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Abstract
Awareness has been a valuable concept in collaborative systems since its formation, an essential part of groupware. Awareness 
research followed the evolution of the whole field over the last decades. We can see the progress in a mutual understanding of 
awareness and developing concepts and technology of awareness support. An efficient awareness mechanism ensures a better 
understanding and, consequently, a better projection of future actions; in contrast, the lack of these mechanisms undermines 
comprehension and prevents participants from projecting their work accordingly. Few works present methods or processes 
that assist in providing awareness in groupware systems; most common strategies focus on the design/development stages 
or are ad-hoc evaluation models. Furthermore, there are no standardized tests for awareness assessment; thus, measures 
must be established to assess awareness and identify the criteria for achieving awareness indicators. This work establishes 
an assessment model for collaborative interfaces by analyzing the awareness mechanisms provided from the participant’s 
viewpoint. In this model, we consider the participant’s skill in understanding the awareness and the difficulty involved, 
providing advances toward designing, developing, and evaluating groupware systems. The proposed assessment model 
allows us to measure the awareness support provided considering the collaboration, workspace, and contextual awareness 
perspectives. Assuming a plural collaborative environment, where different participants with different skills, knowledge, 
and wisdom meet and interact, this model seeks to build a more faithful representation of these existing profiles across a 
broad spectrum of individual abilities.
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1  Introduction

Connecting people, enabling individuals to collaborate, and 
supporting social interaction are parts of the human essence, 
and collaborative systems, also known as groupware, are 
great environments to provide them. Applications such as 

blogs, wiki pages, instant messaging, digital voicemail, vide-
oconferencing, chat forums, social media, online gaming, 
etc., are daily tools that allow people to connect, interact, 
and work together.

Ellis et al. [30] defined groupware as a computer-based 
system that supports two or more people engaged in a com-
mon task or objective and provides an interface for a shared 
environment. Groupware must provide support for three 
fundamental pillars: communication, coordination, and 
cooperation (3C collaboration model) [40], and, to support 
each of these collaboration pillars, groupware must make 
available cues/information allowing participants to commu-
nicate, coordinate, and cooperate. This support involves a 
fundamental element of a collaborative system: the aware-
ness [27].

Awareness has been a significant concept in the Computer 
Supported Cooperative Work (CSCW) field since its forma-
tion [95] and is an essential part of groupware [39, 67]. This 
fundamental concept can be defined as “the understanding 
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of the activities of others involved and which provides a 
context for their activities” [28, 88] or “set of processes in 
which participants recognize, organize and make sense of 
the stimuli received from the environment that they are in” 
[88, 89]. In this context, awareness ensures that individual 
activities are tuned with the group’s objectives and enables 
collaboration. Without awareness, there is no possibility of 
collective work, and the group will be just an incoherent 
set of isolated pieces [16]. The awareness of individual and 
group tasks is critical to the success of the collaboration 
process [27].

We consider awareness the backbone of a collaborative 
environment; all collaborative concepts are archived through 
it. In this sense, we define awareness as a process that occurs 
at three basic levels of abstraction: representation, under-
standing, and projection. An efficient awareness mechanism 
ensures a better experience and, consequently, a better pro-
jection of future actions. In contrast, the lack of awareness 
mechanisms undermines comprehension and prevents par-
ticipants from projecting their work accordingly.

Awareness elements help people move between individ-
ual and shared activities, provide a context for interpreting 
others, allow anticipation of actions, and reduce the effort 
expended to coordinate activities [38]. Awareness enables 
a given user to perceive the sensation of working in a group 
[19]. Information awareness is essential for coordination, 
cooperation, and communication (3C collaboration model). 
It allows for building a shared understanding of the task, 
being aware of the activities of other participants, knowing 
the progress of your work and that of the whole group, and 
transmitting group strategies and plans [36].

Over the last three decades, different awareness types 
have emerged in the literature. In a non-exhaustive list of the 
main awareness types, we quickly identify task awareness; 
concept awareness [42]; context awareness [37]; workspace 
awareness [38, 43]; historical awareness [56]; social aware-
ness [15]; presence awareness; group-structural awareness 
[29]; group awareness [52, 54]; situation awareness [3]; 
behavioral awareness [14]; cognitive awareness [51]; knowl-
edge awareness [31, 105]; user awareness [47, 98]; activity 
awareness [74, 77]; and, we-awareness [95].

Certain works [5, 35, 63, 85] present a broader list of 
awareness elements. Detailed background about awareness 
origins, the early ethnographic, and the technology studies 
that brought up fundamental insights can be found in [39].

1.1 � The awareness problem

Awareness is a well-known concern but still not fully 
reached concept in collaborative environments. According 
to Gross [39], the awareness concept remains difficult to 
grasp, and future research should achieve a better under-
standing of supporting awareness and effortless coordination 

and conceiving and testing novel technology that guarantees 
awareness aspects and minimum coordination effort. Moreo-
ver, since the 1980 s, there has been no consensus about the 
awareness issue and how to understand it [83].

Awareness is a multi-factorial problem, and few papers 
are addressing it from a broad point of view. Finding a good 
starting point in the literature can be challenging for novice 
awareness designers [67] because they must reinvent aware-
ness from their own experience of what it is, how it works, 
and how it is used [19].

The lack of awareness in collaborative interfaces can be 
harmful, and some problems must be considered when using 
awareness elements like information overload, intrusiveness, 
and privacy [46, 82]. At a high level, both people may differ 
in their understandings, and the individual’s awareness may 
change as their background and received stimuli change. 
People have different capabilities in representing, under-
standing, and projecting human actions through interface 
[63]. Furthermore, considering awareness as an understand-
ing or even a mental state of an individual about a specific 
object or environmental stimulus, we believe that the design, 
development, and evaluation approaches should consider 
awareness from the participant’s perspective.

These problems raise some questions that should be con-
sidered when developing collaborative applications [38, 62, 
63]: (1) How can we present the awareness information in 
the interface? (2) Which information is relevant and which 
can be ignored? (3) What information can be shared? (4) 
Who can have access to this information? However, it is 
difficult to find methods that allow designers to develop 
collaborative applications centered on awareness aspects 
[19]. Awareness is a concept that promises to improve the 
usability of collaborative applications [93]; however, no 
clear overall picture of awareness has yet emerged from a 
collaborative perspective [58].

1.2 � The assessment problem

The evaluation of collaborative systems is more complex and 
challenging than conventional ones.

First, providing awareness and 3C model aspects involves 
dealing with two main trade-offs: (1) informativeness versus 
privacy: if the current status of a person is visible enough to 
be helpful to others, it often violates that person’s privacy 
[79]; and (2) information versus overloading: the lack of 
awareness support may compromise the group’s activities; 
conversely, it is essential to avoid information overload, pre-
senting just relevant information [62].

Second, collaborative evaluation belongs to more than 
one temporal dimension. It is complex to obtain data about 
each in just one way [4]: (1) individual information is gath-
ered focusing on events occurring in a time frame of a few 
minutes or even seconds; (2) group information is gathered 
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addressing activities occurring in the range of several min-
utes and hours; and (3) organizational information con-
cerns much longer time frames, usually in the order of days, 
months, and even years.

Third, research fails to address conceptual frameworks 
covering the four trends: theoretical frameworks, con-
text modeling, collaborative design, and awareness [13]. 
It remains necessary to establish a theoretical framework 
for analyzing or modeling cooperative work and specifying 
requirements of computer-based systems to support coop-
erative work [21]. A practical, holistic framework may con-
duct organizations and other social entities in their effort to 
design, evaluate, and acquire collaboration systems that can 
support their needs [21]. It is hard to generate adaptation 
rules automatically, and no frameworks help designers to 
incorporate semi-automatically users’ feedback [2].

Fourth, few works present methods or processes that 
assist in providing aspects of awareness in groupware sys-
tems [19], and there are no standardized tests for awareness 
assessment [75]. There is a need to establish measures to 
assess awareness [75] and identify the criteria for achiev-
ing awareness indicators [67]. Therefore, research toward 
awareness assessment strategies is necessary to measure the 
quality of awareness support provided by the collaborative 
applications under development and/or evolution [5].

Regarding collaborative assessment strategies, Lopez 
and Guerrero [58] identified through a systematic literature 
review that almost half of 83 selected papers (42%) did not 
specify the approach used in the groupware assessment, and 
just 6% presented an example proposal. In a recent map-
ping study [59], it was identified that 45% of papers with a 
substantial problem in data analysis and 9% just presented a 
solution proposal paper, clearly demonstrating the need for 
greater rigor in adopting methods, procedures, and materials 
when conducting groupware evaluation.

1.3 � Aims of the study

In this work, we contribute to developing an awareness 
assessment model to access awareness and collaboration 
support through measuring awareness mechanisms from 
the participant’s viewpoint. The model considers the par-
ticipant’s skill in understanding the awareness information 
provided by the application and the difficulty involved in 
perceiving each awareness piece.

We assume the following assumptions: 

(1)	 Awareness is an individual understanding of a particu-
lar environmental object or stimulus. It is the means 
available to interact with each other and involves, from 
the participant’s viewpoint, the representation (mecha-
nisms or elements that provide participants cues about 

“what is going on”) and the understanding or con-
sciousness of something;

(2)	 Collaboration results from the participant’s understand-
ing/consciousness. The consciousness allows individu-
als to project their actions;

(3)	 Awareness is intrinsically linked to the participant’s 
skills in identifying, understanding, or projecting their 
actions. Individuals may have different awareness; like-
wise, the participant’s understanding differs over time.

This paper is organized as follows. Section 2 presents a 
background of the awareness and collaboration assessment 
approaches described in the literature and related issues. The 
methodology is described in Sect. 3. The awareness assess-
ment model is presented in section 4, detailing the assess-
ment process and the model’s conceptual view structure. 
Sections 5 and 6 describe strategies adopted to access the 
model validation through an expert panel and case study 
scenarios. Model reliability and dimensionality are inves-
tigated in Sects. 7 and 8. Discussions and conclusions are 
presented in Sects. 9 and 10. Supplementary materials are 
available in Appendix A.

2 � Related work

Some ways of evaluating awareness and collaboration were 
presented in the recent literature [59]. The most common 
strategy is an ad hoc approach that involves users through 
experiments or case studies. Questionnaires, interviews, 
brainstorming, focus groups, conceptual modeling, direct 
observation, system logs, and static/dynamic analysis of a 
system were used in the assessment strategies.

Questionnaires were the main data collection tool 
reported [59]: by user experience [54], usability [64], 
NASA-TLX user workload [41], or ethnographic [47] ques-
tionnaires; by ethnographic questionnaire combined with 
system logs and researcher’s observations [62], and system 
logs [63]; by participatory observations, nonstructured and 
mostly ad hoc interviews, and discussions [92]; by semi-
structured interview and a 7-point Likert scale questionnaire 
combined with statistical analysis [105]; and by 7-point Lik-
ert scale ethnographic and usability questionnaire combined 
with researcher’s observations, system logs, audio and video 
recordings [75].

A combination of different assessment techniques, like 
frameworks, guidelines, design requirements, or group-
ware heuristics, were also applied during development and 
evaluation, namely: checklist to assess awareness support in 
groupware systems [5, 26]; set of requirements and assess-
ment metrics [63]; usability groupware heuristics for mobile 
environments [23]; frameworks or taxonomies [19, 24, 34, 
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67]; or questionnaires, laboratory testing, heuristic evalua-
tion, automatic logging, and eye-tracking techniques [65].

Antunes et al. [5] developed an awareness checklist to 
help software designers inspect the quality of awareness sup-
port in applications under development or evolution. The 
checklist comprises 54 design elements and six awareness 
types: collaborations, Location, Context, Social, Workspace, 
and Situation. A recent adaptation of the checklist is pre-
sented by Do Espírito Santo et al. [26], where the authors 
investigate awareness support in the context of agile soft-
ware engineering development.

Collazos et al. [19] elaborated a descriptive theory for 
groupware development to assist groupware engineers in 
incorporating awareness mechanisms by focusing on the 
aspects to be considered when designing and implementing 
awareness mechanisms in groupware tools.

De Souza and Barbosa [24] proposed an extension to the 
MoLIC (Modelling Language for Interaction as Conversa-
tion) that helps designers project collaborative applications 
considering the influences between users, cooperative tasks, 
and awareness mechanisms.

Gallardo et al. [34] proposed an awareness ontology that 
conceptualizes aspects relating to awareness in collabora-
tive modeling systems. The method embraces the conceptual 
(steps to be carried out), methodological (aspects to be taken 
into account in the generation of the collaborative tool), and 
technological frameworks (specific IDE plug-ins to support 
collaborative functionality).

Molina et  al. [65] proposed an evaluation approach 
combining subjective (e.g., the subjective perception col-
lected by questionnaires about his/her satisfaction) and 
objective (eye tracking techniques) to evaluate interactive 
systems. This approach allows the examiner to evaluate the 
awareness support of collaborative systems by combining 
inspection (heuristic evaluation), subjective (questionnaires, 
interviews) and objective (automatic logging) inquiry, and 
usability testing lab (retrospective thinking aloud, eye track-
ing, and recording of the use).

Niemantsverdriet et al. [67] projected a framework for 
awareness designers structured into a list of design consid-
erations to support awareness interaction that can be used 
during the design process.

The works of De Souza and Barbosa[24], Collazos et al. 
[19], and Niemantsverdriet et al. [67] have a central focus 
on the design and development of collaborative environ-
ments; the central focus of these works is to provide design 
considerations to support interaction designers during their 
design process.

Despite the work of Antunes et al. [5] described a check-
list to inspect the quality of awareness support, this focuses 
mainly on the development stages and software designers. 
Furthermore, the validity and reliability of the proposed 
instrument were not verified.

The model proposed by Molina et al. [65] uses a notable 
set of different evaluation strategies; however, it requires a 
specific evaluation environment (laboratory), and the pecu-
liarities of employing a dynamic evaluation approach, like 
eye-tracking or usage recording techniques, can also be a 
limiting aspect for its replication in scenarios with limited 
computational resources available to conduct experimenta-
tion. Additionally, due to the small sample size, the results 
should be considered preliminary.

As we can see, there remains a need to develop awareness 
assessment strategies for collaborative environments, aiming 
to evaluate the awareness support in the context of use and 
from the participant’s perspective. There are no standardized 
tests to evaluate awareness [67], and it remains necessary to 
identify awareness evaluation criteria and establish quality 
indicators for collaborative environments [75].

3 � Methods

This research was carried out in four steps. First, we per-
form a systematic mapping study to identify the awareness 
support in the collaborative system context. In the second 
step, we define an awareness taxonomy that contemplates 
a complete set of awareness elements and collaboration 
aspects necessary for cooperative work. In the third step, 
an awareness assessment model for collaborative environ-
ments is established based on systematic mapping results 
and awareness taxonomy. Finally, we carry out the model 
validation process.

3.1 � Awareness support identification

We performed a systematic mapping study following the 
guidelines presented in [55, 72, 73]. The analysis of the 
state-of-the-art aims to identify existing approaches, mod-
els, methodologies, or processes used in the development 
and evaluation of awareness and collaboration aspects in 
groupware systems, addressing related awareness mecha-
nisms and/or elements to support awareness and collabora-
tion concepts. This systematic mapping study aims to answer 
the following:

•	 What are the approaches (e.g., models, methodologies, 
or processes) used in the development and evaluation of 
awareness and collaboration aspects in groupware sys-
tems?

–	 Does the model consider aspects of communica-
tion, coordination, and cooperation? How are they 
related?
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–	 How was awareness related to the approach? What 
awareness elements were reported? How were the 
elements used to support it?

The key terms follow the PICO structure (population, 
intervention, comparison, and outcomes), as presented 
by [73]. We applied the logical operator OR between key 
terms and logical operator AND between the PICO dimen-
sions, as exposed in Table 1.

Using IEEE, ACM, Scopus, Science Direct, Engineer-
ing Village, and Web of Science search engines, we per-
formed the search in a four-step path:

Step 1. Executing the query. First, the query was adjusted 
according to each search engine syntax and executed 
by searching papers with correspondence in their title, 
abstract, or keywords. The obtained results were filtered 
by the inclusion criteria (IC):

•	 IC1. Papers since 2010;
•	 IC2. Written in English;
•	 IC3. Published in Journals or Proceedings.

Step 2. Applying the exclusion criteria. We considered 
papers addressing heuristic assessment methods, design 
guidelines, requirements or assessment approaches, or 
papers presenting awareness elements. Over the results 
obtained in the previous step, the following exclusion 
criteria (EC) were applied:

•	 EC1. Papers with restricted access to full text, short 
papers, posters, abstracts, or other material not peer-
reviewed;

•	 EC2. To duplicate papers (identical ones), we con-
sidered the first result;

•	 EC3. To duplicate papers (extensions or a similar 
one), we considered the most detailed publication 
(more pages or most recent);

•	 EC4. Papers that did not address the groupware con-
text, collaboration model, or awareness;

•	 EC5. Papers that did not present a groupware devel-
opment or evaluation model.

The execution of the systematic mapping protocol 
obtained 1140 initial results. Performing steps 1 and 2 
of the protocol, we selected 28 initial papers, as shown 
in Table 2.
Step 3. Data extraction. Data from selected papers is 
extracted using the data extraction form by using a 
spreadsheet to organize and document the collected data.
Step 4. Snowballing. Based on the results obtained in 
step 2, we applied the backward and forward snowball-
ing techniques, as presented by [103]. In the forward 
approach, it was considered the Google Scholar indexa-
tion because it covers most of the databases used in the 
primary source. We performed the snowballing iteratively 
until no new paper was included, using both techniques 
in each iteration.

Over the results, we applied the ICs of step 1 and executed 
steps 2 and 3 (Table 3). The column BSB represents the 

Table 1   Search query

# Concept Keys/variations/synonyms

P Collaborative system Groupware OR CSCW OR “collaborative work” OR “collaborative system” OR “collaborative software”
I Awareness Awareness
C Approach Design* OR checklist OR guide* OR method* OR process OR approach OR framework OR taxonomy 

OR support* OR cues OR rules OR model OR “descriptive theory”
O 3C model Communication OR cooperation OR coordination OR 3C

Table 2   Results obtained using 
search engines

Step IEEE ACM Scopus Science direct Eng. village Web of science Total

Initial 330 101 226 70 287 126 1140
ICs − 0 − 0 − 4 − 4 − 0 − 0 − 8
EC1 − 82 − 43 − 10 − 0 − 85 − 5 − 228
EC2 − 52 − 0 − 167 − 31 − 83 − 80 − 413
EC3 − 1 − 0 − 2 − 0 − 0 − 0 − 3
EC4 − 149 − 25 − 32 − 24 − 44 − 35 − 309
EC5 − 44 − 27 − 7 − 8 − 59 − 6 − 151
Total 2 6 1 3 16 0 28
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execution of the backward technique, and the column FSB 
represents the forward one. We analyzed 4320 records and 
selected 42 papers, considering 1140 from search engines 
and 3180 from snowballing. Figure 1 shows the systematic 
mapping results, inspired in the PRISMA flowchart [44].

The systematic mapping artifacts, including data extrac-
tion form, spreadsheets, and additional materials, are avail-
able in the dataset [60]. The full systematic mapping results 
are in [59].

3.2 � Taxonomy definition method

Our Taxonomy Definition Method is based on Bailey’s 
conceptual approach [6] and combines the guidelines pre-
sented by [66, 91, 101]. The Taxonomy Definition Method 
consists of four main phases, namely, Planning, Identifica-
tion, Design and Construction, and Validation [91, 101], as 
presented in Fig. 2.

The planning phase defines the taxonomy’s context and 
initial setting, covering the definition of meta-characteris-
tics and the objective and subjective ending conditions. The 
meta-characteristics are the most comprehensive charac-
teristics that will serve as the basis for choosing taxonomy 
elements [66]. The objective and subjective ending condi-
tions are rules used to determine when to stop the interactive 
design and Construction process.

We collected data to define the new taxonomy in the iden-
tification phase using systematic mapping results. Then, the 
terms were collected, and redundancies and inconsistencies 
were identified and removed using a terminology control 
process.

The design and construction steps were performed using 
the phenetic analysis, classifying elements by similarity 
[66]. They identified different awareness characteristics or 
elements presented and clustered them into similar groups 
using classifications presented by [5, 26, 43] as a starting 
point. At the end of the design and construction phase, it is 
checked whether all objective and subjective ending condi-
tions have been met. If so, the definition of the new tax-
onomy has been completed, and then the validation phase is 
carried out. Otherwise, a new cycle is performed.

The validation phase ensures that the taxonomy will be 
helpful for users to achieve their goals and strengthens their 
reliability and usefulness [101]. Illustrative scenarios and 
case studies were used to validate the taxonomy [91, 101] 
because they are indicated when a conceptual approach is 
adopted [91].

The taxonomy definition process artifacts, including raw 
data, spreadsheets, and validation materials, are available 
in the dataset [60]. Section 4.3 briefly presents the result-
ant awareness taxonomy incorporated into the assessment 
model. A full reference is available at [61].

3.3 � Model definition method

We designed the awareness assessment process, establish-
ing its structure, phases, activities, and work products. 
This awareness assessment process defines and guides the 
researcher through all the steps necessary to assess a col-
laborative environment through its support of awareness 
mechanisms. Section 4 describes the awareness assessment 
method.

Using the GQM (Goal Question Metric approach) [11, 
102], the evaluation objective is defined and systematically 
decomposed into factors to be measured. Then, the measure-
ment items and response format are defined, following the 
scale development guide [25]. These elements represent the 
conceptual view of the assessment model.

Using the hierarchical structure in the awareness tax-
onomy, the evaluation objective is defined and systemati-
cally decomposed into factors to be measured. The factors 
are defined to support the development of the measure-
ment instrument (questionnaire). The response format for 
the measurement instrument items was based on response 
formats typically used in standardized questionnaires and 
assessment quality scales [7, 11, 25, 70].

3.4 � Model validation

Validity constitutes a primary measurement parameter and is 
concerned with tests’ accuracy or even measuring instrument 

Table 3   Results obtained using 
snowballing

Step BSB-1 FSB-1 BSB-2 FSB-2 BSB-3 FSB-3 Total

Initial 1360 359 795 466 153 47 3180
ICs − 1004 − 39 − 681 − 26 − 134 − 0 − 1884
EC1 − 2 − 34 − 0 − 13 − 0 − 0 − 49
EC2 − 70 − 63 − 26 − 85 − 7 − 20 − 271
EC3 − 1 − 3 − 0 − 3 − 0 − 0 − 7
EC4 − 129 − 213 − 57 − 294 − 10 − 26 − 729
EC5 − 76 − 9 − 1 − 5 − 0 − 0 − 91
Total 10 1 1 2 0 0 14
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calibration. Validity concerns whether the measurement is 
congruent with the measured property [71].

There are three types of validity: criterion validity, con-
tent, and construct validity [71, 78].

According to Richardson [78], the content of the instru-
ment (the questions or items) are samples of different situa-
tions, and the degree to which the items represent these situ-
ations is called content validity. If a set of items constitutes 
a representative sample of the contents of interest, it is said 
to have content validity [68].

Criterion validity is characterized by the prediction 
about an important criterion or form observable external 

to the measurement instrument itself, that is, the degree of 
effectiveness that a set of items has in predicting a specific 
performance [78].

Construct validity concerns the validation of a theory, 
which is reflected in a given instrument [78]. Construct 
validity can also be defined as the extent to which the set 
of items measures a theoretical latent trait [71]; or the 
direct way of investigating the hypothesis of the legitimacy 
of the behavioral representation of latent traits and has 
already had other designations, such as intrinsic, factorial, 
and face validity [68]. Construct validity can be analyzed 

Search engines results Back and forward snowballing

1140 records initially identified through
database searching:

330 in IEEExplore
101 in ACM
226 in Scopus
70 in Science Direct
287 in Engineering Village
126 in Web of Science

3180 additional records identified through
snowballing:

1360 in BSB-1
359 in FSB-1
795 in BSB-2
466 in FSB-2
153 in BSB-3
47 in FSB-3

8 records removed after IC1 to IC3 1884 records removed after IC1 to IC3

1132 papers accessed for eligibility 1296 papers accessed for eligibility

1104 records removed after ECs:

-228 in EC1
-413 in EC2
-3 in EC3
-309 in EC4
-151 in EC5

1104 records removed after ECs:

-49 in EC1
-271 in EC2
-7 in EC3
-729 in EC4
-91 in EC5

28 studies included in quantitative synthesis
(meta-analysis):

2 in IEEExplore
6 in ACM
1 in Scopus
3 in Science Direct
16 in Engineering Village
0 in Web of Science

14 studies included in quantitative synthesis
(meta-analysis):

10 in BSB-1
1 in FSB-1
1 in BSB-2
2 in FSB-2
0 in BSB-3
0 in FSB-3

selected 42 papers
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Fig. 1   Systematic mapping results (PRISMA flowchart)
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from several angles, from Classical Measurement Theory 
(TCM) and Item Response Theory (IRT) [71].

In our model, the latent trait is the support for awareness 
and collaboration provided by the collaborative environ-
ment. [100] list as procedures that identify the latent trait, 
factor analysis, correlation with other tests, internal consist-
ency, and convergent and discriminant validation.

The validation of the proposed model was carried out in 
two stages.

First, to improve the proposed assessment model, we 
expose the model’s artifacts to expert appreciation through 

the expert panel approach [12] (see Sect. 5). In this scenario, 
we seek to expose our taxonomy and assessment model arti-
facts to the scrutiny of experts to collect an accurate model’s 
criterion and content validity. The expert panel is composed 
of a multidisciplinary group of senior researchers with back-
grounds in computing or statistics. The review analyzes the 
usefulness aspects, namely, clarity, relevance, consistency, 
and completeness of the measurement instrument items.

After this refinement, we reviewed the exposed artifacts; 
then, we started the large-scale model evaluation process by 
planning and executing a case study [104, 106] through a 

Fig. 2   Taxonomy definition 
method
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large-scale evaluation of the assessment model (see Sect. 6). 
Based on the results obtained, we evaluate the proposed 
model regarding reliability (Sect. 7) and dimensionality 
(Sect. 8).

Data regarding reliability and construct validity were ana-
lyzed following the definition of [99] and the scale develop-
ment guide [25]. For reliability measurement, we considered 
the internal consistency through Cronbach’s alpha coefficient 
[20]. Exploratory Factor Analysis (EFA) and Confirmatory 
factor analysis (CFA) were applied to test dimensionality 
[45, 50, 71].

4 � The awareness assessment model

The assessment model comprises the Awareness Assessment 
Process and the Conceptual View. A full reference is avail-
able at the assessment model repository [60].

This model was developed specifically for evaluating col-
laborative systems by measuring the quality of awareness 
information supported. At least one examiner conducts the 
assessment. Considering the participants’ perception as a 
data source, this instrument allows us to classify the col-
laborative environment into the awareness quality level.

4.1 � The awareness assessment process

Our awareness assessment process is based on a set of HCI 
guidelines [10, 80] and is inspired by the evaluation pro-
cess defined by the standard ISO/IEC 25040:2011 [32]. The 
assessment process comprises three phases: planning, execu-
tion, and reflection (see Fig. 3).

Phase 1—Planing. It refers to activities related to assess-
ment planning and involves three basic steps: determine the 
assessment objectives, the assessment objectives, and the 
planning assessment.

First, the examiner determines the assessment objec-
tives. This is the starting point for building the evaluation 
approach and aims to select three essential activities: assess-
ment objectives, context, and goals.

Activity 1.1. Define the assessment objectives. This step 
defines the evaluation goal in terms of the object of study, 
purpose, perspective, and context [11]: the purpose defines 
the intention of the evaluation; the perspective tells the 
viewpoint from which the evaluation results are interpreted 
(e.g., users or experts); and the context is the environment 
in which the evaluation is performed.

Activity 1.2. Select the awareness dimensions. Identify 
the related awareness dimensions that will be considered in 
the assessment. The complete assessment model consists of 
three primary awareness perspectives and allows us to assess 
the collaborative environment from each perspective.

Activity 1.3. Select the goals to be measured. For each 
awareness dimension considered, select which design 
categories are relevant in the collaborative environment. 
These design categories represent the specific awareness 
assessment goals, thus allowing the flexibility of the model 
to address the relevant aspects of the application.

Second, the examiner determines the scope. This phase 
represents the detailing of the context in which the evalu-
ation will be carried out, the features of the environment 
that will be considered, the participants, their respective 
tasks, and finally, whether the boundary, persona, and his-
torical implications will be considered.

Activity 2.1. Select the features to be evaluated. Select 
the features or tasks of the collaborative environment to 
access. In some cases, the target environment can be com-
plex, thus making it difficult to assess it thoroughly, and 
some parts/features are not interesting for the intervention. 
This activity allows building an assessment instrument 
focused on the relevant/exciting aspects.

Activity 2.2. Define participants and tasks. Identify 
the participants involved in the evaluation process and 
the tasks that must be carried out within the collaborative 
environment. This evaluation instrument was designed to 
enable evaluation by specialists involving users or even 
both. Thus, clarifying who is involved and their tasks in 
the environment is vital.

Activity 2.3. Identifies the Boundary, Persona, and His-
torical implications. The awareness information can be 
categorized in the perspectives of Boundary, Persona, and 
Historical Awareness.

Third, the examiner determines the planning assess-
ment. This phase represents the planning stage docu-
mentation, where it is established at what moment of the 
construction or use of the collaborative environment the 
evaluation will be carried out and which quality factors 
will be considered. Therefore, the data collection instru-
ment is prepared (see Sect. 4.4), including the assessment 
purpose, methods, life cycle, and artifacts.

Activity 3.1. Select the quality factors to access. The 
quality aspects define the additional quality factors under 
analysis in the evaluation, that is, to use this model 
together with another evaluation approach (e.g., usability, 
demographic, user experience).

Activity 3.2. Generate the data collection instrument. 
This activity aims to prepare or customize the data col-
lection instrument, considering the raised in activities 1.2, 
1.3, and 2.3.

Phase 2—Execution. After the planning stage, the col-
laborative system assessment is done by adopting data 
collection and analysis instruments. In this phase, the 
examiner performs the awareness assessment of the tar-
get collaborative environment. The awareness support 
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provided by the target environment is reached through the 
data collection and analysis tools.

Phase 3—Reflection. Once the evaluation is completed 
and the data is analyzed, the evaluator conducts reflections 
to gather feedback and identify strategies for improving 
awareness quality. The main objectives are confronted, and 
the awareness of quality factors is checked. If unmet, the 
examiner determines strategies to increase the awareness 
mechanisms quality indicators, and a new intervention can 
be planned. This process enables both the assessment of col-
laborative environments through awareness mechanisms and 
the improvement by prompting reflection on results.

4.2 � The conceptual view

The Conceptual View is a framework composed of the fol-
lowing artifacts: 

(1)	 The awareness taxonomy is constituted of three main 
awareness dimensions, their respective design cat-
egories, and respective design elements, combined 
with three additional dimensions that directly imply 
the design categories and awareness elements: per-
sona, boundary, and historical awareness dimensions 
(Sect. 4.3); full reference can be found at [61];

(2)	 The assessment planning protocol represents an instru-
ment for planning and executing the assessment pro-
cess. This artifact helps in defining the assessment 
objectives, factors to be measured, awareness dimen-
sions, life-cycle phases in which the awareness assess-
ment will be applied, and so on (Sect. 4.4);

(3)	 The data collection and analysis tools present a set of 
support artifacts for conducting the collection and com-
pilation of data obtained by interventions (Sect. 4.5);

Fig. 3   Awareness assessment 
process
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(4)	 The assessment scales and measurement items repre-
sent useful elements to analyze and classify the col-
laborative environment at an awareness quality level 
through the participants’ perspective (Sects. 4.6).

4.3 � The awareness taxonomy

As a starting point, we consider the contributions of 
Gutwing’s 5W+1 H awareness framework [43] combined 
with the awareness classifications of Antunes et al. [5] and 
Do Espírito Santo et al. [26].

Our taxonomy presents three main awareness dimen-
sions in collaborative applications: workspace, collabora-
tion, and contextual awareness (see Fig. 4). The awareness 
dimensions consist of a 4-level hierarchical representation 
structure, containing the awareness dimension, their design 

categories, design elements/awareness mechanism involved, 
and the 5W+1 H framework correspondence [43].

4.3.1 � Workspace awareness

The workspace awareness category is a virtual container of 
places where members can share artifacts, objects, tools, and 
materials with others. It represents a set of ongoing activities 
and allows members to interact with each other. This view 
contains six design categories and 32 design elements, as 
presented in Fig. 4a.

Activities design category refers to activities, tasks, 
objects, and other elements existing in the shared environ-
ment. It contains eight design elements: Goal, the larger 
activity or goal that an action contributes to; Subject or arti-
fact that is being altered; Content up to date; Motivation for 

Fig. 4   Taxonomy overview



	 Universal Access in the Information Society

actions taken; Time required to perform the tasks; Progress 
level in carrying out activities and goals or tasks done by the 
group; Help needed to complete the tasks; and Evaluation 
of results.

Workflow design category refers to a global perception 
of steps involved in a working process. It contains eight 
design elements: Authorship of actions being carried out in 
the environment; Execution steps the activities or steps nec-
essary to complete the objectives that provide indications on 
how a task is being (or was) carried out, and shows activities 
being performed by a particular user; Events and actions that 
occurred in collaborative environment as a way to help users 
understand what is happening, providing information on 
group progress on accomplishment of project tasks, actions 
performed by participants individually, and understanding 
of actions performed by others as a group over time; Change 
location that indicates the place where a user is currently 
working on; Related activities that give us information about 
project-related activities of group members; Parallel activi-
ties being performed by users; Coordinated activities being 
performed by users (e.g. through a workflow); and Mutually 
adjusted activities being performed by users (e.g., modifying 
their own work according to others’ activities).

Environment design category contains information 
regarding the space used or required for work and its 
resources. It contains five design elements: Tools and mate-
rials required to tasks; Artifacts and objects in the work-
space, such as information on changes performed on artifacts 
created by the group or information about group members’ 
actions on artifacts created by the group; Resources avail-
ability that indicates whether a resource is shared for a 
group, public, or private; Critical elements that highlights 
the presence of critical issues in the working environment 
(e.g. events or situations); and Virtual relationships between 
objects/resources in workspace.

Understanding design category provides insights into 
what is happening and how individual, coordinated, and 
collaborative efforts influence group decision-making. It 
contains three design elements: Meaning about what is hap-
pening in the working environment; Scenarios or cues about 
future situations that may occur in the working environment; 
and Sense making, being individual, distributed, collabora-
tive, and general. Individual sense-making represents infor-
mation that helps users reflect on their course of action. 
Distributed sense-making is cues regarding environmental 
changes that may be relevant to the action. Collaborative 
sense-making constitutes information that helps users keep a 
shared sense of their goals and achievements. General sense-
making represents an understanding of other participants 
and their objects.

Interaction design category represents responses from 
individuals, others, or group actions through a groupware 
system that allows users to understand the effects resulting 

from the interaction. It contains four design elements: Feed-
back about user’s current actions; Feedthrough about other 
people’s current actions; Backchannell feedback notifies the 
user if others are following what she/he is doing; Feedfor-
ward indicates updates of in-progress tasks.

Relationship design category represents the relationship 
and dependency between activities, tasks, or shared objects, 
rules, precedence, or constraints imposed to their realization. 
It contains four design elements: Action control over each 
user’s actions and decisions; Access control about who is in 
control of a shared object/resource; Access privileges of data 
or group activities; and Control mechanisms that indicates 
whether an access control mechanism is being used (concur-
rency control, floor control, version control).

4.3.2 � Collaboration awareness

The collaboration awareness category refers to the percep-
tion of the group’s availability, structure, and interaction 
aspects. It was categorized into five design categories and 
contains 23 design elements, as presented in Fig. 4b.

Identity design category composes the individual profile 
and contains three design elements: identity: Identity of the 
people that are interacting with a system; Shared profile with 
other people; and Preferences of group members and the 
group as a whole.

Capabilities design category involves the participants’ 
skills, knowledge, and assumptions that help them to outline 
their respective roles and to design the cooperative work. It 
contains six design elements: Roles that people and system 
can have; Responsibilities of participants; Privileges what 
participants can do; knowledge of the state of an environ-
ment; Influence level that people can have; and Intentions, 
plans or motivations of those people.

Status design category presents information that allows 
monitoring the current situation/availability of the par-
ticipants, system, task, and environment. It contains four 
design elements: Availability of group members; Presence 
of people over time; Activity level of the user engaged in his 
device; and Status the current system setup and the state of 
the interface.

Communication design category is related to information 
that guides participants in establishing and managing com-
munication channels for interacting with others. It contains 
seven design elements: Mode (Synchronous/Asynchronous), 
indicating whether other users are working online, offline, 
or both; Network connectivity, indicating whether the user is 
connected or not; Message delivery, the target users receive 
message notifications; Message delays, information on the 
time spent in message delivery; Interactions ways that allows 
peers to establish links with each other; Turn-talking, who is 
talking, who is listening, whose ideas it is and whose turn to 
speak; and Conversation with other participants.
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Social design category represents information on the 
participants’ social perspective, emotions, expectations, 
premises, or other nonverbal cues that help to understand 
their actions, attitudes, or behavior. It contains three design 
elements: Expectations about other group members; Emo-
tional state of the participants; and Non-verbal cues about 
social information.

4.3.3 � Contextual awareness

The contextual awareness category represents the notion of 
physical and virtual spaces, their topology, interaction ways, 
and mobility issues. It allows the group to maintain a sense 
of what is happening in virtual space and covers concepts 
of group navigation, physical/virtual spaces, spatiality, and 
mobility. This view comprises three design categories and 
contains 20 design elements, as presented in Fig. 4c.

Mobility design category consists of elements that help 
users to move from one position or situation to another, 
usually a better one, whether this situation is related to the 
device, user, or even real/virtual environment. It contains 
three design elements: User mobility; User modality; and 
Autonomy.

Navigation design category represents information that 
assists participants through the shared environment. It con-
tains six design elements: Voice cues that provides feedback 
about who is talking to whom; Portholes/ peepholes to pre-
view some contents without having to access them; Eye-gaze 
cues about where users are looking at; Map views or other 
visual information from a remote environment; Viewports/
teleports for users to peek others’ activities; and Objects/
Artifacts location that allows users to identify and share 
objects/resources.

Spatiality design category represents information on the 
user’s physical and virtual perspective and assists users in 
locating themselves in a shared environment. It contains 
11 design elements: Location of each participant over time 
(whether the user is in the same or another place); Distances 
of the user to others; Constraints imposed by the physical 
environment (e.g., object/resource constraints such as loca-
tion or ownership); Places, both physical (e.g., meeting 
rooms and cafeteria) and virtual (e.g., different places for 
collaboration); Topology of virtual environment (e.g., mov-
ing between virtual places) that give cues about the com-
plexity of physical environment where it is used; Attributes 
of objects/resources in the workspace or environmental con-
ditions of place where it is used (e.g., weather conditions); 
View where participants can see; Reach represents where 
participants can reach; Orientation of other users; Move-
ment, direction, and speed of a user regarding other users; 
and Range of attention when performing activities.

4.3.4 � Additional perspectives

We established three additional dimensions directly imply-
ing the design categories and awareness elements: persona, 
boundary, and historical awareness. This representation 
allows us to typify, for each aspect of the awareness tax-
onomy, the awareness information/mechanism itself, which 
role this information belongs to, at what time this informa-
tion represents, and, for contextual ones, their spatial origin.

The Boundary dimension indicates if awareness elements 
belong to the physical or virtual context (where?). The Per-
sona dimension indicates to whom the awareness infor-
mation belongs (who?), allowing the classification of the 
awareness elements among individuals, other participants, 
the group as a whole, or groupware/system perspective. 
The historical awareness dimension represents the temporal 
information (when?)—past, present, and future) carried out 
during collaborative work, whether situational, contextual, 
or workspace information.

In the literature, historical awareness is considered aware-
ness information; however, in our understanding, the histori-
cal perspective is broader and encompasses all other existing 
awareness elements in the taxonomy. A detailed overview of 
these additional perspectives can be found in [61] and in the 
supplementary taxonomy materials available in the model 
repository [60].

4.4 � The assessment planning protocol

The planning protocol template (Table 4) consists of a form 
that describes the procedures performed in the planning 
stage: determining the intervention’s objectives, scope, and 
life cycle. An example of a planning protocol is available in 
Table A7; a usage scenario is detailed in Sect. 6.

4.5 � The data collection tools

The awareness assessment model contains a set of data col-
lection instruments by applying ten awareness assessment 
questionnaires. We considered adopting 75 specific aware-
ness assessment items identified in the awareness taxonomy 
[61].

To reduce the number of assessment items for each par-
ticipant, we recommend using the balanced incomplete 
block design approach [48]. A Balanced Incomplete Block 
(BIB) consists of treatments t (a subset of the assessment 
items) that appear in the same block b (questionnaire) with 
each other treatments the same number of times � . The BIB 
design must satisfy the following characteristics [48]: 

(1)	 Each block b have the same number of plots k (treat-
ments), where b.k = t.r and b ≥ t;
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(2)	 Every treatment is replicated r times in the design, 
where r > k;

(3)	 Each treatment occurs at most once in a block, and 
every pair of treatments occurs together � times in the 
blocks, where �(t − 1) = r(k − 1);

(4)	 Variables b, t, k, r and � ∈ ℤ
+.

To satisfy these relationships, we adopted the values of 
b = 10 , t = 5 , k = 2 , r = 4 , and � = 1 . In this setup, the 75 
awareness assessment items were grouped into five blocks 
of 15 assessment items each. Hence, we used questionnaires 
containing two blocks of items, totaling 30 questions.

Applying the BIB method, we found a balanced incom-
plete block design composed of 10 blocks (questionnaires). 
Table A1 in Appendix A presents the configuration of the 
treatments (t) and blocks of questionnaire items (b).

The assessment model comprises ten specific question-
naires representing the main awareness dimensions existing 
in collaborative environments. It was developed based on 
a multidimensional perspective represented by three main 
awareness dimensions (collaboration, workspace, and con-
textual). The questionnaires were composed similarly for 
each awareness dimension.

The assessment instruments were developed using the 
guidelines presented by [11, 25, 103, 104]. In each appli-
cable evaluation question, the participant selects an option 
according to how much the participant agrees or disagrees 
with each statement (gradual scale).

Tables A2 to A5 in Appendix A present the complete 
version of the questionnaire. The questions were composed 
by combining the following structure: the component of the 
sentence (subject + predicate), presented in Table A2, com-
bined with the correspondent complement of each awareness 
assessment item (Table A3, A4, and A5).

4.6 � The awareness assessment scale

The awareness quality scales and awareness mechanisms 
measurement aims to classify the collaborative environment 
at a quality level through the participants’ perspective. The 
awareness mechanisms measurement allows us to assess the 
general awareness quality of the collaborative environment, 
its presented design elements, goals, and awareness dimen-
sions by estimating the examinee’s ability.

In this sense, we assume the graded item response 
approach combined with the ability and item information 
functions proposed by [8, 81]. The quality scales have been 
developed adopting the Item Response Theory (IRT) model 
[7]. The IRT refers to a family of mathematical models that 
relate observable variables (questionnaire items) and hypo-
thetical unobservable traits or aptitudes (awareness quality).

The IRT model establishes a link between the proper-
ties of items on an instrument, individuals responding to 
these items, and the underlying trait being measured. Thus, 
a stimulus (item) is presented to the subject, and he/she 
responds to it, and the response that the subject gives to 

Table 4   Planning protocol template

1. Determine the objectives Step 1.1. Define the assessment objectives regarding the object of study, purpose, perspective, and context
→ Object of study:       → Purpose:
→ Perspective:       → Context/environment:
Step 1.2. Select the awareness dimensions. Identify the related awareness dimensions that will be considered in the 

assessment
→ Awareness dimensions:
Step 1.3 Select the goals to be measured. We select which design categories are relevant in the collaborative envi-

ronment for each awareness dimension
→ Goals:

2. Determine the scope Step 2.1 Select the features to evaluate. Select the functionalities or tasks within the collaborative environment that 
will be the object of the assessment

→ Features:
Step 2.2 Define the participants involved and the tasks that must be carried out within the collaborative environ-

ment
→ Participants:       → Tasks description:
Step 2.3 Identifies the Boundary (physical, virtual, or both), Persona (individual, other participants, group as a 

whole, or system), and Historical (past, present, future) implications
→ Implications:

3. Planning the intervention Step 3.1. Select the additional factors to access (like demographic, usability, and UX)
→ Additional factors:
Step 3.2. Generate the data collection instrument considering the activities 1.2, 1.3, and 2.3
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the item depends on the subject’s level in the latent trait 
or ability [70].

We assume that the latent construct (e.g., stress, knowl-
edge, attitudes) and items of a measure are organized in an 
unobservable continuum. At each ability level ( � ), there 
will be a probability P that an examinee with that ability 
will correctly answer the item [9]. The function of abil-
ity P(�) , also represented by the item characteristic curve 
(ICC), describes the relationship between the probability 
of a correct response to an item and the ability scale.

To calculate the P(�) , we assume the gradual 
response model presented by [81], where we believe 
that an item’s response categories can be ordered 
with each other. On the model, the probability of 
a participant j,∀j ∈ J = {1, 2,… ,m} chose a score 
k,∀k ∈ K = {0, 1,… , n} ,  for  a  measurement  i tem 
i,∀i ∈ I = {1, 2,… , o} is given by Eq. 1.

where Pi,k is the probability that an individual j receives 
a score k in item i; e is the Euler’s number (equals to 
2.71828… ); m, n and o are respectively, the total of par-
ticipants, item scores and measurement items; and bi,k is the 
difficulty parameter of the k-th category of item i, consider-
ing bi,1 ≤ bi,2 ≤ ⋯ ≤ bi,n.

Each item in a test will have its item characteristic 
curve, and we considered two technical properties to 
describe it: the discrimination (a) and the difficulty (b). 
The discrimination parameter defines how well an item can 
discriminate (differentiate) the participants about the latent 
trait (awareness quality), where the higher its value is, the 
more associated with the latent trait is the questionnaire 
item. The difficulty parameter indicates the category of the 
scale in which the item has more information, i.e., where 
the item functions along the ability scale.

The items’ discrimination is to be interpreted by [7]. A 
measurement instrument item is satisfactory in a measure-
ment scale if the discrimination value a ≥ 0.65 , as pre-
sented in Table 5. Thus, measurement instrument items 
with a discrimination parameter a < 0.65 are disregarded 
from the analysis, as they may not correctly differentiate 
the quality level.

Based on the parameters of discrimination and difficulty, 
it is possible to interpret how the measurement instrument 
items contribute to the definition of a measurement scale. To 
position the items on the scale and identify the categories of 
the scale (quality levels), the model considers the probability 
parameter Pi,k(�) ≤ 0.5 and scale (0, 1) [22].

IRT widely uses this scale to represent, respectively, the 
mean value and the standard deviation of the individual abil-
ities of the population. In this case, the values of parameter b 

(1)Pi,k(�j) =
1

1 + e−ai(�j−bi,k)
−

1

1 + e−ai(�j−bi,k+1)

vary between −2 and +2 . Regarding the parameter a, values 
between 0 and +2 are expected; the most appropriate values 
are those greater than 0.65.

4.7 � The awareness measurement mechanisms

On the IRT, the evaluation information is defined in terms of 
item information functions Ii(�) , which is a measure of how 
sound responses in that category estimate the examinee’s 
ability [8].

Our model assumes the graded item response approach, 
where each item has been divided into n ordered 
response categories. Then, for each awareness dimen-
sion d,∀d ∈ D = {workspace, collaboration, contextual} 
and considering the applicable awareness goals g, 
∀g ∈ Gd = {∀g | g is a goal  ∈ awareness dimension d} , 
their related measurement items i, ∀i ∈ Igd = {∀i | i is a
measurement item ∈ awareness dimension d and goal g} , 
and item scores k, denoting an arbitrary category 
∀k ∈ K = {0, 1,… , n} , where n is the number of response 
categories for item i, the model calculates: 

(1)	 The item’s information Ii(�) , for each applicable ques-
tionnaire item i, considering the awareness goal g of 
the awareness dimension d, using the item information 
function proposed by [81] (Eq. 2).

where,

 

(2)	 The awareness goal’s information GI(�) , for each appli-
cable goal g of the awareness dimension d, that is cal-
culated considering the information for all applicable 
items Ij(�) using the test information function presented 
by [9] (Eq. 3), where m is the number of applicable 
items of goal g; Ij(�) is the item’s information for each 
applicable goal item.

(2)Ii(�) =

n∑

k=0

[P∗�

i,k−1
(�) − P∗�

ik
(�)]2

P∗
i,k−1

(�) − P∗
ik
(�)

n∑

k=0

Pik(�) = 1

Table 5   Item discrimination Classification Range of values

Very low < 0.34

Low 0.35 to 0.64
Moderate 0.65 to 1.34
High 1.35 to 1.69
Very high > 1.7
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(3)	 The awareness dimension’s information AI(�) , for each 
applicable awareness dimension d, is calculated consid-
ering all applicable goal g using the test information 
function presented by [9] (Eq. 4), where o is the num-
ber of related goals g; GIj(�) is the amount of informa-
tion for each applicable goal.

The Eqs. 2, 3, and 4 calculate the information scores from 
a single participant viewpoint; thus, to transfer these values 
to the collaborative environment perspective it is necessary 
to calculate the average of the provided scores Ii(�) , GI(�) , 
and AI(�) , considering all participants involved.

5 � Expert panel validation

To improve the assessment model, the model’s artifacts 
were exposed to expert appreciation through the expert 
panel approach [12]. Based on the Goal Question Metric 
approach [11, 102], we designed an evaluation questionnaire 
by decomposing the study objective into quality aspects and 
analysis questions. The expert evaluation questionnaire con-
tains three demographic questions and ten assessment items 
related to the usefulness concept, as presented in Appendix 
A Table A6. The supplementary materials are available at 
[60].

This review aims to analyze the usefulness aspects, 
namely, clarity, relevance, consistency, and completeness 
of the measurement instrument items from the researchers’ 
perspective. The usefulness is related to the purposeful, 
unambiguous determination and applicability aspects [66].

Purposeful is the significance and objectivity of the 
model and its elements. Unambiguous determination is the 
ability to represent its elements and characteristics clearly, 
concisely, and unambiguously. Applicability seeks to assess 
its practical use for classifying, differentiating, and compar-
ing objects.

In this context, the expert panel validation allows us to 
address whether a purposeful and unambiguous determina-
tion is possible by evaluating the practical applicability and 
demonstrating whether a clear definition of its elements 
can be made [90]. This approach also allows reflecting on 
the current state of research on an object [53], to discover 

(3)GI(�) =

m∑

j=1

Ij(�)

(4)AI(�) =

o∑

l=1

GIl(�)

similarities and differences between studies on this type of 
object [1], and to identify potential research gaps [49].

5.1 � Expert panel results

In this step, we exposed the assessment model to expert 
evaluation, like awareness, collaborative systems, and HCI 
researchers, to identify its suitability for evaluating collabo-
rative environments. After this refinement, we reviewed the 
exposed artifacts and started the large-scale model evalua-
tion process through a case study.

We presented the data collection artifacts (questionnaire) 
to expert opinion, and five expert assessments of the initial 
model were obtained. Overall, the evaluation model received 
a good rating from the expert’s perspective. Figure 5 sum-
marizes the obtained results.

On a gradual scale, from 1 (strongly disagree) to 5 
(strongly agree), the assessment items M1 to M7 received 
values over 3,5 (average 3,8). Despite the small sample of 
specialists, all reported having good experience regarding 
key concepts of awareness (D1), collaboration (D2), and 
HCI (D3), corroborating the quality of the responses. On 
a gradual scale, from 1 (novice) to 5 (expert), the reported 
expertise was close to 5 (average 4,1).

Regarding understandability and completeness (M3 and 
M7), the feedback received demonstrates a concern regard-
ing the clarity of the specification and whether the model 
contains all statements about the domain or can be applied 
to the same environment.

We thought that, depending on the domain of the col-
laborative system, not all aspects would be applied—and 
this will not necessarily be a weak point of the model. For 
example, the awareness information may differ if a system 
focuses on performing synchronous or asynchronous work. 
In some points, the awareness mechanisms require balancing 
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the need to present proper awareness support while dealing 
with information overload or intrusiveness.

We considered the feedback obtained through the expert 
panel to refine the assessment instrument, especially regard-
ing the item syntax. We also adjusted the items’ scale to 4 
points, as we believe that a neutral position, as occurs in a 
5-point scale, does not corroborate with our intended analy-
sis model. After the expert panel refinement, we reviewed 
the exposed artifacts and started the model evaluation pro-
cess by planning and executing a case study.

6 � Case study validation

In this scenario, virtual collaboration environments intended 
for simultaneous communication or interaction between two 
or more people were evaluated, for example, conference 
environments, videoconferencing, virtual events, webinars, 
etc. In these environments, for a satisfactory exchange, it is 
necessary to provide awareness cues such as the participants’ 
profile, capabilities, status, communication ways, and social 
aspects.

Initially, we planned the case study using the awareness 
assessment process (described in Sect. 4.1). As a result of 
this step, the planning protocol artifact was created, where 
the intervention’s objectives, scope, and life cycle were 
determined.

We compiled the blocks (treatments) into ten different test 
books and then set up a printed questionnaire and an online 
version (Google Forms) to collect participant feedback. The 
questionnaires were prepared as described in Appendix A, 
Tables A2 to A5. The full version of the case study materials 
and the IRT dataset is available at [60].

6.1 � Model calibration

After applying the questionnaires, all observations were 
compiled into a.csv file. To calibrate the assessment model, 
we ran the IRT script available at the assessment model 
repository [60] and interpreted the output values of discrimi-
nation (a) and difficulty (b) disregarding items with a < 0.65 
or a > 4.0 (as defined in Table 5).

We analyzed the observed frequencies of each response 
category for all questionnaire items and grouped those with a 
small number of responses [45] (< 10 observations for each 
category). In these cases, the response categories “strongly 
disagree” with “disagree”, or even the categories “agree” 
with “strongly agree” were combined. Then, we re-run the 
model with the remaining items and generated the final dis-
crimination and difficulty coefficient.

The workspace awareness assessment items (see 
Table  A3), Q1—goal, Q2—subject, Q3—content, and 

Q30—access control were removed from the calibrated 
model version, as they did not present values compatible 
with the range defined for the parameters a and b. In items 
Q1 to Q3, the observed frequencies indicate that almost 
all participants could identify this information and mostly 
assign the category “agree” or “strongly agree” to these 
assessment items. In item Q30, the values conflicted, and 
the model did not converge to satisfactory parameters. We 
conjecture that it may indicate an assessment item strongly 
linked to user-specific factors or even supported differently 
in each environment.

From the collaboration awareness perspective (see 
Table A4), we disregard the assessment items Q33—iden-
tity, Q44—activity level, Q46—connectivity mode, and 
Q48—message delivery in the calibrated model. Partici-
pants generally indicated ease in identifying these assess-
ment items and chose answers agreeing with the statement.

From the contextual awareness perspective (see 
Table A5), the Mobility design category did not present any 
assessment items converging with the model. Thus, Q67—
user modality, Q68—user mobility, and Q69—autonomy 
were removed from the results. In addition, most of the ele-
ments in the category Navigation followed the same criteria. 
The assessment items Q71 (portholes/peepholes) and Q73 to 
Q75 (namely, map views, viewports/teleports, and artifacts 
location) were not relevant to the target scenario, indicating 
that these resources were absent or had not been used by the 
participants to collaborate.

Tables A8 to A10 in Appendix A present the coefficients 
of discrimination (a) and difficulty (b), the observed frequen-
cies and Cronbach’s alpha coefficient (�) for the awareness 
taxonomy items.

The coefficients b1, b2, and b3 are related to each 
response category. Thus, for the items on the 4-point gradual 
scale, b1 represents the 1st category; b2 represents the 2nd 
category; b3 represents the 3rd category; the complement 
represents the 4th category. For the items where grouping 
was applied, we used the 3-point gradual scale; therefore, 
only the parameters of b1 and b2 were generated. The NA 
values represent the cases where grouping was necessary.

6.2 � Case study results

We obtained the 422 voluntary participation. Regarding 
gender, we collected 298 male observations (70%) and 112 
female observations (27%); 12 participants did not answer 
this question (3%). We collected 345 observations from 
individuals aged 18 to 28 years (82%), 58 from individuals 
aged 29 to 39 years (13%), 17 from individuals between 40 
and 50 years old (4%), and two observations of individuals 
over 50 years old (<1%). No one under the age of 18 years 
participated in this research.
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We generated frequency histograms based on the par-
ticipant’s scores and demographic facets (Fig. 6). To verify 
whether the model presents a distinction in discrimination 
values (or average) of different groups, the model calcu-
lates the normal distribution and the mean score grouped 
by each demographic perspective (Fig. 7).

We collected demographic data such as age, gender, 
preferred videoconferencing environment, expertise in 
using collaborative environments, and individual knowl-
edge of collaboration and awareness concepts. The histo-
gram in each demographic facet is mainly within the indi-
vidual score thresholds where the model is representative 
(vertical dotted line).

As shown in Fig. 7, the normal curves generated for each 
group were significantly close, indicating that the model 
did not present different behaviors in the observed groups 
and the cumulative probability distribution. Furthermore, 
the sigmoid function suggests that the model does not sig-
nificantly differentiate discrimination parameters (a—the 
sigmoid slope) and difficulty (b—the sigmoid midpoint).

In the demographic facet of participants’ age, the nor-
mal distribution and the sigmoid function do not present a 
score distortion in 3 of 4 age groups evaluated. The group 
of young individuals, 18 to 29 years old, gave a slight left-
shift in the sigmoid function, demonstrating that, in general, 
younger people have more straightforward use of these envi-
ronments compared to older. This factor may have positively 
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corroborated the score because the sample of individuals in 
the first age group was significantly larger. We did not obtain 
a significant sample of individuals aged over 50 years; thus, 
the analysis of this group was not possible.

Grouping the participants by gender demonstrated that 
the model does not present additional difficulties or differen-
tiate participants depending on their gender options. Further-
more, despite the sample mainly being composed of males, 
females, and other genders, it obtained similar results in both 
mean scores and normal and sigmoid functions.

Comparing the scores grouped by the preferred video-
conferencing environment, we observed that environments 
Google Meet, Microsoft Teams, and Moodle (BigBlueBut-
ton) showed a slight distinction in the average difficulty 

parameters (sigmoid curves slightly shifted to the left). 
This demonstrates that, in general, it was easier to identify 
the available awareness elements in these environments, 
and participants performed slightly better than in other 
environments.

By analyzing the participants’ individual skill histo-
grams (Fig. 6d–f), we investigate whether familiarity with 
the preferred videoconferencing environment, collabora-
tion, or awareness concepts, both normal distribution and 
probability cumulative distribution (Fig. 7d–f) were com-
patible with the participant’s judgment. The observed fre-
quencies in the histograms indicate a normal distribution 
for all groups and encompass the entire spectrum of the 
ability scale.

0.0

0.1

0.2

0.3

0.4

−2 0 2
individual score

pr
ob

ab
ilit

y 
di

st
rib

ut
io

n

0.00

0.25

0.50

0.75

1.00

−2 0 2
individual score

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

age
18 to 28 years

29 to 39 years

40 to 50 years

50 years or more

(a) Normal curves by age

0.0

0.1

0.2

0.3

0.4

−2 0 2
individual score

pr
ob

ab
ilit

y 
di

st
rib

ut
io

n

0.00

0.25

0.50

0.75

1.00

−2 0 2
individual score

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

gender
Female

Male

Other

(b) Normal curves by gender

0.0

0.1

0.2

0.3

0.4

−2 0 2
individual score

pr
ob

ab
ilit

y 
di

st
rib

ut
io

n

0.00

0.25

0.50

0.75

1.00

−2 0 2
individual score

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

environment
Discord

Google Meet

Microsoft Teams

Moodle (BBB)

Other

Skype

Zoom

(c) Normal curves by environment

0.0

0.2

0.4

−2 0 2
individual score

pr
ob

ab
ilit

y 
di

st
rib

ut
io

n
0.00

0.25

0.50

0.75

1.00

−2 0 2
individual score

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

familiarity
1 − novice

2 − competent

3 − proficient

4 − expert

(d) Normal curves by familiarity

0.0

0.1

0.2

0.3

0.4

−2 0 2
individual score

pr
ob

ab
ilit

y 
di

st
rib

ut
io

n

0.00

0.25

0.50

0.75

1.00

−2 0 2
individual score

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

collaboration
1 − novice

2 − competent

3 − proficient

4 − expert

(e) Normal curves by collaboration skills

0.0

0.1

0.2

0.3

0.4

−2 0 2
individual score

pr
ob

ab
ilit

y 
di

st
rib

ut
io

n

0.00

0.25

0.50

0.75

1.00

−2 0 2
individual score

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

awareness
1 − novice

2 − competent

3 − proficient

4 − expert

(f) Normal curves by awareness skills

Fig. 7   Normal curves of individual score



	 Universal Access in the Information Society

As shown in Figs. 6 and 7, the model does not differenti-
ate the scale by a specific group of individuals; the factor 
that distinguishes individuals is, precisely, the latent trait 
evaluated. In other words, a better participant skill implies 
better performance on the model scale, which corroborates 
constructing an appropriate assessment model.

For each awareness mechanism of the taxonomy 
(described in Sect. 4.3), we also calculated the relationship 
between the probability of each response item (from strongly 
disagree to strongly agree) concerning the individual’s abil-
ity scale. In this representation, the likelihood of the individ-
ual evaluating each item considers the difficulty/skill that the 
participant has, i.e., elements that are more difficult to under-
stand and require a higher skill scale for their assessment.

Figure 8 shows the total information curve of the aware-
ness mechanisms’ support and the standard error (SE). The 
blue line represents the test information function I(�) , rep-
resented by a normal (Gaussian) distribution [96]; the red 
dotted line represents the standard error SE(�) . The intersec-
tion point represents the limits at which the model is more 
representative.

This graph represents the region of the ability scale �j 
where the participant j can access the provided awareness 
mechanisms. The curve shape indicates that the instrument 
covers the entire latent trait, from participants who are una-
ble to understand the mechanisms (𝜃j < −1) to those who 
can identify the mechanisms quickly (𝜃j > 1).

The total instrument information and SE curves show the 
instrument’s accuracy. The SE curve is observed to reach 
its minimum value precisely at the point on the scale where 
the information curve reaches its maximum. Therefore, the 
instrument is indicated for participants with a skill level in 
the scale region where the information curve exceeds the 
standard error curve, interval [−2.96,+2.70].

6.3 � The awareness support scale

Applying the awareness measurement formulas (Eqs. 2 to 
4) defined in Sect. 4.7, we calculated the probability scales 
Pi,k(�j) for the assessment element through the IRT awareness 
assessment model.

The awareness support scale assumes a coverage inter-
val [−4.0,+4.0] , although this model is representative at 
the interval [−2.96,+2.70] , to cover the outlier scores of 
individuals with lower or higher abilities ( < 1% ). Figure 9 
presents the probability scales generated for each assessment 
item and awareness dimension.

As exemplified, individuals with lower skill scores gener-
ally have more difficulty recognizing the available awareness 
elements and, therefore, are more likely to disagree with 
the presence of these elements in the application. On the 
other hand, individuals with a higher score on the scale are 
more likely to recognize awareness elements presented by 
the application and, thus, give more remarkable agreement 
when judging the items.

For each assessment item, the scale presents the prob-
ability of a participant with a given ability score recognizing 
the available awareness information, and the segments in 
the graph bars represent the participant’s likely response to 
each statement.

Unlike the score measurement in a standard test of n 
right/wrong questions, which generally takes integer values 
between 0 and 1, in IRT, the participant’s ability � can take 
on any real value between −∞ and +∞ . Therefore, it is nec-
essary to establish an origin and a unit of measurement to 
define the scale [22].

To calibrate the model and construct the graphs shown in 
Figs. 8 and 9, we considered the scale with a mean � equal 
to 0, and a standard deviation � equal to 1. The scale (0, 1) 
is widely used in IRT to represent, respectively, the mean 
value and the standard deviation of the individual abilities 
of the population [22].

Despite the frequent use of this (0, 1) scale, there are no 
practical differences if these or any other values � and � are 
established, as what is important are the order relationships 
existing between their points. Although this is a standard 
scale in IRT, its interpretation from the participant’s per-
spective may not be well accepted because an individual 
with a low ability would have a negative score, which could 
generate a pejorative connotation.

To overcome a possible scale misinterpretation, we 
adopted the principle of invariance of the IRT scales [7, 9] 
and applied a linear transformation (Eq. 5) to establish a 
more appropriate and easier reference for people to interpret 
their awareness score through a positive scale �∗.

(5)a(� − b) =
a

�
[(�.� + �) − (�.b + �)] = a∗(�∗ − b∗)
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with,

where ∗ indicates the value at the new scale; � is the mean � 
value at the first scale; � is the standard deviation at the first 
scale; �∗ is the adjusted score (the awareness points);

Over the participant’s score � and IRT parameters a and 
b, we applied a linear transformation converting the result-
ant scores to a new scale (100, 10). In this perspective, the 
calibrated items were positioned over the awareness scale, 
establishing three awareness quality levels: low, good, and 
excellent.

To position the items on the awareness scale and identify 
the quality levels, we considered the probability parameter 
Pi,k(�) ≥ 0.5 and the � and �∗ scales (awareness points). The 
awareness quality scale provides an overview of the different 
profiles of existing users and, by establishing their expected 
skills, allows us to visualize the likely set of awareness sup-
port mechanisms known for each profile and how they per-
form collaborative activities in the environment.

a∗ =
a

�
; b∗ = �.b + �;

�∗ =�.� + �; P(�∗) = P(�)

Tables 6, 7 and 8 present, respectively, the workspace, the 
collaboration, and the contextual awareness quality scales.

As a resultant process of knowing the awareness profiles 
and the participants’ scores, like their skills (archived aware-
ness mechanisms) and difficulties (not archived awareness 
mechanisms), we can trace paths to identify how awareness 
works and how the collaboration occurs.

Essentially, this model provides reflections toward col-
laborative improvements by gradually prioritizing supported 
awareness elements over a participant’s perspective.

6.3.1 � Scale interpretation

Through the awareness quality scale, we can visualize two 
complementary facets.

In the first awareness scale perspective, as shown in 
Fig. 9, we have access to the general performance of the 
evaluated environments by each assessment item (aware-
ness mechanisms). Thus, for each response category of 
the IRT gradual scale (from strongly disagree to strongly 
agree), the model represents the expected ability intervals 

Fig. 9   Ability level scales
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in which participants present a certain probability Pi of 
selecting each response category presented.

In other words, starting from the participants’ abil-
ity scale � , the model represents the probable intervals 
Pi(�) that participants are most likely to correctly iden-
tify/understand the awareness mechanism in the evaluated 
interface.

For example, as demonstrated in 9c, participants with 
ability score � ≤ 0 answered “strongly disagree” or “dis-
agree” for all contextual awareness mechanisms, which 
indicates that contextual elements are hard to identify in 
the evaluated environments, or even, that they require a 
higher level participant skill/expertise. Only participants 
with an ability level � ≥ 0 identify these elements and only 

participants with an ability level � ≥ 2 (experts) strongly 
agreed with these mechanisms.

In the second awareness scale perspective, presented in 
Tables 6, 7, and 8, we categorized the results concerning the 
skill levels of the expected participants. In the assessment 
model, the ability scale � encompasses within the interval 
[−4.0,+4.0] and the adjusted ability scale �∗ encompasses 
within the interval [+60,+140] (awareness points). Then, 
the assessment scale established three participant ability 
intervals, describing the expected competencies concern-
ing the awareness mechanisms participants in each ability 
score interval understand.

In the workspace, collaboration, and awareness qual-
ity scale, the awareness mechanisms are organized in a 

Table 6   Workspace awareness scales

Level Quality description

Low (𝜃 < −1) (𝜃∗ < 90) The collaborative environment rarely provides workspace capabilities or information about the activities, 
environment, or workflow. It does not provide the interaction or understanding of artifacts and objects 
shared in the workspace. Due to these limitations, the interaction is limited

Good (−1 ≤ � ≤ 1)(90 ≤ �∗ ≤ 110) The collaborative environment sometimes supports workspace capabilities and presents information like 
activities, environment, and workflow. The interaction and understanding of artifacts and objects shared 
is possible, although it usually does not present good operability

Excellent (𝜃 > 1)(𝜃∗ > 110) The collaborative environment supports workspace capabilities and provides information about the 
activities, environment, and workflow. The environment provides efficient interaction and understand-
ing of shared artifacts and objects with excellent operability

Table 7   Collaboration awareness scales

Level Quality description

Low (𝜃 < −1) (𝜃∗ < 90) The collaborative environment rarely provides social interaction and collaboration aspects nor considers 
the participant’s capabilities. Some basic identity and communication resources are reached. Due to 
these limitations, the collaboration aspects are limited

Good (−1 ≤ � ≤ 1) (90 ≤ �∗ ≤ 110) The collaborative environment sometimes presents social interaction and collaboration aspects. The 
environment provides moderate status and identity information. Sometimes, it is considered the partici-
pant’s capabilities. The awareness information is often considered relevant to the participant’s interests, 
and they usually recognize that the content helps the collaboration process

Excellent (𝜃 > 1) (𝜃∗ > 110) At this level, the collaborative environment is challenging for group members and presents no difficulties 
for interaction. It is highly relevant to participants’ interests and provides excellent focused attention 
and social interaction. In terms of usability, the environment presents excellent operability; it has clear 
rules and is easy to interact with

Table 8   Contextual awareness scales

Level Quality description

Low (𝜃 < −1) (𝜃∗ < 90) The collaborative environment hardly considers the contextual perspective nor the group members’ mobil-
ity. Navigation or spatiality is rarely allowed, and contextual interaction is limited

Good (−1 ≤ � ≤ 1) (90 ≤ �∗ ≤ 110) The collaborative environment provides moderated access to contextual information. Participants partially 
reach environmental navigation and spatiality aspects. The environment provides some operability over 
participants’ contextual information; however, members’ mobility remains not archived

Excellent (𝜃 > 1) (𝜃∗ > 110) At this level, the collaborative environment provides clear access to contextual information. Participants 
reach environmental navigation and spatiality aspects, and the environment presents certain operability 
over participants’ contextual information
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gradual acquisition perspective, indicating which aware-
ness mechanisms are supported/understood by novices, 
intermediates, and expert participants. This gradual 
organization allows us to prioritize mechanisms from 
participants’ ability perspective, providing insights 
regarding adjustments and/or necessary modifications 
to enable participants with lower ability skills (nov-
ices) to easily acquire the more important awareness 
mechanisms.

7 � Model reliability

The reliability of a set of items is one of the properties 
to evaluate the quality of the instrument. Similarly to 
classical approaches, one of the ways to check internal 
consistency is through Cronbach’s alpha coefficient (�) 
[25]. This coefficient is calculated based on the values 
obtained through the application of data collection and 
analysis tools. Cronbach’s alpha coefficient indicates the 
degree to which a set of items measure a single factor 
[20]. In addition, IRT allows us to evaluate the assess-
ment items’ quality through � , discrimination, and dif-
ficulty parameters.

Cronbach’s alpha can be written as a function of the 
number of test items, and the average inter-correlation 
among items is given by Eq. 6, where N represents the 
number of items, c̄ is the average inter-item covari-
ance among the items, and v̄ equals the average vari-
ance. We consider values of Cronbach’s alpha between 
0.8 > 𝛼 ≥ 0.7 acceptable; between 0.9 > 𝛼 ≥ 0.8 good; 
and � ≥ 0.9 excellent [25].

where � is the Cronbach’s alpha coefficient; N represents 
the number of items; c̄ is the average inter-item covariance; 
v̄ equals the average variance.

The general quality of a collaborative environment is 
determined based on the data collected using the meas-
urement instrument and analyzing them through the 
ability level ( �)’s scale scores. To assess reliability, the 
assessment model uses the IRT technical properties of 
discrimination (a) and difficulty (b), combined with � 
coefficient, to assess the Awareness Assessment Model 
Instrument reliability and internal consistency.

7.1 � Reliability results

Both alpha and IRT params strongly demonstrate the vali-
dation of the proposed model. First, the adequate represen-
tation of the awareness scale � (interval [−2.96,+2.70] as 

(6)𝛼 =
Nc̄

v̄ + (N − 1)c̄

presented in Fig. 8) is good evidence of the instrument’s 
reliability. In addition, the internal reliability through Cron-
bach’s alpha coefficient [25] demonstrated an excellent inter-
nal consistency for all assessment items (𝛼 > 0.91).

Second, we calculate the instrument’s reliability function 
rxx(�) [18, 96], across participants’ latent trail (see Fig. 10). 
The model shows excellent reliability, and the function 
reaches its highest value (rxx > 0.90) over the scale region 
where the information function is representative.

8 � Model dimensionality

An essential factor that corroborates the IRT model’s valida-
tion is the latent trait’s dimensionality, which, in this case, 
refers to the number of factors necessary to explain the vari-
ability of the data and constitute a hypothesis to be verified 
[86]. IRT models can result in a unidimensional character 
when there is only one factor under analysis or multidimen-
sional when there is more than one determining factor. There 
must be a single ability responsible for performing all test 
items.

To satisfy the unidimensionality postulate, it is sufficient 
to admit that a dominant ability is being measured (a domi-
nant factor) and responsible for the set of items [22]. This 
factor is what is supposed to be measured by the assess-
ment instrument. Schmitt [84] emphasizes that the more 
strictly unidimensional the construct, the less ambiguous 
its interpretations become, and consequently, its correlations 
become more legitimate.

Therefore, dimensionality is an intrinsic factor to the 
construct and defines the homogeneity of the set of items. 
Disregarding this factor results in an improperly applied 
measurement model, generating erroneous inferences about 
the evaluation of results and may threaten the credibility of 
the measurement instrument [87].

We used Exploratory Factor Analysis (EFA) and Con-
firmatory Factor Analysis (CFA) to test dimensionality. EFA 
aims to identify the underlying relationships between the 
measured items and evaluate the dimensionality of a series 
of items to identify the smallest number of latent traits that 
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explain the correlations pattern [69]. Confirmatory factor 
analysis (CFA) is used to verify the factor structure of a set 
of observed variables. It allows us to test the hypothesis that 
a relationship exists between observed variables and their 
underlying latent constructs [17, 97].

Due to the sample size, the same data set was used for the 
EFA and CFA. In this configuration, Izquierdo et al. [50] 
highlights that CFA results provide good fit indices and con-
form to the scale structure discovered in EFA as they were 
calculated based on the same data.

To determine the number of factors retained in the EFA, 
we will use the Latent Root (or Kaiser) Criterion [45]. In the 
Latent Root, the factors or components retained in the analy-
sis with real data must have an eigenvalue higher than ones 
obtained randomly [57]; thus, only factors with eigenvalues 
greater than or equal to 1 are considered.

In general terms, factor analysis addresses the problem of 
analyzing the structure of interrelationships (correlations) 
between a large number of variables (e.g., test scores, test 
items, questionnaire responses) by defining a set of latent 
dimensions, called factors [45].

Generally, the eigenvalues of the correlation matrix or 
covariance matrix are used to decide the number of factors 
to be extracted. Factor loadings equal to or greater than 0.30 
are considered high factor loading for samples larger than 
350 observations [71]. In contrast, items with factor loading 
below would not measure the same thing as the others, i.e., 
do not have a large enough charge to merit interpretation 
[71]. This technique allows data reduction by eliminating 
variables with little loading, identifying the most repre-
sentative variables, or creating a new set of variables much 
smaller than the original [45].

8.1 � EFA results

Factor analysis is based on the simulation of random data to 
determine the number of factors [50]. The factors/compo-
nents retained with real data must have an eigenvalue higher 
than those obtained randomly.

As shown in Fig. 11, the latent root criterion suggests 
a strong principal component, with three other prominent 
components (11a–c). By applying the Kaiser criterion 
(eigenvalue ≥ 1 ), we identify three principal components 
for the workspace, two for the collaboration and two for the 
contextual category.

The inclination angles decreased sharply from the second 
factor onwards, approaching the horizontal line of value one 
and converging to the red dotted line of the EFA simulated 
data. These characteristics corroborate a representative 
model for each awareness category. Despite slightly indi-
cating a secondary component, we have verified the simpler 
and highly representative IRT unidimensional model.

The explanation power of the factors relative to the total 
variance is explained as follows. In the workspace aware-
ness perspective, Factor 1 explains 21.49% ( pc = 6, 0161 ); 
in the contextual awareness perspective, Factor 1 explains 
21.83% ( pc = 4, 3831 ); and in the collaboration awareness 
perspective, Factor 1 explains 23.07% ( pc = 3, 5431 ) of 
the total variance. Literature suggests that factor analysis 
results may indicate unidimensionality if the first factor is 
greater than or equal to 20% of the total eigenvalue of the 
principal components variance [76].
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Fig. 11   Model dimensionality
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8.2 � CFA results

In the EFA analysis, we combined the conceptual ration-
ale with the empirical evidence extracted from the model 
to identify the underlying relationships between measured 
items and the smallest number of latent traits that explain 
the pattern of correlations [45]. The awareness perspec-
tives were rewritten considering three factors for the work-
space, two for the collaboration, and two for the contextual 
perspectives.

Figure 12 contains the graphical representation of the 
model, correlating the factors and their related awareness 

elements (assessment items) and the factor loadings. A fac-
tor loading of more than 0.30 usually indicates a moderate 
correlation between the item and the factor [71, 94].

Extracting the evidence from the factor analysis of the 
model presented in Fig. 12, we identified the main latent 
dimensions (factors) for the workspace and two for collabo-
ration and contextual awareness perspective, as shown in 
Tables 9, 10, and 11.

Comparing the model generated by the EFA analysis 
(Fig. 12 the assessment items of the taxonomy (awareness 
elements and design categories), we could visualize a sig-
nificant equivalence. Furthermore, as shown in Fig. 12, all 
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factor loadings exceed 0.3. The confirmatory factor analysis 
results largely maintained the taxonomy’s structure, and the 
CFA items’ factor loadings demonstrate the instrument’s 
construct validity.

Finally, Composite Reliability (CR) was calculated to 
evaluate the construct validity of the proposed model [45]. 
The measurements obtained were then evaluated following 
the Fornell and Larcke recommendations [33]. All factors in 

the model must present a CR value above 0.7 to demonstrate 
the instrument’s construct validity [33, 45].

Evidence of construct validity indicates that the items 
measured in the sample represent the real measurements in 
the population [45].

In the contextual awareness perspective, factors F1, F2, 
and F3 presented CR values of 0.712, 0.692 ( ≃ 0.7 ), and 
0.706. In the collaboration awareness perspective, factors F1 
and F2 presented CR values of 0.825 and 0.761, respectively. 
In the contextual awareness perspective, values of 0.708 and 
0.715 were found for factors F1 and F2.

9 � Discussion

Regarding the case study, we obtained voluntary partici-
pation from 422 individuals who answered one of the ten 
questionnaires (test books) provided in the full version of 
the model. As a result, we found suitable indicators from the 
perspective of demographic data and IRT parameterization. 
Then, skill and awareness quality scales were constructed 
based on the 60 calibrated items.

The results of the videoconferencing assessment were 
positive, and the most familiar environments presented the 
best performance. Moodle (Big Button Blue), Google Meet, 
and Microsoft Teams were the environments that presented 
a lower overall awareness score, respectively, � equals to 
−0.21 , −0.12 , and 0.12; the adjusted ability scores �∗ were 
equal to 97.9, 98.8, and 101.2 awareness points. Users of 
Zoom, Skype, and Discord indicated a slightly greater 
facility in identifying awareness information, respectively, 
� equals to 0.16, 0.20, and 0.21; the adjusted ability scores 
�∗ were equal to 101.6, 102.0, and 102.1 awareness points.

Our awareness quality scale was established considering 
the participants’ ability to identify awareness information; 
consequently, higher scores indicate that evaluated envi-
ronments easily support awareness mechanisms, whereas 
participants with higher ability scores can identify properly 
existing awareness mechanisms.

Table 9   Factor analysis (workspace awareness)

Factor Factor description

F1 Factor 1 provides an understanding of the collaborative activities; it involves the assessment items Q4 to Q8 (motivation, time required, 
progress level, help needed, and evaluation), Q22 to Q24 (meaning, scenarios, and sense-making), Q29 (action control), Q31 (access 
privileges), and Q32 (control mechanisms)

F2 Factor 2 represents the participant’s feedback over the shared workspace; it involves the assessment items Q9 to Q12 (authorship, 
execution steps, events and actions, and change locations) and Q25 to Q28 (feedback, feedthrough, backchannel feedback, and feed-
forward feedback)

F3 Factor 3 represents the resources available in the shared workspace; it involves the assessment items Q13 to Q21 (related, parallel, 
coordinated, and mutually adjusted activities, tools and materials, artifacts and objects, resources availability, critical elements, and 
virtual relationship)

Table 10   Factor analysis (collaboration awareness)

Factor Factor description

F1 Factor 1 represents the participant’s capabili-
ties to collaborate; it refers to the assessment 
items Q35 to Q41 (preferences, rules, respon-
sibilities, privileges, knowledge, influences, 
and intentions)

F2 Factor 2 represents the resources to establish 
communication among participants; it refers 
to the assessment items Q34 (shared profile), 
Q42 (availability), Q43 (presence), Q45 
(status), Q47 (connectivity), and Q49 to Q55 
(message delays, interaction ways, turn-
talking, conversation, expectations, emotional 
status, and non-verbal cues)

Table 11   Factor analysis (contextual awareness)

Factor Factor description

F1 Factor 1 represent a virtual setting of the con-
textual environment; it involves the assess-
ment items Q56 to Q61 (location, distances, 
restrictions, places, topology, and attributes), 
Q70 (voice cues), and Q72 (eye-gaze cues)

F2 Factor 2 represent common information about 
the spatiality of the shared environment; it 
involves the assessment items Q62 to Q66 
(spatiality attributes like view, reach, orienta-
tion, movement, and range of attention)
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Estimating IRT parameters with a low standard error and 
positioning items on the scale requires many respondents per 
item category. Few items did not present an ideal calibration 
and were excluded from the interpretation scale phase due to 
an outlier of � , a, or b. In these cases, there was no adequate 
variability in the responses obtained (strongly disagree to 
strongly agree), making a fair analysis impossible.

We carefully evaluated the items and come to the con-
clusion that non-calibration occurred due to many positive 
(agree or strongly agree) or negative (disagree or strongly 
disagree) responses. In the first, the analysis suggests that 
most participants found it easy to identify the awareness 
mechanism and judge the assessment item; in the second, 
the participants had difficulty identifying the element, or this 
aspect was absent in the evaluated environment.

To construct the ability scale � , the assessment model cal-
culates the probability Pi,k(�j) considering the gradual scale 
of [81]. The generated awareness support scale presented 
a coverage interval [−4.0,+4.0] , with the most appropri-
ate values in interval [−2.96,+2.70] . Although there are no 
practical differences in establishing the first or the second 
one, we minimized the eventual negative impact or misinter-
pretation of a participant with a low ability score represented 
with negative values in the final scale by applying a linear 
conversion and generating a positive scale.

The literature review found no references regarding a 
scale for assessing awareness using Item Response Theory. 
In addition, the awareness scale presented has several levels 
of the latent trait that make it possible to interpret the degree 
of skill that an evaluator has given that he or she used the 
proposed measurement instrument.

Validation of the model through the expert panel and case 
study approaches was very positive. In the first, we analyze 
the usefulness aspects, namely, clarity, relevance, consist-
ency, and completeness of the measurement instrument, 
resulting in a refined version of the artifacts; in the second, 
we exposed the model in a videoconferencing assessment 
scenario to assess the model’s internal consistency, reliabil-
ity, and dimensionality.

In all 60 calibrated assessment items, � , a, and b, com-
bined with the internal consistency values of Cronbach’s 
alpha and reliability function rxx(�) , indicates an excellent 
instrument’s reliability.

We used exploratory factor analysis (EFA) and confirma-
tory factor analysis (CFA) to test the model dimensionality. 
The EFA results indicated a strong tendency towards the 
one-dimensional model (latent root criterion [45]), legiti-
mating the correlation between the assessment items and 
the observed latent trail. The CFA results demonstrate the 
instrument construct validity: all factors presented adequate 
composite reliability (CR ≥ 0.7 ) [33, 45], and all factor 

loadings of the assessment items are above the limit ( ≥ 0.3 ) 
[71, 94].

9.1 � Model limitations

An initial limitation is related to the number of respond-
ents. IRT requires very large sample sizes for many models, 
often exceeding what is typically used in classical theory 
research. According to IRT, the sample size to perform an 
item analysis depends on the number of model parameters 
and item categories; in other words, it depends on the num-
ber of parameters to be estimated.

Our study obtained 422 observations to estimate IRT par-
ams a, b, and � of a universe of 60 calibrated assessment 
items, each with four response categories (Samejima’s grad-
ual scale [81]). Thus, we obtained ten or more observations 
for each response category; where this criterion was not met, 
we grouped the response categories (strongly disagree and 
disagree or agree and strongly agree). This grouping may 
eventually affect the item calibration.

The IRT model could not calibrate some items from the 
75 assessment items originally proposed in the taxonomy, 
as discussed in section 6.1. Thus, validating these items 
was also impossible in this work; alternatively, we suggest 
new evaluation scenarios to investigate their suitability for 
accessing awareness support in collaborative environments.

Regarding the number of evaluation items and the sample 
size (observations) used in the evaluated scenario, we can 
present two main aspects discussed in the following.

Assessment items. Although the assessment model pre-
sents in its conceptual view (awareness taxonomy) 75 assess-
ment items/awareness mechanisms, we provide for both the 
assessment process and the assessment protocol artifacts the 
possibility for the examiner to choose which awareness cat-
egories and awareness items will be used during the evalu-
ation process of the collaborative environment. Thus, the 
model can be adjusted to direct an assessment compatible/
appropriate to the use context. This paper seeks to evaluate 
as many assessment items as possible. Due to this, the full 
version of the 75 items divided into ten balanced test note-
books (blocks) was adopted for evaluation.

We used the BIB (Balanced Incomplete blocks) strategy 
to create the ten notebooks with a replication factor (r = 4) . 
A Balanced Incomplete Block (BIB) consists of treatments 
t (a subset of the assessment items) that appear in the same 
block b (questionnaire) with each other treatments the same 
number of times � . Thus, each notebook is represented by 
two treatments with different assessment items (t = 15) . 
Therefore, in the ten test books (questionnaires) identified, 
we have the repetition of four combinations of treatments 
(see Table A1).
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The adoption of BIB did not happen arbitrarily. The 
BIB strategy, combined with the statistical model of Item 
Response Theory, allows the ability scale (�) to be on the 
same scale for all test books; thus, each test book is equally 
representative in its own right. After building and calibrat-
ing the ITR model, if we adopt one of the questionnaires, 
apply all ten test books, or even a subset of these, we find the 
same skill scale; therefore, the number of notebooks used is 
irrelevant. In other words, the generated scale will be equiva-
lent if we choose just one of the ten bib blocks after model 
calibration.

Some preliminary applications that we are developing 
demonstrate this possibility, reducing the items and the 
required sample size. It is also important to note that the 
application context alone is also an indicator that will indi-
cate the need to remove some items.

Sample size. Despite the large number of items (75), it 
was possible to calibrate most (60). Uncalibrated items refer 
to participants’ unanimous positive responses. In this case, 
the statistical method (TRI) suggests that such items should 
be ignored, as they are not representative for the discrimina-
tion parameters (a). Although they are important awareness 
mechanisms, they are insignificant for positioning and gen-
erating the awareness skill scale (�).

The main objective of eliminating items during the scale 
construction is to simplify the assessment model; retaining 
only those items with an acceptable discrimination value 
(> 0.65) . Furthermore, for different applications, a subset 
of the model can be used, adopting the parameters a and b 
calibrated in this paper—which considerably simplifies the 
required number of evaluation items and required sample 
size.

Finally, although a relatively small sample was used, the 
IRT model converged to notable parameters due to sampling 
variability across the skill spectrum ( � in the range between 
[−4,+4] ); as seen in Figs. 6 and 7, both demographic distri-
bution and normal and accumulated distribution corroborate 
the thesis of a model strongly representative of the assessed 
latent trait (the conscious support).

Another limitation is the complexity and difficulty of per-
forming IRT analyses. These analyses require specialized 
knowledge to perform tests of assumptions and estimation 
of parameters and tests for model adjustment. In this sense, 
we carefully designed calibration and estimation scripts for 
the IRT model and provided all the necessary artifacts for 
using the model available in the repository [60].

10 � Conclusions and future work

The awareness and collaboration concepts are intrinsi-
cally related since the foundation and their understanding 
expanded in the same way as research in the field evolves. 

We observed the efforts towards establishing common sense 
about what awareness is, what it represents, and what it is 
related to. On the other hand, achieving an accurate and 
clear-cut definition of awareness remains challenging.

Understanding and providing aspects of collaboration 
likewise involves a comprehensive knowledge of the ele-
ments of awareness that support it. We do not envision 
ways to provide efficient communication, coordination, or 
cooperation without proper awareness support. Provisioning 
adequate awareness mechanisms ensures the support for the 
whole collaboration process, consolidating awareness as the 
cornerstone of collaborative environments.

This work applies efforts toward building a model for 
evaluating awareness support in collaborative environments 
from the users’ point of view. Assuming a plural collabora-
tive environment, where different participants with different 
skills, knowledge, and wisdom meet and interact, the model 
seeks to build a more faithful representation of these exist-
ing profiles across a broad spectrum of individual abilities.

We present a new assessment method for awareness and 
collaboration support centered on the participant’s perspec-
tive by developing a measurement instrument based on Item 
Response Theory. The methodology allowed us to construct 
and interpret an awareness quality scale to evaluate the sup-
port level for three awareness dimensions and 75 assessment 
items. Consequently, we argue that the essential aspects of 
the collaboration process are provided through adequate 
support for each awareness view. The correlations between 
design and awareness elements were defined according to 
theory and practice.

The method can be replicated by applying the artifacts 
described in the model (available at model dataset [60]). To 
use the proposed assessment method properly, this model 
includes an assessment process inspired by the ICH guide-
lines and the recommendations for evaluating software prod-
uct quality of ISO/IEC 25040:2011 [32]. In this way, an 
adaptive approach was designed, where the examiner can 
apply the complete assessment model or select the respective 
design categories and assessment elements of interest, thus 
adjusting the data collection and analysis artifacts. With IRT, 
it is possible to include new items in the same measurement 
scale, like demographic, usability, and UX, increasing the 
evaluation potential.

The statistical method for composing our assessment 
model, IRT, notably involves heavy calculations, which 
were the focus of this paper. All the steps described aim 
for examiners to understand all the steps of statistical 
calculations used (which are the basis of IRT), like the 
processing of raw data/observations collected, calibration, 
construction of support scales, and the validation of the 
model by different necessary statistical approaches (Cron-
bach’s alpha coefficient, EFA, and CFA). Describing all 
these processing steps enables the model’s reproducibility 
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through the data available in our awareness assessment 
model repository.

We believe that awareness is intrinsically linked to the 
participant’s skills in identifying, understanding, and pro-
jecting their actions. Thus, properly assessing a collabo-
rative environment support is possible if the assessment 
considers the awareness elements from the participant’s 
perspective. As participants’ understanding differs, the 
awareness support scale must represent individuals with 
lower or higher abilities.

This article focused on the evaluation model itself. 
Indications for development or other stages of building a 
collaborative and/or general-purpose application project 
were not considered—although the artifacts contained in 
the conceptual view of the model can be used as a set of 
recommendations that developers can use, for example. 
From this perspective, the design categories and aware-
ness mechanisms, especially in the awareness taxonomy, 
can be used as potential requirements for collaborative 
applications to support awareness mechanisms adequately.

Designing collaborative applications must consider an 
appropriate set of awareness mechanisms, which largely 
depend on the application’s objectives, context, target 
users, etc. Any recommendations for using the awareness 
mechanisms presented in this paper must be evaluated 
based on their suitability for other scenarios; a suitable 
set of awareness mechanisms for a given context may not 
be the same for another. For this reason, the assessment 
model specification allows the awareness support scale to 
be created for each item in the model, category, dimension 
of awareness, or even other specific subset.

In the awareness assessment repository [60], all model 
artifacts, both the conceptual view and the assessment pro-
cess artifacts, are available. The latter presents a guide/
protocol for evaluating awareness support through the IRT 
model. We designed a detailed set of artifacts to help use 
the model.

In future work, we suggest validating the assessment 
model in other collaborative environments and contexts 
to verify its flexibility and other examiners’ replicability 
of the assessment process.

As some of the 75 initial assessment items were not 
calibrated properly in the IRT model of the proposed case 
study, we encourage new scenarios to verify the items’ 
behavior in other contexts.

In the proposed case study scenario, the full version 
of the assessment model was applied; thus, new studies 
may be necessary to verify the model’s applicability by 
considering a subset of the assessment items.
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