designed in the Perceptive Pixel systems.  Some are 
mounted in a self contained system.  The concern with systems that have several 
hardware components is the ability to move and transport.  The biggest concern with 
movement of a multi-touch monitor that has mirrors is disrupting the mirror alignment 
and associated calibration.  Some systems [8] that are table top monitors have wheels 
attached to the pedestals.  Slight movement is fine with this type of system. However any 
great distance of movement will require lens adjustment and calibration.  The time to 
calibrate a system is approximately 30 minutes.  The research performed for this paper 
did not find any large multi-touch monitor that was ruggedized for disaster recovery 
vehicles, for instance.  It is believe that the existing large multi-touch display technology 
will not support this type of application.  Many small single touch monitors exist that are 
field rugged, such as the General Dynamics Itronix DuoTouch II, compute and single 
touch monitors. 

Rear projection multi-touch monitors such as Perceptive Pixel’s system detect selection 
on the surface or above the surface are through infrared (IR) detection.  Infrared is an 
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invisible band of radiation at the lower end of the visible light spectrum. With 
wavelengths from 750 nm to 1 mm, infrared starts at the end of the microwave spectrum 
and ends at the beginning of visible light. Infrared transmission typically requires an 
unobstructed line of sight between transmitter and receiver.  The main problem with 
infrared is that many wireless appliances such sensing devices pick up radiation in the 
infrared band[8]. As a result, any IR that is being emitted in a room with a multi-touch 
monitor using IR sensor detection will pick up a portion of the dispersed IR from the 
room.  The noise level or sensitivity of the multi-touch monitor will decrease with 
excessive levels of IR in the room where the monitor is being used.   

Another type of multi-touch system is the Microsoft [27] surface that is branding the 
multi-touch technology as “surface computers” with a screen size of 30”.  Microsoft 
research dates back to 2001.   The Microsoft technology differs from the Perceptive Pixel 
FTIR technology in that rather than using acrylic waveguides it uses an LED light source 
to shine near-infrared light up to the acrylic surface, which reflects off objects or fingers 
back to various infrared cameras.  The infrared cameras interface to a computer that 
tracks finger movement, which is projected back to the acrylic surface with the imagery.  
Microsoft is planning on shipping their devices to four partners in the leisure, retail, and 
entertainment industries [27].    The use of these devices would be for hotel lobbies to 
allow guest to browse and listen to music and send digital photographs through a wireless 
interface. 

Mitsubishi Electric Research Laboratories in Framingham, Massachusetts has developed 
a product called DiamondTouch table top that allows for meeting collaboration [27]. 
Multiple people can interact and the system knows each participant.  The technology uses 
an array of antennas embedded in the screen to send an extremely small amount of radio-
frequency energy through the person’s body and chair to a receiver in the computer, 
which is a technique known as capacitive coupling. 

Cooling of the multi-touch monitor is critical for proper operation.  Rear projection 
monitors that are incased in a cabinet produce thermal characteristic that can influence 
the multi-touch surface or other electronics (i.e. IR) within the monitor.  If the surface is 
comprised of Plexiglass (light, transparent, weather-resistant thermoplastic) movement of 
the surface is possible with high temperatures from poor ventilation.  

Portability of large multi-touch monitors (tier 1 and 2) can be difficult.  Many tier 2 
monitors are equipped with roller wheels and come pre-assembled in a crate.  However, 
the weight of tier 2 monitors can be 250-350 lbs [8] and therefore require at least a two-
person lift requirement.   Large tier 1 monitors require several hours to un-crate and 
reassemble at an installation site.  Further, the tier 1 and tier 2 monitors require 
calibration after initial installation since projectors, IR cameras, mounting brackets, and 
other hardware components can move during shipment.  As a result, all connections, lens 
adjustments, and various hardware brackets must be tightened once moved.  The 
calibration of the hardware monitor surface usually is done in three stages.  The first 
stage is to ensure that the projector and IR camera are properly aligned and thoroughly 
tightened to the alignment bracket hardware in the multi-touch cabinet.  The second stage 
of calibration requires the operator to touch from 64 to 128 points on the surface to allow 
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the software to map touch location to a coordinate system.  The final stage requires an IR 
threshold to be adjusted to make sure that the touch sensitivity of the system is not 
impacted by IR noise levels.  Along with the final stage is a fine tune focus of the 
projector to remove any fuzziness in the actual display.  The overall process can take 
about 1 hour to perform for an expert operator.   

Based on the level of calibration and sensitivity to movement, the multi-touch monitors 
[8] available for purchase are not recommended for vehicle use or disaster recovery 
operations where transport can result in continuous movement. 

Touch Performance 
Multi-touch hardware and supporting software applications enhance the completion of 
common tasks over and beyond what is measured with large displays (reference Table 1).  
The mouse and keyboard limit the number of commands that can be executed on a single 
large display.  The operations on a large multi-touch monitor are accomplished with one 
or more fingers on one or both hands amongst one or more users simultaneously.  For 
instance, an operation to rotate an object about a fixed pivot point can be done by using a 
single finger on one hand while rotating the object with a finger on another hand.  Since 
large multi-touch monitors can accept finger or stylus input from multiple sources 
simultaneously, other operations and applications on the same monitor can be performed.  
For example, if one application generates an output that another application requires as 
input, the motion of moving the objects from one application to another can be done by 
grabbing the data and sliding across the screen to drop into another application.  All of 
this can be done on one monitor or distributed monitors for collaboration purposes. 

The context for multi-touch monitors is similar to large displays.  The operating system 
and user interface will vary greatly compared to standard desktop computer monitors.  
For the same reasons that large monitors (reference Large Display Space Management 
and Context) require improvements in space management, multi-touch monitors require a 
greater change to the traditional mouse and keyboard interface.  Since most multi-touch 
monitors require direct operator input at the monitor surface, the extent of arm 
movement, menu selection, and user interaction must change.   

One method of direct finger or stylus contact with an application is to have the command 
options located vertically on the edge of an application pane window [8].  This allows 
easy viewing and quick selection of a command either on the left or right edge of an 
application.  Other applications utilize a circular menu that is visually displayed when the 
operator makes a circular gesture on the surface of the monitor within the application 
window.  This allows quick access to command sequences without performing a tool bar 
drop down selection.  Other context changes include a “fluid” movement of data or 
objects that can be pushed or moved with simple finger gestures that are natural to human 
communication [8][12-MS table top reference].   

When text is required as input, a virtual keyboard is optional on some multi-touch 
desktop environments.  The virtual keyboard is presented to the user to allow finger touch 
keyboard input [8].  Finally, for applications that do not utilized the robustness of multi-
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touch capabilities and are run directly on a multi-touch desktop environment utilize the 
traditional toolbar selection with a virtual keyboard or single touch selection.  For 
instance, selecting commands from a tool bar for an application can be accomplished by 
selecting features from the standard application graphical interface using a finger or 
stylus.  This is used for applications that are not tailored for a multi-touch environment 
and adopt a single touch similar to a single mouse selection.   Multi-touch technology is 
not ideal for extensive textual data entry.  Further, a keyboard is still the best mechanism 
for generating documents.  Multi-touch environments are ideal for graphical 
manipulation, quick movement of objects between applications, multi-user collaboration, 
quick menu selection, and fast decision making.  

Multi-touch monitors rely heavily on the orientation and tier (reference Large Display 
Orientation and Tiers) of the display.  Since direct input to a large top tier vertical multi-
touch monitor is not practical for extended periods, middle tier monitors are used for 
design input and are mounted horizontally.  Large top tier displays can be used for 
walkup collaboration and discussion, but typically would not be used for design purposes 
since arm movement on a multi-touch vertical display will result in arm fatigue. 

Measuring Multi-touch Performance 
The research for this paper did not yield any papers that demonstrated actual performance 
measures between a single touch mouse environment versus a multi-touch finger or stylus 
environment with similar display size.  However, it is implied that the performance 
benefits achieved with large displays (as noted in Table 1) will apply to multi-touch 
displays.   

Fortunately, General Dynamics C4 Systems procured two Perceptive Pixel 48” [8] multi-
touch monitors to understand the technology and develop applications that would be 
utilized by the technology enabler.  One of the initial tasks associated with the multi-
touch technology is determining how the hardware environment performs when 
compared to existing mouse and keyboard technology.  To thoroughly understand the 
design space, a Design of Experiment (DOE) was established to examine all of the 
performance elements associated with the technology.  At the time of this paper research, 
the design of the DOE was completed only.  However the completion of the DOE will 
continue as new applications are developed. 

When examining the type of measure or metric to monitor on a multi-touch environment, 
it is important to examine limiting factors such as time and cost, have a comprehensive 
understanding of what is being measured, how metrics relate, statistical 
validity/efficiency of the metric, and measurement technique.    

Statistical methods will be used to analyze the data so that results and conclusions are 
objective rather than judgmental in nature.  There are many excellent software packages 
designed to assist in data analysis and simple graphical methods play an important part in 
data interpretation.  Properly applied, statistical methods do not allow anything to be 
proved experimentally, but they do allow us to measure the likely error in a conclusion or 
to attach a level of confidence to a statement.  The primary advantage of statistical 
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methods is that they add objectivity to the decision making process.  Statistical 
techniques coupled with good engineering process knowledge usually leads to sound 
conclusions. 

Once the data has been analyzed, we will draw conclusions about the results and 
recommend a course of action. Throughout this entire process, it is important to keep in 
mind that experimentation is significant parts of the learning process, where we formulate 
hypotheses about a system, perform experiments to investigate this hypothesis, and on the 
basis of the results, form new hypothesis.  This suggests that experimentation may be 
iterative.  Generally, we do not perfectly know the answers to these questions but we 
learn as we go along.  As experimental progress is made, we may modify input variables, 
modify ranges, etc.  Consequentially, we usually experiment sequentially and planning is 
required to ensure sufficient resources are available to perform confirmation runs and 
accomplish the final objective of the experiment. 

Touch Sensitivity 
One of the advantages to a multi-touch monitor is the use of finger or stylus pressure to 
add another dimension to touch selection.  Some multi-touch monitors [8] provide a z-
axis pressure sensitivity input that can be extended with many software applications.  For 
instance, a user may want to boldly draw a circle around a group of data or objects and 
move to another location on the monitor.  The bold line associated with the circle could 
be achieved by pressing firmly on the monitor.  Optionally, a light press on the monitor 
would display a narrow line that could be used to underline text in a paragraph or lightly 
emphasize a portion of a drawing.  The important aspect of z-axis pressure sensitivity 
functionality is that applications can adopt new command input that otherwise is lost with 
mouse input or touch screen input with only motion sensors.  Pressure applications could 
provide advancements in 3-D modeling techniques to shape and conform designs that 
normally could not achieve the same level of interaction with a mouse or keyboard input.  
Many pressure multi-touch monitors [8] have 32 levels of pressure sensitivity.  Therefore, 
it is important to limit the pressure levels to match the application that is being 
developed.  For instance, having multiple levels of pressure could provide different 
command execution. Having 32 levels of selection with pressure alone would cause 
frustration by the operators.  Therefore, the pressure levels must be minimized to at most 
2 or 3 to avoid user selection variation and frustration during operation.   

Accuracy 
Studies have shown that large displays are not as accurate as smaller displays using 
mouse and keyboard input (reference Table 1).  However, multi-touch display input is 
believed to be as accurate as small displays with mouse input, if not more accurate, based 
on testing that was done at General Dynamics C4 Systems with the Perceptive Pixel 
middle tier monitors.  Accuracy for multi-touch monitors is believed to be two fold.  
First, the calibration of the touch monitor to the virtual grid system is essential to make 
sure that the coordinate system used by the software matches the actual user selection.  
Second, the software applications that interpret the user movement and selection must be 
robust to account for sudden movement changes, multiple user input, pressure sensitive 
control, and responsive results.   
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Software Tool Kits (SDK’s) 
Obtaining beneficial Software Took Kits (SDK’s) with multi-touch displays is critical to 
the successful development of advancement interfaces and applications.  The important 
areas to consider for an SDK are the open standards, adapter intelligence and scalability 
of the product.  Further, multi-touch displays must be equipped with a multi-touch 
desktop context and space management applications.  Operating a multi-touch 
environment using a mouse and keyboard desktop context limits the advantages 
associated with multi-touch technology.  Open standards such is OpenGL, OpenGIS, etc. 
are critical when obtaining 3rd party SDK services.  The SDK must have an extensible 
framework for viewing, analyzing, and annotating geo-spatially referenced data since 
geo-spatially interfacing is where the benefits of multi-touch are realized.  Fast rendering 
algorithms are critical to display the data without significant delays between the monitor 
selection and the display response.   

SDK’s should have common adapter technology to support Service Oriented Architecture 
(SOA) frameworks.  Further, scalability of the SDK is important to allow distributed 
operation and collaboration of the applications.  SDK’s must support multiple users, 
multiple filters and lenses, image analysis and enhancement. Integration with third-party 
applications including Google Earth™, Microsoft® Virtual Earth™, ArcGIS Explorer™, 
as well as import/export of a variety of raster and vector data formats. The inclusion of  
XML import/export is essential to any successful development effort.  Perceptive Pixel, 
Inc. [5] provides a comprehensive SDK that addresses most of the critical objectives of a 
SDK.  The areas lacking in this example are SOA adapters. 

Human-Machine Interface (HMI) Multi-touch Design for 
Situational Awareness (SA) 
Large monitors are used in many battlefield situational settings, such as the Naval 
Command that is known as the “big picture” view [22]. Very few guidelines exist on 
what data should be presented on a large display, and especially multi-touch enabled 
technologies, and what interface techniques to use.  To help define those guidelines, this 
paper discusses four primary areas of HMI design for SA that can be used to design and 
optimize a multi-touch enabled SA environment.   
 
The first area that will be discussed addresses the guiding factors to select multi-touch 
scenarios and associated applications. The point of this discussion is to focus the designer 
on factors that influence multi-touch SA.  The second discussion addresses the space 
management and context associated with a multi-touch enabled technology, which is 
much different then the traditional mouse and keyboard desktop environment.  The third 
discussion will address techniques to design the SA environment for multi-touch.  These 
techniques are typical for any SA application design regardless of touch functionality.  
The fourth area of discussion is the human interaction and decision making techniques to 
minimize fatigue and stress to operators using multi-touch technology. 
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Guiding Factors To Select Multi-touch Scenarios and Associated 
Applications 
One of the main questions that is raised with multi-touch technology is it’s applicability 
to a command and control environment.  After all, applying multi-touch to an 
environment with an application that does not take advantage of multi-touch is a waste of 
technology.  To help guide and identify the scenario and associated multi-touch 
applications, there are three factors that must be addressed.  Those include understanding 
the guiding principles for multi-touch, the multi-touch functionality, and the multi-touch 
domain challenges.  Once these three factors have been addressed, then a scenario with 
associated multi-touch technology can be developed. 

The guiding principles for multi-touch include (a) scenarios are to be selected to highlight 
multi-touch advantages and capabilities versus highlighting existing application 
deficiencies, b) want to woo visually but have to convince stake holders of the benefit 
and advantage of capabilities in addressing user/domain challenges, and c) may want to 
address multiple paradigms of either multi-touch enabling existing applications or 
moving to a new user interface concept not currently imposed by Windows, Mac or 
existing applications.  The main point with the three factors is to avoid taking existing 
applications that are based on mouse and keyboard user interface technology and convert 
to multi-touch.  Doing this may not benefit the legacy application, nor will the multi-
touch benefits be realized.  Even if the benefits are realized with multi-touch enablement, 
the concern is showing deficiencies in existing applications.  Multi-touch applications 
will be more beneficial when developed with multi-touch in mind during the design 
phase and not attempting to adapt legacy technology. 

The second factor is to understand the required multi-touch functionality and how that 
functionality should be used in the scenario and applications.  Multi-touch functionality 
[8] to consider includes zoom/scale/shrink, rotate, copy de-referenced objects, copy 
reference objects, move/navigate, annotate, magnifying lens, stylus choices, z-axis 
pressure, time-scale, playback, solid, wire-mesh, GIS overlays, visual directories, 
portioning data sets, multi-user, single application, multi-application interoperability, 
single touch versus multi-touch enabled, and virtual keyboards. 

The third factor is to thoroughly understand the domain challenges with multi-touch.  
Some of the domain challenges include 2D/3D distributed collaboration, information 
clutter, information/operational overload, user fatigue, task efficiency, decision making 
accuracy, multi-user, and single applications. 

Once the three factors are reviewed and understood, then a scenario with associated 
multi-touch applications can be developed.   

Multi-touch Space Management and Context 
Large multi-touch monitors require the same level of space management and context as is 
imposed on large displays, as noted in Table 3.  However, multi-touch monitors add 
another level of space management when multiple users collaborate on the same 
hardware in either a Top tier or Middle tier environment (reference Figure 3).  Dr. Stacey 
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Scott (Professor at the University of Waterloo) has done extensive research with tabletop 
or multi-touch monitors and human interaction with those monitors [20][22][23][24][25].   

Dr. Scott addresses an important topic for horizontal multi-touch monitors [20] that have 
more than one person collaborating around the monitor.   She refers to the topic as 
tabletop territoriality and discusses the importance of developing basic system 
components or standard interfaces (i.e. buttons, menu bars, etc.) that are available to 
multi-touch application programmers.  Further, much of her research has asked the 
question of “what” activities people will perform in that environment and “how” they 
wish to perform them.  Dr. Scott has focused much of her research defining user 
boundaries and orientation on large tabletop devices [20][23][25].   She has studied the 
effects of social norms and practices to best design multi-touch components that will 
encourage user collaboration.  The boundary and orientation (based on user position 
around the table, not display mounting) research has devised components that include 
storage bins [20], fluid interface currents [25], and tabletop territories [23].  The main 
benefits of boundary and orientation approaches are to allow multiple users to collaborate 
at different sides of a tabletop without visible barriers since objects rotate toward the 
users view.  At the same time users can work in personal and group workspaces to 
enhance collaboration. 

Storage bin territories [20] can be placed on the multi-touch surface and moved by users.  
A storage territory is a mobile, adjustable container widget that provides users with a 
lightweight mechanism to store and retrieve workspace content anywhere in the 
workspace.  When objects are dropped into the container the size is reduced to 80x80 
pixels to save space. Experiments were conducted that had two users on opposite ends of 
the multi-touch monitor organizing pictures and using two types of storage bins.  The 
first was a peripheral storage bin around the outer edge of the multi-touch table, which 
was fixed in size, and the second was a group of mobile and adjustable containers placed 
in various areas on the tabletop.  The results showed that mobile containers allow fine-
grained actions by each user and the peripheral containers provided coarse-grained 
organization.  The mobile containers allow each user to work with their own container 
completing detailed tasks.  Where as the peripheral containers force users to work in the 
same space, resulting in only high level tasks being completed.   

Fluid interface currents [25] are mobile, flexible interface components that are dominated 
by an ongoing flow of objects moving inside the current container much like a leaf 
floating in a stream.   The interface currents are defined by their object flow, path, and 
position in the tabletop surface with a defined boundary, shape and size.  The two types 
of current flows are pool and stream currents.  Pool currents are mobile and reside in the 
center of the tabletop.  Stream currents reside on the boundary of the table.  Pool currents 
are primarily used for grouping and unstructured sharing of objects with a focus on macro 
level tasks.  Stream currents provide great sharing and more structure with multiple 
participants; facilitate collaborative tasks with large amounts of data, and data 
exploration.   As objects move around the stream the orientation changes based on the 
position of the user at the tabletop.  This removes visible barriers based on the user 
orientation to the tabletop. 
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Tabletop territories [23] on large tabletop surfaces can accommodate three roles of 
collaboration, which include comprehension of information, communication among 
participants, and coordination of activities.  To accommodate the three roles of 
collaboration, the tabletop is separated into three territories, which include personal, 
group and storage.  The concept of tabletop territories is based on the social norm concept 
of human territoriality.  The three tabletop territories are defined by spatial and 
functionality properties.  The personal tabletop territory functionality allows people to 
reserve a particular table area to perform personal task.  The spatial aspects of the 
personal territory are directly in front of a person at the tabletop with no visual barriers.  
The group territory provides a space to perform main task activities such as assembling or 
creating product designs in a collaborative mode.  The spatial area for a group territory is 
any area on the table top not occupied by a personal territory.  Finally, the storage 
territory is used to store task resources and spatially resides on top of the group and 
personal territories.  

The main observation for large multi-touch surfaces is to partition the workspace to allow 
an open environment for all collaborators to complete coarse-grained tasks and then 
individual workspace for each user to complete fine-grained tasks.  This concept can be 
applied to the Figure 3 hardware tiers.  Coarse-grained tasks would be performed in a top 
and bottom tier hardware platform and fine-grained tasks would be performed in middle 
tier hardware.   

Perceptive Pixel [8] has also developed system components that allow for quick selection 
of applications on the surface of the multi-touch monitor.  The menu is created by 
drawing a oval with a finger or stylus to bring up a round menu that allows easy selection 
with other fingers to perform operations such as magnify, create a new instance of an 
application.  Perceptive Pixel does not address the orientation of users around the middle 
tier hardware as discussed by Dr. Scott.  

Designing the Multi-touch SA Environment and Applications 
One approach to the design of the visual environment is to use Cognitive Task Analysis 
(CTA) [22] methods to generate scenario tasks, event flows, situational awareness (SA) 
requirements and decision ladders.  In this method, the SA is based on three factors 
which include perception, comprehension, and projection of the data for mental 
processing.  From the SA requirements decision ladders are made that are the final 
thought process for making critical decisions.  This data is applied when creating the 
visual environment for large monitors and multi-touch technologies.   
 
Some overarching design considerations [23] that must be included when developing 
multi-touch space management and context environments are visibility and transparency 
of actions, table space, appropriate locality, and grouping of objects.  Visibility and 
transparency of actions requires boundaries to be established at the personal and group 
levels.  Personal locations in a collaborative environment must remain personal and not 
seen by the other collaborators.  Table space size is key to make sure that adequate space 
is available for all multi-touch users and that crowding for control does not occur.  Roles 
should be defined for specific locality to allow users the ability to define locality and 
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grouping of objects that can be personal, collaborative, and associated with a general 
storage bin. 

Human Interaction and Decision Making – Reducing User Stress 
One key aspect of any collaborative visual environment using any monitor size or 
technology enabler such as multi-touch is the ability to understand the visual information, 
share it between groups, and come to a consensus all under the added stress of time 
pressure [21].  Large display’s and multi-touch environments, while providing large 
quantities of data, improved productivity with multi-user collaboration, can lead to 
additional operator stress.  For instance, operator mental demand has been noted in 
studies [2] between small and large displays for instance.  Further, the visibility barriers 
associated mainly with multi-touch environments [2] (working at close proximity to the 
screen) must be addressed with interface components and display boundaries 
[20][21][22][23][24][25] .  
 
To address user stress associated with collaborative visual environments, it is important 
to understand the human interaction reliance on learned social practices or social norms 
to negotiate efficient and effective interaction [21]. Designing large monitor and multi-
touch space management context requires component interfaces for a multi-touch 
environment that depend on perception and interpretation of many cues from 
collaborators.  For instance, verbal discussion followed by eye contact or phone calls 
emphasizing certain words and collaboration is sometimes done with words to the team 
rather than through visual environments.  Integrating intelligent automation to facilitate 
remote collaboration activities in a net centric environment that is comprised of large 
displays and multi-touch monitors are essential to reduce operator stress.  Intelligent 
automation areas include a) automatic information on remote users, b) non-disruptive 
communication mechanisms during distributed interactions, and c) provide better support 
for overall shared activity to help collaborators coordinate their tasks. 
 
Automatic information on remote users requires abstract visual view of their activities.  
This can be accomplished by an abstract meter on the computer that identifies a remote 
count of open computer windows, multi-touch motion detection usage, and audio/door 
sensors to determine the activity in the remote room.  Non-disruptive communication 
mechanisms during distributed interactions include automated hand waving features [21] 
and the participant’s state (i.e. talking, muted, or away).  Providing better support for 
shared collaboration can be accomplished by activity awareness [21]. Activity awareness 
is related to situational awareness, however it focuses on how a group works towards a 
shared goal over time.  Providing automated feed through of actions to participants such 
as the files that are open, the actions currently taking place on the remote system, or the 
potential stress level of the operator through voice recognition or other monitor 
techniques could be used to identify activity awareness and the need for help.   
 
Other collaborative design considerations to reduce stress in a command and control 
military environment [21] for large monitors or multi-touch enablers include automatic 
information that is high fidelity of a user’s state rather than a simple “out of office” 
message.  Further, automated techniques to allow easy transition during shift changes are 
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critical in military operations.  Therefore, technology must support a fluid transition of 
state without the loss of data.  One thought is that multi-touch could be portioned to allow 
a shift change without disruption in work flow.   

Multi-touch Lessons Learned 
General Dynamics C4 Systems procured two Perceptive Pixel 48” [8] multi-touch 
monitors to understand the technology and develop applications that would be utilized by 
the technology enabler.  Using the technology and developing applications provides a 
level of exposure that cannot be achieved through research alone.     

The lessons learned are as follows: 

 The units are large; however they are self-contained in terms of computer, 
monitor, pedestal, etc.  Transport between facilities requires a re-crating of the 
monitors. 

 Integrating legacy software into delivered multi-touch SDK’s from the vendor 
was not easy.  This is really no different that enabling a Service Oriented 
Architecture (SOA) into an application that is not previously enabled.   

 The multi-touch surface is durable and can support sharp objects (i.e. point of a 
mechanical pencil) directly touching the surface.   

 Performance is amazing, especially with the provided applications.  This is due to 
the OpenGL rendering on the graphics card.   

 The space management is clumsy when jumping between the two contexts.     
 There is a big woo factor associated with the display.  However, during initial 

usage, the vendor desktop hung twice and had to be restarted with a Crtl-Alt-Del 
keyboard sequence to allow the vendor desktop to be terminated.  This is a 
disadvantage when running on an operating system (i.e. Windows) that is 
controlling the second vendor desktop context. 

 Labs that have motion IR transmitters in the same room as the multi-touch tier 2 
monitors results in elevated IR noise levels resulting is reduced sensitivity. 

 Rear projection lumen of 500 is adequate in bright rooms for 48” monitors. 
 Resolution of 1280x760 for a 48” monitor results is a pixel resolution of 26 pixels 

per inch in the horizontal axis.  This results in some fuzziness of the image when 
viewing up close.   

 Mylar surfaces are good for scratch resistance; however the material is subject to 
movement from humidity and other thermal factors.   

 Expect to spend at least 1 hour calibrating the unit after each move, even if the 
unit is wheeled from one room to another. 

 Wireless keyboard and mouse are critical for a multi-touch monitor.   

Summary 
This paper has addressed four multi-touch themes.  Those themes included a thorough 
discussion on large displays in general, multi-touch technology, human-machine interface 
(HMI) design and situational awareness (SA) applications using multi-touch, and multi-
touch lessons learned.   
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First hand experience with multi-touch technology and General Dynamics C4 Systems 
NSD has brought to light many advances and some hurdles associated with multi-touch 
technology.  Research has shown that multi-touch technology is here to stay and that the 
industry is really at the early stages of the technology.  The research and first hand direct 
application of multi-touch technology has found that the advancements in increased 
productivity, collaboration, and visual interaction are important for any C2 environment 
and must be considered a solution when designing large C2 centers.    
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