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Abstract. Context-dependent adaptation is becoming a continuous necessity 
since we access our applications in more and more variegated contexts. Multi-
modality can be a significant support in such changing settings. We present a 
solution for obtaining automatic augmentation of Web applications in such a 
way as to enable them to exploit various combinations of graphical and vocal 
modalities. We report on the software architecture supporting such augmenta-
tions and its underlying context manager, as well as some example applications 
and first user tests.  
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1 Introduction 

One consequence of the explosion of mobile technology has been that we use our 
applications more and more in dynamic contexts of use. Such contexts can vary in 
aspects related to the users (their preferences, abilities, physical and emotional state, 
etc.), the technology (devices, connectivity, interaction modalities, etc.), environment 
(noise, light, etc.), and social aspects (privacy, trust, etc.).  

Responsive design [14] has recently been widely adopted by many Web developers 
and designers since it provides support for adapting to various device features through 
fluid layout and stylesheets. It moreover provides the possibility of associating vari-
ous visual attributes with groups of devices identified by some features detected 
through media queries. 

However, in many cases responsive design is not enough for various reasons: 

• The contextual changes that this approach is able to detect are limited to device 
and window resolution, and orientation, while many other aspects may vary in the 
context of use that can have an impact on the user experience; 

• The changes that it is possible to specify are limited to hiding/showing some  
elements and changing the graphical attributes; no support for multimodality is 
provided. 

The idea behind model-based approaches [3] is to have declarative descriptions 
that can be used to provide implementation-independent descriptions in which the 
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purpose of each interface element is described. This approach is meaningful as is 
demonstrated by the fact that HTML5 has adopted it by providing more semantic 
tags, even if it is limited to only graphical user interfaces.  Model-based approaches 
involve the effort of using an additional description level. This  is justified by its 
potential support for adaptation, which is particularly effective when it involves the 
use of different modalities. 

In this paper, we present a novel solution that addresses the limitations of respon-
sive design. Instead of media queries we use a context manager, a software infrastruc-
ture able to detect any type of contextual change in terms of technology, users, and 
environments. Then, in order to better support the user, a server is able to provide for 
various adaptations, including augmenting the accessed Web pages in such a way as 
to exploit multimodality, in particular various combinations of graphical and vocal 
modalities. The adaptations to perform are expressed through adaptation rules in the 
format event/condition/actions in which the triggering events are detected by the con-
text manager, and the action part indicates the adaptation effects that can even exploit 
the vocal modality still using standard HTML, CSS, and JavaScript. We have focused 
on the vocal modality, in various combinations with the graphical one, since it is 
spreading quickly thanks to rapid improvements in TTS/ASR technology (e.g., 
Google speech) and can support various types of input and output, including non-
speech sounds. Our environment also supports vibro-tactile feedback. 

In the paper, after discussion of related work, we introduce a modality-based clas-
sification of the possible adaptations that can be supported by our solution, and  
describe its software architecture. We provide a description of the context manager 
supporting it, and report on two user tests. Lastly, we draw some conclusions and 
provide indications for future work.  

2 Related Work 

One type of approach to obtaining context-dependent applications is represented by 
the Context Toolkit [19], which provides explicit mechanisms to handle context-
dependent events. While such toolkits allow creating context-dependent applications, 
we provide a solution that makes any Web application context-dependent by merely 
requiring designers and developers (who could be different from those who created 
the original application) to provide only the desired adaptation rules to the adaptation 
engine. Thus, we focus on adaptations of Web applications, an area that has been 
addressed by previous work, e.g. [12] proposed a solution for automatically retarget-
ing Web sites through the use of machine learning techniques applied to existing  
designs. Our support provides broader dynamic adaptation based on context depend-
ent adaptation rules, interpreted by our adaptation server. It is worth noting that our 
approach does not require rewriting or manually modifying the existing applications. 
We instead propose a middleware that is targeted to support developers/designers who 
want to augment their applications with limited effort and/or to third parties needing 
to augment the capabilities of Web-based applications (e.g., municipalities that aim to 
improve Web accessibility within the smart city).  
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Although adaptation of Web mobile applications has been investigated, there are 
still many issues to solve in this area. Researchers have tried to automate the adapta-
tion of Web pages for touch devices. W3Touch [15] is an example tool for supporting 
Web pages adaptation according to user interaction by using missed links and fre-
quent zooming as indicators of layout issues, but the adaptation rules supported do not 
consider the use of multimodality. We aim to an architecture able to take as input 
existing (Web) applications and dynamically generate multimodal versions according 
to the context of use. 

FAME [7] provides a framework to guide the development of adaptive multimodal 
applications. A conceptual basis for adaptive multimodal systems and a set of guide-
lines for driving the development process is furnished, but no support for automatic 
application development is given. A survey [10] about trends in context of use exploi-
tation in mobile HCI has provided a classification of context   aspects. According to 
the study, the most exploited aspects are related to user social dimensions and physi-
cal environments. A more recent study about mobile multimodality has led to some 
further guidelines for developers of context-aware adaptive multimodal mobile appli-
cations [8]. As in our vision, context-awareness is a medium for providing the combi-
nation of interaction modalities that best suit the current situation. The flexibility of 
our approach, as described in the following sections, lies in the extensible adaptation 
rules that: (1) can take into account the context of use; (2) allow adding and tuning the 
level of multimodality to better suit users in each run-time context. This is a type of 
Web augmentation, where the rendering of an existing application is augmented to 
improve user experience [6], different e.g. from mashup techniques, aiming to build 
new applications out of existing Web resources.  

We enable the combination of vocal and graphical modalities both in input and 
output in various ways, similar to those indicated by the CARE (Complementarity, 
Assignment, Redundancy, and Equivalence) properties [5]. 

Multimodal augmentation can even support people with permanent or transient 
disabilities that may have problems in accessing the original Web applications, thus 
being a possible solution for personalised dynamic accessibility [9].  

An approach to generating accessible user interfaces from multimodal design pat-
terns is presented in [18], which requires the use of a statecharts-based notation in the 
authoring of the adaptive applications. Another framework for developing adaptive 
multimodal interfaces was introduced in [1], while our approach can be applied to any 
existing Web interactive application independently of how they were developed. We 
propose to express adaptation through rules structured in the event/condition/actions 
format. The event is something happening at a given time, the condition (optional) is 
a constraint to be satisfied, and the action describes how the application should 
change in order to perform the requested adaptation. A similar language for adapta-
tion rules was used in [16] in an approach that supported adaptation as well, but with-
out considering multimodality. Multimodal adaptation was tackled by the GUIDE 
project as well [4]. In that case, the authors mainly focused on adaptation for elderly 
people based on user capabilities models while in this work we aim to address a wider 
set of contextual aspects.  
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3 Adaptation Classification According to Modalities Use 

In this section we introduce a classification of four adaptation types that illustrate the 
space of possible adaptations that our environment can support. In the rest of the  
paper we focus on the types that involve multimodality, since context-dependent mul-
timodal augmentation is the main contribution of this work. Here we also mention 
graphical-to-graphical adaptation scenarios just to indicate that we are able to address 
them, but we do not go in depth on this part since in this paper our focus is on multi-
modal support. 

Graphical-to-graphical adaptation. In some cases there is a need to change the user 
interface within the same modality. One example can be a person walking in a noisy 
environment. This context implies that the user is not able to pay much attention 
through the visual channel since s/he is walking but cannot use the vocal modality 
because of the noise. In this context a useful adaptation [11] can be increasing the size 
of the graphical elements (fonts, buttons, etc.) in order to make them more easily  
perceivable and selectable. 

 

  

Fig. 1. An example scenario for graphical-to-multimodal adaptation 

Graphical-to-multimodal adaptation. There are cases in which exploiting other mod-
alities can allow users to overcome limitations inherent in the graphical one. For ex-
ample, when the context of use limits the degree of attention to the visual modality, 
e.g. walking on a crowded street or while driving, such limitation can be counterba-
lanced by exploiting the vocal modality for supporting information rendering and 
interaction. Thus, some information can be rendered in a redundant way in order to 
ensure that it is perceived by the user, while the input can be entered either through 
one modality or another. This is the type of scenario that has received limited support 
so far, and the main contribution of this work is to provide a solution that works even 
for existing Web applications and not only for those developed with specific author-
ing tools. An example is shown in Figure 1. A graphical Web application is accessed 
(A) when the user is sitting. When the user starts an activity that makes full graphical 
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interaction difficult (e.g., walking), the Platform detects the context change, triggers a 
vibrating alert, and asks for confirmation to perform the adaptation (B) before provid-
ing the appropriate multimodal version (C). The graphical page is thus augmented  
with vocal input and output. At the beginning a vocal prompt is provided (“New 
search. Please enter your vocal input”).  The user enters “euro” vocally  and con-
firms. Then,  the multimodal version of the search results (D) is rendered. When the 
user skips the search form through the next command, the text content of the page is 
rendered vocally.  

Multimodal-to-graphical adaptation. If for some reason multiple modalities can no 
longer be exploited at the same time, then it can be useful to change the user interface  
in such a way as to exploit only the graphical modality. This type of adaptation is not 
particularly complex since it is mainly based on disabling one modality and forcing 
all information rendering and interaction to be performed graphically. Thus, when 
dealing with a multimodal user interface that was originally graphical, the multimod-
al-to-graphical adaptation actually consists on restoring the original interface version. 

Multimodal-to-multimodal adaptation. It may happen that once the original graphical 
application has been augmented in terms of multimodality due to some contextual 
change, at some point a new contextual change may require different multimodal 
support. Indeed, even within multimodal support there can be various possibilities 
depending on how the modalities involved are exploited. For example, in the case of 
low multimodality for interactive elements, the input can be entered either vocally or 
graphically, while prompts and feedback are rendered only graphically. On the other 
hand, in the case of high multimodality all interactions are rendered through both 
modalities. Likewise, output textual elements can be rendered vocally in different 
ways: totally or partially or only on request depending on the parameters specified in 
the adaptation rules. 

4 Software Architecture of the Adaptation Platform  

Our platform for multimodal augmentation is server-based. It includes a proxy and an 
adaptation server composed of a number of modules, which also use model-based 
languages for supporting adaptation. In such languages it is possible to have descrip-
tions at various abstraction levels. We have considered the use of abstract and  
concrete descriptions. In the former the specification is independent of the actual  
interaction modalities used, while in the latter the description depends on such inter-
action modalities but it is still independent of the implementation languages used. We 
have adopted the MARIA language [17] since it provides both an abstract language 
and concrete refinements of such language for various platforms (graphical, vocal, 
multimodal, etc.) and it is publicly available along with an authoring environment. In 
the following we first introduce the various modules (graphically represented in  
Figure 2) and then describe how they communicate with each other. 
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Orchestrator. It is mainly the interface between the adaptation server and the external 
world. It coordinates the access to and interactions among the various modules of the 
adaptation server.  

Navigation Proxy. In addition to the usual proxy functionalities the proxy that we 
have implemented inserts some scripts in the navigated pages in order to allow com-
munication between such pages and the orchestrator module. These scripts are used to 
trigger and perform the forwarding of the DOM of the currently accessed page to the 
server, and to dynamically load the adapted page. 

Reverser. This tool is able to create the MARIA graphical concrete description of any 
existing Web page. For this purpose, it parses the page DOM, saves the content of the 
script nodes in a separate file, adds the information related to CSSs to a cache mem-
ory, including information related to elements created dynamically through 
JavaScript. Then, it starts a depth-first analysis of the DOM tree nodes (except when 
there are elements that can be associated with labels; in this case the labels are 
searched through a breadth-first analysis). For each node the reverse engineering tool 
identifies the type, the relevant CSSs and events. The analysis considers CSSs that 
can be external to the Web page, internal to the page with the STYLE element, and in 
any HTML element with the style attribute, including the case of nested CSSs. Then, 
it creates the corresponding elements, with the associated attributes and events, in the 
logical concrete descriptions. In contrast to previous reverse engineering tools [2], this 
module is also able to handle recently introduced HTML 5 and CSS 3 elements. 

Adaptation Engine. The purpose of this module is to decide what adaptation should 
take place. For this purpose it uses adaptation rules written in an XML-based format 
according to the event/condition/action template. When new rules are added the adap-
tation engine subscribes to be notified of their events by the context manager. In this 
way when the relevant events occur the associated actions are triggered. Such actions 
can vary from small changes (e.g. change of font size) to the change of the platform 
used for rendering the user interface (as in the case of graphical-to-multimodal adap-
tation). 

Multimodal Adapter. The multimodal adapter performs the transformation from the 
graphical concrete description to the multimodal one. Since both are XML-based 
descriptions it has been implemented as an XSLT transformation. The action part of 
the adaptation rules can specify the parameters for this transformation. For instance, it 
is possible to indicate if the images must be vocally annotated (i.e. by synthesizing the 
“alt” attribute), if users have to confirm the entered vocal input, if the multimodal 
support has to list all the choice elements in case of a single choice interactor. The 
classification of the interactive elements provided by the MARIA language together 
with the CARE properties provide a powerful way to customise the multimodality 
level. Since the user interface specification has a hierarchical structure, it is possible,  
through the CARE properties, to associate the type of desired multimodality at differ-
ent granularity levels. It is also possible to associate a multimodality property to all  
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the elements that share a certain semantics (e.g. single selection object, text edit, func-
tion activation) according to the classification of the abstract MARIA language. In the 
MARIA multimodal Concrete User Interface (CUI), the interaction elements can be 
decomposed into three different parts: input, prompt and feedback. In the adaptations 
rules it is possible to indicate the CARE value for each part, thus specifying how us-
ers can interact with interaction elements with a very fine level of granularity. Usually 
the Multimodal Adapter extracts vocal information from the graphical page, for in-
stance the vocal prompt value is derived from the label text of the interactor element. 
If the element has no label then the multimodal adapter adds a default vocal prompt. 
Regarding text content, the way to vocally render it can be specified as well (e.g., 
synthesize the whole text or only the heading part, synthesize it automatically or when 
selecting it, etc.). 

Context Manager. It supports the possibility of detecting any change in the context of 
use. It has a client/server architecture in which the clients are context delegates whose 
task is to detect various types of contextual events and inform the server, which will 
then communicate them to the adaptation server, if it had subscribed for their notifica-
tion. A more detailed description of this important component follows in the next 
section. 

 

Fig. 2. The architecture of the proposed environment 

Multimodal Generator. The adaptation server also exploits a generator of multimodal 
interfaces from model-based descriptions, which was introduced in [13]. That work, 
however, relied on existing multimodal model-based descriptions of the interactive 
Web application, and was not able to support adaptation of existing Web applications, 
as presented in this paper.  
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Communication among components. Figure 2 shows the steps through which the mul-
timodal augmentation takes place (the numbers in Figure 2 provide an indication of 
the corresponding step):  

1) The Web application is accessed through the Proxy, which enhances it (e.g. 
by modifying links/references, injecting additional scripts). The user interacts 
with the modified Web application in the same way as without any proxy. 

2) The Proxy passes the annotated page DOM to the Orchestrator module of the 
Adaptation Server.  

3) a) The Orchestrator queries the Adaptation Engine to check whether an adap-
tation is needed for the current page (i.e. whether, according to the adaptation 
rules, the page should be adapted to the current context). If adaptation is 
needed, then the Orchestrator sends the page DOM to the Reverser; other-
wise, the Proxy receives back the current page and provides it to the client 
browser without any change.  
b) At the first user access the Adaptation Engine subscribes to the relevant 
context events according to the available adaptation rules associated with the 
current user and application. 

4) The Reverser creates the concrete description (CUI) and provides it to the 
Adaptation Engine. 

5) The Adaptation Engine identifies what adaptation should take place accord-
ing to the current adaptation rules.  

6) If deemed useful, the Multimodal Adapter is invoked to convert the graphical 
concrete description to a multimodal concrete description. 

7) The Multimodal Generator takes such multimodal concrete description (MM 
CUI) and creates the actual multimodal page implementation, which is passed 
to the Orchestrator, which in turn provides it to the Proxy. 

8) If at some point something changes in the context of use (e.g., the user has 
started walking fast), the corresponding Context Delegate informs the Con-
text Server. 

9) If the Adaptation Engine had previously subscribed to the event that has oc-
curred, then the Context Server notifies it. 

10) The Adaptation Engine asks the Orchestrator for the adaptation input (i.e. the 
current page DOM). 

11) The Orchestrator requests the current page DOM from the client browser. 
12) The client browser serializes the current Web page DOM (this is managed by 

scripts injected by the Proxy) and sends it to the Orchestrator, then steps 4 to 
7 are performed again. 

13) The Orchestrator pushes the current multimodal page to the client browser. 

5 Context Information Management  

The context manager is composed of a context server and a number of context dele-
gates and it has the aim of detecting, communicating, and manipulating context  
information. In particular, the context delegates are modules devoted to detecting 



 Beyond Responsive Design: Context-Dependent Multimodal Augmentation 79 

 

contextual information. A context delegate, upon sensing several context parameters, 
updates the corresponding attributes in the context server. Context delegates can be 
deployed in the user device or in the environment. 

The context manager supports contextual information manipulation at various ab-
straction levels. Delegates and server exploit a REST interface, which allows dele-
gates to update various entities in the server even without knowing their structures 
exactly. Some of the RESTful services defined so far are: UserEnvironment, which 
includes attributes such as noise/light/temperature; UserLocationBluetoothBeacon, for 
the state (e.g. signal strength) of a Bluetooth beacon detected by the device; User-
PhysiologicalActivity, for user respiration and heart rate. 

In order to automatically update the previously mentioned resources, we have im-
plemented a number of context delegates for Android devices. One example senses 
Bluetooth beacons (e.g. Bluetooth embedded devices, dongles, etc.) available in the 
environment and provides the context server with their identifier (name, MAC ad-
dress) and Received Signal Strength Indicator (RSSI). Two other different delegates 
are devoted to updating the user environment: one for the light and one for the noise 
level. The former parameter is provided by the device light sensor; the latter is ob-
tained by analysing the audio input amplitude provided by the embedded microphone. 
A context delegate has also been developed for interfacing with physiological moni-
toring hardware with Bluetooth interface. The physiological monitor is a belt that can 
be comfortably worn and senses several parameters (e.g. heart rate, ECG-variability, 
respiration rate, user movements). The above cited context delegates and related data 
are exploited at run time depending on the adaptation rules.  

Besides the basic operations for creating, updating and removing information, the 
Context Manager also hosts mechanisms for subscribing to information changes.  
Subscription is a way for an external module to be asynchronously notified when 
something changes in the context, and thus it is fundamental for the multimodal  
context-aware adaptation platform. We use an Event subscription mechanism, i.e. a 
mechanism for a subscriber to be notified only when one or more conditions are met. 
Conditions can refer to one or more attributes. The attributes are identified through a 
path in their hierarchical structure that represents the context model (e.g., the noise 
level attribute is defined as an environment sub-entity). Notifications are sent via 
HTTP POST. Subscriptions are carried out at run-time according to pre-defined adap-
tation rules structured as event-conditions-actions, as previously discussed.  

We designed the context manager to be able to detect any relevant contextual in-
formation: in the server a lower layer stores and manages information as a set of 
structured entities, while the external interface allows access to such information at 
different abstraction levels. The benefit of the low level way of storing information is 
flexibility. Low level entities are basic data containers, able to store an arbitrary num-
ber of attributes and/or reference to other entities (e.g. user, device, etc.). Overall, the 
context manager architecture is extensible, since it is easy to add new delegates for 
detecting further contextual events without having to change the implementation of 
the other modules. 
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6 User Tests  

We have carried out two user tests in order to assess some aspects characterizing con-
text-based multimodal augmentation and to what extent they are considered useful 
and usable with respect to the standard way to access Web applications. 

A first user test involved ten users (6 male, 4 female) between 21 and 45 y.o. 
(mean 30.4), who were requested to interact with the English mobile Wikipedia home 
page (http://en.m.wikipedia.org) in order to find information about cities and coun-
tries. Only four users had previous experience in the use of UIs combining graphical 
and vocal modalities. None of them was involved in the project. Interaction occurred 
through an Android smartphone equipped with support for multimodal Web user in-
terface execution obtained through an instance of a WebView component and librar-
ies accessing the Google Text-To-Speech and Augmented Speech Recognition. The 
calls to the functionalities of such libraries are created by the generator for MARIA 
multimodal concrete descriptions. 

In the test, the users first had to search for a city, and find out its population, and 
then to search for a country and find its surface area. The city and country names were 
the same for all users, in order to maintain homogeneity in task complexity. 

Users had to complete the tasks through a multimodal augmented version of 
Wikipedia automatically obtained through our adaptation environment according to 
the context of use. When a contextual change triggers an adaptation various events 
happen on the device during this adaptation transition: a pop-up announces the con-
textual change and the possibility of triggering multimodal adaptation; if accepted, 
there is vibrotactile feedback and a pop-up informing the user of the progression  
of the adaptation transition in percentage. The contextual factor for triggering the 
adaptation was the environment noise, detected by a context delegate running in 
background on the smartphone. 

In order to evaluate our platform, we defined a list of relevant aspects related to us-
ability and usefulness. Such aspects, listed in the following, were rated with a value 
on a 1-5 scale, with 5 as the most positive score (min and max value are expressed 
into square brackets): 

a) Awareness of context-dependent interface adaptation [3,5]; mean: 4.1; std.: 0.88; 
b) Adaptation appropriateness [1,4]; mean: 3.4; std.: 0.97; 
c) Adaptation continuity [1,5]; mean: 3.2; std.: 1.03; 
d) Rendering of adaptation transition [1,5]; mean: 2.4; std.: 1.35; 
e) Impact of the adaptation in decreasing interaction complexity [1,5]; mean: 3.2; 

std.: 1.03; 
f) Impact of adaptation in improving user experience [1,5]; mean: 3.2; std.: 1.03; 
g) Utility of multimodal augmentation for improving Web applications usability 

[2,5]; mean: 3.7; std.: 0.82. 
 
In order to help users in subjectively rating the system, each possible score in the 

questionnaire was associated to a short textual description. For instance, in the first 
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question, 1/2/3/4/5 values on the Scale were described as “My awareness was very 
low/low/borderline/high/very high”, respectively. 

Overall, we can argue that users were quite aware of the context-dependent inter-
face adaptation being performed, in particular thanks to the vibrotactile notification 
following the contextual change. Other issues emerged on adaptation appropriateness, 
which received lower ratings. This may be due to minor inconsistencies the users 
found in the adapted page (e.g. links not immediately visible because of their altered 
layout).  

The way adaptation transition was rendered received the lowest mean score. A 
possible explanation for this is the server-side delay, i.e. page adaptation taking much  
longer than simple loading. 

Among the positive informal considerations, participants highlighted the benefits 
that the multimodality can provide in various situations, such as when hands free 
interaction is needed, and/or when it is not possible/safe to look at the screen. One 
participant also mentioned possible benefits in the social aspects of interaction that 
can arise from such multimodal adaptations (e.g., accessibility for the visually im-
paired). We also got some positive observations on the potential of multimodal adap-
tation, for which our platform was considered to be a good starting point. 

In general, the main technical issue with the multimodal augmented version 
seemed to be the latency of the adaptation process. The preliminary results collected 
and the issues pointed out by the participants helped us to create an improved version 
of the platform. In particular, the adaptation process latency, which was considered a 
serious lack, was reduced  by reducing the computation complexity (especially for 
the Reverser module) and by installing all the modules in a single server, which led to 
minimal network communications. 

In December 2013 we performed a second user test taking into account the indica-
tions and issues pointed out by the users during the first test. We decided to assess the 
same aspects as in the previous test, thus the assessment questionnaire was similar, 
though we added one more question about the adaptation responsiveness.  

Twelve users participated in the second user test (8 male, 4 female), with ages 
ranging between 21 and 36 (mean 30). Users were recruited from within the personnel 
of our organization was among those who were not involved in the project. They par-
ticipated voluntarily  and had to perform three tasks for different applications. 

Walking with noise scenario: the users had to walk in a noisy scenario and interact 
with the original (i.e. not adapted) Web site at http://m.foxbusiness.com. After enter-
ing a search into the form and pressing the submit button, the context changed (the 
noise level decreased) and the adaptation process started. Users then had to insert a 
different text input and listen to the voice synthesis of the search results. In the result-
ing multimodal version we had: redundant (vocal and graphical) text output, and only 
graphical input/prompt/feedback of interaction elements. 

Fitness scenario: the user was doing gymnastics. Initially s/he accessed the original 
Web site at http://us.mobile.reuters.com/search and performed a search through the 
non-adapted page. During an exercise s/he had to change position from standing  
to lying down and had to continue the interaction with the opened page. When the 
user was laying down, the physiological delegate running on the device was able to 
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interpret this change and trigger the page adaptation. The user could then insert the 
input vocally and listen to the voice synthesis of the search results. In the resulting 
multimodal version we had: redundant (vocal and graphical) text output, while in the 
interaction elements the input was equivalent, prompt and feedback were redundant, 
and the ask for confirmation parameter was false. Because the user was able to see the 
entered vocal input graphically, we decided not to ask for vocal confirmation of the 
input. 

User driving scenario: we simulated a car through a large screen showing a street 
view video and users had a steering wheel. The user started this scenario outside the 
room (outside the car) and performed a search in the original Web site at 
http://eurometeo.mobi.en. When the user entered the room and sat at the desk with the 
large screen and wheel, the adaptation took place. The context manager detected 
when the user was inside the car thanks to a context delegate for Bluetooth beacons.  
When the Bluetooth beacon with the strongest signal was the car’s, then the adapta-
tion was triggered. In this scenario users could insert the input only vocally (the input 
field was not visible) and the output was redundant (graphical and vocal). In this way, 
users could interact with the interface while driving without taking their hands off the 
wheel. In the resulting multimodal version we had: redundant (vocal and graphical) 
text output, input/prompt/feedback of interaction elements only vocal, ask for confir-
mation true. In this scenario the input prompt and feedback part of the interaction 
elements (text edit and submit button) were only vocal. This means that they were not 
visible but it was possible to interact with them vocally; for this reason and in order 
not to distract the user while driving we decided to ask the user to confirm the entered 
input. 

Therefore, for each task, users interacted with the original, non-adapted Web site 
through the graphical modality to perform a search and to read the results. After that, 
the context changed and the adapted page was loaded, and users had to perform the 
same task, with different search input and different result output, through the adapted 
page. 

The following aspects were rated (Scale and values as for the previous test): 

a) Awareness of context-dependent interface adaptation [4,5]; mean: 4.3; std.: 0.49; 
b) Adaptation appropriateness [3,5]; mean: 4.08; std.: 0.52; 
c) Adaptation continuity [3,5]; mean: 4.17; std.: 0.58; 
d) Rendering of adaptation transition [3,5]; mean: 4.0; std.: 0.74; 
e) Impact of the adaptation in decreasing interaction complexity [1,5]; mean: 3.58; 

std.: 1.16; 
f) Impact of adaptation in improving user experience [3,5]; mean: 4,17; std.: 0.58; 
g) Utility of multimodal augmentation for improving Web applications usability 

[3,5]; mean: 4.0; std.: 0.74; 
h) Adaptation responsiveness [3,5]; mean: 3.92; std.: 0.67. 

All aspects received greater ratings than in the previous test (excluding h, absent in 
the first test).  

The rating on Awareness of the Adaptation process is slightly higher than in  
the first test. This is presumably because with respect to the previous version of the 
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system, the vibrotactile notification has been combined with a pop-up also including 
information about the event that triggered the adaptation. 

The Adaptation Appropriateness received good ratings, higher than the first user 
test. We believe this improvement is due to the new version of the multimodal genera-
tor, which has been updated in order to solve minor layout issues mentioned by the 
users of the first test.  

The Adaptation Continuity and the Rendering of Adaptation transition received 
significantly higher ratings than previously (especially the latter). This is likely due to 
the improvements to the system that reduced the adaptation process latency. This is 
confirmed also by the good ratings of the adaptation responsiveness. 

The Impact of the adaptation in decreasing interaction complexity received border-
line ratings (nearly the same rating as the first test). This seems to be due to the  
accented English pronunciation of the participants. The problem of erroneous vocal 
input recognition is not due to the multimodal adaptation system, but is influenced by 
the distance from the microphone, the loudness of the voice and user pronunciation.  

Two users did not like the need to press OK to confirm the adaptation when the 
pop-up appears because it forced them to manually interact with the interface even 
though the system adapted the page to interact vocally.  

We have logged the interaction times for each scenario performed by each user. 
Scenario A (walking with noise) took between 97 and 490 seconds (mean 245, std. 
132). For scenario B (fitness), interaction times were between 110 and 410 seconds 
(mean 198, std. 96). Completion times for scenario C (driving) was between 120 and 
308 (mean 185, std. 52). Although a proper time comparison across modalities would 
have implied to perform the same task in the same settings, it is interesting to observe 
that scenario A, which took longer on average, relied on only-graphical input. Scenar-
ios B and C (with multimodal and only-vocal input, respectively) took less time. 
Since the scenarios order was shuffled for the various users, we would exclude that 
this is due to a learning effect. In particular, scenario C, where vocal interaction was 
dominant, was the one whose tasks were performed most quickly. It is also worth 
highlighting that the standard deviation for interaction times was lower for scenario C 
than for B. In addition, scenario B had, in turn, a lower standard deviation than A (the 
one without vocal input). This may indicate that vocal interaction, which already 
brings undeniable benefits (e.g. accessibility) does not negatively affect task comple-
tion time.  

The other statistical tests we have performed, e.g. considering ratings on system re-
sponsiveness and on perceived improvement in user experience, did not highlight any 
significant correlation between task completion time and subjective ratings. 

We plan to perform a more extensive user study in the future by involving a larger 
set of users in order to get more statistically significant information. 

7 Possible Platform Deployment 

In order to highlight the benefits of the proposed approach for augmenting Web appli-
cations, in this section we explain how our platform can be deployed and exploited. 
To this end, there are two main modes depending on the organizations involved.  
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In within-organization deployment the adaptation platform can be deployed in and 
managed by the same organization that hosts the Web application(s) to be augmented. 
In this case, those responsible for configuring the platform are internal to the organi-
zation, e.g., the developers/designers responsible for managing the Web applications. 
It is worth noting that the existing Web applications do not need manual modifica-
tions or upgrades to be integrated with the adaptation platform. 

In cross-organization deployment the organization hosting and managing the adap-
tation platform can be different from the one providing the original Web applications. 
An example use case is represented by a company or institution needing to provide (a 
subset of) users with augmented versions of existing Web interfaces with minimal 
effort. Examples might be a municipality wishing to furnish multimodal access to 
tourist information; a transportation company needing to provide its drivers with  
accessible versions of a pre-existing application for logistics, etc. 

It should be noted that, in both deployments, end users access the Web applications 
through the (proxy of the) Augmentation Platform. 

The formal issues arising from this kind of deployment, such as the need for 
agreements between the two organizations involved to comply with local/international 
rules, are beyond the scope of this paper.  

8 Conclusions 

We have presented a novel solution for multimodal augmentation of Web applications 
in mobile scenarios. It exploits an adaptation server receiving events from a distrib-
uted  context manager and able to trigger adaptations according to externally speci-
fied rules. The server also exploits a model-based description language to perform the 
transformation from a graphical to a multimodal concrete description. 

A video showing example applications of our platform for multimodal augmenta-
tion is available at: http://youtu.be/7Y670aWNUDM . 

We have reported on user tests, which gave positive feedback and indications for 
further refinements. The proposed approach provides more flexible and general sup-
port than that currently provided in responsive design, which is not able to address 
many types of contextual events or provide dynamic and customizable multimodality. 

Future work will be dedicated to making the adaptation server publicly available 
for external use, improve its performance, and move some of its functionality to cloud 
support. Since creating/editing adaptation rules still require some basic technological 
knowledge, we also aim to provide end users with intuitive interfaces for the customi-
zation of such rules. This would allow them to directly modify the context-dependent 
behaviour of their Web applications also in terms of multimodality. 
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