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ABSTRACT

One of the critical issues of realizing human centered
design (HCD) for information appliances is how to efficiently
find the weakness of usability of the user interfaces (Ul). At
present, user test is the most reliable method of evaluating
usability of Ul. But executing user-test costs much due to
fabrication of physical prototypes, securing of test subjects
and facilities and the manual-based analysis of the test results.
To solve the problems, we propose a computer-supported
environment for testing and usability assessment for human
centered-design of information appliances in the paper. In the
environment, Ul-operable 3D digital prototypes can be
designed and used for user tests instead of physical prototypes,
and the test results can be automatically analyzed to clarify the
weak points of the Ul design. Ul-operable 3D digital
prototypes can be modeled by integrating the state-transition-
based Ul behavior model with 3D CAD models of the
housings. A function of graphically displaying user’s
operational history helps the designers identify which portions
in the Ul specification induce wrong operations of users. A
function of indicating digital questionnaire based on cognitive
walkthrough method also enables them to reveal causes of the
wrong operations and to clarify point of redesign. Comparison
of the test results using different types of digital prototypes
showed that the proposed Ul-operable 3D digital prototype

could fully replace the physical prototype in early design stage.

1. INTRODUCTION

1.1. Background and Purposes
With so many people using high-performance information
appliances such as mobile phones, digital cameras and digital

audio players, the manufactures have been recognizing the
importance of human centered design (HCD) to enhance
product qualities and market competitiveness. Consciousness
of “usability” of user interfaces (Uls) is strongly needed to
realize the HCD for the information appliances. In the
international standard [1], the “usability” is defined as “an
extent to which a product can be used by specified users to
achieve specified goals with effectiveness, efficiency and
satisfaction in a specified context of use”.

There are several methods of evaluating usability [1]. Among
the methods, “user-test” is recognized as the most objective
and effective one where end users are directly involved in the
evaluation. In the user-test, designers make end users operate a
physical prototype of the appliance, observe the user’s
operational situation, and investigate closely ergonomic issues
of the Ul design.

One of the critical issues of the HCD is how to efficiently find
the weakness of usability of Uls and how to rapidly correct
them in the design process. In that sense, user-test must be
executed in the early design stage. However, executing user-
test costs much due to fabricating Ul-operable physical
prototypes of the appliance, securing subjects for the test, and
preparing an environment of the test studio. The results of the
test have to be manually logged and analyzed by usability
specialists. The analysis takes a couple of weeks in general.
Moreover, the Ul-operable physical prototype becomes
available only in late stage of the design. If problems of the Ul
design appear at this time of the day, it is often too late for
change in the Ul design within their development schedule.
For the sake of the limitations of cost and time, manufacturers
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Figure 1. Prototypes for developing information appliances.

of the information appliances often unwillingly give up
executing user-tests.

Therefore, the manufactures strongly need advanced
techniques where Ul-operable prototypes can be fabricated in
less-expensive way at the earlier stages, and where the user
test and usability evaluation can be performed in more
efficient way. For responding these needs, the purposes of our
study are;

1) to develop a computer-supported environment for testing
and usability assessment of information appliances where
Ul-operable 3D digital prototypes can be used for user
tests instead of physical prototypes and where the test
results can be automatically analyzed in order to clarify
the weak points of the Ul design,

2) to verify whether the Ul-operable 3D digital prototypes
can replace the physical prototypes by closer comparison
of user performance indices obtained from the tests using
2D, 3D and physical prototypes, and

3) to indicate that the proposed environment can help Ul
designers detect and clarify the points to be redesigned in
the Ul specification and that the environment can make
test-evaluate-redesign cycle of the Ul faster.

1.2. Related Works

Shown in Figure 1, different kinds of prototypes are
currently used for the user test of information appliances.
These prototypes differ according to the type of the housing
and the Ul software. The related works of ours can be
classified into the categories shown in Figure 1(d)(e)(f).

As for 2D Ul software prototype shown in Figure 1(d), there
are some commercial prototyping tools available [2,3] which
have Ul simulation functions. The prototyping tools for
conceptual design phase were also proposed in [4,5].
Moreover, there are several tools which have usability
assessments functions [6,7] as well. However, these tools were
aimed to prototype Uls of PCs or mobile phones, and their Ul
simulations are only limited to 2-dimensional one. In case of
the user test for the portable information appliances whose Ul

elements (buttons, dials, LCDs etc.) are placed in 3-dimension
such as digital cameras, Ul operating situation in the 2D
prototype is far from the one of real appliance, and the
interaction feeling is not satisfactory for the subjects of the
user test.

On the other hand, Ul operable 3D digital prototypes have
been studied which corresponds to Figure 1(e). It consists of a
virtual housing model (3D CAD model) and Ul simulation
function which works on 3D housing model. In spite of
lacking physical housings, Ul simulation functions working on
the 3D housing enhance the reality of interaction in the user
test. However, most of these 3D digital prototypes have to be
built and run using commercial Web3D formats[8,9]. Usually
these formats only provide the script-based simulation
function of the Ul, and do not provide functions of modeling
the state-based Ul behaviors, supporting user test execution,
and evaluating the usability from the operation logs.

To make these Ul operable 3D digital prototypes more
suitable for the user test, Kuutti et al [10] added logging
functions of user events to a VRML viewer, and applied this
tool to the user test of mobile phones. Their experimental
results indicated that 3D digital prototype enhanced reality of
interactions compared with the 2D Ul software prototype.
However, evaluation of the usability after the test was not
automated in their system. Bruno [11] also developed a VR
system where the user took a head mounted display to
manipulate the Ul of 3D electric cooker model. Their results
suggested that there was a strong correlation of the user
performance measures between the 3D digital prototype and
the real product. However, their system needs the expensive
devices of VR, and the Ul was modeled in 2-dimension. The
functions of modeling the Ul behavior and evaluating the
usability were also not discussed in their paper.

On the contrary, Ul operable virtual-physical prototype which
corresponds to Figure 1(f) has a physical housing prototype
and a Ul simulation function. The Ul simulation function
usually runs in the external host computer. The subjects can
directly grasp a physical housing and can manipulate the Ul
elements on it. The prototype enables to obtain most reliable
test results on the user performance. However, these
prototypes need the extra cost of fabricating the physical
prototype of the housing and hardware connection between the
housing and the host computer. Mixed reality techniques such
as image-projection of the Ul screen have been used to
eliminate the hardware connections between the displays
and host computers [12,13,14,15]. However, very expensive
or specific devices such as head-mounted display, magnetic
position and orientation sensors etc are needed to realize the
prototypes. Moreover, in these studies, how to model the Ul
behavior and evaluating the usability were not discussed, and
correlation of user performance measures between their 3D
digital prototype and a real product were not fully investigated.

In order to keep the fabrication cost of Ul-operable prototype
relatively low and to assure the reliability of the user test
results, at this point, the Ul operable 3D digital prototypes
which have dedicated functions of user test and usability
assessment are the best solution in early design stage of the
portable information appliances.
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Figure 3. Ul behavior model.

testing and usability assessment.

2 OVERVIEW OF THE ENVIRONMENT

Figure 2 shows the functional overview of our developed
computer-supported environment for testing and usability
assessment. The functions are roughly divided into the
modeling functions, the testing functions and the usability
assessment function. The outlined description of each function
is the followings:

(1) Modeling functions

The functions consist of the Ul behavior modeling function,
the model integration function, the test task modeling function
and the questionnaire modeling function. These four functions
are all implemented as the add-ons of the MS-Visio. The Ul
behavior modeling function is to interactively build the
Statechart based model of Ul behavior of the appliance. The
model integration function is to make logical links between
the Ul behavior model and the 3D CAD model of the
appliance’s housing in order to build the Ul-operable digital
prototype. The test task modeling function is to define tasks
indicated to subjects of the user-test. And the questionnaire
modeling function is to define questions indicated to subjects
for identifying what needs improvement in the Ul design.

(2) Testing functions

The functions consist of the 3D digital prototype simulation
function, the event logging function, the test task display
function and the digital questionnaire execution function. The
functions works during executing user test using 3D digital
prototype, and are implemented as the add-ons of Virtools
player. The 3D digital prototype simulation function is to
execute Ul simulation in response to incoming events such as
mouse click issued from a subject on the Ul operable 3D
digital prototype. The event logging function is to collect a
sequence of events from the subject during the operation
together with states passed and time stamps. The test task
display function is to indicate a goal of each task to the subject,
and the digital questionnaire execution function is to accept
the rating for the questionnaire from the subject.

(3) Usability assessment functions

The usability assessment functions are to analyze the event log
data by comparing it with the test task data and Ul behavior
model, and outputs measures of user performances. The
number of the error operations, personal task completion ratio,
and task completion time can be automatically calculated. The
operational log analysis chart is drawn to clarify the Ul
operation path and the points where many subjects take wrong
operation. The functions also summarize the results of rating
for the questionnaire which is useful for the usability
professional to identify what needs improvement in Ul design.

3 MODELING FUNCTIONS

3.1 Modeling of Ul Behavior

The Ul operable 3D digital prototype consists of two
models: 3D CAD model of the housing and Ul behavior
model. The Ul behavior model is the specification of event-
driven behaviors of the Ul system. The model represents how
state on the output devices (CRT, LCD, lumps etc.) of the
appliance changes as a result of the event coming from input
devices (buttons, dials, etc.) of the Ul. The behavior is
modeled by the Statechart [16] which is an extension of finite
state machines.

Figure 3 shows the behavior model based on the Statechart.
The model consists of “state”, “event”, “behavior” and
“action”. A state represents an unique status of the Ul. An
event represents a user’s action inputted into the Ul such as “a
power button is pushed”, and brings on a transition from one
state to the other state. An action expresses dynamic change
occurred on the appliance. A change of the LCD property such
as “turn on a LCD from dark to blue” is an example of the
action. A behavior expresses a transition between two states,
and is defined as a combination of two states before and after
the transition, an event causing the transition and a sequence
of actions of the appliance caused by the transition.

The Ul behavior is initially defined based on the specification
documents by interaction designers. Therefore, we developed
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Figure 4. Ul behavior modeling function.

a Ul behavior modeling function to help designers create and
modify the model. As shown in Figure 4, the modeling
function is implemented a commercial visual editor
(MS/Visio), and the Ul behavior can be input and manipulated
in an intuitive way by the designers.

3.2 Integrating the Ul model with the 3D CAD model
In case of evaluating usability of an appliance whose Ul
elements are placed on multiple surfaces of the housing, the
3D digital prototype where Ul simulation can work is
indispensable to the user test. For building the 3D Ul operable
digital prototype, we used the Virtools[17] which is a
commercial Web3D tool.

The CAD data of the housing is imported to the authoring tool
from 3D-CAD systems (CATIA, Solidworks, etc.) in the
format of 3D-XML[18]. The 3D-XML is a universal
lightweight XML-based format for sharing of 3D CAD model.
The format includes the assembly and each part has its own
unique part-name. In the model, a 3D object which is a source
of an event or be a destination of an action is modeled as a
single part. A button, a switch knob, a LCD screen and a LED
are typical examples of these objects.

As shown in Figure 5, in the Virtools authoring tool, an
interaction designer links events and actions of the Ul
behavior model to “messages” of the tool. A message consists
of a unique message-name, part-name and message-type of the
Virtools. For an example, an event of “button_1 pushed” in
the behavior model is tied to a message consisting of
“message-1” (message-name), “button-part-1” (part-name)
and  “on_clicked” (message-type) in the Virtools.
Consequently the operation makes all logical links between
the messages in the Virtools and events or actions in Ul
behavior data.

3.3 Modeling of User Test Tasks

In the user test, a subject is asked to complete a set of
task by operating the Ul, and actual operations for the task are
analyzed to evaluate the usability. In the standard [19], a task
is defined as “the activities undertaken to achieve a goal”. The
goals and tasks are set by usability professionals before test.

3D CAD data of housing
in 3D-XML

3D digital Prototype
Simulation Function
(Virtools and VB Application)

Model Integration Function
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Assembly configuration data
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Figure 5. Model integration function.
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Figure 6. Test task model.

In the environment, we designed a “test task model” and make
a logical link between the task model and the Ul behaviour
model to automate the usability evaluation. Figure 6 shows the
test task model. A task consists of a start state, goal state and a
list of task routes. And a task route consists of a list of
checkpoints. A checkpoint is a certain state where a correct
sequence of Ul operation must pass. A start state and a goal
state refer to the state in the Ul behaviour model.

Generally multiple correct operations of the Ul exist to
achieve a goal. So in the test task model, multiple task routes
are allowed in one task. Moreover, lower and upper bounds
for the number of input operations or an allowable elapsed
time between every two neighbouring checkpoints are also
defined. And if actual time of a subject’s operation stays
within a range between these bounds, the operation is judged
to be correct. In this way, usability professionals can adjust a
range of correct Ul operations in the task when determining
the number of error operations and the task completion.

We developed a tool where a usability professional can
interactively set the tasks. To define the task, he/she has to
only pick up the start state, goal state and checkpoints on the
screen of the Visio. A short text indicating a goal of the task to
the subjects during the test is also input. The defined tasks are
exported to a XML document of the test task data.
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4 TESTING FUNCTION

After making the logical links, the Ul behavior model is
read by the 3D digital prototype simulation function which is
implemented by the Visual Basic, and the 3D CAD model is
sent to the Virtool player. We build a special function in the
Virtool player so that it can send and receive messages to/from
the Ul simulator using the inter-process communication. The
simulator executes state-transition of Ul in response to an
incoming message, and generates another message to the
player according to an action described in the behavior model.
The message sent makes the status of Ul on the 3D CAD
model changed such that “another menu appears” and “an
LED is turned on” etc. In this way, the working Ul-operable
3D prototype is built.

Shown in Figure 7, at the beginning of every new test, the test
task display function indicates a goal of each task of the test in
the form of an imperative sentence. “Switch shooting mode
from still to video” and “set the self-timer for 20sec” are
typical examples of the goal. The goal is indicated on one
window of the screen just above the 3D digital prototype. The
test subject is asked to attain the indicated goal by operating
the Ul of the 3D digital prototype.

During the Ul operation by a subject, the event logging
function records an actual sequence of state-transitions caused
by the subject’s operations on the digital prototype as a list of
combinations of state, event, action and behavior together with
their time stamps. The function outputs these data to an event
log data file in the XML format. At the end of every test, the
event logging function compares the actual sequence of state-
transitions with all of the pre-defined task routes and
allowable number of operations and elapsed time between
checkpoints, and judges whether the operation of the subject is
correct or not.

If the operation is judged to be wrong, a digital questionnaire
is automatically indicated on another screen, and a portion on
the 3D digital prototype related to the questionnaire is pointed
by the digital questionnaire execution function as shown in
Figure 8. The subject is asked to answer to the questionnaire.
The questionnaire execution function sequentially indicates
each item of the questionnaire with the portion indicated on
the 3D digital prototype as shown in Figure 8. The subject is
asked to answer to each item of the questionnaire, for example

Rating button
l_/

=
Dld you soon notice
W this switch ?

Questlonnalre

Indicating
Points of
Questionnaire

[¢]

Figure 8. Digital questionnaire execution function.

“Did you soon notice this button?”, by rating his/her
impression in five grades; “Strongly agree”, “Agree”, “Yes
and No”, “Disagree” and “Strongly disagree”. The subject
inputs this evaluation by clicking one of the radio buttons
placed on the indicated screen. The answer is automatically
stored, in the system and the ones from many subjects are
summarized to clarify what needs improvement in the design.
and the answer is automatically stored and further analyzed to
clarify causes of the wrong operations in the usability
assessment function. The detail of this digital questionnaire is
explained in the section 5.3.

5 USABILITY ASSESSMENT FUCNTION

5.1 User Performance Measures

The usability assessment function investigates the event
log data by comparing it with the test task data and Ul
behavior model. The function outputs measures of usability
assessment as a result of the analysis. The analysis process can
be done automatically.

The test results analyzer compares the event log data from the
subject’s operation with the test task data and Ul behavior
specification, and outputs measures of the user performances.
We adopted the following three measures based on three basic
notions of usability (effectiveness, efficiency and satisfaction)
defined in [19]; 1) number of events inputted in each task and
in each subject, 2) elapsed time in each task and in each
subject, and 3) personal task achievement ratio.

5.2 Operational Log Analysis Chart

An actual sequence of operations by a subject is
compared with the one of correct task routes defined in the test
task data, and the result of the comparison is graphically
displayed in the form of “operational log analysis chart” on
the lower part of the screen.

Figure 9 shows the notation of this operational log analysis
chart. Each rectangle shows a state, and a line between two
rectangles does a transition between states. A left-most
rectangle in the chart indicates a start state, and a right-most
rectangle does a goal state. The upper most horizontal white
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straight line indicates transitions (behaviors) on a correct task
route, and every rectangle with orange edges on this line
except both ends corresponds to each checkpoint. While the
blue rectangles and blue lines indicate actual operation
sequence of the subject. If a subject does Ul operations whose
elapsed time or number of events between two neighboring
check points exceeds the predefined bounds, the tool judges
that a subject did a wrong operation on the Ul, and draws
additional blue rectangles and blue lines in downward
direction corresponding to these wrong operations.

Therefore, as a depth of the chart becomes larger, the
examiner of the user test can easily recognize that the subject
did more missed operation in this task.

5.3 Digital Questionnaires

The operational log analysis chart can clarify particular
states in the Ul specification where many subjects did the
wrong operations. However, the chart itself cannot provide
enough information that enables a Ul designer to identity the
cause of the wrong operations and to redesign the Ul
specification in order to improve the user performance. To
solve the problem, the digital questionnaire execution function
is developed to analyze missed operations and to identify real
cause of them. The structure of the digital questionnaires is
built based on an extension of the cognitive walkthrough
method which is dedicated by the HCI (Human Computer
Interaction) model.

5.3.1 Cognitive Walkthrough

The cognitive walkthrough (CW) is a usability inspection
method where analysts are asked to simulate the user's
cognitive behavior and answer a series of evaluation questions
for each step of a task [20]. It detects the usability problems
in the Ul design by presuming the cognitive behavior path
which the expected users will take to accomplish given tasks.
To presume the user’s behavior path, the professionals
themselves instead of the users answer the questionnaire
which is built based on the behavioral model of the user in the
cognitive science. Therefore the cognitive walkthrough is
effective to clarify what is the cause of the wrong operations
and what needs improvement in the Ul design.

The cognitive walkthrough is one of the most appropriate
usability evaluation methods for the initial design stage of Ul

Table 1. Extended HCI model and the questionnaires.
Cognition Items of questionnaires based Items of questionnaires used in
Process of on Extended HCI our system

Extended HCI
Model

[Hori & Kato 2007]

Formation of
Intension of
manipulation

Does the user try to accomplish
the correct action ?

Did you easily understand whatyou
should do for the appliance by
reading the task ?

Perception of
objects

Can the user perceive the object
to be manipulated ?

Did you soon notice this [input
elementname]?

Interpretation
of objects

Can the userunderstand thatthe
perceived object is the correct
object?

Did you soon understand thatyou
should operate this [input element
name]?

Perception of
actions

Can the user perceive his/her
actions of manipulation ?

Did you soon understand how you
should operate this [input element
name]? (by pushing, sliding etc.)

Interpretation
of actions

Can the usercome up with
actions of manipulation which
should be applied to the object ?

N.A.

Execution of
actions

Can the usercertainly execute
the correct action?

N.A.

Perception of
the effect

Can the usernotice the change of
the state ?

Did you soon notice that the state of
this [outputelementname]changed
by your operation?

Interpretation
of the results

Can the userunderstand what
state the system is after the state
change ?

Did you easily understand how the
state of the appliance changed as a
resultof the operation by observing
the state change of [input element
name]?

Evaluation of
theresults

Can the userunderstand that
he/she advances toward the
solution of the task by observing
the system state ?

Did you soon understand whether
your operation is correct or not by
observing the state change of [input
elementname] ?

development. However, the quality of the evaluation greatly
depends on the knowledge of the professionals, and the
method sometimes misses a part of the problems in the design
if only the usability professionals execute the walkthrough.
For eliminating the drawback, it is desirable that the end users
are directly involved in the walkthrough in addition to the
professionals.

However, the form of the questionnaires currently used in the
walkthrough are built for the professionals and are very
general and abstract; for example, “Will the user associate the
correct action with the effect to be achieved?”. These
questions are difficult to answer properly unless one has
expertise in cognitive science and/or usability evaluation. To
that end, the questionnaire used in the improved walkthrough
should be more specific so that end users can easily
understand when the cognitive walkthrough is used along with
the user test.

5.3.2 Digital Questionnaires

By considering the above discussion, we implemented a
function of executing “digital questionnaires” in our testing
functions to identity causes of the wrong operations and what
needs improvement in the design based on answers returned
from the users who use our Ul-operable 3D digital prototype.

To construct the digital questionnaires, we first introduced the
extended HCI (Human-Computer-Interaction) model. The
extended HCI model [21] is an extension of the CW method
whose questionnaire are formulated based on an extended
model of Norman’s HCI[22] that explicitly distinguishes
between object and action, and perceiving and understanding.
The questionnaires were used for the usability evaluation of
the Web site. The questionnaires based on the extended HCI
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model are easier to understand for the end users as shown in
Table 1.

The items in the questionnaire based on the extended HCI
model still have abstract expressions, so we further make these
items take more specific and concrete expressions to the user
tests of information appliances so that the end users can
understand them more easily on the digital prototype as shown
in the Table 1. For example, an item in the questionnaire of
the extended HCI model which examines perception of the
object to be manipulated is expressed as “Will users be able to
perceive the object to be manipulated?”, and we changed it to
more specific one “Did you soon notice this button?” when
applying the questionnaire to the test of a digital camera.

Moreover, we also implemented an indicating function that
automatically points to an actual 3D object corresponding to
“this button” or “here” on the 3D digital prototype when
indicating a certain item in the questionnaire on the screen as
shown in Figure 8. These functions enable end users involved
in the test to understand each item of the questionnaire more
easily, and also enable usability engineers to save a quite bit of
manpower for constructing the questionnaire in the system.

This proposed digital questionnaire enables many end users to
take part in the cognitive walkthrough evaluation and to
answer the questions by actually manipulating the 3D digital
prototype whose Ul can work as same as the final appliance
does. This feature can greatly increase the reliability of the
user test’s results.

For defining the questionnaire, the usability professional
assigns one questionnaire to a check point in the Ul behavior
model as shown in Figure 10. The professional also specifies a
particular portion on a Ul screen image or a part in the 3D
model of the housing to be indicated on the 3D prototype. The
standard template of the questionnaire is predefined as a
stencil with standard properties in the Visio, and the engineer
can past the stencil to the particular task which is graphically
displayed in the Visio, and input the sentence of a question in
the property value.

6 EXPERIMENTS OF USABILITY ASSESSMENT

6.1 Task Setting

Results of user tests using the Ul operable 3D digital
prototype (hereafter referred to “3D-DP”), a 2D Ul software
prototype (2D-DP) and a physical prototype were compared

Figure 12. 3D digital prototype (a)
and 2D Ul software prototype (b).

[y

with each other to investigate the effectiveness of the 3D-DP.
A compact digital camera (Fuji FinePix-Z1) on the market
shown in Figure 11 was selected for a user test. We used the
real camera for the test as a substitute of the physical
prototype. The 2D-DP was modelled using Protobuilder [2]
which is a commercial Ul prototyping tool. In this tool, the
simulation of Ul is executed in 2 dimensional. Figure 12
shows the 3D-DP ((a)) and the 2D-DP ((b)).

In the user tests, these three types of prototypes (3D-DP, 2D-
DP and the real camera) were operated by 37 subjects, and
their test results were evaluated. We defined the following
three kinds of tasks which consist of frequently-used
operations of the digital camerg;

® Task 1: Setting a self-timer to 2 sec

This task is to change a mode of shooting from manual
shooting to self-timer, and to set the timer value to 2 seconds.
To complete this task, the user first has to open the lens cover
on the front side to turn on the power, then to flip the camera
to operate several buttons on the back side.

® Task 2 : Switching picture/movie mode

This task is to switch the mode from picture mode (default
setting) to movie mode and to enable shooting movies. To
complete this task, the user has first to open the lens cover on
the front side, to manipulate a picture/movie mode switch on
the upper side, to operate some buttons on the back side and to
make sure of icons indicated on the corner of the LCD screen.
The user has to sequentially operate switches and buttons
which are placed on multiple sides of the prototype in this task.

7 Copyright © 2008 by ASME



350

< 2D Digital Prototype
— 300 u] . I
) O 3D Digital Prototype
g 250 O A Physical Prototype
+ 200
g |8
% 150 O
W 100 -0 a
' 8ga | °
50 8
g
o lofa [ gl E)
Task 1 Task 2 Task 3

Figure 13. Elapsed times of the user test.
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Figure 14. Numbers of input events of the user test.

® Task 3: Changing a mode of scene selection

This task is to switch a mode of the scene selection. There are
several modes in the list such as “portrait”, “manual” and
“scenery” etc. The task is to switch a mode from “manual” to
“scenery”. To complete this task, the user has to operate larger
number of buttons only on the back side than the task 1 and 2
and to make sure of icons indicated on the corner of the LCD
screen.
6.2 Comparison of Performance Measures
depending on Type of Prototypes

As the measures of usability assessment, we adopted
three measures; an elapsed time and the number of input
events to complete the task.

Figure 13 shows a comparison of the elapsed time of each
subject among the type of the prototypes. Figure 14 does the
number of input events.

As shown in Figure 13, the average elapsed times of the 2D-
DP and the 3D-DP are about four or five times as large as that
of the physical prototype. And the variances of the elapsed
times of these digital prototypes are much larger than that of
the physical prototype. Especially, there is a considerable
difference of elapsed time between the 3D-DP and the
physical prototype. This is because the subjects must rotate,
translate and scale the 3D-DP during executing the test by
moving a mouse, and the move took extra operation time.

I Jlﬂix‘—\l |

Total Subjects
Number: 6

' Shooting Movie
mode mode
e2 I}

—»| Display Exposure
Off

Total Subjects
Number: 7

Shooting

| Pixel Brightness " Flash mode|
Play mode Vs .1 adiust | up | Micro mode 1

i Exposure Flash mode|
e2 comp.

White Flash
balance disabled

(a) Operation Sequence on
3D Digital Prototype

= ] |
Zoom Selftimer | [ Brightness| [ Micro Flush
ode setting (10sec) upP mode 1

1]

Self-timer
(2sec)

s id

Undefined behavior

(b) Operation Sequence on
Physical Prototype

Shooting
mode

Total Subjects
Number: 5

(c) Operation Sequence on
2D Ul software prototype

Figure 15. Summarized operation log analysis chart.

From this analysis, it is difficult to accurately evaluate the
elapsed time of Ul operation using either 2D-DP or 3D-DP.

On the contrary, as shown in Figure 14, as for the number of
input events, the difference of their average and the variance
among the types of the prototypes is relatively smaller than
that of the elapsed time. Moreover the difference of the
number of input events is not so significant between the 2D-
DP and 3D-DP as that of the elapsed times.

However, only from these simple comparisons of the number
of input events, it is impossible to decide that the patterns of
the user’s Ul operation for the three tasks of the digital
prototypes are similar to that of the physical prototype.
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Therefore, we investigated the patterns of the Ul operations
including the missed one of all subjects in greater detail using
the operational log analysis chart of all subjects. The result of
the investigation is described in the next section.

6.3 Comparison of Operational Patterns

To investigate of the difference of operational patterns of
the Ul among the digital prototypes and the physical
prototypes, we extracted an actual sequence of operations
including missed operations done by each subject, and put the
sequences of all subjects together in each type of prototype.

To analyze the summarized sequences of operations, they are
schematically drawn as a “summarized operational log
analysis chart” shown in Figure 15. This chart can be made by
superimposing an operational log analysis chart of one subject
onto ones of the other subjects. In this summarized chart, the
notation of correct and missed operations is as same as the one
in the personal version described in section 5.2. But the width
of a line on the chart is promotional to the number of subjects
who passed over the state-transition corresponding to the line.
Therefore, more subjects passed over routes of operation are
displayed as wider lines.

Figure 15 shows the summarized operational log analysis
charts for the task 2 in case of the 3D-DP (Figure 15-(a)), the
physical prototype (Figure 15-(b)) and the 2D-DP (Figure 15-
(c)). Comparing Figure 15-(a) and Figure 15-(b), it is clear
that the critical state where many subjects stepped to missed
operations and the pattern of missed operations after the
critical state in case of the 3D-DP are very similar to those of
the physical prototype. Especially, the 3D-DP and the
physical prototype were identical to each other in the critical
state of “Shooting mode” where about a half of subjects
stepped to the wrong ways. This is because the button for
correct input (el) is placed very close to the one for wrong
input (e2) shown in Figure 15, and many subjects pushed the
wrong button (e2) instead of the correct one (e1).

On the contrary, comparing the charts of the 3D-DP (Figure
15-(a)) and the physical prototype (Figure 15-(b)) with the one
of the 2D-DP (Figure 15-(c)), the patterns of the Ul operations
are significantly different with each other. Most of the subjects
did correct operations at the “Shooting mode” state on the 2D-
DP, but many subjects did wrong operations on the 3D-DP
and the physical functional prototype at the same state.

In order to complete the task 2 at the “Shooting mode” state, a
small changeover switch (shown as “e3” in the pictures of
Figure 15) must be operated. The switch changes the shooting
mode from the picture mode to the movie mode, and is placed
on the top side of the housing. However in the 3D-DP and the
physical prototype, many subjects could not notice this small
switch on the top side when they paid attention to the other
buttons and the LCD display on the backside during the test.

On the other hand, as shown in the Figure 12-(b), in the 2D-
DP, the top and the back side of the housing is displayed at the
same time on one image, and the switch (e3) can be easily
noticed by most of the subjects even if they pay attention to
the other buttons and the LCDs on the backside.

Obviously from this result, in 2D-DPs, all buttons, switches
and indicators which are originally placed on multiple sides of

the physical prototype are simply displayed on a single screen
for convenience. This simplification enables subjects to easily
find indicators and to operate buttons faster than in case of the
physical prototype, and also enables subjects to complete the
task more easily than in the real operating situation. Therefore,
in a user test using 2D-DP, the Ul designers may overlook the
problem of the usability of the Ul where many subjects make
mistakes in the operation.

6.4 Improvement of Ul design based on Digital
Questionnaires

Next, we identified the cause of the wrong operations of
the subjects, and improved the Ul design based on the he
summarized operational log analysis chart for the task 1. The
summarized chart for the task 1 shows the facts that;

® At the “Rec_Mode” state, many users took the wrong
path aiming to the “Shooting mode” state instead of the
correct path to the “Time_2sec” state, and

® FEven at the “Timer_2sec” state which is a goal of the
task, many users still continue operating the Ul.

So we examined the answers from the subjects for the digital
questionnaires which were indicated at the “Rec_Mode” and
the “Time_2sec” state. As shown in the Figure 16, the answers
at the “Rec_Mode” suggest that many subjects noticed
existence of the object to be manipulated ( a down cursor
button ), but did not notice that they could complete the task
by manipulating this object. On the other hand, the answers at
the “Timer_2sec” state suggest that the subjects could notice
the change of the system status caused from their operations
but could not know whether they correctly accomplished the
task or not. This means that a small white icon displayed on
the LCD shown in Figure 16 could be noticed by many
subjects, but did not enable them to notice that the self-timer
settings had already been set to 2 sec. From these answers, we
finally identified that shape and color of the timer icon in
current design need to be improved.

Based on the suggestion, as shown in the Figure 17, we
redesigned shape and color of the time icon to the new ones so
that the background color becomes conspicuous and timer
value is explicitly displayed. An additional test was executed

d e cMod i Timer
Iw 2sec
= |

I = i i T :

Re: "
Subjects:
e° 6 persons

I N | e— -
Subjects:

Did you notice this button ? 4.33 Did you soon notice that the state | 4,67
of this icon changed by your

Did you soon understand that 2.67 operation?

you should operate this button ? Did you easily understand howthe | 2.33

Did you soon understand how 3 state of the appliance changed as a

you should operate this button ? result of the operation by

observing the state change of this
icon?

‘q
ANDSCAR]

Did you feel that you could operate | 3
the appliance as you intended by
observing the state change of this
icon?

Figure 16. Average rating for the digital questionnaires
for task 2 in the original Ul design.
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using the 3D-digital prototype with the redesigned icon. The
result of the test showed that two of four subjects could
complete the task 2 without wrong operations. And the rest
could also complete the task, although they took some wrong
operations.

The results shows that the digital questionnaire is effective for
identifying the problem and for clarifying what needs
improvement in the Ul design even if we use the Ul-operable
3D digital prototype in the user test of information appliances.

7 CONCLUDING REMARKS

A computer-supported environment for testing and
usability assessment for human centered-design of information
appliances was proposed. In the environment, Ul-operable 3D
digital prototypes can be designed and used for user tests
instead of physical prototypes, and the test results can be
automatically analyzed. A function of graphically displaying
user’s operational history helps the designers identify which
portions in the Ul specification induce wrong operations of
users. A function of indicating digital questionnaire based on
cognitive walkthrough method also enables them to reveal

causes of the wrong operations and to clarify point of redesign.

From the user test results using the Ul-operable 3D digital
prototype and physical prototype, it was shown that the Ul
operable 3D digital prototype could replace the physical
functional prototypes in the usability assessment of
information appliances. The results also showed that the
digital questionnaire along with the 3D digital prototype is
very effective for identifying the problem and for clarifying
what needs improvement in the Ul design.

In our future study, similar experimental studies have to be
executed for broader range of information appliances to verify
the effectiveness of Ul operable 3D digital prototype. The
cost-effect analysis for the digital prototype should be also
done precisely and quantitatively.
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