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To the children of the world.






Many objects are obscure to us not because our perceptions are poor, but

simply because these objects are outside of the realm of our conceptions.

Kosma Prutkov

Preface

Motivation for this study came from my own experience while learning physics
during the master’s course. In general, in the subjects that we were taught, use
of graphs was peripheral. But as I became exposed to aspects of doing research in
physics, graphs seemed to be omnipresent. Most experimental data could be and
was often summarised by graphs, and the rest of the paper tried to explain or under-
stand the meaning that one can derive from the graphs. As is often the case with
physics research, the researchers compare experimental data to those predicted
through theoretical models. The theoretical models offer equations depicting a
given phenomenon and often an accompanying graph visualises the equation in
two-dimensional space. Indeed this is an act of translation wherein the equation
is in algebraic form, while the graph is in geometric form. During a class, we were
told to plot the graph of In(x) vs x. None of us could draw the graph. What could
be wrong? Perhaps, we never had opportunities to explore the graphical domain

meaningfully.

Another experience in this regard came in when I was asked to explain the
electronic energy levels (Figure 1) in an interview. I was confident that I had un-
derstood the concept and was explaining how the levels on the graph correspond
to the energy levels of the electrons. Then a panellist on the interview asked me,
“the energy is on the Y-axis of the graph, but can you tell us what is on the X-axis?”
I was totally blank. I thought I had grasped the concept well, till this question was
asked. I had never thought about this, though I had seen and drawn this graph
many times. These experiences left a deep impact on me and made me consciously
and deliberately think and work through graphs and motivated me to take it up as

a topic of research.

Organization of the Thesis: The present work is about graphs and their use

in the context of science education. Graphs are a very powerful form of inscrip-
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Excited States
Energy

Ground State

Figure 1: A typical energy level diagram depicting the ground state and excited states. The
Y-axis depicts the energy, while X-axis is usually not labelled in most diagrams.

tion, which enables communication, visualisation and analysis of data. Education
researchers report that the ability to work with graphical representations is under-
developed among learners. Surprisingly, despite the centrality of graphical repres-
entations across different subjects, there has not been a comprehensive monograph
on graphs that identifies the current theme in science and mathematics education,
specifically keeping the Indian context in mind. We carried out an inquiry to assess
the use of graphs in NCERT textbooks for science, maths and other subjects. Based
on the analysis of this preliminary study, we first provide a critique of the short-
comings of the use of graphs in the textbooks, using various established criteria
commonly used by educational researchers, and then devise and test pedagogic
strategies to determine good practices for educating young learners about graphs.
We address this problem along two themes in our work: What is currently be-
ing done to enhance the ability to engage with graphs successfully? What kind
of experiences will provide the learners with the ability to use graphs to navigate
between experimental data and theory? These two overarching questions form the
basis of the two parts presented here. The body of the main thesis is presented in

two parts, followed by the Appendix.

Part 1: Graphicacy and Its Problems introduces the concept of graphicacy and
its importance. This part builds a case for graphicacy as a core skill and provides
the rationale for the present work. Chapter 1 discusses the importance of graphs in
science and science education, and defined the research problems for the current
work. Chapter 2 reports a critical review of literature for problems of compre-
hension and construction of graphs and various models of graph comprehension.
Chapter 3 reviews textbooks for graphical practices in the Indian context. We con-

clude the first part with problems of graphicacy and their possible solutions.
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Part 2: Learning Contexts presents our attempts at developing activities aimed
at addressing some of the concerns raised in the first part. The design of these
activities follows from the findings from the textbook analysis and their implica-
tion as understood from the literature. The activities developed from this frame-
work, their field testing and analysis are detailed (Chapter 4). Chapters 5, 6, and 7
provide the description and the analysis of the three field studies presented here.
The last chapter discusses the major outcomes of the work, with its limitations and

scope for future work (Chapter 8).

The three Appendices contain material pertaining to the current work, not in-
cluded in the main text. Appendix A provides the quantitative and qualitative data
from the textbook analysis. Appendix Bis a short history of the conceptual develop-
ment of the use of the graphical method in displaying quantitative data. Appendix
C contains the Student Handbook for the activities, as well as the Pre- and Post-

Test Questionnaires used in the study.
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Part 1

Graphicacy and its Problems






Alice was beginning to get very tired of sitting by her sister on the bank, and of having nothing
to do: once or twice she had peeped into the book her sister was reading, but it had no pictures or

conversations in it, and what is the use of a book, thought Alice, without pictures or conversations?

Lewis Carroll Alice’s Adventures In Wonderland

A Case For Graphicacy:
An Indispensable Skill For All Citizens

1.1 Situating graphicacy

The quote of Alice at the start of the chapter in a way captures the central theme
of the work in this thesis. This work is about pictures and conversations about
the pictures. Graphics of various kind permeate our world. By graphics here we
mean various forms of non-textual representations which include but are not lim-
ited to photographs, sketches, illustrations, diagrams, charts, plans, maps, graphs.
Both the popular and the academic media profusely use images to convey powerful
messages. It is even claimed that we live in a visual culture (Jenks, 1995; Mirzoeff,
1999). What are the reasons for graphics to hold so much power? Graphics can
be superior to a verbal description for solving problems as they can provide com-
putational advantages to the viewer (Larkin & Simon, 1987). Also, graphics can

communicate faster than text as Mason (2006) describes:



CHAPTER 1. A CASE FOR GRAPHICACY

Written text is linear. To gain control of its meanings you have to follow the order
of words from beginning to end. An image by contrast communicates “all at once'
as it were. You can start anywhere and as you gather information from one point
on the image you can cross over and pick up other lines of meaning. This is because
an image contains a vast amount of information in a compact space. An image does
not have to explain itself as it goes along as prose text has to (as you can see in the
text you are reading now). An image makes instantaneous claims on the eye and

the mind ? it draws both into its visually constructed internal logic. (p. 11)

The review by (Purchase, 2014) looks at the historical evolution of the work
and the current state of the field related to research on diagrams which is defined
as: “a diagram is taken to mean a composite set of marks (visual elements) on a
two- dimensional plane that, when taken together, represent a concept or object in
the mind of the viewer” (p. 59). This definition includes most of the categories of
graphics that we have considered here in the previous paragraph except perhaps

photographs.

John Tukey, one of the pioneers in developing new techniques for graphical
visualisations of data in the last century, summarised the uses of graphics as under
(Tukey, 1993):

1. Graphics are for the qualitative/descriptive - conceivably the semiquant-

itative never for the carefully quantitative (tables do that better).

2. Graphics are for comparison - comparison of one kind or another - not

for access to individual amounts.

3. Graphics are for impact - interocular impact if possible, swinging - finger
impact if that is the best one can do, or impact for the unexpected as a min-
imum - but almost never for something that has to be worked at hard to be

perceived.

4. Finally, graphics should report the results of careful data analysis -
rather than be an attempt to replace it. Exploration-to guide data analysis -
can make essential interim use of graphics, but unless we are describing the
exploration process rather than its results, the final graphic should build on

the data analysis rather than the reverse. (p. 2)

Bertin (2011) in his work on looking at graphics with a semiological perspective
enumerates three functions of graphic representations concerning memorability

and comprehensibility:

1. Recording information: creating a storage mechanism which avoids the
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effort of memorisation. The graphic utilised for this purpose must be com-

prehensive and may be non-memorisable in its totality.

2. Communicating information: creating a memorisable image which will
inscribe the information in the viewer's mind. The graphic used here must
be memorisable and may be non-comprehensive. The image should be a

simple one.

3. Processing information: furnishing the drawings which permit a simpli-
fication and its justification. The graphic should be memorisable (for com-

parisons) and comprehensive (for choices). (p. 14)

By doing so, Bertin is also putting forward a perspective of recording, communic-

ating and processing of information.

In today’s information-centric digital world, we live with graphics or images
across media types. In the ever-expanding multi-media culture we find popular
media, such as, television, newspapers, magazines, making use of graphics widely.
In the context of science, it is almost impossible to find a journal or a textbook on
science which does not have a variety of graphics. The graphics in popular media

are designed to be attention-grabbing (Mason, 2006):

The images of popular culture are created to grab attention and communicate in-
formation as quickly as possible, and they must be novel and entertaining at the
same time. ...They cannot ask the viewer to process too much information. The
result is that popular images tend to be eye-catching and easily understood but
without internal complexity. They ask for no more than a simple and superficial

understanding. (p. 11)

Mason says that we might intuitively learn to read these images through simple re-
petition, but the understanding might not be profound. Processing such graphical

information has become an essential element of our lives.

In our work, we look at a specific category of graphics: graphs. For the purpose
of this work graphs can be defined as two-dimensional representations which enable
us to display a relationship between two or more variables. We have a variety of
graphs that allow us to visualise data, for example, line graphs, scatter plots, bar
graphs, pie charts. In sciences, the line graphs are found to be particularly useful
to find patterns and trends. According to Anscombe (1973), graphs can have varied

functions such as:

(i) to let us perceive and appreciate some broad features of the data,
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(ii) to let us look behind those broad features and see what else is there

Graphs are a very significant form of pictures used in almost all fields. In case
of quantitative data, graphs epitomise the phrase “A picture is worth a thousand
words” A quote from Henry Hubbard in the introduction to W. C. Brinton’s
Graphic Presentation (Brinton, 1939), reflects this notion and importance of graphs

as a parsimonious and efficient means of communicating ideas very well.

There is a magic in graphs. The profile of a curve reveals in a flash a whole situation
- the life history of an epidemic, a panic, or an era of prosperity. The curve informs
the mind, awakens the imagination, convinces . . . Graphs are all inclusive. No fact
is too slight or too great to plot to a scale suited to the eye. Graphs may record the
path of an ion or the orbit of the sun, the rise of a civilization, or the acceleration of
a bullet, the climate of a century or the varying pressure of a heart beat, the growth
of a business, or the nerve reactions of a child . .. Graphs are dynamic, dramatic.
They may epitomize an epoch, each dot a fact, each slope an event, each curve a
history. Wherever there are data to record, inferences to draw, or facts to tell graphs

furnish the unrivalled means whose power we are just beginning to realize and to

apply. (p. 2)

Hubbard’s quote is from an era (c. 1939) when graphs had just begun to proliferate
the presentation of information in all spheres of communication. The optimism
expressed in the quote arises from the fact that the graphical method is indeed a
powerful and trans-disciplinary method able to display, communicate and analyse
data. Tufte (2001) claims that:

Graphics reveal data. Indeed graphics can be more precise and revealing than con-

ventional statistical computations. (emphasis in original, p.10)

The power of graphs in revealing the patterns in data can be seen in a famous ex-
ample by Anscombe (1973). Anscombe gives an example of discriminating power
of graphs on a set of similar data. In his example, the statistical parameters of the
data are same, but the graphical display shows how varied the data sets are. These
data sets, also known as Anscombe’s quatret (Figure 1.1), are exemplary in show-
ing the power of graphical display in finding out patterns and contrasting data sets
which are statistically similar. The result of regression analysis of these four data
sets gives us the same numbers for many parameters like means, regression coef-
ficients, the sum of squares. The example shows us the immense power of visual

display in distinguishing between data sets, finding patterns which are not visible
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Figure 1.1: The graphical representation of Anscombe’s quartet. The data sets in these four
graphs have same statistics like means, regression coefficients, the sum of squares from the
regression analysis. From Anscombe (1973) (p. 19-20).

by only statistical calculations. This example brings home the point that graphical
pattern reveals more than calculations. In the current era, graphs are an integral
part of the everyday and scientific discourse. Presence of graphs is ubiquitous in
both mass-media and scientific communication. Due to the ubiquitous nature of

graphs, the ability to interpret and create them is an indispensable skill for all.

The modality of reading graphs is different from that of reading texts. In our
everyday life, there is a complex interaction between our different abilities which
help us to make meaning of the information in the world around us and commu-
nicate with others. These are generic cognitive skills and do not pertain to any one
subject, though emphasis might be different for each subject. For each of the skill,
we have a name which tells us that the person can deal with: Literacy stands for be-
ing able to understand and communicate in verbal form while numeracy stands for
being able to understand and perform operations with numbers. These two notions
are well known and find their place in the present curricula. Apart from these two,
we have two more notions corresponding to the social and the visuospatial abilities,
which are not commonly used. The ability to perform social interaction has been
termed as articulacy derived from the already existing adjective ‘articulate’, but
the visuospatial ability did not have a name for a while. The visuospatial mode in-

cludes sketches, maps, diagrams, figures, graphs, photographs, graphic arts, plans,
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charts and others. This ability to understand and to be able to communicate in
terms of graphics or being graphically literate has been termed as graphicacy. As

Balchin & Coleman (1966) who coined the term have put:

Graphs, photographs, cartography, the graphic arts . .. The syllable ““graph” which
is common to all these names for visual aids can be used as a root to coin the word
““graphicate" by analogy with literate, numerate and articulate. . . . It (graphicacy)
is the communication of relationships that cannot be successfully communicated by
words or mathematical notation alone. . .. graphicacy spills over into literacy on the
one hand and numeracy on the other without being more than marginally absorbed
in either. It is inter-disciplinary without losing its own identity as a distinct medium

of communication. (p. 25)

In another article titled Graphicacy Balchin (1972), further elaborates on this topic:

In the choice of a word to denote the educated counterpart of visual-spatial ability
one must first ask the question what exactly does this form of communication in-
volve. It is fundamentally the communication of spatial information that cannot be
conveyed adequately by verbal or numerical means, e.g. the plan of a town, the pat-
tern of a drainage network or a picture of a distant place - in other words the whole
field of the graphic arts and much of geography cartography, computer-graphics,
photography, itself. All of these words contain the syllable **graph" which seemed
a logical stem for ““graphicacy" which was completed by analogy with literacy, nu-

meracy and articulacy. (p. 185)

Balchin primarily had the subject of geography education in mind when he coined
the word and the concept of graphicacy. However, the term was readily adapted for
other subjects, apart from the root of its origin. Aldrich & Sheppard (2000) define
graphicacy as:

the ability to understand and present information in the form of sketches, photo-
graphs, diagrams, maps, plans, charts, graphs and other non-textual, two-dimensional

formats. (p. 8)

After a definition of the term graphicacy, we now look at what does it mean to be

graphicate. Balchin & Coleman (1966) notes:

Graphs, photographs, cartography, the graphic arts . .. The syllable ““graph" which
is common to all these names for visual aids can be used as a root to coin the word

““graphicate" by analogy with literate, numerate and articulate. (p. 27)
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After a definition of the term graphicacy, we now look at what does it mean to
be graphicate. Balchin & Coleman (1966) notes: Further elaborating on this notion,
to be graphicate is to: (a) understand and describe the phenomenon behind the
graph, (b) construct a graph to describe a phenomenon, (c) interpret and construct
the meaning of various features and nuances of the graph, (d) extrapolate and in-
terpolate the data using the graph, (e) predict unknown quantities or situations
based on the graph, (f) make hypotheses and models describing the phenomenon,

and, (g) ask critical questions about the graph and the phenomenon it represents.

The review work by (Zacks, Levy, Tversky & Schiano, 2002) looks the graph
usage in academic as well as popular media in the years 1985-1994. They note
an increase in the graph usage in their survey is also reflected in parallel in the
manner in which software tools developed to produce graphics. They note in the
survey that in the time they studied the number of graphs per scientific journal
nearly doubled and most of the graphs they saw were simple depicting relationship

between two variables.

In contrast to the graphics in popular media, Mason (2006) elaborates that the
images in scientific textbooks require particular attention and background know-

ledge.

... the images in the book are not dedicated to grabbing attention and entertaining
the reader. The book assumes that the reader is already interested and will be giving
full attention to the subject. Scientific images are similar to popular images in that
they aim to communicate a specific idea or concept but they offer themselves as
vehicles for analytical thought and extended interpretation. Scientific images are
exceptionally rich in content because the concepts they carry are meaningful only
within the context of the network of scientific principles and procedures which have

brought the concept into being in the first place. (p. 12)

Thus the graphs are richer than the text and the way scientific graphics are
produced and consumed, at least in principle, differ in the popular and scientific
media. We encounter different types of graphics like photographs, illustrations,
graphs, paintings, sketches, maps, diagrams among others. Each of these types
has its potential and performs a set of functions. A particular graphic may perform
more than one function, and in some cases, it is almost impossible to achieve the
same result without the graphic. Processing information in the present society
which is full of technological artefacts is highly dependent on the reader’s ability
to comprehend graphs (Curcio, 1987).
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However, making sense of graphics, particularly those used in science, does
not happen spontaneously. For each of the types, we have mentioned there is a
way of understanding them, performing operations and also making them. This
skill of understanding graphics has to be taught explicitly. The term graphicacy,
coined by (Balchin & Coleman, 1966) carries this connotation - the skill to under-

stand graphics in general.

In our work, we focus on graphs which represent quantitative data that help
build models. Friel, Curcio & Bright (2001) use the term graph sense in a similar

spirit to concepts of number sense and symbol sense. They suggest that:

Graph sense develops gradually as a result of one's creating graphs and using already

designed graphs in a variety of problem contexts that require making sense of data.
(p. 145)

They further provide a list of behaviours associated with the idea of graph sense,

this list comprehensively covers many aspects of using a graph:

1. To recognize the components of graphs, the interrelationships among these
components, and the effect of these components on the presentation of in-

formation in graph.

2. To speak the language of specific graphs when reasoning about information
displayed in graphical form.

3. To understand the relationships among a table, a graph, and the data being

analyzed.

4. To respond to different levels of questions associated with graph comprehen-

sion or, more generally, to interpret information displayed in graphs.

5. To recognize when one graph is more useful than another on the basis of the

judgment tasks involved and the kind(s) of data being represented.

6. To be aware of one's relationship to the context of the graph, with the goal
of interpretation to make sense of what is presented by the data in the graph

and avoid personalization of the data. (p. 146)

In this section, we have seen how various authors have positioned graphs and
their uses in communicating ideas, finding patterns. We have also looked at the
definition of the term graphicacy and the notion of skills this definition conveys.
In the next section, we focus on the importance of graphs in the process of doing

science.

10
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1.2 Graphs in science

Graphs play a crucial role in the discourse of scientific practices. There is a ubiquit-
ous presence of graphs in all forms of scientific literature like journal papers, books,
presentations and posters. It is virtually impossible to find a scientific textbook or a
scientific journal without graphs and diagrams (Roth & Bowen, 2003). Among the
various graphical representations in the scientific practice, graphs are found to be
the dominant ones (Roth, Bowen & McGinn, 1999). Particularly in the case of sci-
ence, graphs serve as the tools for understanding and analysing the phenomenon
under investigation (Cleveland, 1984; Krohn, 1991; Larkin & Simon, 1987). The
graphical representations, in turn, inform and influence fact construction, theory
testing, and the intermediate process of theory formation (L. D. Smith, Best, Stubbs,
Johnston & Archibald, 2000). Furthermore, among the various graphical represent-
ations found in the scientific discourse, graphs constitute the dominant form (Roth
et al., 1999).

What makes graphs so central and essential in sciences? Graphs provide sev-
eral affordances to those who can read them thoroughly. A well-trained scientist
is adept at grasping the underlying phenomenon while engaging with abstracted
representations. Arguably, this ability influences multiple activities that a working
scientist engages with namely, making a hypothesis, correlating different observa-
tions, designing experiments, and drawing inferences. There are several instances
in history of science where graphs have played a significant role, leading to discov-
eries and better theories. For example, the discovery of dark matter in the galaxies
from galactic rotation curves. In Graphical Methods for Data Analysis (Chambers,
Cleveland, Beat & Tukey, 1983), the authors say this about the power of graphs:

There is no single statistical tool that is as powerful as a well-chosen graph ... An
enormous amount of quantitative information can be conveyed by graphs; our eye-
brain system can summarise vast information quickly and extract salient features,
but it is also capable of focusing on detail. Even for small sets of data, there are
many patterns and relationships that are considerably easier to discern in graphical

displays that by any other data analytic method. (p. 1)

Chambers et al. (1983) cite three main objectives for graphical display (a) to record
and store data compactly, (b) to communicate information to other people, and,
(c) to analyse a set of data to learn more about its structure. Roth et al. (1999)

points to three main purposes for graphs in science and engineering: “graphs are

11
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semiotic objects that constitute and re-present (and reify) other aspects of reality;
graphs serve a rhetorical function in scientific communication; and graphs act as
conscription devices that mediate collective scientific activities (talking, construct-
ing facts).” (p. 97) In fact, it has been argued that for experts in the field, the graphs
and variables themselves become transparent, and experts can see the phenom-
ena behind the graph directly (Roth, Pozzer-Ardenghi & Han, 2005). By practice,

graphs can themselves become iconic, representing the underlying phenomena.

The centrality and the pervasiveness of graphs in science led Latour (Latour &
Woolgar, 1986) to conclude that scientists exhibit a “graphical obsession”, and to
suggest that, in fact, the use of graphs is what distinguishes science from non-science.
Perhaps this misperception that any discourse containing graphs is scientific leads
to many commercial advertisements to exploit a ‘scientific’ basis for selling. Stud-
ies show that use of graphs makes advertisements more convincing (Tal & Wan-
sink, 2016). There are several instances of graphs used to obfuscate data, make
misleading claims on many issues and matters relating to public (Wainer, 1984).
This social reality further underscores the need to ensure the education of the gen-
eral public in understanding graphs. Given that graphs are part of the standard
curriculum in our existing school system, it would be highly desirable to inculcate

a critical understanding of graphs from early learning stages.

Given the preference for graphs in scientific discourse, we collate, from various
published research articles, a comprehensive set of functions a graph may satisfy.

We can broadly classify the uses of graphs in the following categories:

§ Communication and Visualisation of Data: To allow us to present the
data in a way which can be understood by the intended audience. Often,
particularly when the data sets are large, graphs are the only parsimonious
way to visualise and communicate the data. We ‘see’ the data and many

times the phenomenon itself through graphs.

§ Analysis of Data: To analyse data for trends and patterns. Visualising data
in the form of graphs reveal patterns or peculiarities which might stay hid-
den otherwise. The ability of graphs to visualise data is perhaps the most

powerful use of graphs in scientific practice.

§ Modeling: To create and test mathematical models for explaining data and
phenomena. The mathematical models of various phenomena are compared

with the actual data points. The “visual fit” between the theoretical curve

12
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representing the mathematical model and the actual data points can tell us
about the accuracy and the applicability region of the model. On the other
hand, when the observational data does not “fit” the predicted curve from the
theoretical model, interesting results can arise. In this context, the graphs
can be seen as mediators between the theoretical model and the phenomena
which the model describes. It is usually through graphs that a model and the

empirical data “meet” each other.

§ Rhetorical Device: To argue for a particular conclusion. Graphs are routinely
used for arguing for a particular conclusion, based on a particular feature on

the graph.

In this section, we saw the centrality of graphs in the scientific discourse. In
the next section, we see graphs in the context of science education and define the

research questions being addressed in this work.

1.3 The problem statement

With graphs being so vital in science, one would expect that in science and math-
ematics education there is a specific emphasis on developing the skill of graphicacy.
However, as various studies reveal (for details, see Chapter 3), the students (from
school level to undergraduate level) either do poorly in graph related tasks or are
not taught graphicacy as a separate skill. In Critical Graphicacy, Roth et al. (2005)
discuss graphs and their usage in textbooks. They found both qualitative and quant-
itative differences between the uses of graphs in textbooks and scientific journals.
The number of Cartesian graphs that were used in the textbooks was found to be
low as compared to that of journals. In textbooks, only a few of the graphs had data
from actual experiments. Frequently, the graphs lacked basic features like units,
scales and captions and many graphs did not have any mention in the main text.
All these issues made the interpretation of the graphs difficult not only for the stu-
dents but also for the experts. In contrast, scientific journals provide detailed help
to understand the meaning of the graph and the graphs are usually very well integ-
rated with the main text. The authors of the textbooks assume knowledge about
the graphical representation of the phenomenon to be presented. So the problem
for the students, according to Roth et al., becomes two-fold: on the one hand, the lit-

erature suggests that the skills required to comprehend and construct graphs were
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lacking among students, and on the other hand the textbooks do not provide them
with enough resources and opportunities to read and interpret graphs. Little is cur-
rently being done to address this directly issue (Aldrich & Sheppard, 2000; Paoletti,
2007; Peden & Hausmann, 2000). When present, the tasks on graphs, with little
emphasis on qualitative, investigative or critical questions (Brasell & Rowe, 1993;

Leinhardt, Zaslavsky & Stein, 1990; Padilla, McKenzie & Shaw, 1986). This dis-
crepancy between the crucial role of graphs in the process of doing science and
perceived lack of emphasis on teaching graphing skills to students sets the basic

premise of our work.

We thus see that there is a clear incongruity between the needs (both general
and science-specific) pertaining to an understanding of graphs, and way this need
is addressed in the curriculum. Keeping this in mind, and absence of any sys-
temic study of these issues in the Indian context sets the context for the problems
addressed in the first part of the thesis. The first part has research questions to de-
scribe state of graphicacy in the Indian context. To address this aspect, we look at
the most influential curriculum framework in India (NCF 2005) and the textbooks
resulting from it. with a focus on the graphical practices. The result of this ana-
lysis coupled with studies from the literature, point us to a direction that a holistic
approach to the issue of graphicacy is needed which is considered in the second
part. The second part is developmental in nature and looks at what are the best
ways in which to teach graphicacy keeping in mind the organic perspective. In
this regard we conjecture a learning design arrived at by literature and our own
analysis of textbooks. This way we mark the two major objectives of this work:
first to establish and map the state of graphical practices in the Indian context, and
second to establish a holistic framework for designing activities with embedded

graphical practices.

Our work has two major parts. In the first part, we look at how Indian text-
books make use of graphs. In the Indian education system, textbooks are central
to the discourse in the classroom, and for many students, they remain the only
source of knowledge. The students formally encounter graphs via their textbooks.
In the schools, the three categories of textbooks which make use of graphs are
science, mathematics and social sciences. Seen with this viewpoint, we felt the
need to understand the way in which textbooks expose the students to graphs and
help them in making meaning from them. These notions form the theme of the
basic idea that we explore in Part 1: Graphicacy and its problems. We have two re-

search questions in Part 1, which pertain to the presence of graphs in the textbooks.

14



1.3 THE PROBLEM STATEMENT

The first question was to find out (a) how frequently graphs occur and, (b) what
types of graphs students encounter in the textbooks. We think of graphicacy as
an interdisciplinary, generic skill. Hence we looked at how textbooks of different
subjects represented graphs. To also know whether there is any progress in the
frequency of the graphs appearing in the textbooks as the classes increase, we also
included the textbooks of different classes. These two themes further informed
two sub-questions: (a) how are graphs placed in textbooks of different subjects,
and, (b) whether the frequency of graphs increases with classes. This led to the

formulation of our first research question:

PART 1: RESEARCH QUESTION 1

@ How are graphs placed in the Indian school textbooks in different sub-

jects and different classes?

(a) What are the different types of graphs that are present in the text-
books?

(b) How frequently do graphs occur in the textbooks?
(c) How do graphs compare across subjects?

(d) How do graphs compare across classes?

Research question @ is addressed by performing a quantitative analysis of
textbook contents and is presented in the first part of Chapter 3. Answering re-
search question @ could give us a bird’s-eye view of the presence of graphs in
the textbooks. To understand the use of graphs in the meaning-making process,
we need to understand what function do they play in the textbooks. In this case,
we particularly focus on the science textbooks. We felt a need to take a detailed
look at the function of graphs in the narrative of scientific textbooks. In partic-
ular, we were interested to look at (a) role that the graphs play, (b) the scientific
concepts associated with them, (c) data handling associated with the graph, and
finally, (d) the design aspects of the graphs. These sub-questions emerge from the
usage of graphs in scientific discourse and pedagogical studies related to graphs in
the context of teaching and learning. Graphs play a variety of roles in supporting
and many times being central in the narrative of scientific processes and commu-
nication. Depending on the context the graphs can play a variety of roles, includ-
ing, but not limited to, (a) display of data, (b) finding information and patterns,

(c) interpolating or extrapolating data, (d) making inferences and predictions, and,
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(e) making and testing mathematical models. Each of these roles of graphs can be
used to enhance the presentation of a given concept in the textbooks. We looked

at which of these roles do the science textbooks employ.

Some scientific concepts in the textbooks are in general more amenable to the
use of graphical representations. Notably, the concepts in which mathematical
models are well established, and quantitative data is available (for example, the
concept of motion) have a substantial number of graphs associated with them than
other concepts. This analysis would give us an opportunity to critically look at the
relation of graphs to various concepts presented in the textbooks. Also, this would
enable us to find “missed opportunities” where graphs could have been used to

enhance and reinforce conceptual learning.

When the graphs are presented in the textbooks, the associated data in the
form of a table can be crucial for informing the learners about the various aspects
of the graph. Particularly knowing how the data was collected (devices and pro-
cedures) and made amenable to plotting, makes the learner aware of the physical
situations representing the data. The aspect of data handling is seen as a norm in
scientific journals. We wanted to know whether the same practice is used in the
scientific textbooks too. Particularly for the learners, the presence of data in the
form of multiple representations like tabular, algebraic and graphical along with
verbal descriptions of how to read and make sense of data is significant. The ability
to move between multiple representations of the data has established advantages
(Even, 1998; Friel et al., 2001; Mosenthal & Kirsch, 1990a; 1990b).

Finally, we need to look at the various design aspects of graphs presented in
the textbooks. The design of the graphs can have a significant impact on the way
they are perceived and comprehended. As shown in various studies in the area
of graphical perception and meaning-making, the design details of the different
features on the graphs (like units, labels, legends, colour) can impede or enhance

the comprehension of graphs.

The points discussed above led to the formulation of our next research question:

PART 1: RESEARCH QUESTION 2

@ What kind of opportunities do Indian school science textbooks offer

to the learners to engage with graphs meaningfully?
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(a) What is the role graphs play in the Science textbooks?

)
(b) Which are the topics where graphs are used?
(c) How is the data associated with the graph presented?
)

(d) What are the missed opportunities where graphs could be used ef-
fectively?

(e) How are the graphs designed to aid their comprehension?

To answer research question @ we did a detailed analysis of graphs in Science
textbooks from Grade 5 to 10. We present our findings on research question @ in

the second part of Chapter 3.

In Part 1 of the work, via research questions @ and @ we establish how well
are the graphs situated in the Indian Science textbooks. We also reviewed the liter-
ature (Chapter 2) for the various problems that arise in the context of constructing

and comprehending graphs in various disciplines.

In Part 2: Developing and testing the activities guided by the inputs from the lit-
erature and by our analysis of the textbooks, we want to develop a constructionist
framework for designing activities which will address some of the concerns raised.
In particular, we want to establish a comprehensive framework for understanding
meaning making from graphs in varied contexts. While creating this framework,
we did not see graphicacy as an ability in isolation but situated in a broader con-
text of comprehending the world around us. As we have seen in the last section,
the use of graphs in science is for specific purposes, and the graphs are set in the
broader context of the topic where they appear. We believe that from a learners’
perspective, this point should be exemplified by real-world experience. The mul-
titude of connections that the graphs make to other concepts and variety of roles
that the graphs have to be brought to the cognisance of the students. These issues

form the basis of our next research question.

PART 2: DEVELOPMENT OBJECTIVE 1

@ What design principles of a learning activity could comprehensively
address the issues of comprehending and constructing graphs in-

formed by the literature situated within a constructionist framework?
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Chapter 4 presents the design principles. To check the implementability of the
learning framework resulting from development objective @ we developed and
piloted a few activities through the field studies. This forms the part of the fourth

research question.

PART 2: DEVELOPMENT OBJECTIVE 2

@ What are the required experiences and technological tools that sup-
port the comprehension and construction of graphs informed by the

design principles and whether they can be implemented?

The development objective @ is addressed by designing, developing and de-
ploying three activities reported in Chapters 5, 6 and 7 respectively.

The research questions @ and @ are investigated by quantitative and qualit-
ative analysis of textbooks. For conducting the qualitative analysis, we developed
a rubric. Development objective @ is addressed by drawing from the literature
review and our textbook analysis presented in Part 1, the overarching theoretical
framework that we have used is that based on constructionist pedagogy. Develop-
ment objective @ is addressed by exploratory study leading to the development

of activities situated in a real-world problem-solving contexts.

In the next chapter, we start with a review of literature which informs us about
various issues pertaining to construction and comprehension of graphs in different

contexts.

18



Evidence presentations are seen here from both sides: how to produce them and how to consume
them. As teachers know, a good way to learn something is to teach it. The partial symmetry of
producers and consumers is a consequence of analytical design, which is based on the premise that
the point of evidence displays is to assist the thinking of producer and consumer alike.
(emphasis in original)

Edward Tufte, Beautiful Evidence, 2006

Problems of Reading and Making
graphs

2.1 Introduction

In this chapter, we present a review of literature about the difficulties that are faced
while constructing and comprehending graphs. The importance of constructing
and comprehending graphs as a core skill for science and mathematics is well es-
tablished (Gallagher, 1979). The Benchmarks for Science Literacy (American Associ-
ation for the Advancement of Science [AAAS], 1994), consider making and under-
standing graphs as an important skill. The Learning Indicators of NCERT mention
at each stage the requirement of reading and constructing graphs (NCERT, 2014).
The NCF 2005 position papers on Science Education (2006b) and Mathematics Edu-
cation (2006a) also mentions graphing as an important component. Particularly

the position paper on Mathematics Education notes:

Children learn to draw graphs of functional relationships between data but fail to

think of such a graph when encountering equations in physics or chemistry. That
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algebra offers a language for succinct substitutable statements in science needs un-
derlining and can serve as motivation for many children. Eugene Wigner once spoke
of the unreasonable effectiveness of mathematics in the sciences. Our children need

to appreciate the fact that mathematics is an effective instrument in science. (p.10)

However, the learners face many challenges in both the comprehension as well as
the construction of graphs. The lack of meaningful opportunities in the textbooks
compounds this problem. We review the main outcomes from earlier work done
in the area of constructing and comprehending graphs. Earlier reviews in this area
include studies by Friel et al. (2001), Glazer (2011), Leinhardt et al. (1990), Shah &
Hoeffner (2002).

Graph comprehension or interpretation is a complex activity. There are many
factors involved in the correct reading a graph. The correct reading of a graph
would indicate the reader extracting meaning, mathematical relationship or mak-
ing sense of a situation or a phenomenon depicted. Some of the major categories of
research in this area include (a) prior domain knowledge of the learners, (b) prior
experience of reading graphs, (c) the design of the graph, (d) the contextual set-
ting of the graphs, and, (e) models (cognitive and social) for the understanding of
graphs. Thus a successful comprehension of a graph could involve an interaction

of many factors.

A graph comprehension or interpretation can be said to be successful if the
reader or interpreter can answer a specific set of questions based on the graph.
Depending on the nature of these questions and the processing required to answer
them, they can be categorised by levels of comprehension as suggested by Bertin

(cited in Wainer (1980) and also in Bertin (2011)). These categories are:

1. Elementary: these type of questions involve extraction of exact informa-
tion, usually involving a single element of a component for answering. For

example, what was the amount of rainfall on Wednesday?

2. Intermediate: these type of questions involve a group of elements in the
component for answering questions related to detection of trends or patterns.
For example, did the average temperature rise in the first four days of the

week?

3. Comprehensive: these type of questions involve comparison of whole struc-

tures in the graph. For example, how is the dependent variable related to the
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independent variable?

Curcio (1987) puts these three categories as read the data, read between the data,
and read beyond the data. These three levels are in the increasing level of complex-
ity of the reading tasks. A study by Pereira-Mendoza & Mellor (1990) shows that
the literal reading of graphs by grade four students (elementary level questions)
presents a minor challenge. On the other hand, the students face more difficulties
in solving the intermediate level questions which may involve interpretation, com-
putations and reading of both text and numbers. We next look at various studies
in the domains of science and mathematics education with a focus on graphs. The
approach of the science and mathematics education towards graphs has different
foci, addressing the needs of the field.

2.2 Misconception studies

In general, the studies in the area which look at aspects of graph construction
and comprehension report that students face difficulties in dealing with both these

activities.

Students do have some intuitive understanding of graphs and graphing. By in-
tuitive, it is meant that the understanding that the students have regarding graphs
without any explicit teaching. This is particularly true when the students are
looking at graphs or constructing graphs in a context they are familiar and un-
derstandable. Ainley (1995) follows this intuitive approach to graphing, in which
the primary grade learners first make sense of graph intuitively and then with
the help of computers to construct graphs in familiar contexts. In this study, the
students were provided with continuous and immediate access to computers. The
study is set in the context of the growth of human body, and the class had been
researching about their body measurements and how they have changed over the
years. A simple table showing the age and the height of the children from birth to
three years of age and a graph depicting it was plotted in front of the class using a
spreadsheet. The children were then asked to comment on what they saw. What
emerged was that the children were able to make sense of information intuitively.
The children were then provided data showing heights of four imaginary children,

and the task was set to find an unknown piece of data using interpolation.
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The results of the study indicated that the children were able to respond intu-
itively to the idea of growth using graphs and were successful in plotting, reading
values from the graph and interpolating them. Some of the features that helped
in this regard were: the meaningful and familiar work; presentation of a holistic
image; working with many similar graphs; use of computers to create many types

of graphs with different scales dynamically; a set of purposeful tasks.

Motion: The concept of motion presents several opportunities to introduce the
idea of graphs. In the case of physical sciences, the topic of motion usually has
several graphs introducing the students to the graphical representation. The topic
of motion has several studies related to graphs. Lillian McDermott’s and her col-
leagues’ work with graphs in the context of motion gives particular examples of
students’ mistakes and alternative conceptions (McDermott, Rosenquist & van Zee,
1987; Trowbridge & McDermott, 1980; 1981). A summary of the major findings
from their work is as under: (a) Confusing between slope and height: students
typically find it difficult to determine if the relevant information should be extrac-
ted from the height (of the line intercept) or slope of the graph. (b) Interpreting
changes in slope and height: this mainly relates to graphs which show a change
in the direction of motion. The change in slope is confused with the change in
height, leading to incorrect conclusions regarding motion depicted by the graph.
(c) Relating different types of graphs: students mainly are unable to create graphs
of physical concepts which are related to each other. For example, distance vs time
and velocity vs time graphs. (d) Matching narrative information with relevant fea-
tures of the graph: Students cannot make use of the relevant information given
in the text, and rather rely on memorised algorithms. (e) Interpreting area under
the graph: Students are unable to understand the physical significance of the area

under the curve for a given graph.

They further note that the simple questions, solved by relying on memory,
present little difficulties to the students. In contrast to this, the questions about
interpretation which are unsolvable by using memorised algorithms, for example,
the questions which would fall in intermediate and comprehensive categories of
Bertin (Bertin, 2011), are challenging. The movement between the physical phe-
nomena and the graph representing it is not natural and presents comprehension
difficulties. In the second part of the article McDermott et al. (1987), note the prob-
lems students have while making connections between graphs and real-world ex-

amples.
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(a) Representing continuous motion by a continuous line: in this case, students
are not able to use the data given to plot the graph correctly. They often ignore
that the graphs should be smooth and continuous without kinks. (b) Separating
the shape of a graph from the path of the motion: in this case, the students confuse
between the shape of the actual path of the object and the graph depicting it. This
is same as the “Graph as a picture” error. (c) Representing a negative velocity on a
v vs t graph: students often fail to represent negative velocity as a reversal of the
graph itself. (d) Representing constant acceleration on a a vs t graph: students of-
ten fail to understand what constant acceleration means, sometimes confusing its
representation with other variables like speed and displacement. (e) Distinguish-
ing among different types of motion graphs: students are typically unable to look

at graphs and depict the kind of motion that would be represented by these graphs.

Kinematics: Other studies in the area of motion are on kinematics, for example,
that of Beichner (1994) also report similar problems. Beichner developed and ana-
lysed a test to look at graphing related issues in the area of kinematics. This test,
called as Test of Understanding Graphs in Kinematics (TUG-K), was administered
to high school and college students after instruction on the topic. The mean score
on the test was 40%. The analysis of the test reports trends similar to the study
of McDermott et al. The misconceptions reported include: (a) misunderstanding
graph as a picture, (b) slope and height confusion, (c) variable confusion, (d) inabil-
ity to understand area under the curve and (e) non-origin slope error. In the last er-
ror type, that is the non-slope origin error, the students can attempt a task correctly
if the line is passing through the origin, but in case the line is not passing through
the origin, they are not able to do so. Another study exploring motion graphs in
the context of kinematics is the work by Eshach (2014). This work explores the
framework of intuitive rule theory to deepen the understanding of difficulties in
creating and reading kinematic graphs. This article argues that “explicit teaching
in the context of graphs may trigger the learner to engage in active thinking and
to foster a deep understanding of graphs. In the case of graphs, explicit teaching
should include knowledge about intuitive rules and their impact on graph reading
and that teaching should explicitly refer to the pitfalls those intuitive rules may
cause.” (p. 7)

Distance-time graphs are one of the first instances that students encounter the
graphical representation with mathematical modelling in the context of physical
sciences. In case of distance-time graphs, the concrete experience of moving from

one place to another can be represented using graphs. In our review of textbooks
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presented in the next chapter (Chapter 3) we find that majority of the graphs in
the science textbooks are related to motion. Wemyss & van Kampen (2013) invest-
igated responses of university students’ difficulties in dealing with problems in-
volving distance-time graphs. Another aspect of their study was to find the depend-
ence on qualitative aspects of numerical time-distance graphs to answer problems
based on them correctly. Moreover, finally, they investigated if this reasoning is
transferable to another setting (water-level vs time graphs). The study found that
students have difficulty in answering questions about speed from the numerical
value. In cases where numerical answers are expected, the students do not use the
graphs but switch to a formula. The researchers also found an improvement in
student responses in graphs with the context-free settings. One of the conclusions

that they draw is that:

Before and after instruction, students answered qualitative questions on water level
versus time graphs better than questions on distance-time graphs; differences in an-
swering the numerical question, in terms both of quality and of prevalence, disap-
peared. This suggests to us that the school experience with the distance-time graphs
negatively impacted on the students' problem solving strategy and their likeliness

to engage with the question. (p. 15)

This outcome has important ramifications on how motion graphs are introduced
to students in school textbooks. In some studies, the focus is both on graph com-
prehension and construction skills. For example, Brasell & Rowe (1993) looked at
both graph comprehension and construction skills of high-school students with a
focus on physics. This study found that students face difficulty in comprehend-
ing graphs of derived quantities than directly measured quantities such as length.
They also found that students had errors in linking graphs with verbal descriptions
of events or description of variables. They further found that the students had a
very superfluous understanding of the meaning associated with graphs and were

unaware (as measured by a self-test) of their deficiencies with graphing.

Computers and study of motion: The idea of using computers to aid understand-
ing of graphs in the context of motion is explored well by several studies. Many
works explore the idea of using a computer-based laboratory to learn the concepts
of motion (Kozhevnikov & Thornton, 2006; Mokros & Tinker, 1987; Thornton,
1987; Thornton & Sokoloff, 1990). The common thematic elements in these studies
are that students can explore graphs in real-time (or almost immediately) by trying

out different experiments with the setup. For each experiment performed, they get
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a corresponding graph so that the students can make the connection between the

physical phenomenon and its graphical representation.

In the study by Thornton & Sokoloff (1990), the students collected data in real-
time about the motion of objects using a motion detector attached to a computer.
The data from the measurements was displayed in a graphical form on the com-
puter. Students could then transform and analyse the data, print or save the data
in the form of tables or graphs for later analysis. The setting of these experiments
was a specially designed curriculum which guided the students to examine the
appropriate phenomena. They found a substantial improvement in student’s un-

derstanding of concepts associated with Newton’s laws of motion.

The study by Kozhevnikov & Thornton (2006) looks at relations between spa-
tial visualisation ability and graphical performance. Spatial ability can be defined
as an “ability to generate, retain, and manipulate abstract visual images” (Lohman,
1979, p. 188). The tasks involved in measuring spatial ability typically involve per-
forming mental rotations, visualising paper folding or “tasks that require the sub-
jects to generate, maintain, and coordinate information during spatial transforma-
tions”(Kozhevnikov & Thornton, 2006, p. 112). Studies on spatial ability and spatial
visualisation in science form a sub-discipline of their own and have many implic-
ations on how learning happens. This study found that spatial ability is related to
graph interpretation tasks in the context of graphs of motion and force. In their
study, they found that solutions involving motion of only one object do not require
much spatial ability. They found that students with high-spatial ability face lesser
difficulties particularly in solving multi-dimensional problems. The spatial ability
is found linked to “graph as a picture” error: low-spatial ability students were more
susceptible to “graph-as-picture” interpretations compared to high-spatial ability
students. The study found that use of computers improved spatial visualisation

skills by experience with visual graphical representations.

Computers and graphs: Another theme in the context of the study for the use
of computers is to collect data using hardware probes and to plot graphs using the
computers. Nachmias & Linn (1987) designed a computer-based laboratory course,
which involved critical evaluation of scientific data collection and analysis in the
context of heating and cooling. They note that the students initially looked at the
computer generated graphs in an uncritical way, but during the intervention, vari-
ous aspects that might affect the interpretation of graphs like scaling and hardware

issues were brought to focus. This addition helped the students to develop a deeper

25



CHAPTER 2. PROBLEMS OF READING AND MAKING GRAPHS

understanding of the data and link it to the knowledge about heating and cooling
they had.

In the context of chemistry, a study by Dori & Sasson (2008) points that the use
of computer-based intervention was most helpful to low-performing students. This
study explores graphing in the context of computer-based chemistry learning en-
vironment. They also looked at the bi-directional transfer by students between the
textual representations and computer-generated graphical representations. They
found that use of computers had a positive impact on students’ ability to sketch
predictive curves based on the textual information. Adams & Shrum (1990) discuss
the effects of a computer-based intervention on construction and interpretation
of line graphs of grade 10 students in the context of biology. They found plotting
line graphs by hand had a better impact on graph construction tasks than plot-
ting graphs by using a computer. In the case of graph interpretation tasks, they
found that “microcomputer-based laboratory exercises that collect and present ex-
perimental data to students as ‘real-time’ graphs result in educationally significant

achievement on graph-interpretation tasks.” (p. 785)

The studies with computers based on interpretation and construction of graphs
in different contexts and at different levels show positive learning experience for
the participants. We explore this idea in one of our field studies in the context of

electromagnetic induction in Chapter 7.

The work by (Lai et al., 2016) presents a graph inventory to measure graph
comprehension based on the knowledge integration (KI) framework (seen in next
section). They found that these items were reliable as per item response theory and
showed that most students had problems in making connections between scientific
concepts and graphs especially when asked to critique or construct graphs. They
also found differences in student performance related to first language and use of
computers. They recommend that graphs should be better integrated to science

teaching.

Roth et al. (1999) did a comparative study of university biology students and re-
search scientists for graph interpretation. Scientists and students differed in their
approach towards interpreting graphs. Tairab, Khalaf & Ali (2004) found that stu-
dents found it more challenging to construct graphs than to interpret them. The
study also indicates that students find the global interpretation of graphs challen-
ging, particularly when asked to plot qualitative graphs explaining what the graph
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represents. One of the implications of the study is that the students should be
provided experience in interpreting qualitative, quantitative tasks and also in con-

structing graphs.

Many studies look at graphs in the context of statistics. The works by Cleveland
and Wainer primarily focus on the statistical relevance of graphs (Anscombe, 1973;
Cleveland, 1987; Cleveland & McGill, 1984; D.R. Cook & Weisberg, 1999; Wainer,
1984). The focus in these studies is on understanding the meaning present in the

graphs and possible problems in the context of statistics.

2.3 Studies with focus on mathematics

In mathematics education, the focus in the context of graphs is primarily on un-
derstanding the relations between multiple representations. The graphs (usually
of algebraic functions) are seen in relation to other representations like textual, al-
gebraic and tabular. Multiple representations is an area of mathematics education
research, and a significant number of studies in this domain deal with graphical
representations. Another aspect of mathematics education studies focuses on tech-
nologies like graphing calculators and dynamic mathematics applications, in con-
structing and comprehending graphs (Cavanagh & Mitchelmore, 2000; Demana,
Schoen & Waits, 1993; Demana & Waits, 1990).

Leinhardt et al. (1990) reviewed students’ ideas and problems on mathematical
functions and their representation using graphs. According to them, the focus on
functions and graphs is crucial for the following reasons: (a) Functions and graphs
is a topic that does not appear until upper elementary grades. (b) Functions and
graphs represent one of the earliest points in mathematics in which student uses
one symbolic system to expand and understand the other. (c) Graphing can be
seen as one of the “critical moments” in mathematics. They define a moment as
“site within a discipline when the opportunity for powerful learning - different
from other episodes may take place” Graphs present this opportunity for power-
ful learning by enabling the visualisation of data and algebraic form. This review
article focuses on the difficulties that students have regarding the comprehension
of graphs with mathematical functions as the background. The study classified
students’ difficulties in this area into four kinds of categories, which included diffi-

culties in both constructing and comprehending the graph: (a) Confusing the slope
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and the height: typically students confuse the height of the graph for its slope when
two intersecting graphs are involved. This is similar to the error reported earlier
in the context of physics. (b) Confusing an interval and a point: students tend to
confuse the idea of an interval for a function to one single point. (c) Considering
a graph as a picture or a map: students consider the graphs typically as a picture
representing a situation. This is similar to conceiving the graph as a path of motion
seen in the context of physics. (d) Conceiving a graph as constructed of discrete
points: Students do not see the graph as the whole unit. As we can see, some er-
rors in the context of graph interpretation and constructions are common across
domains. Errors are also reported in the context of the construction of graphs
in studies with a mathematical focus. The study by Mevarech & Kramasky (1997)
presents students’ alternative conceptions related to construction of graphs. They
report three major issues in this regard: (a) Constructing an entire graph as one
single point: students will construct just one point corresponding to one situation
while constructing graphs. (b) Constructing a series of graphs, each representing
one factor from the relevant data: instead of integrating data pertaining to the situ-
ation, student construct separate graphs for each point. (c) Conserving the form
of an increasing function under all conditions: students use the linear form even

while describing situations which are non-linear.

Studies by Janvier and colleagues focus on the ability of students to represent
situations using graphs (Bell & Janvier, 1981; Janvier, 1981; Preece & Janvier, 1992).
Janvier and colleagues explore the idea of varied situations and the way in which
students create and interpret graphical representations of these situations. Janvier
(1981) notes “Situations in graphical interpretation and in mathematics are used as
mental images which are brought to consciousness by memory” (p. 121, emphasis
in original). These situations include using a situation of correlating racing tracks
with speed-time graphs of cars (1981). In another study, they looked at graphs
based on the contexts of orchards and sewage (Preece & Janvier, 1992). This study
points that the students need features from familiar contexts to relate to features
of a graph. In familiar contexts, the students find it easy to understand the features
of the graph. The students approach a graph with background knowledge, most of
which is irrelevant, and while interpreting the student has to decide the relevant
information. The variables in the graph and its shape play a role in the selection
of this relevant information. The shape of the graph affects the students in two
ways: (a) a prominent feature will draw the pupil’s attention and (b) “the form of

the graph in relation to its context will lead the pupil to select knowledge and to
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make up an initial story about the variables” (1992, p. 305)

Once the particular knowledge is selected the student “will gradually build up
the story by integrating the graph with its context more closely”. Thus an under-
standing of graphs is inherently tied to the context in which the students situate
the graph. When graphs are in unfamiliar context, the students tend to give a
graphical interpretation in which he or she describes the graphical features in de-

tail with little reference to context.” (p. 305)

In the implications of their work, they point out that “ [students] need to be
given practice in interpreting trends in graphs as well as reading values, construct-
ing graphs, and doing more mathematical tasks, such as calculating the area under
curves. etc” (1992, p. 305). In another study, Bell & Janvier (1981) also notice the

importance of tables of data values being present in graph interpretation tasks :

"As mentioned before, the use of tables proved a powerful tool to study “how vari-
ables change'. The results conclusively show that the table approach certainly spelt
out many ideas to the extent of making possible transfers from tables to graphs.
Consequently, results suggest that the use of tables should be included in our graph

teaching scheme." (p. 41)

We think this is an important point, and refer to it in our analysis of textbooks
(Chapter 3), our design framework (Chapter 4) and analysis of activities (Chapters 5,
6,7)

Linear functions are the most basic functions that the students encounter in
mathematics. Functions of the form y = mx + b can be used to represent a vari-
ety of situations from real-life. There are many studies in mathematics education
which explore the ideas of students in the context of linear equations. Typically
these studies explore the interpretation of slope m and intercept b in a variety of
situations, for example (Baltus, 2010; Edwards & Chelst, 1999; Johnsen & Wilker-
son, 2003; Nagle & Moore-Russo, 2013; Newburgh, 2001; T. M. Smith et al., 2013;
Wagener, 2009). In different situations, the two parameters of slope and intercept
have different physical meaning. Even though the linear function is considered to
be simple and elementary, studies indicate that there are systemic problems that
students encounter. Schoenfeld, Smith & Arcavi (1993) provide a very detailed case
study of one student set in the context of graphs with a focus on conceptual struc-
ture and change. They focused on the concept of the slope-intercept schema for

straight lines and used an interactive graphing environment (GRAPHER) to situ-
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ate the study. They found that the student had conceptual difficulties concerning
(a) Slope: For example, the sign of the slope depends on where the origin of the line:
negative slope means it is coming from negative side (of the coordinate quadrants)
and magnitude of the slope is dependent on the location of the graph. (b) Intercept:
For example, initially the student believed that three parameters, namely slope of
the line, x-intercept and y-intercept are required to determine a line. They further
found that y-intercept to be highly context-dependent, and slope and intercept
are not independent. Chiu, Kessel, Moschkovich & Mufioz-Nufiez (2001) present a
case study of one learner’s conceptions about the intercept in case of linear func-
tions. They particularly look at the change in conception regarding the vertical
movement of the linear function y = mx + b, (where m is the slope, and b is the

intercept) when b is changed.

In our work, we look at two examples of modelling with linear functions. Both
of these contexts involve indirect measurements and are situated well within the
school curriculum. The first example involves measuring the average diameter
of mustard seeds (Chapter 5) and the second example involves measuring the
distance-diameter ratio of the Sun (Chapter 6). In particular, we look at how situ-

ations in these two cases concretely represent the slope.

Some of these difficulties could be addressed using the interactive graphing
environment. The use of dynamic mathematics tools opens up a whole new seg-
ment of approaching functions graphically. By using dynamic mathematics tools,
students can explore the functions by varying different parameters. The option of
zooming in and out, automatic calculation of values, all adds to helping students
develop a better understanding of the concepts involved. Arcavi & Hadas (2000)
describe the use of a dynamic geometry software to explore the areas of triangles
graphically. The situations and graphs representing them are made available to
the learners before the algebraic representations. In Arcavi (2008) the variation
of the area of geometrical figures by keeping one side constant is used to create
graphical, mathematical models of the variation. Moschkovich, Schoenfeld & Ar-
cavi (1993) consider the process and the object perspectives when looking at sym-
bolic representations of algebraic, graphical and tabular in the context of functions.
The process perspective perceives a function as linking of x and y values, while in
the case of the object perspective, a function or any of its representations are seen
as entities. In this framework, the competence in the handling of functions can be
seen as comfortably moving between the two perspectives and the three symbolic

representations (tabular, graphical, and algebraic ) as required. Hitt (1998) iden-

30



2.3 STUDIES WITH FOCUS ON MATHEMATICS

tifies five different levels of understanding of the concept of function. This study
looks at the problems faced by mathematics teachers regarding the concept of a
function. Some of the major issues that are identified are: the teachers are not
able to discriminate if a given curve is a function, if an algebraic equation exists
(not able to use the vertical line rule effectively), definition of a function related to
concept of variable is not used, instead preferred choice is the rule of correspond-
ence or the ordered set. The teachers also had problems in constructing graphs
from a function and representing physical situations using graphs. Asiala, Cottrill,
Dubinsky & Schwingendorf (1997) provide a detailed deconstruction of epistemo-
logical concepts linked to the derivative with focus on graphs based on the action-

process-object-schema (APOS) framework.

Ben-Zvi & Arcavi (2001) present a case study of two grade seven students per-
forming Exploratory Data Analysis (EDA) using interactive technological tools
with a focus on evolving global view of data. They provide analysis from both
cognitive and socio-cultural perspectives. The study notes that local point-wise
view of data can sometimes limit the students from having a global look, but in
other occasions, it can provide a basis for a global vision of the data and global

view may indicate different meanings for students and experts in given contexts.

Work with teachers: Another area of research has been the work with teach-
ers and their ideas about graphs. Even (1993) looked at the pedagogical content
knowledge regarding functions and graphs in a sample of prospective teachers.
This study found that many of the prospective teachers do not hold a modern con-
ception of a function. Bowen & Roth (2005) discuss the understanding of graphs
in practice by pre-service teachers, and they found that these teachers seem ill-
prepared to teach data collection and analysis. Even (1998) discusses the issues in-
volved in linking multiple representations involved in case of the basic functions.
It was noted that the participants, prospective secondary teachers, had difficulties
with linking multiple representations. The participants could not connect the role

of parameters in functions in different representations.

An interesting project, RiskLiteracy.org, looks at how graphs can help adults
to make informed decisions about variety of risks (Ybarra et al., 2017). They have
developed a Graph Literacy Tutor, an adaptive programme based on the framework
of cognitive theories of graph comprehension and Skilled Decision Theory. This

work provides a summary on the Graph Literacy Tutor and its efficacy.
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2.4 Graph comprehension and construction

Summarising the studies seen in the last section, we can include the following

broad skills or abilities for comprehending graphs:

1. Understand the different legends and information present in the graph.
For example, to be able to see information in the form of different types of

points, colours and other design features of the graph.

2. Understand the physical or mathematical situation depicted in the
graph by making use of domain knowledge in that field. For example,
to be able to understand which the variables plotted, what does the graph

represent?

3. Understand the physical significance of features on the graph. For
example, what is the significance of slope of the line, what is the significance

of point of intersection.

4. Draw predictions, correlations, conclusions or inferences from the
graph. For example, what was the distance covered during the first one

hour of the travel?

5. Check accuracy of the depicted data. For example, if the points are cor-

rectly plotted, or if the scales chosen are proper.

In the process of reading graphs, readers often make systematic errors. These
errors might have their origin in the prior experience or the lack of it. While
reading a graph, domain knowledge about the phenomena depicted by the graph,
design of the graph or possessing different models about features of the graph play
an important role in its comprehension. There are cognitive models which attempt
to explain these errors. For example, Physics Education Research (PER) provides
us with some of the common misconceptions that students have while reading
graphs in the context of physics as discussed in the previous section. The common
problems or misconceptions that students have while reading graphs are shown in
Table 2.1.

Similarly, we look at the broad set of skills or abilities needed for constructing

the graphs. In the construction of graphs, the learner has to make sense of data
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. Confusing slope with height to arrive
at wrong conclusions.

. Unable to interpreting changes in
height and changes in slope.

. Difficulty in interpreting negative

10.

. Confusing an interval and a point on

the graph.

Conceiving a graph as constructed of
discrete points.

Misreading the scale and variables on
them.

values of variables.

11. Confusing between variables when

4. Unable to relating one type of graph scales on graphs are changed.

to another.

12. Being able to find the slope of lines
passing through the origin but not
otherwise.

5. Matching narrative information with
relevant features.

6. Not able to interpret the area under a 13. Looking for information that cannot
graph. be obtained from the graph.

7. Conceiving a graph as a picture or a 14. Lack of knowledge about interpretive
map. sources and familiarity.

Table 2.1: Some of the problems reported in the literature on comprehending graphs.

and choose an appropriate way of displaying the data. In this process, the learner
has to create new structures which have a relationship to the graphs and represent

the data graphically given in different formats. (Leinhardt et al., 1990).

Construction refers to building a graph or plotting points from data (or from a func-
tion rule or a table) or to building an algebraic function for a graph. In its fullest
sense, construction involves going from raw data (or abstract function) through the
process of selection and labeling of axes, selection of scale, identification of unit,
and plotting. ((1990, p. 12))

In science, constructing graphs is a means of selecting the relevant information.
The construction of graphs involves the prior knowledge of the reader about the
topic of graphs, the nature of graphs, and design of graphs as important require-
ments. McKenzie & Padilla (1986) note that:

Graphing ability is an often overlooked skill that should be addressed in all science
programs. Failure to provide graphing instruction or remediation will undoubtedly

place students at a disadvantage in comprehending many science concepts. (p. 578)

Experience in constructing graphs in a familiar context helps the comprehen-
sion of graphs. Thus the construction of graphs is a more involved process than
comprehension of graphs. Table 2.2 shows some of the common problems pertain-

ing to the construction of graphs reported in the literature. Below, we summarise
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from the review, the broad set of skills or abilities needed in the process of con-

structing graphs (for both hand-drawn and computer-drawn graphs):

1. Prepare raw data so that it becomes amenable for drawing a graph.
For example, to be able to form tabular data from verbose text to plot graphs,

this may include cleaning, averaging, ordering the data.

2. Choose appropriate graphic format. For example, whether a line graph
or a histogram will provide the best way to achieve the purpose of plotting
the data.

3. Correctly depict the data on the graph. For example, incorrectly plotting
points on the graph.

4. Reasonably interpolate or extrapolate the lines or curves from exist-
ing data points. For example, to draw a ‘reasonably’ good fit straight line

through given data points.

5. Correctly choose the scales so that the salient features of the data
stand out. For example, to choose the scales of the graph so that salient

features stand out.

6. Providing necessary information about reading the graph. For ex-
ample, providing proper keys and legends in the graph and providing an

explanation of the graph in the caption and the associated text.

1. Inability to correctly plot the points 6. Constructing a series of graphs, each
on a coordinate grid. representing one factor from the rel-
evant data.

2. Inability to choose the correct scales

on the axes. 7. Conserving the form of linear func-

3. Providing additional information to tion in depicting a non-linear data.

read graph, legends, labels. 8. Difficulty in graphing slope and inter-

4. Constructing an entire graph as one cept.

single point. 9. Inability to construct graphs to depict

5. Drawing iconic presentation of data. situations.

Table 2.2: Problems reported in the literature on constructing graphs.

Some of these points are redundant, like correctly depicting data on the graph,

interpolating or extrapolating lines or curves (via using best-fit sub-routines when
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plotting the data with computers). Constructing graphs by hand has its own set of
problems, for example, choosing a correct scale, being time-consuming when there
are a large number of points to plot. Also, in this case, students might not choose
to provide necessary information for reading the graph. For example, labelling of

axes or providing scale maybe missing in the graphs made by the students.

The use of computers in constructing graphs and reasoning using graphs has
been in general found to be beneficial for learning at various levels. The use of
computers has two significant advantages. The first advantage is that the students
can save time from the laborious plotting of points on paper and then draw lines
through it. Typically when large data-sets are concerned, use of computers be-
comes imperative. The second advantage is that, once the data is fed in, it allows
the learners to ‘play’ with the data. They can explore the data by changing the scale
of the axes, or zoom in into a particular feature of the graph. The dynamic nature
of the shape of the graph and immediate and interactive feedback concerning chan-
ging scales, zooming in and out can empower the learner to explore the graph in
various aspects (Ainley, 2000). Anything similar to this is very inconvenient to do
in a hand-drawn graph. Emphasising the skill of using computers for construct-
ing graphs is crucial as most professionals in all fields, including scientists, use

computers for constructing graphs.

Constructing graphs with computers might present problems of their own. The
automatic features in many popular graph plotting software can lead to poorly de-
signed graphs. Particularly use of 3-D graphics in case of bar graphs or pie-charts
can lead to problems when reading the graphs. For example, see the discussion
on this topic in Creating Effective Graphics by Robbins (2012), Section 2.2 Charts
With A Three-Dimensional Effect deals with how using 3-D effects obscure data and
make the reading of the graph difficult. We see an example of this in our textbook
analysis of how presenting an essentially 2-D data with 3-D graphics can cause

misreading of information (see the discussion on the graph on page 97).

Leinhardt et al. (1990) differentiate construction of graphs from interpretation

in the following manner:

Whereas interpretation relies on and requires reaction to a given piece of data (e.g.,
a graph, an equation, or a dataset), construction requires generating new parts that

are not given? (p. 12)

The “new parts” that are mentioned in the quote above may include plotting points,
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drawing lines or curves. Studies indicate that the understanding of graphs is better
when students construct graphs from the data collected in a familiar context. In
the previous sections, we looked at graphs from a pedagogical perspective. In the
next section, we look at how graphs are understood in both cognitive and social

frameworks.

2.5 Models of graph comprehension

There are several models of graph comprehension which explain how the compre-
hension of a graph happens. Some of them focus on cognitive processes in the
individual reading the graph (for example, that of Pinker (1990), Shah, Freedman
& Vekiri (2005)) while others see comprehension of graphs as a form of social in-
teraction (for example that of Roth & Bowen (2001)). The studies in psychological
and cognitive research try to find which types of graphs are more suited for mak-
ing inferences. In some approaches, the overall factors which influence graphing
are taken into consideration. The model of graph comprehension that one uses
will largely determine the approach that one will take in addressing the problems

raised.

2.5.1 Cognitive focus

The main point of focus in cognitive theories seems to be the features in graphs
which help in their comprehension. A certain ‘encoding’ of the data happens when
graphs are made from data. The graph fails in its objective unless the readers of

the graphs can ‘decode’ the graph.

When a graph is constructed, quantitative and categorical information is encoded,
chiefly through position, shape, size, symbols and color. When a person looks at a
graph, the information is visually decoded by the person's visual system. A graph-
ical method is successful only if the decoding is effective. No matter how clever and
how technologically impressive the encoding, it fails if the decoding process fails.
(Cleveland & McGill, 1985, p. 828).

Many of the studies with cognitive focus look at the speed and accuracy with which
elementary perceptual tasks are performed in the context of a graph. Table 2.3

shows the elementary perceptual tasks. These are called the elementary perceptual
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tasks because the viewer performs one or more of these visual mental tasks to

extract the values of variables represented on most graphs.

§ Position on non-aligned § Angle § Shading
common scales § Area
scale )
§ Length § Volume

§ Color Satura-
§ Position on § Direction § Curvature tion

J

Table 2.3: A list of elementary perceptual tasks for graph comprehension from Cleveland
& McGill (1985).

The studies on the graph perception imply that certain graphical designs are
perceived more easily than others. A typical study in this regard is done by Cul-
bertson & Powers (1959), where the researchers look at various graph types and try
to find efficacy of correlations of graphical performance with other competencies
such as verbal. Stock & Behrens (1991) look at the efficacy of display characterist-
ics on box, line and midgap plots. Cleveland & McGill (1984, 1985) provide a list of
the most relevant perceptual features in the reading of graphs. These include, in or-
der of accuracy, (1) Position along a common scale (2) Positions along nonaligned
scales (3) Length, direction, angle (4) Area (5) Volume, curvature (6) Shading, color
saturation (1984, p. 536)

Cleveland (1993) presents a model for understanding graphical perception and
the process of visual decoding. According to this model, the information on the
graph can be categorised into quantitative information (numerical values) and cat-
egorical information. Both types of information are represented in two ways on a
graph: As scale information and as physical information. An example of scale in-
formation would be the data graphed in units for quantitative information and the
names of categories for categorical information. The physical information can be
thought of as information without the tick labels (no numbers) and names (no cat-
egorical information). Thus we have four classes of information resulting from
these dichotomies: categorical-physical, quantitative-physical, categorical-scale,

and quantitative-scale.

The visual processing of the display is posited to happen in two ways: pattern
perception (mostly about the physical information, for example, finding trends or
peculiar features) and table look-up (decoding of the scale information). The two
visual processing categories are further divided into sub-tasks. The main point of

the model is that effectiveness of the display methods can be explored by studying
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the speed and accuracy of these visual processing operations. Then the model is
applied to graphical perception with use of grid lines in the background and aspect
ratio of the graph. Both these play a significant role in interpreting the graphs.

Simkin & Hastie (1987) provide insights from Information-Processing perspect-
ive on graph perception with regards to speed and accuracy of elementary percep-
tual tasks. They propose a three-step process to understand graph perception. The
first step is establishing a mental representation by vision, and the second step
is to operate on this representation for making inferences or finding peculiarities
and finally the third step is to integrate the knowledge about the context and the

mental representation to give the required response.

Kosslyn (1989) and Pinker (1990) provide a theory of graph comprehension
based on perceptual and cognitive theory. Pinker (1990) argues that graph com-
prehension should result from effectively using general cognitive and perceptual
mechanisms, and is not accomplished by a special purpose mental faculty. He
starts with Bertin’s characterisation of graph reading which happens in three steps.
The first is “external identification”, which is to identify the conceptual or real-
world referents about which the graph conveys information. The second step is
“internal identification”, in this the reader identifies the relevant dimensions of vari-
ation in the graph’s pictorial content, to determine the correspondence between
visual dimensions and conceptual scale or variables. Finally, the third step is “per-
ception of correspondence”, in this the reader uses the particular levels of each
visual dimensions to derive conclusions about particular levels of each conceptual

scale.

To accomplish these three steps, a graph reader has to do two things. The
first step is to mentally represent the objects in the graph only in a particular way.
Second, the reader has to make a correspondence between the aspects of the visual
constituents of the graph and mathematical scales that the graph is trying to com-
municate. In Pinker’s theory, these two forms are claimed to be embodied in two
types of mental representations: visual description and graph schema. Figure 2.1
diagrammatically shows the flow of information and process of reading a graph,
where the graph schema plays the role of mediation between the graph and the
required information. The visual description is the encoding of the visual inform-
ation on the graph like symbols regarding their physical dimensions. The graph
schema, on the other hand, relates to the mapping of the physical dimensions on

the appropriate mathematical scales. The terms conceptual questions and concep-

38



2.5 MODELS OF GRAPH COMPREHENSION

tual message are used for the information that a reader wants to extract from the

graph and actually takes away from the graph respectively.

early
visual encoding conceptual
processes processes message
visual isual
graph ——— > o visua )
22 Y description ¢
conceptual
questions

Figure 2.1: The flow of information in Pinker’s theory of graph comprehension. The “?”
mark represents the graph schema, which (a) specifies how to translate information from
visual description into conceptual message, (b) specifies the translation of a conceptual
question into a process that accesses the relevant parts of the visual description and (c)
recognize which type of graph is currently being viewed.

Pinker provides a detailed step-by-step analysis of how these two forms, namely
visual description and graph schema interact to give the reader the comprehension
of a graph. Thus, the inferential and encoding processes determine the problems
with comprehension of graphs, which is summarised by the Graph Difficulty Prin-
ciple:

A particular type of information will be harder to extract from a given graph to the
extent that inferential processes and top-down encoding processes, as opposed to

conceptual message look-up, must be used. (p. 108)

The graph schema plays a vital role in this, and problems with the schema can

lead to problems with the interpretation of the graph.

Kosslyn (1989) provides a broad framework for evaluating both graphs and
charts for conveying information effectively. He categorises basic-level graph con-
stituents into four components: background, framework, the specifier and the labels.

Figure 2.2 shows these constituents in the context of a graph.

The background is an object on which the graph is overlaid, in the above ex-
ample, the background is the white space. The framework specifies the related
entities in the graph, and it functions to organise the graph into a meaningful
whole. The specifier conveys particular information about the entities specified by
the framework. For example, in case of a scatterplot or a line graph, the actual line
would be a specifier. Moreover, finally, the labels composed of words, symbols and

numbers provide an interpretation of the specifiers and the framework.
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A Specifier
-
3
& (Background)
>
Time T
Labels Framework

Figure 2.2: The four basic-level components of a graph according to Kosslyn.

These four basic-level constituents (Figure 2.2) and their interrelations are de-
scribed at three levels of analysis: syntactic, semantic and pragmatic. The syntactic
analysis focuses on the perceptual properties of the graph such as properties of
the lines or areas, possible groupings. The semantic level is about the meanings of
configurations of lines and their significance, and it is the literal reading or mean-
ing of the components of the graph and their relations. Reading beyond the literal
meaning, as in the semantic level, is the focus of the pragmatic level. This level
also considers the connection between information in a graph and the informa-

tion needed by the reader.

The basic-level constituents and the three levels of analysis are further seen
in the light of information processing perspective and symbol systems for eval-
uation. The information processing in the context of graphs starts with the per-
ceptual properties of the graph; its transfer to short-term memory; encoding of
the features for transfer to long-term memory, and use of knowledge from the
long-term memory. The symbol system (derived from the theory of symbols by
Goodman (1968)) in this context deals with how the marks on the graph can serve
as symbols for various concepts. In this case, it is assumed that there is a unique
mapping between a symbol and its interpretation, and the symbol itself should be

distinguishable from others.

Based on the above parameters, a fine-grained analysis of a graph is then per-
formed. The problems with graph comprehension can occur at the perceptual or
conceptual levels. Within this theory, the problems that a graph reader faces, can
be due to the capacity of the short-term memory, the complexity of the graphical
display and the lack of knowledge in the long-term memory. Also concerning
design issues, if the discrimination between symbols is not clear, then there can be

an ambiguity in the interpretation of the symbols and their intended meaning.

40



2.5 MODELS OF GRAPH COMPREHENSION

Wavering (1989) classifies graph construction abilities into nine categories, ran-
ging from no attempt to make graphs to making a complete graph with statements
about correlation. A correlation is proposed between the said nine categories with
Piagetian stages. Friel et al. (2001) provide a review of graph comprehension from
various perspectives. They identify three main components of graph comprehen-

sion going from local to global features of a graph.

The review work by Shah et al. (2005), Shah & Hoeffner (2002) describes the in-
fluence of display and design characteristics, for example, line graphs vs bar graphs
(Shah & Freedman, 2011), data complexity, and task on the graph interpretation. In

their study, they ask these two overarching questions:

Why are some graphs relatively easy for viewers to comprehend for a particular task,
and other graphs more difficult? How do individual differences in graph reading
skill and domain knowledge influence the kinds of interpretations that viewers give

to graphs presented in texts? (p. 49)

They categorise the factors into three main headings:

Visual characteristics of the display: these include formats of graphs like line
graphs, bar graphs and pie charts and their contextual usefulness. Other charac-
teristics of the display which influence the interpretation include various visual
dimensions to represent information accurately. Position on a common scale was
ranked first and shading and colour saturation the last (Cleveland & McGill, 1984).
Also considered are design features such as colour, 3-dimensional displays, legends,

labels, aspect.

Knowledge about graphs: the prior knowledge and experience of dealing with
graphs aids in making the correct interpretation of the graphs. This skill might not

be transferable to newer domains.

Knowledge about content: the specific background knowledge regarding the
content in which the graph appears is crucial for understanding many aspects of
a graph. The content knowledge can have substantial implications particularly for

young learners and particularly where higher level evaluation is involved.

The above three categories are the interacting factors in the Construction In-
tegration (CI) model (Figure 2.3) to understand graph comprehension proposed by
Freedman & Shah (2002), Shah & Hoeffner (2002). The perceptual organisation of
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data can have a substantial effect on the comprehension, even in case of familiar

contexts and complex tasks (Shah, Mayer & Hegarty, 1999).

Figure 2.3: The basic blocks of the construction-Integration (CI) model for a framework to
understand graph comprehension.

The work by Canham & Hegarty (2010), Hegarty, Canham & Fabrikant (2010)
explores the factors influencing comprehension of complex graphics which display
meteorological information. In their study, they infer that (1) learners can use
newly acquired declarative domain knowledge to aid in making inferences from
graphics, and (2) design of the graphic plays an important role in learners ability to
infer. Particularly they note that design artefacts which do not directly correspond

to the task at hand might actually impede the inference tasks.

M. P. Cook (2006) presents instructional design considerations for designing
visual representations for learning. This work takes into account the cognitive
load that a visual requires and ways in which this load can be reduced to maximise
its potential. The study also acknowledges that each learner will have a different re-
sponse to a given visual representation, depending on their prior knowledge. The
work by (Riechelmann & Huestegge, 2018) looks at the effect of multiple graphs
presented simultaneously (instead of a single graph) on the performance tasks re-
lated to the graphs. They found that graph comprehension is more effective when
there is a compatibility in the data-legends relation especially in the case of com-

plex graphs.

An interesting angle is given by the work of Garcia Moreno-Esteva, White,
Wood, Black et al. (2017). They look at eye-tracking data to identify cognitive pro-
cesses involved in graph interpretation. This study involved studying eye-movements
of students while reading a bar graph. Some of the main inferences that are drawn
from this study are that (1) order of fixations while looking at the graph play no role
in learners ability to interpret graphs, (2) the amount of time that learners spend
on looking at crucial features of the graph as compared to non-crucial features
plays an important role in ability to interpret the graph correctly. This has a dir-
ect implication for classroom teaching, indicating that while instructing learners
about graphs special emphasis should be given to features of the graphs which are

crucial for the interpretation tasks.

42



2.5 MODELS OF GRAPH COMPREHENSION

The work by Michal & Franconeri (2017), Michal, Uttal, Shah & Franconeri (2016)
also looks at eye-tracking data to explore the visual mechanism in processing of
data from the graph. They propose that embodied visual routines deployed during
the reading of a graph. This study used bar graphs and the studied eye-tracking
movement of the subjects to understand the responses. The implications that they
suggest for the learning processes are (1) learners should focus on comparisons
which are relevant to the current task; (2) one task-relevant anchor point should
be chosen while interpreting graphs in an open-ended way. They further suggest
that “By attending to graphs using a task- relevant visual routine and implement-
ing that routine systematically, students may be able to improve their ability to

focus on relevant graph comparisons.” (p. 9)

2.5.2 Sociological focus

In the cognitive approaches seen in the earlier section, the “meaning” of a graph
and its interpretation lies in the graph itself. This meaning is then uniquely ex-
tracted by the reader from the graph, using perceptual and cognitive processes. In
case the reader fails to read the graph correctly, the problem of interpretation of the
graph lies within the reader and her mental processes. The sociological approach
argues against this way of understanding graphs (Roth, 2004). In the sociological
perspective, graphing is looked at as a practice; it focuses attention on the com-
petence of students and rhetorical purposes, and on the affordances of graphs to

collective sense-making (Roth et al., 1999). Roth supports the claims that:

...a graph is meaningful to the extent that an individual can integrate it into his or
her existential and embodied understanding of how the world works in general, and
here, the workplace and work processes, in particular. Graphs do not have or get
meaning. Rather, graphs accrue to meaning that has its source in our existential
understanding. (Roth, 2004, p. 79)

As in the cognitive approach, the sociological approach does not take isolated in-
dividual and her associated cognitive processes as the unit of analysis. The focus
here is shifted from representation as a mental activity to a social activity. The

production of graphs is seen associated inherently with its meaning:

Graphs are produced as something for some something (specific purposes, e.g., con-
vincing evidence in publication), and this is an integral part of what they ““mean.’
[p. 88](2004)
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CHAPTER 2. PROBLEMS OF READING AND MAKING GRAPHS

According to (2004), there is a dialectical relationship between the graph and
the reference to the graph:

The graph exists as a concrete object instantly available to perception convention-
ally associated with making reference to some thing. But this something cannot be
grasped in one instance: considerable text is required to elaborate both sense and
reference of the graph. This is the first dialectic, the instant presence as an object
and the requirement for a temporally unfolding articulation of sense and reference.
The second dialectic exists in the contrast between the real presence of the graph
and verbal explanation, on the one hand, and the impossibility to articulate the ne-
cessary background that permeates graph and language and into which both fade.
p. 90

The relationship between a phenomenon and its representation, which the cog-
nitive models consider as an inherent property of the inscription is seen in the so-
ciological model as a matter of convention. The problems that the learners face are
seen as arising due to inexperience with conventions, rather than mental deficien-
cies (Roth & McGinn, 1998). The emphasis that most cognitive models place on a
prerequisite of the formal operational stage in the learner for construction and com-
prehension of graphs is questioned. The sociological approach sees graphing as a
practice focusing on learner competence, rhetorical perspective and affordances
of graphs to collective sensemaking, and hence does not need to be explained in
terms of the cognitive deficits (Roth & Bowen, 2000; Roth & McGinn, 1997). The
problems that the students face can be seen in the light of differences in resources

and practices that are different from those of experts.

Practice in this context refers to the actual working processes and the conven-
tions followed in the domain under consideration. The acquisition of this practice
happens by relevant experience and exposure to various opportunities of dealing
with data. According to Bowen & Roth (1998), the interpretation of a graph ac-
cording to this approach does not lie in “understanding the representation itself
as a static object but rather in understanding the social actions through which the
graph was originally constructed”. The emphasis here is on the notion of graph-
ing as a practice. In this framework, the mathematical graph related experience is

linked with experience in the world (Roth & Bowen, 2001).

We feel that the sociological focus provides a deeper understanding of graph-
ing as a practice embedded in the contexts in which graphs are produced and con-

sumed. Looking at graphing as a social practice also helps us understand the con-

44



2.6 REFLECTIONS

textual aspect of graphical comprehension and construction very well. It is only
by understanding the contexts for which the graphs are to be constructed, and the
way data was obtained, that a fuller understanding of the graphs will be achieved.
We think that these two points concerning (a) the need for constructing a graph
(its function), and, (b) the way the data was obtained, are particularly germane for
presenting graphs in school textbooks. We consider these points while analysing

graph in textbooks in Chapter 3.

2.6 Reflections

The review sets a framework for addressing various concerns brought out by dif-
ferent approaches. Students have various difficulties in constructing and compre-
hending graphs. What is clear from the literature review and our work presented
in the following chapters, is that graph comprehension is not easy, and it does
not come naturally but has to be taught explicitly. In introducing graphs to the
learners, emphasis must be on the presentation of same data in different repres-
entations. Our primary emphasis has been to look at various approaches towards
addressing these difficulties. Without experience in dealing with contextual data
and graphs representing them, interpreting graphs can be tricky. The context and
the setting of the graph turned out to be an essential element in interpreting graphs.
Without sufficient prior background knowledge of the concerned topic, it is diffi-
cult to understand the subtleties of the graph. The decoding of relevant informa-
tion from a graph is almost impossible if the context of the graph is not clear. This
point is particularly important in constructing a graph from a given situation. The
mapping that the graphs provide between the abstract two-dimensional represent-
ation and the concrete reality that they represent can be made more accessible to

comprehend by providing the learners with different situations in which similar

principles apply.

Some of the difficulties in interpreting graphs have their origin in the design
of the graphs. As many studies in the cognitive framework have shown, certain
graphical formats help in understanding graphs much better than others. For ex-
ample, line graphs are better suited when we are looking for trends in the data.
The design of the graphs can have a significant impact on the way people decode
the graph, and at times it can lead to an incorrect reading of the graph. Conveying

incorrect conclusions using persuasive and deceptive design elements seems to be
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CHAPTER 2. PROBLEMS OF READING AND MAKING GRAPHS

common practice in popular media, if not in the scientific communications.

We look at some of the issues that are raised here again in Chapter 4 when
we look at the design framework of the activities that we have reported in this
work. The implications of the work done in the area of graph comprehension and

construction are seen in the context of designing activities.

Given all these difficulties, how are we helping our students to overcome them?
In the Indian context, textbooks, for most students, remain the only source of know-
ledge (NCERT, 2006b). For school students, textbooks are meant to provide the
students with the relevant information and experiences. How well do the school
textbooks provide the experience dealing with graph construction and interpret-
ation? A detailed analysis was conducted to understand the extent to which the
textbooks support graphicacy. The next chapter presents the results of this ana-
lysis, addressing research question @
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“ Scientists who have more training in reading graphs are provided with more resources in the
journals for the same, while students are left clueless about the same in the textbooks that they

read.”

Roth et al, Critical Graphicacy, 2005

The poverty of graphicacy in school
textbooks

In this chapter, we look at how the graphs are presented in National Council for
Educational Research and Training (NCERT) textbooks. An analysis was done on
the graphs in the textbooks for the common problems associated with graphicacy
as identified and listed in the previous chapter. This analysis has both quantitative
and qualitative components. The quantitative analysis gave the spread of graphs
across grades and subjects. In qualitative analysis, we assessed graphs in science
textbooks in detail for the affordances they provide for the learners including the
design aspects. We discuss the significant results from this analysis and implica-

tions for graph design in the textbooks.

3.1 The importance of textbooks

According to Kuhn (1961) “textbooks are the sole source of most people’s firsthand

acquaintance with physical science.” This statement finds resonance in many other
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writings in the Indian context. For example, the Position Paper on National Focus
Group on Teaching of Science National Curriculum Framework of 2005 (NCERT,
2006b) notes that “In India, for the great majority of school-going children, as also
for their teachers, the textbook is the only accessible and affordable curriculum
resource.” (p. 19). The textbooks form an integral part of a schooling system in
India. In the Indian educational system, the State prescribes textbooks for use in
the classroom. The historical origins for such an important role given to textbooks
in the Indian context are discussed by Krishna Kumar in Origins of India’s “Textbook
Culture” (Kumar, 1988). In this article, Krishna Kumar’s use of the term “textbook

culture” to have certain standard features in the Indian context:

1. Teaching in all subjects is based on the textbook prescribed by State authorities.

2. The teacher has no freedom to choose what to teach. She must complete the prescribed
syllabus with the help of the prescribed textbook.

3. Resources other than the textbook are not available in the majority of schools, and where
they are available they are seldom used. Fear of damage to such resources (e.g., play or
science equipment) and the poor chances of repair or replacement discourage the teacher

from using them.

4. Assessments made during the year and end-of-year examinations are based on the textbook.
(p. 455)

Apart from the above four obvious features, the teacher is the least powerful
in the hierarchy of the educational system. Just the presence of the textbook in
the classroom is, according to Krishna Kumar, “a symbol of bureaucratic control”,

a reminder for the teachers using the textbook about the authority of the State.

The conditions in which such a culture arose has roots deeply embedded in the
colonial past of India. The British, over decades, systematically dismantled the old
educational system, and established the new system in which earlier local know-
ledge was neglected. One of the outcomes of this was the relation of production

and consumption of knowledge to the learners.

Colonial education meant that its beneficiaries would begin to perceive themselves
and their society as consumers of the knowledge supplied by the colonizer and
would cease to see themselves as people capable of producing new knowledge (1988,
p. 454).
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3.1 THE IMPORTANCE OF TEXTBOOKS

Centralised examinations in which a person other than the teacher, who taught
the students, examined the students played an essential role in establishing the

textbook culture.

The official function of the examination system was to evolve uniform standards
for promotion, scholarship, and employment and to thereby consolidate govern-
ment control. In the social context, the examination system served the purpose of
instilling in the public mind the faith that colonial rule was fair and free of prejudice.
It imparted this faith by being impersonal, hence nondiscriminatory in appearance,

and by being so wrapped up in secrecy (1988, p. 458).

The examination conducted thus was intricately linked to the textbooks, and “stu-
dents were examined on their study of specific texts, not on their understanding of
concepts or problems.” (p. 458). This mode of examining students gave very high
prominence to the reproducing the text from memory, rather than understanding
the content of the text. The standard examination included essay type written an-
swers, and all other modes which could be used for examination were left out of
the system. In this regard, practical and vocational skills suffered, and subjects like

science which depended on these suffered too.

Another problem with the textbook culture was complete neglect of local rel-
evance of the curriculum for the students. Thus any meaning-making processes
while the reading of texts, and they could only be memorised. The main aim of the

student-teacher interaction in the classroom was to pass in the examination.

When the main concern of both the teacher and student was to prevent failure at the
examination, the best possible use of classroom teaching could only be to prepare
students as meticulously as possible for the event, and this was done by confining
teaching to the content of the prescribed textbook (1988, p. 461).

Apart from this primacy of English language and the lucrative jobs after passing the
exams (in which the failure rates were kept high), consolidated the examination-
textbook linkage, with textbooks assuming the central and skills assuming a peri-

pheral role in the Indian educational system.

After Indian independence, the textbook culture with all its systemic problems
continued. The textbook has the central authority concerning the content of the
exam and the planned out the structure for the delivery of the curriculum rule
supreme in the classroom. The formation of National Council of Educational Re-

search and Training (NCERT) moreover, various other state boards are in a sense
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continuation of the colonial tradition of a central bureaucracy deciding the educa-

tional curriculum, which keeps the teachers on the field as “meek dictators” (2015).

Krishna Kumar finally notes that the content quality of the textbook material
is essential, but the textbook culture did not arise because of the poor quality of
textbooks. So just providing the students with well-written textbooks alone will

not solve the problem at hand.

One fact that might help us reflect on this question is that the origins of the text-
book culture had nothing to do with poor production of textbooks. There always
were some good textbooks (limited though they were by the state of knowledge
at the time) as there are now. But they could not transcend or alter the norms of
teacher-pupil interaction, shaped, as we have seen, by larger socioeconomic and
cultural conditions. Within the narrower context of the education system, the text-
book culture was linked to teacher preparation and evaluation. Even a dramatic
improvement in the quality of individual textbooks cannot be expected to alter the

textbook culture if these corners of the system remain unattended (1988, p. 463).

With the above mentioned central role that the textbooks play in the educa-
tional system, it becomes imperative that the textbooks be well structured in their
content and delivery. In the scenario when the textbooks themselves fail in provid-
ing the necessary knowledge regarding a particular topic the students will be at a

significant disadvantage.

Seen with this background, we wanted to assess whether the Indian textbooks
allow the students enough opportunities to make and read graphs and whether
they allow the students to become graphically literate. Studies, in general, show a
poor record of textbooks helping students learning graphicacy explicitly. Clement
(1985) found that the students rarely question graphs in textbooks although they
often misinterpret them. Roth et al. (2005) analysed biology textbooks for various
graphical practices and found that they lacked resources for the students to un-
derstand the graphs, which are usually available to a scientist reading a journal.
An analysis of Indian school textbooks was fone to determine the state of graphs
present in them. The analysis of the textbooks was performed both qualitatively
and quantitatively. In the next two sections, we describe the analysis, its results

and implications.
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3.2 Sample textbooks

In India the National Council for Educational Research and Training (NCERT)
is the highest body which publishes and prescribes the curriculum. All other
state and other boards, though autonomous, follow the guidelines produced by
the NCERT. Most of the textbooks produced by the different state boards derive
their form and content from the NCERT textbooks. Thus to have comprehensive
coverage of the curriculum in India, we analysed the NCERT textbooks. For this
reason, we have chosen the NCERT textbooks as a sample in our analysis. We
have covered the textbooks for science, mathematics and social sciences except
the language textbooks ranging from Class 5 to 10. Table 3.1 presents the list of
books used in the analysis. These books were made after the recommendation of
the National Curriculum Framework (NCF) of 2005 (NCERT, 2005).

The Syllabus based on NCF 2005 (2006d) has put understanding information
from graphs as one of the objectives of learning for Classes 9-10. Regarding the
topic of graphs, it says “to transcode information from a graph/chart to a descrip-
tion/report” (p. 155). We look at what kind of opportunities do the students get to

exercise this learning objective.

We have chosen all the subjects, except the languages, as we consider the ability
to write and interpret graphs as inter-disciplinary skill, not limited to one particu-
lar subject. We have already seen in the introductory chapters the importance of
graphs in different fields of inquiry. We wanted to see the way graphs are used
across the grades and across the subjects. For the analysis, we searched the text-
books for graphical practices. By graphical practices, we mean at least one or more

of the following criteria:

§ A figure or illustration containing a graph.

§ An activity which has or leads to a graph.

§ Discussions, problem and exercises about graphs.
The analysis used both qualitative and quantitative techniques. Quantitative tech-
niques are mainly used concerning space and frequency as reported in (Pingle,

1999). For example, it can be a quantification of how many times a particular word

appears in the text, or what was the space allocated for a particular theme, event
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or topic. Quantitative methods are best suited for analysing large samples. With

these methods, we can cover a large area, as Pingle says:

[quantitative methods tell] us a great deal about where the emphasis lies, about
selection criteria, but nothing [in themselves] about values and interpretation (p.
38)

For the values and interpretation, we need to have a component of qualitative
research. The qualitative analysis looks at the contents of the textbook in terms
of their intended purpose or function and conceptual standing. In our analysis, we
used both quantitative and qualitative techniques to bring out the broad picture
of usage of graphs in the textbooks. The quantitative and qualitative the analysis
complement each other, in the sense that the former provides a broad picture of
the number of graphs present in the textbooks, while the latter provides us with
their functional information. In the next section, we discuss the quantitative as-
pects of graphs in the textbooks. In qualitative research, the analysis tends to be
deeper regarding the structure of the textbook and affordances the unit of analysis

provides to the learner.
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§ Class 5

»

»

Mathematics: Mathemagic

Social Science: Environmental Science

§ Class 6

»

»

»

»

»

Mathematics: Mathematics

Science: Science

Social Science: Social & Politcal Life
Social Science: History - Our Past

Social Science: The Earth - Our Habitat

§ Class 7

»

»

»

»

»

Mathematics: Mathematics
Science: Science

Social Science: Environment
Social Science: Social Political Life

Social Science: History

§ Class 8

»

»

»

Science: Science
Mathematics: Mathematics

Social Science: Political Science

»

»

Social Science: History

Social Science: Geography Resources
and Development

§ Class 9

»

»

»

»

»

»

Mathematics: Mathematics
Science: Science

Social Science: Geography - Contem-
porary India

Social Science: Introducing Sociology
Social Science: Political Science

Social Science: History

§ Class 10

»

»

»

»

»

»

Mathematics: Mathematics
Science: Science

Social Science: Geography

Social Science: Democratic Politics

Social Science: Understanding Eco-
nomic Development

Social Science: History

Table 3.1: The sample of the textbooks used in the analysis. Published by the NCERT, New
Delhi, after NCF 2005.
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3.3 Quantitative analysis

The main aim of this part of the analysis was to get a trend of the presence of graphs
in the textbooks. This part largely addresses Research Question @.'Iherefore the

analysis was conducted to address the following questions.

PART 1: RESEARCH QUESTION 1

@ How are graphs placed in the Indian school textbooks in different sub-

jects and different classes?

(a) What are the different types of graphs that are present in the text-
books?
(b) How frequently do graphs occur in the textbooks?

(c) How do graphs compare across subjects?

(d) How do graphs compare across classes?

The sub-questions look at the relative presence of graphs in the textbooks. The
questions also set up a stage for further detailed analysis of graphs. To answer
the questions raised above the textbooks in different subjects were scrutinised for
graphs and graphical practices. The researcher thoroughly went through the text-
books looking for the required material. Appendix A.1 has the database that was
created for this analysis. Table 3.2 shows the information that we have collected

during the survey.

PARAMETER

DESCRIPTION

Class

Subject

Page Number
Figure Number

The class in which the graph appears.

The subject textbook in which the graph appears.
The page number on which the graph appears.
The figure number for the graph, if applicable.

Legend The legend of the graph, if applicable.
Caption The caption of the graph, if applicable.
Graph Type Type of graph, namely, Line, Bar, Pie or Other.
Description  Description of the graph in the text.
Data Whether data for the graph and its source is provided, or
whether the students are to collect the data.
Comments Our comments on the design and use of the graph.

Table 3.2: List of variables collected during the quantitative survey of textbooks for graphs.

We have categorised the subjects into three major groups: Science, Mathematics

and Social Sciences. The social science group includes Geography, Environmental
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Science, Political Science and Sociology in class 8 and above. Table 3.3 shows the
total of number graphs in each class. We calculated the frequency with which

graphs appear in each of these subjects, across all the classes under consideration.

Subject Graph Type

Class Science Social Maths Total Line Bar Pie Other
5 0 1 5 6 1 3 2 0

6 0 1 42 43 23 9 1 10

7 8 4 19 31 19 2

8 3 3 39 45 22 11 11 1

9 14 11 41 66 47 6

10 4 21 35 60 23 8 13 16
Total 29 41 181 251 135 49 32 35

Table 3.3: A table showing total number and type of graphs in the textbook in different
classes and subjects. The data in this table is used to plot the graphs in this section.

Figure 3.3 shows the general trend of the total number of graphs as a function
of the class in which they appear. Particular topics mark the increase in the number
of graphs in each class and subject. The increase in class 6 is due to the number-
line graphs, while in case of class 9 graphs on the topic of motion and Cartesian
coordinate system are introduced in mathematics.

Trend of total number of graphs in textbooks across classes
66

60
60

(&
(=]

43

N
(=]

31

w
(=]

N
(=]

Number of Graphs

—_
(=)

5 6 7 8 9 10
Class

Figure 3.1: The graph showing the total number of graphs in all textbooks for each class.

We further explore the distribution of the graphs according to the types of
graphs in Figure 3.2. We classified the graphs present in the textbook into follow-
ing three categories: line graphs, bar graphs and pie charts. By a line graph, we

mean a Cartesian graph. When a bar graph and a line graph are simultaneously
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Number of graphs in textbooks across classes by graph types
47

Number of Graphs

Class

Figure 3.2: The graph showing the distribution of types of graphs in different subjects
across classes.

present in a figure, we have included them in the line graph category. The cat-
egory “Others” includes graphs which could not be sorted in the above listed three

categories. Typical examples of these categories are presented in Figure 3.3.

Figure 3.4 shows the number of graphs in different subjects across the classes.
Mathematics has the largest share, with the topics of the number-line and the
Cartesian coordinate system contributing significantly to these numbers. Follow-
ing the mathematics textbooks, are the social science textbooks, which include
many statistical graphs. In case of the science textbooks, the increase in class 6
is due to the number-line graphs, while in case of class 9 graphs on the topic of

motion and the Cartesian coordinate system are introduced.

One would expect that the total number of graphs in the textbooks would in-
crease with the classes, that is, higher classes will have a more substantial number
of graphs. The reason for such an expectation is that as the students progress
through the classes, they would require more opportunities to explore and engage
with graphs. Just as in case of verbal literacy, complex and increasing amount of
text is provided, we think a similar trend should be seen in the context of graph-
icacy. This inconsistency in the number of graphs can also be seen as an indica-
tion that graphicacy per se is not recognised as an essential skill in the curriculum.
There is no explicit or systemic planning we could find to build graphicacy across
classes or subjects. Even a cursory search of documents related to NCF 2005 (in-
cluding position papers on Science and Mathematics) reveals that graphs are un-

derrepresented. Another issue is that mere presence of graphs in the textbook is
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Figure 3.3: Examples of different types of graphs in the textbooks. (a) An example of a bar
chart/histogram type graph. (b) An example of a line graph. (c) An example of a pie chart.
(d) An example of “Other” category of graphs.

not justified unless it is appropriately related to the subject matter and fulfils the
goal for which it was introduced. As the overall integration with the narrative, the
context in which the graphs appear and the design of the graphs, are also crucial
in maximising the impact of graphs. The qualitative component of the analysis in
the next section inquires how these issues are addressed in the textbooks. Cleve-
land (1984) make a note germane to our discussion in the context of their survey

of scientific journals:

The fraction of space a journal uses in printing graphs does not measure the effect-
iveness or the quality of the graphs. It is certainly possible that a journal with less
of its space devoted to graphs than another journal might be communicating more

effectively with its graphs. But the fraction of space used is a measure of the im-
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Number of graphs in textbooks across classes by different subjects
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Figure 3.4: A graph showing the distribution of different types of graphs across classes and
subjects.

portance that the journal and the authors attach to graphical communication. (p.

265)

Similarly, in our case, the mere presence of graphs does not warrant any bearing on
the communication that a given graph might make. The mere presence of graphs
in the textbook does not justify its presence unless it is appropriately related to the

subject matter. As Brasell & Rowe (1993) point out:

Many textbooks include graphs but, because they fail to discuss them adequately
in the text, the graphs may be treated as superfluous adornment. Students need to
have repeated experience with a wide variety of graphs used as an integral part of

communicating information in many courses and contexts. (p. 69)

However, the presence or absence of graphs does surely indicate the importance
that the textbook writers ascribe to the graphs in the context of learning. Graphs
in each of the three disciplines that we have considered have been treated independ-
ently. There is no coordinated effort to build upon the skills and conceptual under-
standing that the other subjects offer. In the science textbooks, the students are
taught to draw graphs, without any reference to what they have already learned in
Mathematics. Similarly, in case of Mathematics, any reference to science textbooks
or relevant topics is absent, and graphs are again taught independently. Social sci-
ences also follow a similar, without building upon any skills that the students might
have gained in the other two subjects and vice versa. Though there is no problem

if a topic is repeated, for the benefit of the learners, to completely overlook what
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similar topics the students might be learning the other subjects is another matter.

Trends across subjects

In this section, we look at the distribution of the graphs in different subjects and
classes. For the science textbooks to visualise the total number of graphs as a func-
tion of classes, we plotted the two. Figure 3.5 shows these trends for the science
textbooks. Similar analysis was done for other subject categories, social sciences

(Figure 3.6), and for Mathematics (Figure 3.7). The total number of graphs, among

Type of graphs in science textbooks across classes
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Figure 3.5: A graph showing the variation of the total number of graphs with classes for
the science textbooks.

the subjects that we have considered, is the least, in case of science, totalling to
29 graphs. In case of social studies and mathematics, this number is 41 and 181
respectively. These numbers are one indication that the school science textbooks
need content which would address the issue of handling graphs. Out of these 29
graphs, 27 are line graphs, and the other two are a bar graph and a pie chart. Thus
we see a trend that science textbooks mostly use line graphs, even if used spar-
ingly. We see that in the science textbooks class 9 has the maximum number (14)
of graphs. Most of the line graphs appear in the context of motion in classes 7 and
9.

In the social science textbooks (Figure 3.6), we see almost an exponential in-
crease in the total number of graphs as the classes increase. Here we notice that

the bulk of the graphs are statistical: out of the 41 graphs 35 are bar graphs and
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Type of graphs in social science textbooks across classes
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Figure 3.6: A graph showing the variation of the total number of graphs with classes for
the social science textbooks.

pie charts. In social studies mostly the graphs have been used to display various

types of statistical data.

Type of graphs in mathematics textbooks across classes

Number of Graphs

Class

Figure 3.7: A graph showing the variation of the total number of graphs with classes for
the mathematics textbooks

In the mathematics textbooks, line graphs are the most frequent ones to ap-
pear, 106 out of total 181 graphs are line graphs. Most of them are concerned with
either the arithmetic operations using the number line or developing concepts in
the Cartesian coordinate system. Especially in classes 6 and 7, the number line
has been used extensively to teach the concepts of addition, subtraction and mul-
tiplication of real numbers and integers. Our category of line graphs includes the
number line. Class 10 introduces the concept of functions using graphs. In the

mathematics textbooks, there are chapters on ‘Data Handling’, which talk about
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statistical graphs like pie charts, bar graphs, histograms.

In case of the social sciences, we have a perceptible increase in the number
of graphs with the classes. Whereas for science and mathematics textbooks this
increase in the number of graphs is not seen. In fact, in the science textbooks,
the total number of graphs substantially decreases in class 10. In mathematics
textbooks, on the other hand, the total number of graphs do not vary this much,

at least in the last three classes.

We think that there is a significant requirement for reconsidering how the
graphs are represented and referred to in the science textbooks. Given the exist-
ence of a “textbook culture” in India, and the importance of graphs for all subjects,
the trends that we have observed in the textbooks are worrisome. A proper recom-
mendation for integrating graphical content could then be framed considering the

need for graphicacy in Science and Mathematics education.

We have noticed that in the science textbooks, the presence of graphs is in-
sufficient. Reading, writing and understanding graphs being an important skill in
science along with other subjects, this trend needs to be changed. We see that
there exists a tremendous opportunity to explore and utilise this particular aspect
of graphicacy in the sample of textbooks that we have studied. Curcio (1987) puts
this idea effectively as: “Elementary school children should be actively involved
in collecting “real-world” data to construct their simple graphs”. The qualitative
study of the context in which graphs appear and the way they are utilised in the

textbooks forms the next section.

This part of the work was presented as “An Analysis of graphs in school textbooks” in

epiSTEME 4 Conference, in Mumbai (Dhakulkar & Nagarjuna, 2011)
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3.4 Qualitative analysis

As we have noted in the previous section, the mere presence of graphs does not

guarantee their understanding. As Brasell & Rowe (1993) note:

Graphs should not just be present in the curriculum but should become cognitively
available to students. Room must be made somewhere in our already overcrowded

curriculum to teach adequate graphing skills. (p. 69)

In this section, we look at the graphs in the textbooks in detail. We chose to ana-
lyse science textbooks in detail, as it was the main theme of our study. The ana-
lysis was undertaken to understand the presentation of the graphs in the textbooks
concerning their function and usability. Table 3.4 contains the categories used in
critically examining the nature of graphs and the learning they might support. The
framework used by (Roth et al., 2005) in Critical Graphicacy to analyse graphs in
textbooks was used to arrive at some of the categories, while for other categories

literature relevant to the design of the graphs was used.

CATEGORY DESCRIPTION

Function What function does the graph serve in the textbook? Whether the function
is narrative, organisational, analytical or metaphorical representation.

Reference Whether the graphs are referred to in the main text? If they are, what is
the manner and frequency of reference?

Integration How well are they integrated into the overall text? How do they go with
the flow of the narrative?

Data Used What is the data used in making the graphs? Is the data provided in a
tabular form, is the source of the data provided? Is real data used in making

the graphs.

Legend and Axes Is the graph with key and labels to the axes? Are the variables on the axes
with units and labels?

Close-to-life Does the graph link to any everyday experience of the students?

Design aspects Is the graph well designed? Does it have unnecessary decorative ele-
ments?

Table 3.4: The categories used for qualitative analysis of science textbooks and their de-
scription.

An analysis of each of the graphs that appears in the textbooks was performed

in the context of these categories. The categories in Table 3.4 provided a deeper
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understanding of the use of graphs in the science textbooks. As seen in Chapter 2,
the experience of learners (in both handling graphs and content) does play a sig-
nificant role in the reading of graphs, the design of the graph itself is also at times
detrimental to the understanding. A poorly designed graph might make it unread-
able or even lead to an erroneous conclusion being drawn. Works by Tufte and
Wainer contain many such examples of poorly designed graphs. Design consid-
erations while constructing a graph can help the readers of the graph positively.
Some authors provide a step-by-step guide for graph creation. For example, Dea-
con (1999) gives a five-step guide for drawing graphs from experimental data in
physics. The first step is to be clear about what is to be plotted? The second step
is about the choice of units and axes. Step three is regarding joining the points
either in a linear or a polynomial and finding coefficients. Step four considers if
there are alternative plotting schemes, e.g. could changing the axes to logarithms
help. The final step, which pertains to comprehending the graph in the context of
the experiment is to relate the graph to the experiment or phenomena and make

predictions if possible.

The presentation of graphs in the textbooks is important as the students en-
counter these graphs while learning. Shah et al. (1999) furnish guidelines for
presenting graphs in textbooks. This work provides the design principles to help
understand the graphs easily keeping in mind the visual encoding that is done by

the readers of the graph:

1. Line graphs emphasize x — y trends. If there are three or more variables in a data set, then

the most important relationship should be plotted as a function of the x— and y—axes.

2. Bar graphs emphasize comparisons that are closer together on the display. If there are three
or more variables, the most relevant trends should be plotted closer together along the axes

when using bar graphs.

3. Line graphs are more biasing (emphasizing the x —y relations), whereas bar graphs are more
neutral; thus, if two independent variables are equally important, bar graphs should be used.

If a particular trend is the most important information, then line graphs should be used.

4. The scale should reflect whether the goal is to understand relative or absolute information,

because people have difficulty translating between different graphic scales. (p. 701)

The text with which the graphs appear are crucial to aid in the comprehension
of graphs which relates to the two parameters, namely Reference and Integration

in Table 3.4. In Critical Graphicacy Roth et al. (2005) elaborate this point well:

64



3.4 QUALITATIVE ANALYSIS

Main texts provide the story line in which graphs with their captions are embedded.
They provide the story lines that set up a frame for graphs and their captions. Main
texts may supply readings of the graph, and therefore instructions for how particu-
lar graphs can and should be read; they put graphs or aspects of graphs into relief
and therefore set readers up for the interplay between the multimodal nature of
concepts. Finally, main texts provide interpretations that integrate the graph into a
theoretical framework. If graphs are not referenced from within the main text, they
become ancillary to the text?s argument, and there may be little reason for readers

to attend to this additional material.? (p. 33)

Cleveland (1984) analysed in detail all the graphs in a volume of the scientific
journal Science. Errors were found in more than 30% of the graphs even in a highly
rated journal like Science. This study reported four types of errors. This included
errors in construction (mistakes while plotting the graph, ~ 6%), reproduction (of
the graph while printing, ~ 6.5%), (design aspects of the graph render reading
of certain parts incomprehensible, ~ 10%) and discrimination explanation (some
aspects of graph are unexplained, ~ 16%). The study also investigated the space al-
lotted to graphs in different journals from a sample of 57 journals from 14 different
subject areas ranging from physical sciences, geology to psychology and education.
In each of the journal 50 articles from the period, 1980-1981 were sampled, and the
results analysed. The results indicate that the highest amount of space (about one-
third of the total space) given to graphs was by Journal of Geophysical Research,
while The Journal of Social Psychology has no graphs in this sample. They partic-
ularly note the discrepancy of lack of graphs in social sciences and provide this

explanation:

The lesser use of graphs in the mathematical sciences than in the natural sciences
quite likely stems from the mathematics, computing, and statistics journals' having
far less observational data to present; they focus mostly on mathematics and meth-
odology. Many of the social science journals, however, have much data yet make

very little use of graphs. (p. 265)

Furthermore, the article makes a note that just the presence of graphs (the quantity)

is not an indication of effectiveness or the quality of the graphs.

The fraction of space a journal uses in printing graphs does not measure the effect-
iveness or the quality of the graphs. It is certainly possible that a journal with less
of its space devoted to graphs than another journal might be communicating more
effectively with its graphs. But the fraction of space used is a measure of the im-
portance that the journal and the authors attach to graphical communication. (p.
265)
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On similar lines, we looked at the possible function the graph plays in the text-
books that we analysed. Just the presence of graphs is not sufficient. Cleveland
also provides a set of guidelines for authors and editors of academic journals. The
guidelines for authors provides a list of do’s and don’ts concerning design and

usage of graphs.

1. Graphs must be visually clear and capable of withstanding reduction.

2. Graphs must be clearly described. The combined information of the figure legend and the
text of the body of the paper should provide a clear and complete description of everything
that is on the graph. Detailed figure legends can often be of great help to the reader. First de-
scribe completely what is graphed in the display, then draw the reader’s attention to salient

features of the display, and then briefly state the importance of these features.

3. When feasible, put important conclusions into graphical form. Not everyone reads an entire
article from beginning to end. When readers skim a paper they are drawn toward graphs.

Try to make the graphs and their legends tell the story of your article.

4. Make the quantitative information that is graphed stand out. Be sure that different items on

a graph can be easily visually distinguished.

5. Avoid cluttering graphical displays. For example, too much writing on the plotting region
can interfere with the viewer’s perception of geometric patterns. Put as much of the writing
as possible-for example, a key for symbol types-outside of the plotting region, unless you

are certain the writing will not interfere.

6. Proofread graphs. (p. 268)

In case of authors coming from an information design perspective like Edward
Tufte, a good graph should have what he terms “graphical excellence” (Tufte, 2001).
The term “graphical excellence” covers various aspects of the graph including its
design, parsimony and ability to communicate ideas. In his works, Tufte provides
many exemplars of “graphical excellence” from various subjects. Though Tufte’s
work is not limited to Cartesian graphs alone, his set of points for “graphical ex-
cellence” provide a good set of principles for the design of the graphs. Tufte’s list
shown below includes points which cover the fundamental reasons (for showing

a graph) and possible insights that one can get from a graph.

§ Graphical excellence is the well-designed presentation of interesting data - a matter of sub-

stance, of statistics, and of design.

§ Graphical excellence consists of complex ideas communicated with clarity, precision, and

efficiency.
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§ Graphical excellence is that which gives to the viewer the greatest number of ideas in the

shortest time with the least ink in the smallest space.
§ Graphical excellence is nearly always multivariate.

§ And graphical excellence requires telling the truth about the data (p. 51).

Thus, we see that there are sound design principles for creating graphs. These
aspects are particularly important for the students who are just learning to make
and read graphs. An exemplary graph might provide the students with a learning
experience that will help them understand and appreciate the meaning of graphing
much better. The parameter of close-to-life derives from many studies which claim
that the context of the graph should be meaningful and familiar to the learners,
for example, Ainley (1995). The category of the design of the graphs is crucial for
graph comprehension, (Tufte, 2001; Wainer, 2007). We evaluate each graph in the

science textbooks in the context of these categories.

To provide possible inter-connections with other subjects, we have also added
and analysed few graphs from the mathematics and social science textbooks when
necessary. Tufte and Wainer well elaborate the concepts of data-ink ratio and
chart junk in their books on information design (Tufte, 1997; 2001; 2005; 2006;

Wainer, 2007). In the rest of the section, we give a few examples of analysis of
the graphs the science textbooks concerning the parameters mentioned Table 3.4.
Appendix A.2 provides a detailed analysis of all the graphs in the science textbooks.
At many places in this analysis, we present alternative options of either designing
or presenting the graph and additional activities which may enhance learning. This
section addresses research question @ To understand the nature of graphical
practices in the textbooks and to recognise the affordances given to the students

by the textbooks to develop graphicacy.
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3.5 Some sample graphs from science textbooks

In this section, we present some sample graphs in the NCERT science textbooks.
We have created information boxes for each graph with a unique number for the
graph (the title of the box). Each box for the graph contains the particulars of the

parameters used (Table 3.4) in the qualitative analysis.

Class 7

In this section, we some examples of the graphs appearing in Class 7 science text-
book (NCERT, 2007b). There are a total of eight graphs appearing in this Class 7.
Seven of these appear in Chapter 13 Motion and Time. Graphs are seen here mostly
in the context of motion, though as we find there are many places where we can
use graphs for improving the understanding of concepts at hand. The graph which

does not appear in the context of motion is in the context of weather (Figure 3.8).

7, Chapter 7, on Page 70.
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Figure 3.8: A sample graph from the science textbook. This graph appears in Class

The first graph in Class 7 textbook, (Figure 3.8 here) shows the vari-
ation of maximum temperature for the seven days in August for the
city of Shillong, in the state of Meghalaya. Here the graph is intro-
duced in a way under the assumption that the students already know

about graphs.
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