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Chapter 1

Introduction

In the physical world, the interaction between human and its environment has always been done by
our hands. It is the only tool that is always with us, and we are always capable of using them. With the
invention of the computer, for years we have been finding the right paradigm to work with the abstract
data the computer possess. Firstly, it was very difficult for regular people to use computers, but with
the invention of the WIMP paradigm, it seems we have finally solved the problem of interacting with
abstract data.

The most common WIMP paradigm uses at least two, but usually three different devices - the displaying
unit, keyboard and mouse. The display unit presents the abstract data using various widgets, text or
other graphical elements, while the keyboard and mouse are used for actual interaction using tasks
like selection, manipulation etc. Thus, there are three essential tasks users need to do: work with the
data, join three different interaction spaces in one solid interaction and seamlessly switch between the
interaction spaces or even work with all of them at the same time

The other paradigm, often mentioned together with WIMP, is a direct manipulation paradigm. The
central idea of the direct manipulation is the visibility of the object of interest, rapid, reversible. in-
cremental actions, and replacement of complex command language syntax by direct manipulation of
the object of interest [21]. Such direct manipulation interaction paradigm is defined only in the virtual
space of computer screen, where an user, by using input devices, is able to directly manipulate objects
displayed on visual output device.

Thinking of the wider context of physical interaction spaces, the direct manipulation is no longer valid,
since there are at least two disjoint interaction spaces. Considering two different disjoint spaces, one for
visual output, and one for mouse input space, the violation of direct manipulation in the physical user
interaction space, might be corrected using two different methods. The basic idea is making connection
between these two interaction spaces, and thus making impression of integrating them and creating
only one interaction space.

Firstly, the addition of output capabilities into the mouse input interaction space makes the connection
with the output capabilities of visual output interaction space. This method is often employed by input
devices capable of providing haptic feedback, which is either tactile [6, 25] or kinesthetic [9].

The other approach is to invert the first method, thus the input interaction space is integrated1 right
into the existing output interaction space. The integrated input is a basic idea and principle of every
touch sensitive display and it conforms the direct manipulation paradigm in the virtual interaction
space as well as in the user’s physical interaction space. The integration of input and output interaction
spaces lead in 1960s to the creation of the first touch screen technology [13].

In the following chapters we describe our research in touch and haptic interaction, as well as usability
evaluation. First, we have rethought the touch screen interaction, by implementing a way of extending
the interaction with another information. Furthermore, we have research a haptic interaction and
proposed a kinesthetic haptic device for user interface guidance, to help the user learn the interface
quicker. In the field of usability, we have proposed a novel method to measure the usability in an
automated manner.

1By integration in the context of interaction spaces we mean moving one interaction space to the same physical place as the
other.
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Chapter 2

Multi-touchLCDdisplayusingFTIRoptical sens-

ing

This chapter summarizes our first step to the multi-touch research area by creating a touch detecting
display with a multi-touch capabilities and a possible augmentation with other interaction styles.

We have used an optical approach, specifically a FTIR detection method1 inspired by [11]. Contrary
to the [11], who has used a projection based display or [16], who has used a small scale LCD panel,
we have extended display characteristics using large scale 27 inch LCD display. Furthermore, we have
parallelised image processing and touch detection methods using GPU processing with CUDA API [18].
Detected touch events are registered to the operating system using vMulti [1].

Using a cardboard prototyping approach, as proposed by [24], we have been able to quickly build up a
first prototype to simulate the functionality and validate our proposed approach. Next, a final metal
plate device has been build as show in Figure 2.1.

Figure 2.1: Left: a cardboard prototype for developing purposes, right: final device.

2.1 Data processing

We have used color camera image as an input for our proposed touch point detection technique. The
results of our method are touch points registered directly to the operating system.

For the touch points detection, we have firstly used image processing routines to process the camera
image in order to segment the touch points. Then, using a connected component labeling, all touch
points have been identified and matched against the touch points found in a previous camera frame, so
the touch point identifications are maintained from frame to frame. Finally, the identified touch points
have been registered to the operating system using a slight modification of vMulti [1]. In Figure 2.2, our
data processing pipeline is shown, starting from captured camera image and finishing with operating
system touch point registration.

2.1.1 Image processing

In the image processing phase we have processed input camera image resulting in a binary image
containing segmented touch points. We have divided the image processing phase into following three
steps.

1FTIR detection method is thoroughly discussed in [17]
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Figure 2.2: Multi-touch pipeline begins with camera image. The image is flipped and converted to
grayscale. Next background subtraction, threshold, and morphology operations are done to make seg-
mentation of touch points. Using blob tracking, and blob matching touch points are identified. Finally,
using vMulti virtual driver, touch points are registered to the operating system.

Color to grayscale The first step performs color conversion from BGR space captured by the camera
to grayscale space. The value of an image point in the resulting image is formed by a weighted average
of a RGB values as defined in [4]:

Igs(x, y) = 0.299Icamera(x, y)[R] + 0.587Icamera(x, y)[G] + 0.114Icamera(x, y)[B], (2.1)

where Igs(x, y) is an image point in the resulting grayscale image with coordinates defined by x, and
y. The Icamera(x, y)[R] is the value of an image point from the source color image’s red color channel.
During the color conversion, image is also flipped, to compensate for camera position behind the touch
surface.

Background subtraction using running average with selectivity We have used background
subtraction to detect foreground image points. The foreground image is created by firstly computing
the difference of captured image and a model of the background. If the difference at the specific loca-
tion (x, y) is negative, the foreground value at the same location is clamped to 0. On the other hand, if
the difference is not negative, the value is set to the computed difference:

Idiff (x, y) = Igs(x, y)− Ibg(x, y),

Isub(x, y) =

{

0 if Idiff (x, y) < 0
Idiff (x, y) otherwise,

(2.2)

where Igs(x, y) is an image point in a grayscale image, and Ibg(x, y) is an image point in a stored back-
ground model. Idiff (x, y) defines an image differencing, while Isub(x, y) defines the background sub-
traction.

We have used a running average background model, where the background image is in each itera-
tion of the camera loop adapted by a small fraction of the current image frame. We have adapted the
background model selectively depending on the results of the background subtraction. Therefore, the
background model is updated only at the locations, where the Isub(x, y) is below the threshold defined
in the third step, in other words the image point is not foreground, or Idiff ≥ 0.

Threshold operation Finally, the image is segmented using a threshold operation. We have used
binary threshold operation, which is used to distinguish the background image points from the fore-
ground image points [4]. The result of the threshold operation is a binary image, where image points
with the value of 255 define the touch points generated by the user.

To increase the speed of the image processing algorithms we have implemented custom CUDA kernel
[15], computing the image color conversion, background subtraction, updates for background model,
and flipping of the input image. Furthermore, our CUDA kernel does the operation in a mirrored
manner, computing points at horizontal coordinate x as well as at coordinate Iw − x − 1 using one
thread.
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2.1.2 Removing noise using morphology operations

The binary image created earlier with the threshold operation contains both touch points called blobs,
and image points denoting unwanted noise. In order to remove the noisy points, we have used mor-
phological image processing operations specifically erosion and dilatation. We have used the erosion
operation succeeded by dilatation, and then dilatation succeeded by erosion is used2.

Using the morphological approach for eliminating noise in the binary image, we have maintained ap-
proximately the same blob sizes, while reducing the noise. What is more, using morphological approach,
the noise has been reduced without blurring the image, which affects the resulting image quality. By
removing the noise, blob finding and identifications is processed in much better times, in contrast to
the blob identification in a noisy image.

2.1.3 Blob tracking using connected component labeling

An input to the blob tracking phase of the data processing pipeline is the binary image containing touch
points. The results of the blob tracking step is a list of blobs and their attributes, e.g. centroid, radius,
boundary, etc. In order to find and identify all blobs in a segmented image, we have used connected
component labeling as a blob tracking method. In our technique, based on [14] algorithm, we have
labeled all mutually disconnected components in an image and stored components borders at the same
time.

2.1.4 Touch point matching

The result of the connected component labeling is a list of all mutually disconnected foreground objects,
let’s consider them as a blob candidates. The goal of touch point matching is to find corresponding blobs
in a successive frames, and for the corresponding blobs, use the previously defined identification.

Our matching technique is a three step process, each one has been implemented as a CUDA kernel,
thus operating in a parallel manner. Firstly, an initialization kernel creates and initializes storage for
filtering blob candidates and for matching purposes. Secondly, a filtering process is started, where each
blob is checked using following conditions:

Blob is outside the image Checks if the blob coordinates are less than the actual dimensions of the
image.

Symmetry control Checks if the absolute difference of blob’s horizontal and vertical dimension is less
than a specified value. This check ensures, that blobs are not significantly elongated in either
vertical nor horizontal direction.

Minimum size control Checks if the blob’s size in both horizontal and vertical direction is larger
than given minimum amount. This check ensures, that a tiny blobs are not considered as an
actual blob.

Maximum size control Checks if the blob’s size in both horizontal and vertical direction is less than
given maximum amount. This check ensures, that a huge blobs, i.e. probably some sudden light-
ing changes are omitted as well.

Radius control Checks if the blob’s radius is greater than 0. If so the blob is stored to the output blob
array, and thus is ready for next phase i.e. blob matching.

The last step of the blob matching algorithm, is responsible for matching blobs between two successive
frames, thus the same blobs in frames fi and fi+1 would have the same identifications. Blob matching
method is also done in a parallel manner, in such a way that each blob from a frame fi is processed with
one thread and each thread checks all blobs in the current frame fi+1.

2Using erosion and dilatation successively defines opening operator [19]. While using successively dilatation and erosion a
closing operator is defined [19]
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The blob object contains five attributes, specifically vertical coordinate, horizontal coordinate, radius,
identification, and a flag. Where the first three attributes are set based on the geometric features of
the blobs, the identification is an unique identifier, and the flag is an integer number defined as flag ∈
{−3,−2,−1, 0, 1, ...}. The negative values refers to TOUCH_UP, TOUCH_MOVE, TOUCH_DOWN, re-
spectively. The 0 refers to the blob with state TOUCH_DOWN that has not moved between frames.
The other positive values are used to postpone TOUCH_UP reporting. This is usable in a situations of
sudden light changes conditions, when blob might disappear temporarily, but is expected to appear in
a few following image frames.

2.1.5 Touch point registration

For touch point transformation from camera image to display screen coordinates, we have used transfor-
mation matrices from camera calibration process as defined in [26] and implemented in [5]. A pinhole
model of camera is used, thus a point in a space is projected into the image point by

sm̃ = A[R t]M̃, where A =





α γ u0

0 β v0
0 0 0



 , (2.3)

where s is a scale factor, matrix [R t] is a camera extrinsic matrix, and matrix A is a camera intrinsic
matrix. In order to be able to precisely transform three dimensional point, i.e. in our case a point
in a display screen coordinates, to a point in a image space both camera extrinsic as well as intrinsic
matrices are needed.

By having at least 6 corresponding point pairs in both camera image and display screen coordinates,
both intrinsic and extrinsic camera matrices can be found. Using algorithms implemented in [5] based
on [26] both matrices are found. Solving the Equations 2.3 for known camera matrices as well as image
point, the display screen coordinates are found. The exact process is thoroughly described both in
OpenCV documentation [5] and several other sources [4, 19, 26].

Having the transformed points coordinates range from 0 . . . 215−1 a direct usage in vMulti [1] is possible.
What is more, by having such large display screen coordinates range makes it possible to scale to various
display screen resolutions without any significant precision lost. Furthermore, it enables usage of our
approach for any display screen sizes.

2.2 Results and discussion

For demonstration purposes, we have created an OpenGL application presenting the usage of touch
interaction. The MT-Drum application simulates the real drum kit. It consists of five textured circles,
which are responsive to the user touches. When the circle is touched a music sample of a specific drum
is played. The actual sound playback is done asynchronously, thus user is able to hit several drums at
once. An image captured while interacting with MT-Drums application is shown in Figure 2.3.

Figure 2.3: An example of an interaction with MT-Drums application.



Chapter 3

Extending themulti-touch interactionby touch

semantics

Considering touch and multi-touch interaction, and their several possibilities as discussed in Chapter 2,
we have reviewed the process of touch point detection using a FTIR1 technique. Because of the capturing
camera placement, beneath the touch surface, and because of translucency of the touch surface, the
camera captures not only the touch point blobs created by frustration of total internal reflection, but
also a small part2 of a three dimensional space above the touch surface.

In this chapter, we present a touch interaction approach, which adds semantic information to the touch
event. Our approach does not require any additional depth or acoustic sensors and uses only one camera
placed beneath the touch surfaces and the hardware used in Chapter 2, extended with an infra-red
illumination increasing the ambient infra-red lighting placed above the touch surface.

3.1 User tests

Following the user centered design, we have firstly tested several users on the various finger usages.
Based on the results of the test, we have proposed a finger labeling algorithm. For testing purposes
we have implemented, an application showing a touch target, and a human hand with one highlighted
finger. During the test, user is asked to touch the target using the highlighted finger. After the touch
is registered, new touch target is randomly generated along with a new finger highlighted on a human
hand.

During the test, we have recorded video stream from the camera beneath the touch surface, and from
one additional camera placed above the surface. We have tested 10 different users, 7 women and 3 men
in the age between 25 to 40 with a basic to intermediate knowledge of mobile touch interfaces, and
very basic knowledge of large scale touch sensitive tabletop devices. The results of our testing group
have been somewhat surprising and against our expectations. We have expected some differences in
the technique of touching the target. We have expected usage of fisted hand for touches with an index,
thumb, and a little finger, whereas usage of open hand with a middle, and a ring fingers. Contrary to
our expectations, each and every user has used open hand for each of the five fingers.

3.2 Touch point labeling

Contrary to the related work, we have eliminated any additional sensors and processed the data from
camera in our FTIR based touch screen. Doing so, we have altered the touch detection pipeline by
adding another independent branch responsible for hand detection. In the detected hand image all
finger candidates are found and labeled, and finally matched against the real touch point detected.

The resulting labeled fingers have impact to the means of interaction, which we have demonstrated in
a simple 3D scene editor. An overview of detection pipeline is shown in Figure 3.1.

1FTIR detection method is discussed in [17].
2In our implementations objects contours of up to 5cm above the surface are clearly seen.
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Figure 3.1: Data processing pipeline for both touch point detection, and touch point labeling.

3.2.1 Image processing

The first step in a finger labels detection is an image processing of an camera captured image. Be-
fore entering the infinite camera capturing loop a camera calibration matrices are computed using a
chessboard calibration. The computed calibration matrices are later used to undistort and rectify the
captured image. Since the camera is placed beneath the touch surface, the captured image has been
vertically flipped, and then undistorted. Finally, a region of interest is set, omitting data, which does
not refer to the touch surface.

Touch point segmentation We have used simple frame differencing to subtract the background
image, disregarding image points with no relevant data. Next, a threshold operation is applied with
a several consecutive morphological erosions and dilatations removing any noise from the resulting
binary image. Applying contour finding technique by [22] each touch point is detected, and its contour
as a sequence of points is defined. We have used contour moments as defined in [4] to compute the
coordinates of the contour’s center of mass, called centroid. The computed centroid defines an accurate
position of each touch point, used for touch interaction.

Hand segmentation Contrary to the background subtraction used in the touch point segmentation,
we have used a background division defined as

Idivide(x, y) = Iframe(x, y)/Ibackground(x, y) (3.1)

for hand segmentation purposes. In order to segment larger connected regions, e.g. hand contour, the
background division gives much better results. The comparison of background subtraction and division
for the same inputs is shown in Figure 3.2.

Figure 3.2: The left image shows background subtraction, the right image shows background division.
Notice that the background division gives much more connected regions in the resulting binary image.

Next, to remove any noise, we have used several morphological erosion and dilatation operations. Fi-
nally, a threshold operation is applied. Background division and resulting segmented hand contour is
shown in Figure 3.3.

3.2.2 Fingertip candidates detection

Except of finding exact touch points, i.e. the coordinates of the points, where user touches the touch
surface, also other hand’s fingertips needs to be found, in order to properly label the fingers. For this
purpose a hand contour have been found using algorithm described in [22]. Finding a contour of a
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Figure 3.3: The left image shows background division, the right image shows segmented hand contour.
Notice, that the segmented hand contour does not contain actual touch points.

segmented region in a binary image often creates a complex closed polyline composed of many small
line segments, thus Douglas-Peucker algorithm [7] has been used to simplify the polyline into a polygon
of several points.

Matching touch points to hand contour Since, the segmented hand image does not contain an
actual touch points generated by the user, the hand contour might be missing some areas at the fin-
gertips locations. To overcome the hand contour reduction, we have matched the simplified polygon of
the hand contour to the touch points positions, in such a manner, that the closest polygon point to the
specific touch point is moved to the touch point location as shown in Figure 3.4.

Figure 3.4: Blue line shows an original hand contour, while red line shows its simplification. Found
fingertips candidates are shown as green circles. A hand contour correction by actual touch point is
shown using a blue arrow.

After correcting the simplified hand polygon, fingertips candidates have been found by computing an
angle defined by three successive points of hand polygon. If the angle is less than 90 degrees a point at
the tip of the angle is considered as a fingertip candidates.

3.2.3 Labeling

When all fingertips have been identified, we have used Au’s labeling algorithm [3] to label the individual
fingers. The Au’s algorithm [3] is based on firstly finding a thumb finger, by finding a fingertip with
largest spanning angle. Spanning angle for a fingertip is defined as a sum of the absolute angles to the
adjacent fingertips as shown in Figure 3.5.

β

α

Figure 3.5: Spanning angle defined as the sum of the two angles on each side of the connecting line [3].

When a thumb finger is identified, the other fingertips are labelled successively from the fingertip with
a smallest polar angle relative to the thumb finger. Once all fingers have been labeled, their labels are
matched against the real touch points as defined by touch point segmentation. The result of labeling is
an object of a hand with the list of touch points along with their labels.
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3.3 Results and discussion

We have proposed, implemented and demonstrated our technique for adding another information to
touch interaction. We have added information based on the label of a finger used during the interaction.
We have implemented the finger labeling algorithm in place of standard touch detection algorithm
defined in Chapter 2, without using any additional sensors.

To demonstrate the idea and the applicability of adding semantic information to touch point interaction,
we have implemented a simple three dimensional scene editor, where user can manipulate either the
location or the scale of any placed objects. Using index or middle finger user can translate selected
object in XY plane or YZ plane, whereas using ring or little finger user is able to scale the selected
object in XY axis or YZ axis. Both the translation, and the scale vector are defined by the current
position of a particular finger and the first touch position of the same finger. In Figure 3.6 a translation
in a XY plane using an index finger is shown.

Index finger

Figure 3.6: Object translation in XY plane, defined by index finger and its relative movement as shown
by blue arrow.



Chapter 4

Kinesthetic haptic device for interface navi-

gation

A direct manipulation paradigm, introduced by [20] in the context of desktop metaphor, an user is able
to manipulate virtual objects using a virtual cursor. Considering the idea of direct manipulation, it
only just between virtual objects, and the user himself has to work in several spatially different spaces
at once. For instance, consider using a mouse at a desk and a visual output display placed on a desk.

Using a touch interaction, a spatially different input space is moved to the space of a visual output.
Sharing one physical space, a true direct manipulation is achieved. The approach of moving input
space towards the output space is just one possible solution. The other one is created by moving the
output space towards the input space and interchanging the visual output for haptic output, creating
a haptic feedback device.

In this chapter, we describe a haptic device for usage in the context of the desktop metaphor as an
alternate to the visual output, enabling direct manipulation paradigm.

4.1 Haptic feedback

Human beings have three different receptors sensing attributes like temperature, pain, force and vi-
brations. Depending on the response of the receptors, we distinguish two types of haptic cues humans
are able to sense. The tactile cues, created by receptors under the surface of the skin, helps us to sense
textures, temperatures, pain and pressure. On the other hand, kinesthetic cues, are based on muscle,
joints and tendons receptors, thus enabling sensibility in position changes and movements.

Categorization of haptic cues also defines the taxonomy of haptic devices, to those rendering feedback
as a tactile cues or kinesthetic cues. The idea of using a tactile cues to enhance user’s performance has
been explored in [6], where a trackball has been augmented with tactile feedback.

Figure 4.1: Left a Phidgets advanced servo kit with a servo motor, right two Phidgets servo motors at-
tached to the computer mouse.

We have chosen the other approach, using a kinesthetic cues to promote user’s performance and in-
crease software learnability times. We have modified standalone optical computer mouse by adding
two, mutually perpendicularly oriented, servo motors, as shown in Figure 4.1, responsible for render-
ing resistance and pull forces. This modification results in controlling the physical mouse movement
as performed by the user, and enables helping user’s navigation in graphical user interface.

Phidgets advanced servo kit USB controller and Phidgets API enables precise control of the rotational
angle of both servo motors.

12



4.2. Results and discussion 13

4.2 Results and discussion

To demonstrate the idea of using a kinesthetic cues to help user to navigate in a graphical user interface,
we have implemented Earth browser using a NASA World Wind Java SDK [2]. The main goal is to
enhance the user’s learnability and memorability of geographical locations for defined world cities. If
the mouse cursor is hovering over the World Wind canvas, two geographic location are present, the
target location, i.e. the location of selected city, and mouse location, i.e. the geographic location of the
point on the Earth surface where mouse cursor is currently pointing.

Figure 4.2: A demonstration of haptic user interface guidance in NASA World Wind. Blue color line
indicates the pulling force towards the city of London. Red color indicates the repulsive force, rendering
a directional constraint while the user is moving in the wrong direction.

Having the two points, a vector between these points is computed and used to render the haptic feed-
back. We have found two different approaches to render the haptic feedback:

• The vector is used to generate pulling force towards the target location, thus pushing the user in
the right direction, and eventually achieving the target location as shown in Figure 4.2.

• The vector defines the ideal cursor movement towards the target location, and cursor movements
in any other directions are constrained by rendering movement in an opposite direction. Apply-
ing such directional constraints using force resistance does not tell the user the exact solution,
i.e. navigating to the right target, but restricts the user’s movement in the right direction, i.e.
applying force only if the cursor is moving away from the target location as shown in Figure 4.2.

Haptic rendering algorithm might be enhanced by constantly computing travel time to target using a
Fitt’s law [10], and render haptic cues only if the time to target is growing. We propose the usage of such
haptic rendering for interface navigation and guidance in an applications like e-learning for software
users, and assistance for visually impaired users.



Chapter 5

Automated usability measurement for desk-

top application

Most of the automated evaluation methods [12] are very hard to define, usually because of a difficult
models of the interaction serving as a backbone for the automation. In order to cover all possible desktop
software, we have not created a software model, but on the other hand, we have created an interaction
model by defining the flow of the interaction. Such flow consists of a simple sequence of events user
should perform during his interaction. This way we have provided a model, which is eventually com-
pared to the real recorded user’s interaction. In order to simplify the comparison of the model with
the user interaction, our approach captures all system events generated by user’s interaction. Further-
more, we have extended the system events data with the user’s eye tracking data. Since the automated
usability testing might not be always right, we have enabled an option to playback the user’s interaction
later on, showing the system events, eye tracked data, as well as an interface context using captured
screen shots. By using a standalone SQL database as data storage, we have simplified the data mining
to a simple SQL queries. In order to provide conclusion from a numerous tests, we have provided a
simple statistics of a task succession and a time on task statistics.

5.1 Interaction model definition

We have employed a model of the interaction itself, which consists of a definition of a sequence of events
to be performed by the user. The interaction model is created by drawing nodes and ordering nodes into
a sequence. Furthermore, the drawing is done on a semitransparent canvas, thus while the interaction
is modeled, user is able to see the interface.

We have distinguished five different types of nodes for our model definition. Four types of nodes cover
mouse events i.e. mouse click, mouse double click, mouse up and mouse down, and the fifth node type
covers text events i.e. key press event. An example of an interaction model is in Figure 5.1

Figure 5.1: Model of the interaction in Microsoft Paint application. Actual modeled interaction is for
opening and saving an image using jpeg compression. Model consist of ten click events (white rectangular
boxes, labeled with IDs) and one text event (yellow rectangular box).

14



5.2. Data recording 15

Figure 5.2: Real-time pupil detection using standalone computer vision algorithms. Left web camera im-
age shows a definition of range of interest for pupil detection. Right by finding a contour and computing
image moments a pupil center is defined.

The interaction model definition is extended with the approximate time of the interaction. This time
is defined in a seconds and stands for a time, in which user tests should be completed.

5.2 Data recording

Data recording is used to record the user’s interaction during the user’s test. We have implemented
recording of system data used during the interaction, i.e. the data generated by the computer system
e.g. mouse movement, key presses, etc. Furthermore, an eye tracking data is stored as well, in order
to provide a user’s subjective interaction view.

5.2.1 System event tracker

In order to automate the interaction data capturing, we have created a system event tracker. System
event tracker captures all the system events that are created by the user during the test sessions. Every
event, along with the time stamp, and in a case of the mouse events, with the mouse position and mouse
state, is stored in the database. Furthermore, when an event, which significantly affects the look of the
user interface, occurs i.e. mouse clicks and double clicks, a screen shot of an actual screen is grabbed
and stored along with the event id to the database.

5.2.2 Eye tracker

The system event data itself is able to define the user’s interaction very well. Unfortunately, such data
does not contain information about the user himself. To capture this type of data, we have used a low
cost head mounted eye tracker.

Our eye tracker consists of a standalone web camera sensitive in a near infrared spectrum, which is
extended with an infra-red illumination LED mounted directly to the camera. Using the infrared illu-
mination coupled with the sunglasses lens used as a pseudo camera filter, we have been able to achieve
proper lighting of the user’s eye, thus the process of the detection of the user’s gaze is computationally
very simple. For simplicity, we have considered the position of the user’s head to be static.

In the detection process, we have used elementary computer vision algorithms. For noise reduction, a
median filter [4] with a square kernel of five points size is used. Using threshold operation and contour
detection user’s pupil is precisely localized. By computing image moments, defined in [4] a coordinates
of the centroid of the user’s pupil using are computed.

Using nine calibration point pairs, mapping matrix is computed to map pupil’s center point to the actual
screen coordinates, forming the user’s gaze point on the screen as described in [4, 8]. Pupil’s center is
computed as a floating point coordinates, thus the resulting screen coordinate point is computed with
a sub-pixel accuracy.

In Figure 5.2, the results of computer vision algorithms and pupil center detection are shown. Notice the
quality of an input image, which enables far simpler and less time consuming pupil’s centroid detection.
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Figure 5.3: Representing correspondence between system events and eye tracker data as a red dashed
line. The interaction context in form of a screenshot, which has been stored in a database, is shown as
well.

5.3 Data presentation and analysis

An essential part of any usability testings is a possibility to browse the interaction data and virtu-
ally play the entire user’s interaction. Such feature is very needed in order to make possible further
examination of the recorded interaction data.

In our solution, the data is stored in a database, thus it is possible to playback entire interaction at
any time. Stored system event data, as well as user eye tracker data are shown in blue and violet
colors respectively. Putting the recorded interaction in the context of the defined interaction model,
any interaction errors are visually easily recognizable. Blue and violet circles in Figure 5.3 represent
the mouse click events and a gaze position during the mouse click. Furthermore, a violet triangles
represent the gaze position in the time of a key press during the interaction.

In order to enhance the visual analysis, we have denoted the actual correspondence of the eye tracker
data and the system events data using a red dashed line as shown in Figure 5.3. Since the playback
of the interaction is also possible, the actual playing position is visually represented as a rectangle
for both system data (blue rectangle) and eye tracked data (violet rectangle). Furthermore, since we
have stored a interface screen shot after each system event, during playback the screen shot is shown
providing an interface context as shown in Figure 5.3.

5.3.1 Simple interaction analysis

Our approach towards usability evaluation, is the detection of the most evident problems during the
interaction. We have considered various performance metrics, as defined in [23], and found out, that
the computation of three metrics is very straightforward using the captured data.

Firstly, we have considered the time of the user’s interaction. During the interaction model definition,
we have defined an approximate time it should take the user to successfully complete his interaction.
During the user test, we have kept track of the time by inserting a time stamp information to the
database along with both the system event data, as well as the eye tracker data. After the test, the
complete time of the interaction is found using a simple database query. The complete interaction
time is compared with the time defined in the interaction model. If the time difference larger than
two seconds, the interaction is tagged with a time difference problem, denoted as a "T" letter in the
"Problems" column in Figure 5.4.

Secondly, the number of system events, especially mouse clicks, is another very important usability
indicator. Since the interaction model consists of a sequence of events, that user should perform, it is
possible to detect if the user actually performed the exact sequence of events during the tests. Such
comparison is not straightforward since a successive click nodes are mixed with a text nodes, where
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Figure 5.4: Users interaction records enhanced with simple interaction analysis tags.

several clicks are possible, e.g. sometimes the text node needs to be clicked inside, other times it gains
focus during the interaction, sometimes user uses mouse to set the cursor position, etc. Thus, we have
counted the minimum and the maximum click count of the interaction model. Click counts are then
compared with the interaction user has performed during the tests. If the user’s click count is not inside
the interval defined by the minimum and the maximum interaction model click counts, the interaction
is tagged with a click count problem, denoted with "C" letter in the "Problems" column.

Finally, the last metric we have used for the simple analysis, is a distance traveled. The interaction
model has defined the position as well as the order of the nodes. From the node’s positions, a distance
user should travel between successive nodes can be computed. We have computed an interval, defined
by the minimum and the maximum distance the user might travel. Minimum distance, is the distance
of the closest nodes points, while the maximum distance is the distance of the two farthest points. In
the database, the information about user’s mouse movement has been stored. Thus, the computation
of the traveled distance by the user is very straightforward, and is defined as

d =

n−1
∑

i=0

(Pi+1 − Pi), (5.1)

where Pi is the ith point of the stored user’s cursor location, and n is number of stored locations.

Eventually, if the users distance traveled is not in the defined interval, the entire interaction is tagged
with a distanced problem, denoted by "D" letter in the "Problems" column.

Except of these metrics, we have used also a task success metric, which is recorded at the end of each
user interaction. Task success metric reflects the user’s subjective assessment, thus providing the tests
with a subjective data, which is also very useful.

The three metrics we have described, along with the subjective task success metric form our simple
analysis, which is used as a first look on the interaction, and enables the interaction’s quick assess-
ments.

5.3.2 Enhanced interaction analysis

Using an enhanced interaction analysis, we have aimed to validate the recorded interaction to the
interaction model, especially considering the order and the position of the system events.

The validation of the mouse events is straightforward, on the other hand text nodes in the interac-
tion models has to be targeted specifically. The text node is very special, since a user might use as
many mouse events inside the text node as he wants. Thus the mouse click, double click, up and down
events inside the text node are temporarily not considered. As soon as the mouse events are outside the
text node, such events are again taken into the account. Using the validation process, we have found
mispositioned events, which eventually affects the interaction. Such interaction problem is shown in
Figure 5.5, where a user has not performed the event he was supposed to perform. In such a case, any
subsequent events would not be validated either, which is shown in Figure 5.5 using a red circles.

To provide a global view on the usability test, we have made available interaction statistics. We have
implemented task success, and time on task statistics.
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Figure 5.5: Showing a problem in the interaction. The user has not performed the right interaction by
missing the click node and eventually missing all successive nodes. All missed targets are shown as red
circles.

5.4 Results and discussion

We have presented a novel approach for automated usability evaluation. We have automated the data
capturing and shown four metrics, i.e. time success, traveled distance, click count, and time on task,
which have been used for the simple analysis. Furthermore, the validation of the system events order
and position form the enhanced analysis. By making available evaluation statistics, we have made it
possible to evaluate the overall interaction usability.

The biggest advantage of our method is its versatility. It can be used for virtually any desktop applica-
tion. The only mandatory thing needed to use our method is the interaction model definition.

Although our approach is applicable to usability test any desktop application, there are several draw-
backs that have to be addressed. For instance text nodes needs to be distinguished, since there is an
interaction difference between a text area and a text box nodes. Furthermore, one need to consider
changing the focus of the user interface elements, by pressing either the TAB or ALT + TAB key. Our
approach assume that the user will not customize the environment during the test. Simple displace-
ment of user interface elements would lead to the total test failure, since the positions of interface
model nodes are defined absolutely. Finally, one need to take into account, that there are several ways
of the interaction, leading to the task success.
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