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ABSTRACT 
Mixed prototyping is an industrial practice that combines 

virtual and real components in order to realize a prototype of a 
product used to evaluate and assess the design choices. 
Recently, mixed prototypes have been also used to assess the 
usability of products interface. This particular application 
arises several problems related to the devices and the 
interaction techniques that, better than others, allow a natural 
interaction with the mixed prototype. 

This paper presents a mixed reality environment for 
usability evaluation that deals with two specific problems of 
this kind of application: the occlusion between real and virtual 
objects and the interpretation of the user’s gestures while 
he/she is interacting with the elements of the product interface. 
In particular we propose a technique able to manage both the 
problems by using only commodity hardware and video 
processing algorithms, thus avoiding the use of expensive data-
gloves and tracking devices. 

The proposed approach has been validated through a user 
study addressed to establish whether and to what extent the 
augmented reality devices and the techniques proposed may 
distort the usability assessment of the product. Moreover, the 
user study compares the mixed reality environment adopted in 
this study with a classical virtual reality set-up. 

 
INTRODUCTION 

Usability is considered one of the most important quality 
factors for several kinds of products and in particular for those 
that have an electronic interface. Mobile phones, remote 
controllers, electrical appliances, car navigation systems and 
others may have a complex user interface that needs to be 
deeply analyzed by the designers. The ISO 9241 norm part 11 
(ISO/DIS 9241-11) defines the elements through which one 
may evaluate, in qualitative terms, the usability of a generic 
product. These elements, that have to be detected through 

empirical tests, are: efficiency, effectiveness and satisfactory 
use of a product. 

Usability evaluations can be conducted at different stages, 
both during and after the design and development process. The 
methods more frequently used are classified in analytic and 
empirical. Analytic methods allow to define the difficulties in 
using the product without involving users directly; such 
information is usually hypothesized by technicians after a long 
and accurate analytical study of the problems which may occur. 

Empirical methods require the involvement of users during 
the usability evaluation , and are based on the observation of 
the ways in which users interact with a prototype or a product. 
Empirical methods allow one to carry out both quantitative 
rating and subjective rating. Quantitative rating refers to actions 
and attitudes, which may be estimated (time required to carry 
out a task, number of mistakes committed, etc.); whereas 
subjective rating refers to the experimentation subjects’ 
perceptions and opinions (scales which refer to the easiness of 
use, attitude scales, preferences for a product rather than 
another with the same functionalities, spontaneous comments, 
etc). The main empirical evaluation methods are usually based 
on the observation of a sample of users, interviews, 
questionnaires and interpretative evaluations. 

Usually, a physical mock-up of the product concept or of 
the final product is needed to carry out a usability test with final 
users. The individuation of usability problems may take place 
in an advanced phase of the product development cycle. An 
assessment of usability during the conceptualisation of the 
project would generate a great competitive advantage for 
companies, since it would allow a notable reduction of costs. 

That’s why in a previous research [1] we have proposed a 
methodology for the assessment of the usability of an industrial 
product, based on the realization of an usability test in Virtual  
Reality (VR) This approach allows designers to involve final 
users of a product as from early design stages, without the need 
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of a physical mock-up and with the advantage of being able to 
assess several design options.  

The approach proposed in [1] has been tried out comparing 
two usability tests based on two different methods: the first one 
focusing on the interaction between final users and the real 
product, and the other one focusing on the interaction between 
users and a digital model in VR. The data obtained through this 
experimentation show that the types and the numbers of 
mistakes committed while carrying out the tasks, on the real 
product and in VR, are almost the same. This means that VR is 
a valid alternative to traditional methods for usability 
evaluation of industrial products, because the interaction 
through the VR devices does not invalidate the usability 
evaluation itself. The main limits of the proposed methodology 
are due to the lack of tactile feedback and to the inaccuracies of 
the tracking devices. 

Mixed prototyping seems to be an interesting approach 
able to overcome these limits, because it combines the 
advantages of the virtual prototyping (quickly evaluate various 
design alternatives) and the physical prototyping (involve the 
sense of touch). A mixed prototype is usually based on a 
physical mock-up on which the visual appearance of the 
product is superimposed thanks to the augmented reality 
technologies. 

In the next section some of the most interesting papers 
about mixed prototyping will be presented, putting in evidence 
the main problems that usually arise in the application of this 
approach. We have particularly focused on two issues: 
managing the occlusion between the user’s hands and the 
virtual object and tracking the movement of the user’s fingers 
in order to make him/her able to interact with the mixed 
prototype. The other sections present an original solution to 
these problems that does not require any specific interaction 
device like data-glove or tracking system, thus reducing cost 
and complexity of the set-up. The set-up employs a video see-
through Head Mounted Display (HMD) for the augmented 
visualization. The user wears a coloured glove that can be 
easily recognized by processing the video captured by the 
HMD camera, thus allowing to track the movement of the 
fingers, in order to detect if the user is touching any element of 
the product interface. Moreover, this allows us to avoid the 
occlusion between the hand and the virtual objects.  

This MR set-up has been tested with the users in order to 
determine if it can be employed in product usability tests. We 
have also compared it with the VR set-up reported in [1], based 
on electromagnetic tracking, data-glove and retro-projected 
stereoscopic screen. 

STATE OF THE ART 
Augmented Reality (AR) and Mixed Reality (MR) have 

been widely used in industrial applications both in design and 
manufacturing [2-4]. 

Some recent applications [5-9] have focused the attention 
on the concept of mixed prototyping which is intended as a 
design method that makes use of both physical and virtual 
components. The physical components give to the user the 

possibility to touch the object, while the virtual ones augment 
the perception of the real objects by superimposing missing 
parts, details, additional data, the appearance of the objects 
surface, etc.. The physical components are usually realized by 
means of rapid prototyping. 

In [5] a reference framework for the mixed prototyping 
practice is presented. Authors report several examples where 
this practice has been effectively used for rapid design review 
of new products and in particular for information appliances. 
They mainly investigate the problem of positioning information 
appliances within systems, and for the evaluation of 
ergonomics aspects of interactive devices. At the moment they 
do not simulate the functioning of the products, so they do not 
have to manage problems related to the occlusion and the 
tracking of the user’s hand. 

In [6] authors present a MR set-up where a tangible 
dummy, realized in RP, is animated through the augmented 
reality visualization. The set-up integrates ARToolkit with an 
electromagnetic tracker in order to determine the position of 
both the dummy and the right thumb of the user. They focus the 
attention only on the hand-held products, and they assume that 
the user has to press the buttons of the product only by using 
the thumb. The tracking sensor placed on the right thumb 
allows the system to draw a virtual finger that is used both for 
resolving the occlusion problem and to determine the intention 
to press a button of the product. Moreover a “pseudo button” is 
mounted on the thumb surface in order to provide to the 
operator the feeling of pushing a real button. The tests have 
given good results but the method is applicable only on hand 
held products and requires a tracking device to be implemented.  

In [7] Park et al. present a study about the use of VR in 
product design evaluation. They focus their work on the 
analysis of the Human-Machine Interfaces (HMI) through a 
state transition methodology that is addressed to define a 
behaviour model for the functional simulation. The authors put 
in evidence that one of the limits of their approach is that “it is 
very meaningful and challenging to devise an efficient way to 
reduce the time and effort required to generate the HMI 
behaviour model of the product by reusing the information built 
in the embedded software”. We have tried to overcome this 
problem by coupling the MR environment with a simulation 
tool thus achieving the possibility to use in MR the behaviour 
model of the HMI, usually developed by the control engineers 
during the product development process. In a recent progress of 
[7], the same authors propose an extension of their approach 
adopting the use of tangible interfaces and MR visualization 
[8]. They use rapid prototyping to create a physical mock-up, as 
also suggested in [6], and they paste the markers needed for 
ARToolkit tracking on the physical model. The interaction with 
this augmented tangible prototype is done through a paper pen 
on which some ARToolkit markers are placed. Authors still 
adopt the same methodology proposed in their previous work to 
simulate the product behaviour [7]. The adoption of this pen 
allows the authors to avoid problems related to the direct 
interaction through the fingers, but it also ends up to be a limit, 
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because they cannot evaluate essential ergonomics aspects 
related, for example, to the reachability of the buttons. 

In [9] the virtual object is superimposed to a blue foam 
mock-up. Authors use a skin detection algorithm to correct 
hand visibility, but the technique employed sometimes causes 
negative visual effects. The tracking of the fingers is not needed 
because they do not simulate the behaviour of the prototypes. A 
similar application for the evaluation of car interiors is 
proposed in [10]. Authors put in evidence that the possibility 
for the user to see his/her own hands while touching the 
steering wheel and seeing the virtual images enhance the 
feeling of reality and the sense of presence, but they do not 
tackle the problem of the interaction between the user and the 
product. 

Another more general method to solve the problems related 
to the occlusion between real and virtual objects is the 
reconstruction of the depth map of the real scene. The depth 
map is calculated using a stereo-vision algorithm that processes 
the video streaming of the two HMD cameras. The depth-map 
is usually written in the Z-Buffer before the rendering of the 
virtual objects occurs. However, the real-time depth calculation 
still presents some challenges related to the accuracy and the 
speed of the algorithms [11-13]. More recent researches have 
implemented the depth calculation on the GPU in order to 
speed-up the process [14]. 

The complexity and the resources required by the depth-
based approaches are justified only if the scene is really 
complex, with several real and virtual objects. In our case the 
occlusion that we may have is limited to the user’s hands in 
front of the virtual object. In this case previous works [9, 10] 
have shown that the hand recognition through video processing 
is a quite robust and fast technique to solve the problem of the 
hand occlusion. In this paper we have extended this approach 
by processing the video stream of the HMD camera to 
determine also additional information about the contact 
between the user’s fingers and the elements of the product 
interface. With this solution we allow the user to interact with 
the mixed prototype without using any special device (data-
glove, tracking, etc.). 

METHODOLOGY FOR USABILITY EVALUATION IN MR 
The mixed prototyping approach proposed in this paper is 

intended for all those products that have an electronic user 
interface as, for example, a car navigation system, a washing 
machine, a microwave oven, etc. In these cases the user 
controls the product acting on buttons, knobs and sliders and 
checks the status through LCDs, LEDs, etc.. If we restrict the 
scope of the study to this kind of product, it is possible to 
define a methodology that synthesizes the tasks needed to 
conduct a usability test through a mixed prototype. The steps of 
the proposed methodology are the following: 

1. Create the geometric model of the product. 
2. Create a rapid prototype of the parts of the product that 

may be touched by the user during the tests. 
3. Place on the rapid prototype optional tangible interaction 

elements like buttons, knobs or sliders. 

4. Create a MR environment where the virtual model is 
correlated to the rapid prototypes. 

5. Define the behaviour of the product interface of the virtual 
model. 

6. Conduct the usability tests with the users. 
7. Analyze the collected data and decide which modification 

on the shape (and/or on the logics) may improve the 
usability of the product. 

8. If any modification is needed on the interface layout, 
modify the geometry and iterate from step 2; if any 
modification is needed on the behaviour, modify the 
logics of the interface and iterate from step 6. 

The step 3 of the proposed methodology concerns the 
possibility to equip the rapid prototype with some interactive 
elements (buttons, knobs or sliders) as proposed in [15, 16]. 
This idea offers several advantages because it makes easier the 
interaction of the user with the product interface, involves 
realistically the sense of touch and enhances the possibility of 
ergonomic evaluations. On the other hand, it requires an effort 
to create the interaction devices and to precisely place them on 
the physical prototype. This makes also more complicated to 
modify the layout of the product interface. Taking into account 
these considerations, one may decide how and when it is useful 
to enrich the rapid prototype with the interactive elements. 

For which concerns step 5, we propose to combine the MR 
environment with a simulation tool. This idea is mainly 
justified by the fact that, in many cases, the behaviour model of 
the product is already available since the first steps of the 
product development process. In fact, control engineers usually 
schematize and simulate a behaviour model of the product 
using a Computer Aided Control Engineering (CACE) tool. 

One of the most spread techniques for the definition of the 
product interface behaviour is the Finite State Machine (FSM). 
In our studies, we model and simulate the FSM by means of the 
Simulink StateFlow toolbox that combines hierarchical state-
machine diagrams (as the ones introduced by Statecharts [17]) 
with traditional flowchart diagrams. For the MR environment 
we use Virtools Dev because it is one of the most powerful 
authoring environment for interactive 3D graphics. Moreover, 
Virtools Dev functionalities can be extended through its own 
C++ Application Program Interface (API).  

The link between Simulink and Virtools has been created 
by adapting an existing software library called SimLib which 
was previously developed for dynamic simulation in VR [18]. 
This library provides an easy-to-use Inter-Process 
Communication (IPC) channel using TCP socket, therefore it is 
possible to run the simulator and the VR application on 
different machines. 
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Figure 1: THE SCHEMA OF THE APPROACH 

 PROPOSED FOR MIXED PROTOTYPING. 
 

Figure 1 schematizes the proposed approach putting in 
evidence the role of the four actors involved in the process. The 
designer defines the geometries of the product and in particular 
the external shape, which is essential from the aesthetical point 
of view, and the appearance of the interface. The geometric 
model is used for the creation of the physical prototype, usually 
done through rapid prototyping, and for the creation of the 
virtual model that is superimposed to the physical one in order 
to improve the visual perception. The MR operator specifies 
which ‘input elements’ of the interface (button, knob, etc.) may 
be controlled by the user, and which ‘output elements’(LED, 
LCD, etc.) may change their status during the simulation. On 
the other side the control engineer defines the behaviour of the 
product, and connects the state transition of the model with the 
user generated events and the state variables with the ‘output 
elements’ of the User Interface (UI) defined in the mixed 
environment. This connection, that will be better explained 
later, allows a data exchange between the two environments, so 
that the simulation of the virtual prototype is managed by the 
same model that the control engineer uses for his/her design 
and analysis activities. 

The three actors that we have identified on the left part of 
Fig. 1 have to be intended as ‘roles played in the design 
process’. In some cases, e.g. in small enterprises, some of these 
roles may be played by the same person. For example, the MR 
environment may be prepared by the designer or by the control 
engineer. Extending this reasoning, we may assume that all the 
three roles may be played by only one actor with all the 
competences. 

THE MIXED PROTOTYPING ENVIRONMENT 
The hardware set-up used in this study is very easy to 

realize and it can be implemented with a very low budget. A 
video see-through HMD is used for augmented visualization. 
The camera mounted on the HMD is also used for marker-
based tracking through the ARToolkitPlus library. A colored 
glove, equipped with a micro-switch placed at the index finger 
tip, is used both to solve the occlusion problem and to improve 
the interactivity. The micro-switch provides a force-feedback 
reaction when the user is pressing a virtual button, so he/she 
can feel the sensation of touching a real button on the physical 

prototype. The micro-switch signal is transmitted to the PC 
trough a wireless connection. 

The rendering pipeline designed for the application works 
in the following way: an image of the scene is acquired and 
displayed on the background; the tracking identifies the 
markers present in the scene and update the position of the 
virtual prototype that is rendered in the proper position; the 
hand-region is detected in the current frame and it is stored as a 
single bit hand-mask; the hand-region is displayed on the 
foreground, the index finger tip is tracked applying a blob 
detection procedure on the hand-mask; the final image is then 
displayed on the HMD.  

For our study we have used a PC equipped with a Intel 
Core i7 CPU at 2,67 GHz, 3 GB of RAM and two GeForce 
GTX 260 video-cards with 896 MB RAM. The HMD is 
composed of an iWear VR920 and a CamAr, both from Vuzix. 
The test has been done using the 800x600x30Hz acquisition 
modality of the camera, and we have measured an overall frame 
rate of about 40fps. In detail, for each frame the application 
spends about 5 ms to grab the image from the camera; 5 ms to 
complete the marker tracking task; less than 10 ms to complete 
the hand recognition and the finger tracking; and other 5 ms for 
rendering and executing the rest of the application. 

Managing the occlusion of the user’s hand 
The correct visualization of the user hand in the MR 

environment requires the recognition of the skin that has to be 
separated from the background. Tens of works have approached 
this issue by analyzing the camera images in the different color 
spaces. Several techniques are proposed in literature and there 
are some comparisons that put in evidence advantages and 
disadvantages of each algorithm [19-22].  

We have tested some previous methods of skin color 
detection. For example in Fig. 2 the result of the algorithm 
presented in [9] is shown. Most of the algorithms suffer under 
certain light conditions and/or with fair complexion.  
 

   
Figure 2: MIXED PROTOTYPE WITH OCCLUDED (CENTER) 

AND CORRECT (RIGHT) HAND VISUALIZATION. 
 
Although the techniques proposed in literature are able to 

detect the skin region, we have used a colored glove during the 
tests in order to improve the precision of the hand recognition, 
thus having a more stable application. Moreover, the glove is 
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needed to place the micro-switch at the finger index tip, as 
described in the next section. 

For the segmentation of the glove we have adopted an 
algorithm able to recognize a selected color in the HSI (Hue, 
Saturation, Intensity) color space. This allow to overcome the 
illumination problems like high intensity at white lights, 
ambient lights or surface orientation relative to the light source 
[21]. The first operation of the algorithm is a transformation 
from RGB to HSI [23]. We have adapted the Single Gaussian 
model described in [24] to classify the hand region, simplifying 
the equation to keep the algorithm easily implementable in a 
shader program. The resulting hand-detection procedure 
consists of computing the following quantities for each pixel: 

   ; ; ;         (1) 

where H, S and I are the components of the color of the current 
pixel; Hs, Ss and Is are the components of the skin color and kh, 
ks, ki are the weights used to adjust the sensitivity of the 
respective component; finally the pixel belongs to the skin if 

                                      (2) 

where t is a threshold value. 
The results obtained with this technique are satisfying because 
it ensures a almost perfect segmentation of the glove color (Fig. 
3 and Fig. 7) also with variable light conditions. Also for this 
technique the implementation in a shader program allow us to 
maintain the calculation time under 1 ms per frame. 

Tracking the position of the user’s index finger tip 
As evidenced in the state of the art the interactive mixed 

prototyping requires the possibility to interact with the elements 
of the product interface. There are three methods currently 
investigated in literature: a tracking device mounted on a finger 
tip [6]; a tracked pen [8]; haptic-simulated elements placed on 
the physical prototype [5].  

We observed that in most cases, e.g.: with electrical 
appliances, when the user approaches the product interface to 
push a button, he/she tends to maintain the natural position of 
Fig. 3, with the index finger completely extended. So we can 
assume that, for the cases in which the user may interact with 
buttons only through the index finger, we can track the position 
of the index finger tip in order to detect the user intention while 
he is interacting with the product interface.  

 

  
Figure 3: THE USER IS PUSHING A BUTTON. 

 
The tracking strategy that we have adopted determines the 

position of the user’s index finger tip in the screen space 
coordinate system through a blob detection algorithm. The 2D 
position of the index finger tip is used to determine where the 
user is pointing, through a classical ray casting method. When 
the user attempts to push a button of the virtual product, his/her 
index finger impacts on the physical prototype, activating the 
micro-switch mounted on the tip. The activation of the micro-
switch triggers the ray casting in order to detect if the user is 
activating any button of the product.  

In order to speed-up the finger tracking process, we 
execute the blob detection algorithm on the hand-mask 
produced during the hand detection step described in the 
previous section. Moreover, the algorithm attempts to reduce 
the search area to a square of 200 x 200 pixels, centered in the 
position of the blob in the previous frame. This considerably 
reduces the computational time: when the finger is found inside 
the square the computational time is reduced from 10 ms to 1.6 
ms, thus increasing the frame rate of the application up to 60 
fps. 

TEST WITH THE USERS 
In order to validate the proposed approach we have 

realized a test with the users. The test has been designed in 
order to reach two different goals. The first one was to 
determine the influence of the MR environment in the 
assessment of the usability of virtual products. In other words 
we had to verify if the simulation of the product in MR may 
invalidate the result of the usability evaluation. The second goal 
is to compare the usability test done in real and VR 
environment with the one done in MR. The comparison has 
regarded the benefits (in term of efficacy, efficiency and 
satisfaction of use) and the limitations related to the two set-ups 
giving particular attention on the presence of tangible elements 
in the MR environment.  

The experiment illustrated in this section refers to the 
assessment of the usability of a product, currently present on 
the market (a microwave and electrical oven), thanks to 
usability tests based on three different approaches: the first on 
the interaction between end users and the real product, the 
second on the interaction between users and a model of the 
oven in VR, the third on the same virtual model in MR. The 
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results of the first two experiments have been already presented 
and discussed in [1], in the next sections we will focus the 
attention on the new experiment that regards the interaction in 
MR. 

Test case 
The product chosen for the tests is a microwave and 

electrical oven already present on the market. The product 
presents a classic user interface with a knob that allows the user 
to set the timer, and 14 buttons to start/stop the oven and to set 
temperature, power, and other functions. All the information 
(temperature, timer, power, etc.) about the oven state are shown 
on a LCD.  

A digital model of the product has been created with a 
classical reverse engineering approach. The behaviour model of 
the product has been schematized through a FSM using the 
Simulink StateFlow toolbox. The state transitions of the FSM 
are triggered by the events that the user generates while 
interacting with the digital product. The Virtools application 
recognizes these events and sends them to the Simulink model 
through an IPC channel. 

In Fig. 4 the Simulink model of the product is shown. One 
S-Function receives the events generated by the user, which 
interacts with the virtual product and switches different 
simulation parameters according to these events. The other S-
Function sends the data that describe the state of the product 
and each change that occurs during the simulation. The data 
sending is based on an asynchronous channel: the S-Function 
sends data to Virtools, without stopping the simulation. In order 
to obtain a consistent visualization, in fact, it is necessary to 
simultaneously send all data at each time-step. 

 

 
Figure 4: THE BEHAVIOUR MODEL IS DEFINED IN SIMULINK  
THROUGH A FSM CONNECTED TO TWO S-FUNCTIONS THAT  

EXCHANGE DATA WITH THE MR ENVIRONMENT. 
 

Virtools socket connection for the IPC has been 
implemented through two user defined Building Blocks (BB). A 
BB is something like a black box with some parameters in input 

and some in output. By connecting several BBs, it is possible to 
create an interactive application in Virtools. The connection 
with Simulink is implemented through two BBs able to send 
and receive data through the IPC channel. The first BB sets the 
3D model parameters in agreement with the data coming from 
Simulink. The second BB sends to Simulink the messages 
generated by the user interaction in the VR environment (e.g.: a 
button pressed, a knob rotated, etc.). 

The display is simulated by defining on the virtual model 
of the product a series of rectangular patches on which different 
textures are mapped; such textures are changed at run-time 
according to the values of the different variables that define the 
state of the product. 

The physical model of the oven is very simple and it has 
been approximated with a Plexiglas box. On the surface of the 
physical prototype we have placed a knob connected to an 
encoder that determines any rotation of the knob itself. This 
choice is motivated by the fact that it is a complex task for the 
user to rotate a virtual knob. The presence of the tangible knob 
strongly simplifies the interaction with the prototype. 

Participants 
In order to carry out the test (which took place in the 

Department of Mechanical Engineering, University of Calabria) 
we chose 3 samples of 10 mechanical engineering students 
aged 23-26. All samples of users  A (A1, …,A10), B (B1, …,B10) 
and C (C1, …,C10) presented homogeneous features especially 
for which concerns the knowledge of the product we were 
testing (only 5 students per group owned and could use a 
microwave oven). 

Sample A was asked to carry out the usability test with the 
real interface, sample B was asked to assess the usability of the 
virtual interface whereas sample C was asked to carry out the 
usability test in MR. 

Experimental design and procedure 
The usability testing was carried out by observing each 

group of users during their interaction with: a real object, a 
virtual model in VR, a virtual model in MR respectively (Fig. 
5).  

In concern to the object to be tested, we would like to point 
out that, since the testing had to focus on a comparison between 
data obtained through the user’s interaction with a real object 
and data obtained through the user’s interaction with the object 
in virtual and augmented environment, we decided to choose a 
common electrical appliance -a microwave oven- which 
included also in its VR reproduction several functions. This 
allowed users to carry out several tasks of varied difficulty. The 
experiment was carried out mainly in three phases:  
• an analytical phase during which we organized the entire 

carrying out of the test. We defined the procedures to be 
used during the test, the assessment tools (user-profile 
questionnaire, user-object interaction phase, satisfaction 
questionnaire, virtual interface assessment questionnaire), 
the two kinds of users’ tasks and choice criteria; 
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• an operational phase during which the sample of users, 
after having been told about the aim of the research, 
carried out the test with either the real product or the 
virtual product; 

• an assessment phase during which we analyzed all the 
information we collected, thanks to questionnaires and the 
observation of users during the test. 

During the operational phase each single user carried out three 
activities: 

1) filling in the user-profile questionnaire;  
2) the actual testing of the (real or virtual or augmented)  

object, carrying out assigned tasks; 
3) filling in a questionnaire on the degree of satisfaction.  

 

     
Figure 5: EXPERIMENTS WITH THE REAL, VIRTUAL AND 

MIXED PRODUCTS. 
 
Furthermore, the two samples B and C were trained, in order to 
be able to interact with the virtual systems. At the end of the 
test, the users also filled in a questionnaire concerning their 
approach with the virtual and augmented interfaces (difficulties 
in using interactive environment, perceptive level of the 
simulated reality, etc.)  

The questionnaire identifying the user’s profile, made up of 
12 questions and aiming to deepen our knowledge of the single 
user, allowed us to obtain information on his/her level of 
technological knowledge (knowledge and familiarity of 
computer tools) and on his/her experience in using the product 
used during the test (knowledge and use of electrical and 
microwave ovens). 

During the actual interaction with the product test, we 
asked the user who was facing the object (real - virtual - mixed) 
to carry out four tasks presented as realistic scenarios (in order 
to make the user feel involved) with an increasing difficulty. 
We told the user about one task at a time in order to favour 
his/her concentration and avoid misunderstandings. 

During the test, we carefully observed the users and timed 
them, in order to take note of the amount of time needed to 
fulfil the task. We also wrote down any aspect, which could be 
useful for the usability evaluation (mistakes, comments, calls 
for help, expressions, etc.). Furthermore, the use of a video 
camera allowed us to re-examine each single test carefully. 

At the end of the interaction with the product, we asked the 
users to fill in a satisfaction questionnaire, made up of 11 
questions, and the collected data allowed us to evaluate the 
users’ overall degree of satisfaction and their well-being or 
sense of unease perceived after having used the product, as well 
as problems related to specific aspects of the product itself 
(content, structure, graphic interface). 

As we have already pointed out, the main purpose of our 
experiment is the assessment of the reliability of a usability test 
in a MR environment, and the comparison with the same test 
done in real and VR environment. The first step to make is to 
establish whether and to what extent MR may distort the 
usability assessment of the product. Therefore, the analysis of 
the goals achieved through the test is focused on the most 
significant data regarding the augmented interface assessment, 
deliberately neglecting the usability assessment of the specific 
product. The analysis of variances (ANOVA) was used to 
analyse the number of errors, the degree of satisfaction and the 
task completion times.  

Nevertheless, some considerations have to be done in order 
to better understand our results. Usability research is considered 
behaviour-driven: you observe what people do, not what they 
say. In contrast, market research is largely opinion-driven: you 
ask people what they think. Behaviour-driven research is more 
predictable. Different studies supporting the assumption argued 
that just 5 participants could reveal about 80% of all usability 
problems that exist in a product [25, 26]. As a consequence, we 
have used samples with 10 users in our tests and an alpha level 
of 0.1 in the analysis of variances. 

Table 1 compares the number of errors made by the three 
samples of users (A, B and C) while carrying out the tests. The 
difference between the mean values for the four tasks is not 
statistically significant (sig. > 0.1). On the other hand, after 
having carefully compared the most significant typologies of 
mistakes made by the three samples of users during the tests, 
we clearly noted that the number and the typologies of mistakes 
are the same for real, VR and MR experiments.  

 
 

Table1: ONE-WAY ANOVA TABLES FOR NUMBER OF ERRORS. 
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Starting from these results, we can state that the number of 
errors is not dependent by the type of experiment carried out by 
each sample. In other words, we can accept the null hypothesis 
since there are no significant differences among the samples, or 
else that the VR and the MR interface do not increase 
difficulties in understanding while carrying out the tasks, and 
they do not distort the effectiveness of the system (Fig. 6). 

 

 
Figure 6: ERROR TYPOLOGIES AND THEIR FREQUENCY 

DURING THE TEST. 
 

The observation of users during the execution of tasks and 
the analysis of satisfaction questionnaires were very useful in 
determining the “degree of satisfaction” and in the evaluation 
of the unease felt while facing the product interface. Also in 
this case, the ANOVA analysis we carried out showed how the 
degree of satisfaction of the three samples of users was not 
statistically significant. The latter (ranging from 0= low to 5= 
high) was not affected by the experiments. In particular, we 
have compared the results of four questions for sample A and B 
in Tab. 2 and for sample A and C in Tab. 3. 

 
 

Table 2: ONE-WAY ANOVA TABLES FOR DEGREE OF 
SATISFACTION BETWEEN SAMPLE A AND B. 

 
 
 

Table 3: ONE-WAY ANOVA TABLES FOR DEGREE OF 
SATISFACTION BETWEEN SAMPLE A AND C. 

 
It is very interesting to note that in Tab. 2 only for question 

4 (Clarity and simplicity of use) the difference between the two 
mean values (4,5 vs 4,0) is statistically significant due to the 
lack of haptic devices (as evidenced by video registrations and 
users feedback) that makes it more difficult to use the VR 
interface. The same question in Tab. 3 puts in evidence that this 
difficult can be considered overcome by MR setup (4,5 vs 4,4 
and sig >0,1). 

As far as completion time is concerned, the experiment 
points out longer execution times for sample B (on average 
twice as much) than the average times registered by sample A; 
on the other hand, completion time for sample C is much closer 
to the results with the real interface (Tab. 4).  

 
Table4: ONE-WAY ANOVA TABLES FOR TASK COMPLETION 

TIME. 

 

 
 

The main cause of delays in completing tasks in VR and 
MR environment with respect to the real product can be 
identified in the difficulty of using the knob to set the time on 
the oven. In particular, for sample B, the main limits of the VR 
system depend on the perception of the virtual product (typical 
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limits in an immersive VE, since they are due to a lack of tactile 
feedback and to inaccuracies of the input devices). This 
problem is partly overcome by MR setup: in fact, when the user 
interacts only with buttons, the average time are the same 
between sample A and C (see task 1 and 3). When the user uses 
also the knob, the average time is growing albeit significantly 
less than in the virtual environment (Fig. 7).  

 

   
Figure 7: THE AUGMENTED VISUALIZATION OF THE HAND 

WHILE IT IS ROTATING THE KNOB. 

CONCLUSIONS 
The proposed approach is immediately utilizable in the 

design of several products where the user interface is made by 
electronics elements like buttons, sliders and knobs. The 
interaction technique that we have adopted to recognize the 
user generated event is implementable with a very low budget 
and a limited implementation effort. 

The use of a programmable shader to implement the video 
processing technique for skin detection allows us to maintain a 
good frame rate ranging from 40 to 60 fps. 

But the most important contribution of this work, in our 
opinion, is the results obtained with the user tests that lead us to 
believe that both VR and MR, are valid alternatives to 
traditional methods for product interface usability evaluation 
and that the interaction with the virtual/mixed interface does 
not invalidate the usability evaluation itself. The proof of the 
truthfulness of the statements above is that, regardless of the 
type of interaction taken into consideration (whether real, 
virtual or augmented), the same difficulties of functional 
understanding of the product were noticed in all users. Finally 
we can state that the MR set-up offers better performances, 
with respect to VR, when the user is interacting with knobs. 
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