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Abstract

The authors of this paper present a framework developed in a project that explores the use of senses and
sensors in environmental education, to develop children’s abstract thinking. The research started with a
brief formulation of a framework that was used to guide the cross-analysis of six case studies, in order to
explore its usefulness. This analysis showed that it was possible to teachers to support the development
of children’s abstract thinking by facilitating the use of senses and sensors in inquiry activities, and by
scaffolding complex tasks, using concreteness fading, and bridging representations, with different levels
of abstraction. The analysis also showed that the assessment of the development of abstract thinking can
be based on the analysis of children'’s epistemic practices, like observing, describing, interpreting, and
creating multiple representations. Furthermore, the cross-analysis showed that sensorial information was
used as a concrete basis to abstraction. After that, an improved framework is presented, showing how
senses and sensors may be used in authentic activities to develop abstract thinking: (a) making it possible
to observe the unobservable (for human senses), (b) scaffolding the understanding of patterns resulting
from the influence of independent in dependent variables, (c) facilitating epistemic practices.

Key words: abstract thinking, environmental education, senses, Sensors.

Introduction

The importance of investigative, authentic, situated and embodied activities to the de-
velopment of scientific literacy has been emphasized in science education approaches, namely
in the context of elementary schools (Figueiredo & Afonso, 2006; Lombardi, 2007; Osborne
& Dillon, 2008; Quintana et al., 2004). In this paper, the authors present: (a) an analysis of the
potential of the joint use of human senses and sensors to scaffold the development of children’s
abstract thinking that is needed to the success of the aforementioned authentic activities; (b) a
framework to support the use of sensors and senses to develop children’s abstract thinking in
environmental education. These analysis and framework were developed in the context of a re-
search project, named SOS Abstract (Using Sensors and Senses in the Environment to Develop
Abstract Thinking).
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Research Problem

The problem worked in this research is the need for improving children’s thinking pro-
cesses in elementary schools (OECD, 2010), namely in science education (Brites, Calado, Es-
tévao, Carvalho, & Conceigdo, 2011). This research problem is tackled by focusing on the
potential of the joint use of senses and sensors to improve the development of abstract thinking
in the context of hands-on authentic inquiry activities.

The central objective of this research is to develop a framework to support: the design
and the analysis of activities using human senses and sensors, focusing on how they can im-
prove the development of children’s abstract thinking.

Related Work

In the context of their critical reflections on science education in Europe, Osborne and
Dillon (2008) stress that the emphasis in science education before 14 should be on engaging
students with science and scientific phenomena, namely through extended investigative work
and ‘hands-on’ experimentation. At the same time, authentic learning has been pointed as a 21st
century approach (Lombardi, 2007). Authentic learning integrates real-world and ill-defined
learning problems, collaborative problem solving, ICT tools, situated learning, and opportuni-
ties for students to link previous knowledge to the knowledge being acquired (Brown, Collins,
& Duguid, 1989; Figueiredo, 2005; Henning, 2004; Hilton, 2010; Lombardi, 2007). To promote
children’s success in authentic activities, it is necessary to scaffold the development of chil-
dren’s abstract thought (Lombardi, 2007; Quintana et al., 2004). Scaffolding is the process by
which a learner is supported to succeed in problems that s/he couldn’t handle alone (Quintana et
al., 2004). Three key characteristics of scaffolding should be considered (Van de Pol, Volman,
& Beishuizen, 2010): contingency (scaffolded strategies should be based on student responses),
concreteness fading over time, and transfer of responsibility to students. Concreteness fading
is the successively decreasing of the concreteness of the representations, to attain an abstract
representation that is still connected to the situation represented (Goldstone, & Son, 2005).

Since senses are the primary human-environment interface, they are part of people’s ev-
eryday lives and experiences (Mason, & Davies, 2009) and necessary elements in moving from
concrete to abstract thinking (Minogue, & Jones, 2006). Therefore, there is a need for address-
ing the role of the body in children’s constructions of meanings (Woodyer, 2008).

Sensors are typically used as an extension of human senses (Magnani, 2004). They can
play an important role as manipulable mediators in learning by internalization (Lopes, Cravino,
Silva, & Viegas, 2012). Electronic sensors are becoming everyday devices, allowing the in-
tegrated use of senses and sensors in mobile and ubiquitous learning activities (Silva, Lopes,
Silva, & Marcelino, 2010). For instance, mobile phones integrate a set of electronic sensors
(e.g., photo, video and audio recorders, GPS, accelerometer); and they are portable, affordable,
wireless, connectible and can be used anytime, anywhere (Knight, 2005; Shuler, 2009; Silva et
al., 2010).

There is recent research literature about how epistemic mediators can scaffold scientific
inquiry., e.g.: software tools as epistemic mediators (Lopes, et al., 2012; Magnani, 2004; Quin-
tana et al., 2004; Reiser, 2004; Yelland, & Masters, 2007); the role of sensors in the develop-
ment of children’s abstract thinking in science (Fenton, 2008; Heggen, Omokaro, & Payton,
2012; Le Boniec, Gras-Velazquez & Joyce, 2012; Rogers, Connelly, Hazlewood, & Tedesco,
2010). In this context, it is important to outline a noteworthy set of issues:

e Electronic sensors can also add to children’s abilities, such as to use scientific methods
(Le Boniec, et al., 2012) and to evaluate critically the use of data (Fenton, 2008; Le
Boniec, et al., 2012), in this way developing children’s abstract thinking;

e Supported by the embodied, hands-on and situated use of senses and sensors, chil-
dren’s action in the environment scaffolds the learning of abstract topics, in the course
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of (Reiser, 2004): the manipulation of concrete things; the control of sense data (for in-
stance, how we can change the use of our senses and of sensors as senses’ extensions);
the search for consistent information; and the building of multiple representations (as
the recordings of sensory information or the graphics produced with information ac-
quired by sensors);

e Electronic sensors, together with data-loggers, can be considered cognitive tools that
change what can be accomplished by a child, or a group, facilitating the complex task
of monitoring environmental variables (Reiser, 2004). By providing meaningful rep-
resentations of environmental states, these tools can support the development of more
in-depth models of natural phenomena and improve the level of scientific reasoning
children can perform (Reiser, 2004);

e The use of multiple representations and an improved mapping between tool’s repre-
sentations, what they represent and children’s point of view can reduce the complexity
and in this way scaffold the task (Norman, 1991; Quintana et al., 2004; Reiser, 2004;
Rogers, et al., 2010);

e Scaffolding the development of children’s abstract thinking through the use of tools,
such as electronic sensors, can be improved applying strategies that (Quintana et al.,
2004): provide visual organizers; use descriptions of complex concepts and models
that build on learners’ models; provide representations to reveal underlying proper-
ties of data; enable learners to navigate among activities, tools, and representations;
facilitate articulation during sense making; make scientific strategies explicit; highlight
epistemic practices.

The assessment of the development of children’s abstract thinking, in the context of
authentic activities, should use authentic assessment techniques (Figueiredo, 2005) that engage
children in tasks of authentic (real word) problem solving developed in meaningful environ-
mental education contexts. Examples of authentic assessment techniques are projects, learn-
ing portfolios and presentations (Figueiredo, 2005). Accordingly, the analysis of children’s
epistemic practices, such as observing/sensing, describing, discussing, interpreting, formulat-
ing hypothesis, selecting variables, planning procedures, controlling variables, creating mul-
tiple representations, and modelling, can contribute in a significant way to assess the develop-
ment of children’s abstract thinking in authentic inquiry (Chinn, & Malhotra 2002; Lopes, et
al., 2012).

A Framework about Senses and Sensors to Develop Abstract Thinking — Brief
Formulation

The central research question of the study presented in this paper is: Which theoretical
and instrumental issues should be addressed in a framework that aims. (a) to support the analy-
sis of how authentic environmental education activities, which use human senses and sensors,
can contribute to the development of children’s abstract thinking, (b) to give grounded insights
to teachers, helping them to use senses and sensors in authentic activities to improve abstract
thinking.

Such framework intends to fill a gap situated in the frontier between the domains of ICT
in Education and Science Education, addressing the role of the joint use of senses and sensors in
scaffolding the development of children’s abstract thinking. This framework aims at synthesiz-
ing knowledge from the research literature and field of practice.

The framework, based on the review of the literature and on previous work (Silva et al.,
2010), has four dimensions (Table 1). The first dimension is related to how the sensors can be
used by children and to what is relevant in such use. It is focused on: facilitating the effective
use of different sensors; and on searching and recording relevant information in authentic and
complex tasks. The second dimension is related to the use of the senses in a conscious and de-
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liberate way. The third dimension is about teacher mediation of student learning. It is focused
on scaffolding complex tasks, using concreteness fading, and bridging representations with
different levels of abstraction. The last dimension of the framework makes explicit some of
the most important practices of abstract thinking. It allows, both, to assess the development of
abstract thinking and to draw the attention to what kind of practices are relevant, in educational
settings, to develop the abstract thinking using senses and sensors. In this framework the four
dimensions should be faced in articulated way.

Table 1. Framework (brief formulation) to inform the design and the assess-
ment of the use of senses and sensors to develop abstract thinking.

Dimensions Sub dimensions
1.1 Improved students’ awareness for the diverse sensors and their func-
tions;
1.2 Effective uses of sensors and for what;

1. Children’s use of sensors 1.3 Students awareness about environmental information obtained by sen-

sors (Le Boniec, Gras-Velazquez & Joyce 2012);
1.4 Recordings of environmental information;
1.5 Search for_information obtained only by sensors;

2.1 Control of sense data (Reiser, 2004);
2. Children’s use of senses, sensorial 2.2 Familiarization with natural phenomena, enhancing concreteness
information (Reiser, 2004);

2.3 Search for consistent information (Reiser, 2004);

3.1 Discussing what to do, what happened, why happened, what will hap-
pen...

3.2 Making scientific strategies visible (Quintana et al., 2004)::

3.2.1 Experiment plans;

3.2.2. Observation tables and charts, requiring records of senses and sen-
sors in multiple formats and separating observations from interpretation and
estimative;

3.3 Mapping/Bridging representations, including concreteness fading
(Goldstone, & Son, 2005)

3.4 Using descriptions of complex concepts/phenomena that build on
authentic and sensory experiences Quintana et al., 2004)

4.1 Observing/sensing

3. Scaffolding in Teachers-Children-
Sensors Interactions

4.2 Describing;

4. Epistemic practices (Saraiva, Lopes, 4.3 Interpreting;

Cravino & Santos, 2012) 4.4 Controlling variables;
4.5 Creating multiple representations;
4.6 Modelling.

Methodology of Research

In order to explore its usefulness, the framework presented above was used to guide the
cross-analysis (Yin, 2003) of six (6) exploratory case studies (see Tables 1 and 2) that were
developed, between 2010 and 2012, in the context of a Master Course (Experimental Science
Teaching in Elementary Education). Those cases used senses and sensors in science hands-on
authentic activities to develop science inquiry competences and the understanding of complex
concepts (see Table 2). The cross-analysis was not meant to categorize all the results of the case
studies. It aimed to be the basis of the framework, as in grounded theory (Cohen, Manion, &
Morrison, 2007), and to illustrate its usability.
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Table 2. Characterization of the six case studies.

Sensors (elec-

Case Study Theme Participants Studied Senses tronic and non
Concepts I ic)
Teacher-researcher; Binocular loune:
CS1 Complexity of 2" year of scholarity ~ Biodiversity; - nocuar ‘oupe, .
. . L e Vision Digital microscope;
(Teixeira, 2012)  the life concept  class Living Being; : ;
. Optical microscope
(15 children)
Vision; Hear-
cS2 Biodiversity Teacher-researcher; ing; Smell; Digital camera;
(Gongalves and Tempera- 4™ year of scholarity Biodiversity; Skin senses  Mobile phones;
201 2;; ' ture in Tide class Temperature; (touch and Temperature sen-
Pools (26 children) sense of sor;
temperature)
cs3 Somatic Teacher-researcher; Vision;

. Senses, 6" year of scholarity . Touch and Thermometer; Tem-
(Nogueira, Temperature; )
2012) Temperature class sense of perature sensor;

and Heat (21 children) temperature
Environmental Teacher-researcher; Sound level; Sound level sensor;
CS4 2" year of scholarity . ' Vision; Audi- . ’
sounds and Cardiac o . Cardiac rhythm
(Nunes, 2012) emotions class thvthm tion; Touch; sensor
(25 children) Y
Photosynthe- Teacher-researcher;
CS5 ) y Science Club (15 ~ Vision; Carbon dioxide
< sis and Carbon . . " Carbon Cycle; : .
(Ledo, 2011) children in the 6" year Skin senses;  sensor
Cycle .
of scholarity)
N Teacher-researcher; )
CS6 (Moreira, Microbiology 6" year of scholarity Microbes and _— . Optical microscope;
and Food the conserva-  Vision; smell; .
2011) ) class ) Mobile phones
Conservation . tion of food
(22 children)
Participants

The 6 exploratory case studies were implemented in 6 Portuguese elementary schools
(one case in each school). A total of 6 teachers and 124 children participated in the case studies
(see Table 1). In each case study, the learning activities were developed with a group of children
and the mediation of a teacher, which was also the researcher responsible for that case study
(see Table 1).

Data collection

The learning activities’ data of each case study were collected by each teacher-research-
er, using participant observation. Researcher’s annotations, photos, audio recordings as well as
the drawings, tables, graphs and texts produced by children and sensors were the ways used to
record observation data to be analyzed by each researcher. In the case studies, word tables (Yin,
2003) and multimodal narratives (Lopes et al., 2010) were used to organize and present data.

Data analysis

The cross-analysis of the 6 case studies was performed using the following guiding ques-
tions (see Table 1):
(a) How do students use senses, sensors and how do they articulate them?
(b) Along the joint use of human senses and electronic sensors, which aspects of scaf-
folding should be considered in order to develop children’s abstract thinking?
(c) Which epistemic practices do students develop when using the sensors together with
senses?
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Results of the Research

The six case studies (Table 2) were analyzed, using the framework in its brief formula-
tion (Table 1) and the guiding questions presented in the previous section. Some of the most
meaningful illustrations of each dimension in the set of case studies are presented in this sec-
tion.

Children’s Use of Senses, Sensors and How they Articulate Them

In the case studies, children used the sensors in a sensory active way. The children used
their senses to:

(a) Search for the more adequate conditions, such as magnification, location, point of
view, and position, to use the sensor (see table 3).

(b) Compare their sensory assessments with the data acquired by the sensors (see table
4).

Table 3. Examples of the searching for the more adequate conditions to use a
sensor.

Case Study Examples of the searching for the more adequate conditions to use a sensor

CS1 After the sensory observation of a sample of pond water, children were asked about the pres-
ence of microorganisms in that water. They suggested the use of the digital microscope and
they used it, as well as the binocular loupe and the optical microscope, to find out the answer
to the problem question. Children compared what they were able to see with and without the
loupe and the microscopes, making observations with different magnifications (see the image
below that shows the drawings made by a child, representing what s/he observed).

Aneuacho: . Amruacho: I Asaruacho: . Asaruacho:

Objetiva - Objetiva - ' Objetiva - 7 Objetiva -
Ocular - Ocular - 7 Ocular - Ocular -
2 X X| ¥Yxfo=4dx _x_-_x ___:__;___x
Lupa binocular | Lupa binocular |
Translation:

Ampliagéo — Magnification;
Objetiva — Objecctive lens:
Ocular — Ocular lens;

Lupa binocular — Binocular loup;
MOC - Optical Microscope

CS2 Due to unexpected external interventions, the classroom water temperature monitoring experi-
ment had to be repeated, since the position of the temperature sensor was changed. Fol-
lowing their planning decisions, children used their senses to monitor the controlled variable
(position of the sensor), detected the change of the sensor position, and replaced and fixed
the temperature sensor at the planned position.

CS4 In order to record environmental sounds of a Park, children used hearing to choose the loca-
tion to place the netbooks they used to record the sounds. They call for each others saying

(Come here, we can hear the birds; Go there to record the river sounds)
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CS6 In this case study, children were already aware to the fact that “We can only see microorgan- 105
isms with a microscope”. They used the optical microscope to observe bacteria from the milk
that they had kept in the closet for a week (see the image below that shows the drawings
made by two groups of children, representing what they observed, using the bigger amplifica-
tion available - 400x).

Translation:
Preparacéo das bactérias extraidas do leite — Microscopic preparation of milk bactéria;

Table 4. Examples of the of comparisons between sensory assessments and the
sensors’ data.

Case Study Examples of comparisons between sensory assessments and the sensors’ data

The data collected in the classroom water temperature monitoring experiment were related
CS2 and applied by children in the interpretation of their everyday sensory experiments, namely in
what concerns their perceptions of air and water temperatures.

Children, working in groups, were invited to make predictions (every 5 minutes in a period of

CS3 20 minutes) of the temperature of the water in a container. The initial water temperature was
40 ° C. After each prediction, children measure the temperature with a sensor. They improved
their predictions, guided by the temperature data measured by the sensor (see the table
below).

Temperature of the water in the container

Predicted temperature (°C) Measured tem-

Time/minutes perature (°C)

Group A Group B Group C
0 minutes 60°C 50°C 40°C 38,5°C
5 minutes 30°C 30°C 35°C 36°C
10 minutes 255°C 30°C 26°C 34°C
15 minutes 31,5°C 32°C 29°C 32°C
20 minutes 30°C 30°C 30°C 31°C

Microscopes were used to observe microorganisms after the sensory observation of pond
water (CS1) and of a sample of milk that was kept inside a closet for a week (CS6). This way,
children were able to sense and observe the unobservable (see Table 3).

In the use of senses and sensors, children could produce and observe recordings of multi-
sensory observations and multiple representations of data acquired by sensors (such as images,
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tables and graphs). Mobile phones and digital cameras (CS2; CS6) were used by children to
photograph a tide pools ecosystem and to photograph everyday situations at their homes related
to the topic Microbes and Conservation of Food (see Figure 1).

b)

Figure 1. Children’s photographs of a tide pools ecosystem and of a rotten on-
ion.

In order to familiarize children with specific natural objects and phenomena, the sensory
observation and the production of multiple representations of the manifestations of such objects
and phenomena were used in several circumstances. For instance, by: (a) observing microbes in
diverse photos and contexts (CS1; CS6); (b) sensing, with their hands, the temperature of water
in varied controlled circumstances (CS3); listening multiple sounds and feeling (touch) other
environmental vibrations (CS4); observing multiple experiments related to the production of
carbon dioxide in a sensory active way (CS5).

The digital photos (CS2; CS6) and the children’s drawings of the microscopic observa-
tions (see CS1; CS6), as well as the graphics produced automatically by the other electronic
sensors, with the data acquired during children’s activities, were used as bridges between the
more abstract variables and the sensory experiences of children. The photos were classified to
study biodiversity (CS1; CS2) and zonation (CS2) concepts, and also the food conservation
topic and its relation to microbes and hygiene (CS6). The graphics were explored by children
with the support of teachers, looking for the variation of dependent variables as a function of
independent variables (CS2; CS3; CS5). For instance, in CS4, children used the sense of touch
to monitor their own cardiac rhythm and to understand such variable. They noticed the dif-
ferent cardiac rhythm of the different students. A child stated that “X said that when she gets
frightened her heart beats stronger”. They proceed, discussing the relations between emotions
and cardiac rhythm. Afterwards, the children were able to use the cardiac rhythm sensor and
to interpret the graphics it produced automatically with the data acquired. Children were able
to notice the variations of the sensed cardiac rthythm and to relate them with the emotions pro-
voked by diverse sounds (CS4).

This way, when analysing the more abstract data acquired by the sensors, as for instance
cardiac thythm (CS4, as described in the previous paragraph), and temperature (see CS2 and
CS3 in Table 3), the previous and related children’s multisensory experiences scaffolds the
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interpretation of such data, by bridging concreteness and abstraction.

Scaffolding in Teachers-Children-Sensors Interactions

The topics addressed in all the case studies are complex (see Table 2). Considering the
age of the participant children, those topics could only be learned using teacher scaffold. More-
over, in all the case studies teachers promoted class discussions in order to create a shared
repertoire about: the problem/questions to be investigated; the planning of the experiments;
the formulation of hypotheses; the interpretation of what happened in the experiments; and the
generation of new questions.

None of the case studies used initial activities to discuss the cases’ general problem/
questions. However, several of the initial activities assessed the children’s previous ideas about
the topic and may have worked as advanced organizers that subsume the general problem/
questions. In CS2, the teacher-researcher promoted a dialogue, asking children about their
previous knowledge and experiences in what concerns the local tide pools ecosystem. The
teacher-researcher of CS1 used an oral questionnaire, answered by children in a class debate,
to make explicit the children’s previous ideas about the topics Biodiversity and Living Being.
The questionnaire included questions such as: (a) “Give examples of living beings that you
know?”; (a) “Where did you those living beings?”; (¢) “Do you know all the living beings of
the world?”. The children were then asked to draw illustrations of living beings. The teacher-
researcher of CS3 used a written questionnaire to asses the ideas of children in what concerns
thermal equilibrium. The teachers-researchers of CS5 and CS6 also used oral questionnaires
that were implemented using focus group techniques to understand what children already knew
about photosynthesis and the carbon cycle (CS5) and about the microbes and their relations to
food conservation (CS6).

Furthermore, at the beginning of some of the experimental situations, the teachers-
researchers promoted the discussion of the specific problem/questions. Examples of such
problem/questions are: “Are there living beings in this pond water?” (CS1); “How does the
temperature of the water vary during the day in our classroom?” (CS2); “How would the car-
bon dioxide concentration in the air of a closed environment that contains a plant vary with
luminosity?”’(CS6). In CS2, children have made predictions and have justified their predictions
by making explicit the involved cause-effect relations (11 of the 23 children stated that the
water temperature would vary, due to the influence of the sun). Both in CS1 and CS2, children
identified the procedures needed to verify their predictions. On the other hand, in CSS5 children
have made predictions, but the involved cause-effect relations were only identified after the
experiment, in the interpretation phase (see Table 5).

The experiment plans, as tools to make scientific strategies explicit and visible, were
only used in CS2. However, teachers-researchers used observation tables and charts that asked
children to record, information acquired by senses and sensors, using multiple formats and
separating observations from interpretation and estimative.

In CS2, the groups of children, after a class discussion about the experiment with the
mediation of the teacher, were able to fill the experiment plan form, identifying the specific
problem/question, the variables to change, to monitor, and to maintain, the procedures, and the
needed resources. On the other hand, teachers-researchers used observation tables and charts
that asked children to record, information acquired by senses and sensors, using multiple for-
mats and separating observations from interpretation and estimative (see Table 5).
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108| Table 5. Examples of the use of observation and interpretation forms

Case Study

Observation and Interpretation Forms

Results

CS1

Observation tables that asked children
to draw microorganisms and cells of
macro-organisms observed with diverse
magnifications with the optical and digital
microscope (see image in Table 3)

From the first to the fourth activity, children improved
their observations and drawings. At the first activity,
many of the drawings made by children didn’t repre-
sent accurately what was observed. These problems
disappeared gradually with the training and practice
offered by the fourth activities.

CS2

During the classroom water temperature
monitoring experiment, children were
asked to register the temperature data
acquired by the temperature sensor and to
draw graphics based on those data values.

Children, working in groups, were able to register, at
pre-defined times, the water temperatures sensed
by the sensor and to draw graphics, based on those
data. However, only some of the children’s graphics
were significantly similar to the ones automatically
produced by the sensors.

CS3

Children were invited to fill a table with 3
columns: time; prediction of water tempera-
ture; measured temperature.

Children were able to fill the table with their predic-
tions and with the thermometer data. At the final
phase of the experiment, their predictions were
improved (see Table 4).

CS5

In the experiment to study how the carbon
dioxide concentration in the air of a closed
environment that contains a plant vary with
luminosity, the report form that children
were asked to fill separate and identify the
questions regarding predictions, data col-
lection, data analysis, and data interpreta-
tion

The majority of children were able to predict that the
carbon dioxide concentration will decrease with the
presence of light and increase without light.

In the interpretation, they were also able to relate
the diminishing of carbon dioxide concentration with
the photosynthesis. However, children’s answers

to data analysis and data interpretation questions
showed that they didn’t completely understand how

photosynthesis is related with respiration.

As described in Table 5, although in an exploratory way and in different depths (given the
different ages of children and the heterogeneity of the case studies), the use of those observation
and interpretation forms in the mentioned activities contributed to familiarize children with: (a)
environmental variables and their units (since children performed multiple tasks that included
sensory observations, measurements using sensors, creation of different registers — filling tables
and drawing graphics — analysis and interpretations of such registers); (b) different procedures
and methods of science inquiry, such as prediction, observation and interpretation.

In two of the case studies (CS2; CS5), the teachers-researchers scaffolded children’s
interpretation of complex graphics (automatically produced with the use of sensors and repre-
senting the variation of environmental variables in a continuous way). To scaffold such inter-
pretation, teachers mapped parts of the graphics with children’s actions and sensory informa-
tion, creating concrete annotations that identified: (a) Parts of the graphic with hours of the day.
These annotations scaffold interpretation, since the X axis’ units were seconds; (b) Actions
during the experiment, such as the exhalation over the carbon dioxide sensor or the opening of
the window. These annotated graphics make it simpler to understand the diminishing of carbon
dioxide concentration when the window was opened, using concreteness fading and making
it possible to understand what happened while overcoming the abstraction of carbon dioxide
concentration units, for instance.
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Figure 2. Examples of graphics automatically produced with the data acquired
by the sensors and annotated to scaffold children in the interpretation
tasks in CS2 (a) and CS5 (b).

Translation: a) Squared annotations — time in seconds transformed to hours, minutes and seconds;
oval annotations — measurement’s hour of the day (/nicio da medi¢do — beginning of the measurements;
Fim da medi¢do — End of the measurements); b) annotations from left to right: student exhalation over the
sensor; carbonization of a match; student exhalation over the sensor; Opening of doors and windows.

Concreteness fading can also scaffold the development of abstract thinking. In CS1, the
digital microscope made it possible for children to control the continuous magnification of the
organisms in observation. This way, children could proceed from the concrete observation of
reality (vision without tools), increasing magnification in a continuous way, and thus fading
concreteness towards the microscopic world (unobservable and consequently more abstract).
Children’s drawing showed that they could bridge these two worlds. In CS2, in order to study
the abstract concept of zonation, learning activities started with the in-situ tide pools sensory
exploration (using vision, hearing, smell and touch). Subsequently, and appealing for children’s
sensory memories and registers (digital photos and sounds), learning activities proceed with
the exploration of a virtual tide pool and the construction of two and three dimensional models
of that ecosystem, where children were able to represent zonation. In the same way, the use of
digital cameras by children, to produce sensory registers of everyday phenomena, scaffolded
the learning of the complex concepts of microbes, food conservation and hygiene (CS6).

In the study of temperature (CS3), the sensory exploration of water temperature and the
juxtaposition of the children’s estimations with the quantitative measurement of temperature
made it possible for children to make sense of the temperature sensor’s graphics that hold in-
creased complexity and abstraction. Likewise, in CS4 and CS5, children’s understanding of the
measurements displayed by the cardiac rhythm sensor, the sound level sensor and the carbon
dioxide sensor was rooted on their sensory experiences and actions.

Epistemic Practices as Indicators of the Development of Abstract Thinking

Considering the exposed in the preceding sections, it is possible to state that in the case
studies, children performed numerous and significant epistemic practices while using senses
and sensors to explore complex environmental phenomena. The use of sensors as extensions of
senses, and the use of senses to scaffold the use of sensors (affording abstract learning), sup-
ported children in autonomous sense making operations, such as the ones explained in Table
6.
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110| Table 6. Examples of observed epistemic practices

Examples of Epistemic
Practices

Explanation

Examples of evidences

Observing/sensing:

The children, with teacher
mediation, focus their atten-
tion on specific objects or
phenomena with or without

Observing/sensing the sensorially observ-
able, such as macro-organisms (CS1; CS2),
temperature changes (CS3), sounds (CS4)

, cardiac rhythm (CS4), food appearance
(using vision and smell) (CS6), as well as the
sensorially unobservable, such as microor-

See images of Table 3: Those
drawings confirm that children have
observed microorganisms in an
adequate way.

See Figure 1: The children’s photos

Sensors ganisms (CS1; CS6) or carbon dioxide inthe  confirm the adequacy of the obser-
atmosphere (CS5), using sensors as exten- vations.
sions of senses;
» Describing environmental situations, based
Describing:

The children, with teacher
mediation, collect and

use acquired information

to characterize , (through
registers, reports, drawings,
etc.) objects or phenomena;

on information acquired by senses but also
by the sensors. Those sensors recorded the
sensory information (e.g. digital photos and
sounds acquired by mobile phones) (CS2;
CS6) quantified and produced numeric and
graphical representations (in a discrete

or continuous way) of variables such as
temperature (CS2; CS3), carbon dioxide
concentration (CS5), sound level and cardiac
rhythm (CS4).

For instance, in CS3, a child de-
scribed a table with 3 columns (time;
prediction of water temperature;
measured temperature): “In the first
prediction, my value was superior
[to the measured one], but in the
following predictions, | noticed that
the measured temperature rised 2°C
from 5 to 5 minutes...”

Interpreting the recorded
data and information: The
children, with teacher me-
diation, explain the meaning
of objects, or phenomena
based in their previous
descriptions;

Examples of such practices are: organizing
and classifying digital photos (CS2; CS6),
reading discrete values and continuous
graphics produced by sensors (CS2; CS3;
CS4; CS5), interpreting graphics, tables,
drawings and other recordings produced by
themselves, while relating the variation of
dependent variables to the variation of inde-
pendent variables (CS2; CS3; CS4; CS5).
These epistemic practices were scaffolded by
observation tools, such as experiment report
forms (CS1; CS2; CS4; CS5; CS6) and by the
mapping/bridging of abstract representations
with children’s sensory experiences (CS2;
CS5).

A child (CS4) described the graphic
produced with the cardiac rhythm
sensor (cardiac rhythm vs time),
used by another child while hearing
different music: “During the first mu-
sic [the lines] are all up. During the
second music, are all up and down.
And during the Shakira song are all
up. It overcame 100 once” (CS4).
Finally, s/he expressed the following
statement: “She liked more the first
and third music”.

Controlling variables: The
children, with teacher
mediation, implement the
planned procedures to
maintain control variables,
change independent vari-
ables and monitor depend-
ent variables

Controlling variables, such as seeing the
same organism with different magnifications
(CS1), choosing the local in the classroom

to place the goblet with water to monitor the
temperature in 24h (CS2), measuring the
temperature of a glass of water at different
depths (CS3), monitoring the sound level
while augmenting the distance from the sound
source (CS4), monitoring carbon dioxide
concentration in the air of a closed environ-
ment that contains a plant while changing the
light conditions (CS5).

In CS3, the groups of children
measured the temperature of the
water in a glass (see illustration
below), placing the thermometer
immediately below the surface and
at the bottom.

See Table 3 for other examples of
situations in which variables were
controlled by children.

ISSN 1822-7864



Maria Jodo SILVA, Joaquim BERNARDINO LOPES, Antonio Alberto SILVA. Using Senses and Sensors in the Environment to Develop
Abstract Thinking — a Theoretical and Instrumental Framework

PROBLEMS
OF EDUCATION

IN THE 21 CENTURY
Volume 53, 2013

Creating multiple repre-
sentations: The children,
with teacher mediation,
create pictorial and symbolic
representations of objects or
phenomena

Creating multiple representations, such

as drawings (CS1; CS2; CS5; CS6), three
dimensional models (CS2), tables (CS2; CS3;
CS4), graphics (CS 2; CS3; CS4), diagrams
(CS1; CS5) and small texts (CS3; CS5).
Those representations are a result of the use
of sensors and are part of the sense making
process. Such creation affords reflection and
scaffolds modelling the relations between
variables.

111
See Tables 3 and 4 for examples of
pictorial and symbolic representa-
tions created by children.

Modelling: The children, with
teacher mediation, create
conceptual representations
of objects, or phenom-

ena, using a given kind of
language.

Children, with the mediation of teachers, were
able to create very simple models such as
constructing a conceptual model of a living
being (CS1), relating and representing differ-
ent species to different zones of the seashore
(CS2). However, in the other case studies
only occurred the first phase of conceptual
modelling that is the recognition and estab-
lishment of relations between variables and
concepts, such as: conceiving the sensation
of temperature as the gain or loss of heat
(CS3); relating cardiac rhythm to emotions
(CS4), relating photosynthesis, carbon diox-
ide and the carbon cycle (CS5), and relating
microbes to food conservation (CS6).

In CS2, children were able to com-
plete meaningfully 2 (see illustration
below) and 3 dimensional models of
a tide pool zonation.

In CS3, some of the children said
that the hands are not an accurate
way of perceiving temperature. They
explained that when they put in the
tepid water the hand that was in the
hot water it lost heat. And that when
they put in the tepid water the hand
that was in the cold water it gained
heat. And that was why the sensa-
tion of temperature was different in
each hand.

It is noteworthy that the experiment planning practices (identify and select the conditions
in which the phenomena will occur), such as selecting variables and the planning of procedures
were only developed by children in CS2. In the other case studies, those planning practices
were developed by the teachers-researchers. In the classroom water temperature monitoring
experiment (CS2), the children, with the mediation of the teacher, were able to identify the spe-
cific variables that will change (sun radiation and time), the variables to monitor (temperature),
and to maintain (the goblet, the water volume, and the position of the temperature sensor). They
were also able to identify and the resources and procedures to be used (see Figure 3). In CS2,
as in the other case studies, children were able to implement procedures with the mediation of

the teacher.
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Legend (translation): 1% excerpt — what we need - 1 plastic container; tap water; computer;
temperature sensor; 2™ excerpt — what we are going to do.

Figure 3. Excerpts of a filled experiment plan form (CS2).

Discussion

In the analyzed case studies, children from the 2™ to the 6™ year of scholarity used di-
verse sensors to collect environmental data, such as temperature, carbon dioxide concentration
and sound level. Moreover they used sensors (such as mobile phones, netbooks, and digital
cameras) to produce photos and to record sounds, and they also used a digital microscope to
observe living beings, travelling along different semiotic registers (from a macroworld to a
microworld). Those uses of sensors took place in the context of meaningful environmental edu-
cation inquiry activities aiming at solving diverse problems, which confirmed the affordances
presented by Le Boniec and colleagues (2012).

Children used the sensors in a heterogeneous way. Although all the children implement-
ed with efficacy the procedures necessary to the correct use of sensors, some children showed
more difficulties than others, for instance in: relating the acquired data with associated con-
cepts, namely linking different semiotic registers as macro and micro point of views when using
microscopes; and in interpreting some abstract graphics produced with the data acquired by
sensors. This kind of difficulties is reported by diverse authors as stated in Reiser (2004).

Human senses, such as vision, hearing, touch, and sense of temperature, scaffolded the
use of sensors and the tasks of making sense of such uses. Children senses were used to adjust
the placement, position, and other conditions in the use of sensors. Furthermore, according
to Reiser (2004), children’s actions and sensory experiences were successfully used as a con-
crete basis to more abstract learning activities (using sensors and making sense of the acquired
data).

To scaffold the joint use of senses and sensors, teachers applied a set of specific strate-
gies. In order to engage children in authentic activities, teachers tried to ensure the appropria-
tion by children of the diverse dimensions of the specific inquiry activities (Quintana et al.,
2004). In the analyzed case studies, teachers promoted in-depth class discussions to create a
shared repertoire about problems/questions, what to do, what happened... The development of
experiment plans with the children was only implemented in one case study, but it showed to be
a useful strategy in supporting children in the development of inquiry tasks, which is consistent
with the stated by Martins et al. (2007), and in transferring responsibility to students (Van de
Pol et al., 2010).

In addition, the observation forms that called for the creation of recordings using multi-
ple representations of senses and sensors data (while separating observations from interpreta-
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tion and estimative) showed to be useful in scaffolding the sense making of phenomena and
their representations that other way would be too complex to be addressed by children of those
ages (Quintana et al., 2004; Reiser, 2004).

Concreteness fading (Goldstone, & Son, 2005) was another strategy used by teachers
to scaffold abstract learning. For instance, teachers created bridges from the concrete sensorial
experiences and from children’s point of view to more abstract point of views (with the digital
microscope) and to more abstract representations (graphics with sensors data annotated with
sensorial experiences). These strategies reduced the complexity of the tasks and improved ab-
stract learning (Norman, 1991; Quintana et al., 2004; Reiser, 2004; Rogers, et al., 2010).

Our results show that the joint use of sensors and senses, mediated by teachers, scaf-
folded children in: (a) focusing their attention on pertinent aspects of objects or phenomena; (b)
giving actual opportunities to collect and use information to characterize what had been previ-
ously observed; (c) searching for regularities and patterns; (d) triggering the use of multiple
representation of objects and phenomena. Thus, the sensors can be used to improve, directly,
some epistemic practices, namely, observing, describing, controlling variables, and multiple
representations. If it is noted that the observation (to focus the attention) and the description
(to collect and use information to characterize) are the first steps of the abstraction pathway in
inquiry practices, it is understandable why our results show an improvement of interpreting
epistemic practice. In fact, the interpretation is the first phase of the abstraction pathway , in
which students attempt to give meaning to what had been described. Based on the results, it is
possible to conjecture that observation and description are very important steps for that. Also, it
was found that the sensors have an important role in controlling variables and in multiple repre-
sentations. However, its influence on modelling epistemic practice is moderate. In fact, model-
ling is a complex task that requires knowledge and skills that need time to be developed (Lopes,
2011). In synthesis, the used strategies and resources created conditions for having some rel-
evant epistemic practices that allow the development of abstract learning, even if at the ages of
the participant children (from seven to twelve) abstract thinking is not yet fully developed.

The above discussion about the results of the use of the “framework to inform the design
and the assessment of the use of senses and sensors to develop abstract thinking” allows the
authors to present it in a more specific and grounded formulation (Table 7).
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114| Table 7. Framework to inform the design and the assessment of the use of sens-
es and sensors to develop abstract thinking.

Dimensions

Rational

Sub-dimensions

Rational

1. Children’s
use of sensors

The sensors are extensions
of human senses.

They offer multiple envi-
ronmental experiences to
children, scaffolding the
interpretation of abstract
data and of multiple repre-
sentations.

Sensors help children to fo-
cus on the relevant aspects
of a phenomenon, support-
ing them in autonomous
sense making operations.
Addressing a specific
environmental phenomenon
requires the selection of an
adequate set of sensors.

1.1 Children’s aware-
ness about the diverse
sensors and their func-
tions;

The current and widespread diversity
of sensors offers opportunities and
means for children to explore multiple
environmental information

1.2 Looking for effective
uses of sensors;

The use of each sensor calls for a
search for adequate use conditions,
such as magnification, location, point
of view, position and operation;

1.3 Children’s aware-
ness about environmen-
tal information obtained
by sensors (Le Boniec,
Gras-Velazquez & Joyce
2012);

The use of sensors add new meanings
to children’s sensory observation

of the properties of natural objects

and phenomena, contributing to an
enhanced (more informed) use of
human senses. Sensors scaffolds
children in focusing in key aspects of
environment.

1.4 Production of envi-
ronmental information
recordings;

Sensors can be used to produce
multiple environmental information
recordings, such as photos, recorded
sounds and videos. Graphics can be
automatically produced by sensors
that are linked to data loggers.

1.5 Search for informa-
tion obtained only by
Sensors;

Using sensors, children can under-
stand and compare what it is possible
to sense with sensors and with human
senses;
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The human senses offer

a concrete basis to make
sense of sensors’ data,
since children use senses
to explore environmental
objects and phenomena.
In particular, the senses
(and multisensory informa-
tion) can be used by chil-
dren to explore and control
the adequate conditions to
use Sensors.

2. Children’s
use of senses,
and sensorial
information

2.1 Control of sense data
(Reiser, 2004);

Children can control the use of their 115

senses (vision, hearing, smell, touch,
sense of temperature...) as well as
the data to be acquired, by searching
for the more adequate use conditions,
such as location, point of view, and
point of hearing...;

2.2 Familiarization with
natural phenomena,
enhancing concreteness
(Reiser, 2004);

Sensory observation, in several cir-
cumstances, familiarize children with
the properties of natural objects and
phenomena, building concrete experi-
ences that can constitute a basis to
make sense of sensors’ data

Teacher mediation can
contribute to improve the
understanding of science
inquiry steps, of data pat-
terns and relations, and of
the mapping between tool's
representations, what they
represent and children’s
point of view.

Teachers can gradually
transfer responsibility to
children, while supporting
them in the identifica-

tion and selection of the
conditions in which the
phenomena should occur,
such as selection of the
independent and depend-
ent variables and planning
of procedures

3. Scaffolding
in Teachers-
Children-Sen-
sors Interac-
tions

2.3 Search for consist-
ent information (Reiser,
2004);

3.1 Discussing what

to do, what happened,
why happened, what will
happen...

Comparisons between sensory
assessments and the sensors’ data
scaffold children at enhancing the use
of senses and sensors.

Teacher mediation can promote the
creation of a shared repertoire, in
what concerns: the problem/questions
to be investigated; the planning of

the experiments; the formulation of
hypotheses; the interpretation of what
happened in the experiments; and the
generation of new questions.

3.2 Making scientific
strategies visible (Quin-
tana et al., 2004):

Tools such as experiment plans,
observation tables and charts can help
students to be aware of the need to
separate observations from interpre-
tation and estimative. They require
records of senses and sensors in
multiple formats and should separate
observations from interpretation or
predictions..

Teachers can scaffold the use of those
tables and charts to improve children’s
understanding of data patterns and of
relations between variables.

3.3 Mapping/Bridging
representations, includ-
ing concreteness fading
(Goldstone, & Son,
2005)

Teachers can proceed from concrete
sensory observation of reality and
fading concreteness towards more
abstract representations.

3.4 Using descriptions
of complex concepts/
phenomena that build on
authentic and sensory
experiences Quintana et
al., 2004)

Teachers can scaffold the interpre-
tation of complex representations
through the mapping of parts of com-
plex representations with children’s
actions and sensory information, using
concrete annotations that overcome
abstraction.
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Evidences of the use in 4.1 Observing/sensing Use of senses and sensors can
practices which need ab- 4.2 Describing; enhance observation and description,
T stract thinking, as a result 4.3 Interpreting; facilitating deeper interpretations. Sen-
4. Epistemic L . . . . ;
ractices of the joint use of senses 4.4 Controlling variables;  sors can constitute an instrumental
P and sensors and as indica- 4.5 Creating multiple basis to control variables and to create
tors of the development of representations; multiple representations, fostering the
abstract thinking 4.6 Modelling. more complex modelling practices.

As stated before, the four dimensions of the framework are articulated. The two first
dimensions, together, allow the analysis of how children use senses and sensors, and how they
articulate them to improve the understanding of the phenomena. They also give to teachers
insights about how to introduce senses and sensors in learning activities. The third dimension
should be viewed as the necessary teacher effort for an effective use of senses and sensors, con-
tributing to the development of abstract thinking. The dimension about epistemic practices al-
lows teachers and researchers to know if, how and why abstract thinking has been developed.

Conclusions

The research presented in this paper addressed the potential of the joint use of senses and
sensors to improve the development of abstract thinking in the context of hands-on authentic
inquiry activities. The review of the literature and of the previous work was the base to propose
a brief formulation of the framework. Using 3 guiding questions and this framework, a cross-
analysis of 6 case studies was used to illustrate the usability of the framework, as well as to
explain how each dimension works and how the articulation among them can take place.

The results of the cross-analysis allow the following highlights:

(a) Children used senses, such as vision, hearing, touch, and sense of temperature, to
explore diverse environmental objects/phenomena and variables, as living beings, water tem-
perature, sounds, and cardiac rthythm. Those senses were also used by children to explore and
control the adequate conditions to use sensors. The joint use of senses and sensors made it pos-
sible to observe what is unobservable to human senses, such as microbes and carbon dioxide
concentration in the air. It also made possible to produce recordings of several type (photos
and sound recordings graphics of data acquired by senses and automatically created). Sensors
were used as extensions of human senses and senses offered a concrete basis to make sense of
sensors’ data.

(b) The teachers-researchers used a series of strategies to scaffold children in the use of
senses and sensors to develop children’s abstract thinking, such as: 1) Making scientific strate-
gies visible, to ensure that children made sense of the diverse dimensions of the specific inquiry
activities. Experiment plans and observation tables and charts that separate observations from
interpretation and estimative were important tools in this context; ii) Mapping/bridging repre-
sentations, namely through the use of concreteness fading, linked for example more abstract
sensors’ data graphics with children’s actions and everyday sensorial experiences;

(c) By using senses and sensors in the context of environmental education with authentic
activities, children developed epistemic practices such as observing, describing, interpreting,
controlling variables, and creating multiple representations. Modelling was the less observed
epistemic practice, which seems to point to the need for an emphasis and improvement of
teacher mediation in relation to this dimension.

The above statements show that the proposed framework, now in a more specific and
grounded formulation, as a result of the cross-analysis, can be used to inform the design of
learning activities that use senses and sensors to develop abstract thinking, and to assess how
abstract thinking was actually developed in those learning activities.

This framework will be used in the SOS Abstract research project to guide the design and
the analysis of future case studies, in order to continue and to improve the theorization process.
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Since developing abstract thinking is not an easy task, it is possible that more aspects will be
considered in the next phase of the theorization process. This framework will be also used in
teachers training and in teachers’ professional development.
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