
ORIGINAL ARTICLE

A framework for mathematics graphical tasks: the influence
of the graphic element on student sense making

Tom Lowrie & Carmel M. Diezmann & Tracy Logan

Received: 28 January 2011 /Revised: 15 November 2011 /Accepted: 27 November 2011 /
Published online: 5 May 2012
# Mathematics Education Research Group of Australasia, Inc. 2012

Abstract Graphical tasks have become a prominent aspect of mathematics assess-
ment. From a conceptual stance, the purpose of this study was to better understand the
composition of graphical tasks commonly used to assess students’ mathematics
understandings. Through an iterative design, the investigation described the sense
making of 11–12-year-olds as they decoded mathematics tasks which contained a
graphic. An ongoing analysis of two phases of data collection was undertaken as we
analysed the extent to which various elements of text, graphics, and symbols influ-
enced student sense making. Specifically, the study outlined the changed behaviour
(and performance) of the participants as they solved graphical tasks that had been
modified with respect to these elements. We propose a theoretical framework for
understanding the composition of a graphical task and identify three specific elements
which are dependently and independently related to each other, namely: the graphic;
the text; and the symbols. Results indicated that although changes to the graphical
tasks were minimal, a change in student success and understanding was most evident
when the graphic element was modified. Implications include the need for test
designers to carefully consider the graphics embedded within mathematics tasks
since the elements within graphical tasks greatly influence student understanding.

Keywords Graphical tasks . Assessment . Mathematics sense making . Task
modification

Introduction

Our society is becoming more reliant on the representation of information in graph-
ical forms as traditional word-based communication and literacy demands change and
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adapt to what could be considered a burgeoning information age (Leu et al. 2004).
Over the past two decades, primary-school mathematics curricula have followed this
trend—with assessment tasks more likely to have graphical forms than ever before.
For example, in Australia’s first high-stakes testing program—National Assessment
Program for Literacy And Numeracy [NAPLAN] (MCEETYA 2008)—the primary
grades’ numeracy tests (Grades 3 and 5) contained 75 tasks, with 64 of these tasks
(85 %) containing a graphic (Lowrie and Diezmann 2009). Indeed, with the National
Council of Teachers of Mathematics (NCTM) (2000) having an entire section of the
Principles and Standards for school mathematics dedicated to representation, it is
certainly the case that educational bodies are placing greater emphasis on the impor-
tance of graphical representations within mathematics teaching and learning (e.g.,
Australian Association of Mathematics Teachers 1997; Department for Education and
Employment, U.K. 1998).

Representations tend to fall under two systems, namely internal and external
representations. Internal representations are commonly classified as pictures “in the
mind’s eye” (Kosslyn 1983) and include various forms of concrete and dynamic
imagery (Presmeg 1986) associated with personalised, and often idiosyncratic, ideas,
constructs, and images. Thus, internal representations are usually constructed by an
individual. By contrast, external representations are constructed by others or for
others. This investigation is concerned solely with external representations. External
representations include conventional symbol systems of mathematics (such as numer-
als and algebraic notation); graphics (such as number lines, graphs, and maps); and
written text used to convey meaning (Goldin 2008). Specific graphic representations
such as maps, diagrams, graphs, and charts, are expressions of mathematical concepts
that “act as stimuli on the senses” to help people to comprehend complex ideas
(Janvier et al. 1993, p. 81). Indeed, Arcavi (2003) suggested that graphics provided
the opportunity to reveal data in more precise ways, enabling the reader to “see” the
story presented in the representation.

Given the prominent use of graphic representations within mathematics, this
investigation endeavoured to deconstruct mathematics assessment tasks which uti-
lised graphic representations (graphical tasks) to better understand the various ele-
ments which constitute such tasks. The authors developed a conceptual framework
that could be utilised to understand how students solve graphical tasks.

Graphical tasks in mathematics

Elsewhere, graphical tasks are described as mathematics assessment items which
contain a graphic which is deemed to be integral to the solution process (Lowrie et al.
2011). Typically, these graphical tasks contain diagrams, graphs, charts, and/or other
visual or graphic representations which display information that has to be decoded in
order to solve the task.

From a theoretical perspective, graphics have been defined as visual representa-
tions for “storing, understanding and communicating essential information” (Bertin
1967/1983, p. 2). Graphic representations, such as graphs, diagrams, charts, tables,
and maps are part of the emerging field of information graphics found throughout
current school curricula. Information graphics contain information essential to the
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task which is not presented elsewhere (i.e., in text or symbols) (Gagatsis and Elia
2004), with such graphics increasingly being used to represent mathematics informa-
tion in standardised testing (Logan and Greenlees 2008; Lowrie and Diezmann 2007).
Specific components within graphic representations include nominal scales, ordinal
relations, interval and ratio relations, bars and lines, and directionality (Tversky
2001).

Kosslyn (1994, 2006) took a more holistic view of the definition and composition
of a graphic, maintaining that the information that surrounded the actual graphic (e.g.,
the diagram or chart) should be considered as “part of” the graphic. These other
components include the positioning of the graphic on the page; the placement of text
around the graphic; and the “quality” of the graphic. Kosslyn maintained that the first
step in preparing a graphic was to determine exactly what information needed to be
conveyed. He identified this as the Principle of Relevance. This principle is based on
the notion that graphics can become ineffective if too much information or too little
information is presented. Lowrie and Diezmann (2005) maintain that the construction
and, therefore, the representation of a graphic, has a strong influence on decoding
performance—particularly with younger students. Thus, the elements used in con-
structing a graphical task have an impact on how well students understand and
interpret the task, and hence influence their success in choosing appropriate strategies
to solve the problem and ultimately answer the question.

When decoding a graphic, individuals must contend with multiple sources of
information which may include text, symbols, keys, legends, axes, and labels (Koss-
lyn 2006), as well as attributes of visual density and saturation (Bertin 1967/1983).
However, primary-aged students are not necessarily competent at moving between
graphical and written information within the same context or the same forms of
processing (Clark and Paivio 1991). At times, they find such graphically rich
information difficult to decipher, particularly when the graphical representations are
unfamiliar or overloaded with information and, therefore, difficult to decode (Lowrie
and Diezmann 2007). As Hittleman (1985) indicated, the difficulty students can have
simply moving between the text of a question and the information in the graphic can
interrupt their thinking. It is certainly the case that the graphic can make a task more
difficult to decode (Berends and van Lieshout 2009; Elia et al. 2007; Schmidt-
Weigand et al. 2010), nevertheless in any given graphical task, the degree of difficulty
that students experience could be due to a number of factors. These factors could
include the context; the use of technical terms; the placement of symbols within the
task or graphic; and perceptual features such as the complexity of the graphic and
highlighting in the wording of text (Ahmed and Pollitt 1999). Therefore, if the
graphics associated with mathematics tasks (including those in standardised tests)
are not well designed, it is unlikely that results (outcomes) will be a reliable reflection
of student understanding.

Consequently, and particularly for primary-aged students, the comprehension of a
graphical task can be a demanding aspect of a task “in its own right.” Generally,
standardised instruments are designed (at least from a reporting perspective) to
measure student performance in relation to specific mathematics content and pro-
cesses. However, it seems that new forms of task representation that are rich in
graphics place increased demand on students’ capacity to decode and interpret
graphical tasks (Diezmann and Lowrie 2009b).
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Theoretical underpinnings

The theoretical foundations of this study derive from the work of Bertin (1967/1983),
who described graphics in terms of information within the graphic, the properties of
the system, and the underlying components that govern and combine these properties.
It is based on the notion that graphics are made up of a number of visual-spatial
elements that on their own, or combined with other elements, provide a classification
for different types of graphics.

Mackinlay (1999) built on Bertin’s work to categorise the visual-spatial component
of graphics and provided a specific structure in which graphics that convey informa-
tion can be represented; which he referred to as information graphics. From this
structure he produced six types of “graphical languages,” which represent mathemat-
ical relationships among perceptual elements and use particular encoding techniques.
The six types of graphical languages are: axis (single position); apposed-position;
retinal-list; map; connection; and miscellaneous. As Mackinlay (1999) explains:

Single position languages encode information by the position of a mark set on
one axis. Apposed-position languages encode information by a mark set that is
positioned between two axes. Retinal-list languages use one of the six retinal
properties of the marks in a mark set to encode the information. Since the
positions of the marks do not encode anything, the marks can be moved when
retinal list designs are composed with other designs. Map languages, which
have fixed positions, encode information with graphical techniques that are
specific to maps. Connection languages encode information by connecting a set
of node objects with a set of link objects. Miscellaneous languages encode
information with a variety of additional graphical techniques. (p. 75)

The graphical languages are variously represented by sets of perceptual elements
which include position, length, angle, slope, area, volume, density, colour saturation,
colour hue, texture, connection, containment, and shape (Cleveland and McGill
1984). For example, map languages typically have fixed positions and use a variety
of visual elements such as symbols, area, density, colour saturation, and texture. Bar
charts have information encoded by a marked set that is positioned between the x and
y axes. Table 1 provides a brief description of each of the graphical languages
together with examples and the encoding technique that each one uses.

Indeed, each of these graphical languages can be related to external representations
found in mathematics assessment items including number lines, bar graphs, maps,
Venn diagrams, and pie charts. Our work goes beyond the categorisation of the
visual-spatial components, to consider a more mathematically contextual classifica-
tion of graphical tasks. This classification describes the containment of a range of
interrelated elements which depend on but are not solely confined to the visual-spatial
component. As Kosslyn (2006) suggested, the structure of graphics includes not only
the actual graphic, but all of the information embedded within the task. Elsewhere,
Lowrie et al. (2011) argued that graphical tasks tend to contain, or have embedded
within their composition, a graphic(s), and may also include text, contextual infor-
mation and other external representations. Thus, for tasks that are rich in graphics, all
information presented (e.g., text, multiple-choice answer options) will also be part of
the structure of the graphical task.
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Aims and design

The broad aim of the study was to establish a framework which could be utilised to
understand how students solve graphical tasks, and, in particular, the elements that
make up the composition of these tasks. We conceptualised the following framework
as a way of understanding students’ sense making on graphical tasks in mathematics.
Specifically, the study sought to:

1. Establish a framework that describes the elements of a graphical task used for
mathematics assessment; and

2. Determine the extent to which changes to the three elements of graphical tasks
influence student performance.

Proposed framework

We argue that the specific elements contained within graphical tasks can be consid-
ered in isolation or commonly connected. In this study, we investigated the extent to
which various elements of a graphical task (i.e., graphic, text, symbols) influence
student sense making. Figure 1 describes our conceptual position in relation to the
composition of a graphical task commonly found in mathematics assessments.

The text contained within a graphical task typically establishes a stimulus (text
stimulus) and poses a question (text question). In some tasks, a text response might
also be required. The graphic component may contain mathematical information
(information graphic) and/or the mathematical scenario (contextual graphic). In
Fig. 1, both an axis graphic (information graphic), in the form of a number line,
and a series of pictures (contextual graphic) are used to show the life cycle of a
butterfly. In addition to text and graphics, symbols can also feature in the stimulus
information, the question, or the response.

Table 1 Graphical languages in mathematics

Graphical languages Examples Encoding technique

Axis languages Number line, scale A single-position encodes information
by the placement of a mark on an axis

Apposed-position
languages

Line chart, bar chart,
plot chart

Information is encoded by a marked
set that is positioned between two axes

Retinal-list languages Graphics featuring colour,
shape, size, saturation,
texture, orientation

Retinal properties are used to encode
information. These marks are
not dependent on position

Map languages Road map, topographic map Information is encoded through the
spatial location of the marks

Connection languages Tree, acyclic graph, network Information is encoded by a set of node
objects with a set of link objects

Miscellaneous languages Pie chart, Venn diagram Information is encoded with additional
graphical techniques (e.g., angle, containment)

Source: Lowrie and Diezmann 2005, p. 266
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Design

The iterative nature of the study resulted in a design which moved from a theoretical
stance to an empirical stance, and back again, as data were analysed. Thus, we described
the findings in relation to the nature and composition of graphical tasks both within the
conceptual framework presented above and the two phases of data collection. Specifically,
the study addressed the effect the three elements had on the decoding of information;
students’ processing of content; and the strategies employed to solve the task. In order to
achieve this, the study was designed to investigate the effects of modifying assessment
items commonly found in high-stakes mathematics tests. The process of modifying
assessment items provided the opportunity to focus on specific elements of graphical
tasks. We ensured that variations to the respective elements of the standard items would
achieve the same grade-level content whilst still allowing for variations in task design
(Kettler et al. 2009). Many of these modifications are made by manipulating the
layout, the wording, or the graphic of the tasks.

The study described students’ sense making on tasks presented to them in interview
situations and described the changed behaviours of these students when solving
modified versions of these tasks. Thus, we described differences in the approaches
and strategies employed by the students when either the graphic, text or symbol
components of the tasks were altered.

Task selection

Within the scope of the conceptual framework, six possible combinations of “design
modification” can be undertaken to alter the elements of a graphical task. Information
could be either added or removed from the text, symbols, or graphics components of
the task (i.e., 2×3 possible changes). However, as symbols are typically autonomous

The following graph shows the length of time taken 
for the four stages in the life of a butterfly. 

How many days are there in the caterpillar stage? 

Text Stimulus 

Graphic Component 
Contextual graphic

Information graphic

Text Question 

Symbol Answer 
Answer 

4

19

23

38

Fig. 1 Elements of a graphical task
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(and hence cannot be removed) in reality there are only five standard modifications
which can be achieved.1 Table 1 shows exemplars of each of these modifications.
Examples of the five modified items are presented in the Appendix.

The conceptual framework established the influence and interconnectivity
among text, graphics, and symbols within any given graphical task. As Campbell
et al. (2007) stated, “life experiences, language, cognitive processes, and knowledge
of and the ability to apply mathematical content all interact in the solution process”
(p. 8). In the current investigation, we consider the impact these elements, individ-
ually, have on students’ sense making by either adding or removing one element from
a specific task.

Participants

Forty Grade 6 students (21 girls, 19 boys) from three regional schools in New South
Wales, Australia took part in this study. The participants (aged 11 to 12) were from
varying socioeconomic and academic backgrounds and were not involved in any
treatment program throughout the study—they continued with the mandatory state
curriculum. However, these participants were accustomed to interpreting and solving
mathematics tasks of the nature described in this investigation since they were
involved in a comprehensive 3-year longitudinal study which encouraged the stu-
dents to verbalise their thinking after solving tasks (see Diezmann and Lowrie
2009a).

Procedure

This study has two phases. In Phase 1, 40 participants were video-taped as they
solved five items from the Graphical Languages in Mathematics (GLIM) instrument
(Diezmann and Lowrie 2009a). This phase formed part of a larger study which traced
these participants’ sense making in interpreting graphical tasks over a 3-year period.
The research team conducted semi-structured, in-depth interviews where students had
an opportunity to verbalise and justify their thinking processes. Students’ responses
to the five standard tasks were analysed (Phase 1) and as a result, it was evident that
particular elements of the task composition had an impact on the way in which the
participants interpreted and solved the items. To this end, the data were confirmatory
in nature—fitting the profile of our conceptual framework (and the process estab-
lished in Table 2).

In Phase 2 the students solved the five modified items using the same protocol
developed in Phase 1. For each task, the specific element that most influenced student
sense making was modified for the purpose of creating tasks that more readily
provided opportunities for task success (Phase 2). At the same time, this procedure

1 Although symbols can be removed from mathematics tasks, such modifications change the nature and
intent of the task. For example, removing symbols often provides the opportunity for open-ended problem
solving to take place. In this study, the intent was to ensure modifications did not change the intent of the
task and consequently the removal of symbols was avoided.
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created the opportunity to investigate the effect a specific change to one element
would have on student performance. Table 3 provides a description of each task,
indicating the order of difficulty based on student performance in Phase 1. This table
also describes the changes made to the modified tasks. Both the standard and
modified items are presented in the Appendix.

For Task 1 (the Puzzle Task), incorrect responses predominately involved students
attempting to translate the puzzle piece so that it “fitted” into the side of one of the
four options. Background shading was added to this task to better illustrate the need
for the puzzle piece to be placed inside one of the options. When answering Task 2
(the Line Graph Task) students were repeatedly distracted by the plot points (dots) on
the line. Modification involved removing the dots from the grid lines. For Task 3 (the
Block Task) students thought that two options in the multiple-choice answers were
plausible due to their interpretation of the text. The addition of text highlighted that
only one of the answer options was required. For Task 4 (the Food Web Task), the
students’ general knowledge (or lack thereof) regarding a food web overly influenced
the students’ responses. Generally, the students tended to select the answer that made
sense to them rather than decode the graphic using the key. Consequently, the
authentic context of the task was removed and replaced with nonsensical terms. For
Task 5 (the Bay City Task), an incorrect assignment of 10 km to each interval resulted
in incorrect solutions. Modification involved adding the numerical values (given in
the text) to the number line.

As previously mentioned, we hypothesised that student performance would in-
crease in Phase 2 for each of the five modified items. We anticipated that the task
modification would provide scope to consider student sense making in situations
where task representation was altered.

Data analysis

The influence of task modification on student performance

Data from the second interviews were analysed to determine any changed behaviour
in terms of students’ interpretation and understanding of the tasks. Comparisons
between students’ performance and approaches across the standard and modified
tasks were undertaken to establish the influence these elements had on mathematics
understanding. Thus, we were able to consider students’ performance and approaches
in relation to: (1) graphics (added, removed); (2) text (added, removed); and (3)

Table 2 Graphical task modified in relation to graphics, text, or symbol composition

Modification Graphical task composition (Appendix reference number)

Graphic Text Symbol

Element added Puzzle piece (1) Blocks (3) Bay city (5)

Element removed Line graph (2) Food web (4) NA (typically autonomous and
not able to be removed)
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symbols (added). The following analysis considers student performance across the
five tasks.

Table 4 provides a description of student success across the standard and modified
tasks. Each of the sets of tasks has been classified with respect to changes that were
made to the graphic, the wording, or the context of the task—specifically, the addition
or removal of graphic, text, or symbol (addition only) elements.

Effect sizes (measured by Cohen’s d to determine the magnitude of a treatment
effect) revealed the degree of change in performance across the two sets of tasks
completed in the interview. Cohen (1988) defined small effect sizes as d00.2,
medium as d00.5, and large as d00.8. For three of the five tasks effect sizes were

Table 3 Description of tasks in both standard and modified forms indicating task difficulty

Appendix
number

Difficulty
rank (%
correct)

Standard task
description

Misconceptions/Ineffective
processing of information

Modified task
description

1 4 (51) Placement of a jigsaw piece
into the puzzle

Knowledge of jigsaw
puzzles resulted in
attempts to connect pieces
together rather than
matching

Addition of a shaded
background

2 1 (22) A bike ride, distance vs. time
line graph plotted on a grid

Plot points on line graph
interpreted as rests

Removal of the plot
points on the line
graph

3 5 (53) Mental rotation of a shape
and a necessity to visualise
tessellation of the shape
within another shape

Misunderstanding of
requirement to select only
one solution option

Reworded task to
explicitly indicate
that only one
option was
plausible

4 2 (24) A food web which is cyclic in
nature, based on realistic
contexts

Realistic scenario drew
attention from graphic
structure

Similar structure,
removal of
realistic context

5 3 (33) A word-based number line
using intervals to represent
distance between three
cities

Numerical data in written
text not applied to graphic

Addition of
numerical values
to the number line

Table 4 Student performances across standard and modified tests

Appendix number Test Effect size d Change

Standard Modified

% Correct % Correct

1 51 65 0.29 Graphic added

2 22 60 0.83 Graphic removed

3 53 45 −0.16 Text added

4 24 18 −0.14 Text removed

5 33 35 0.04 Symbols added
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small and inconsequential—indicating little or no change in student performance across
the standard and modified graphical tasks. By contrast, the changes in students’
performance, in terms of effect sizes, were moderate (Task 1) and high (Task 2) for
the two items where the graphic element was altered. Any concerns regarding causality
(e.g., the students becoming familiar with the same assessment items) are alleviated
since improvements did not occur on three of the five items—and the changes in
performance were both consistent (only graphics modifications) and readily distin-
guishable (moderate and high effect sizes). Consequently, only the tasks with moderate
to high changes are discussed further (Tasks 1 and 2). We acknowledge that these
results may well have much to do with the appropriateness of the original tasks rather
than changes in the respective elements. That is, significant changes in performance
may indicate that a graphic element should have been embedded in the task (Task 1) or
not utilised at all (Task 2). Nevertheless, the interview data below demonstrates
dramatic shifts in students’ understanding of the tasks simply because the graphic
element has been slightly modified.

Changes to the graphic element

In the following sections, we describe the “changed” sense making of students. In
particular, we focus on students’ responses in relation to those items with the highest
effect sizes between standard and modified items; that is, the two tasks where aspects
of the graphic element were either added (Task 1) or removed (Task 2). We limit our
analysis to these two tasks in order to better understand how the modified graphic
element changed the sense making of students on these tasks.

The Puzzle Task (Task 1)

On the Puzzle Task, there was a moderate effect size change in students’ performance
between the standard and modified tasks. The modified task had shading added (see
Fig. 2). Cross-tab analysis was conducted in order to trace movement patterns within

Fig. 2 The Puzzle Task in standard and modified forms
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the participants’ correct and incorrect responses. Eleven of the students (28 %) were
able to correctly solve the modified task after incorrectly solving the standard task.
By contrast, six of the students (15 %) incorrectly solved the modified task after
successfully solving the standard task. When solving the modified task (with back-
ground shading of objects), an additional nine students were able to successfully
solve the task and demonstrate sound reasoning. Note that two students answered the
modified task correctly by chance. The addition of background shading provided a
clear definition between the puzzle piece shapes and the enclosed area (which
separated the four shapes into solution options). Thus, students appeared more likely
to be able to discriminate between the orientation and outline of the shapes.

The nine students who had previously produced an incorrect solution were able to
correctly solve the modified task. These students demonstrated a more comprehen-
sive understanding of the task after the task had been modified. Previously, these
students employed one of two ineffective approaches to solve the task, namely
connecting the puzzle piece like a jigsaw using (a) translation or (b) rotation. These
jigsaw-like approaches were based on the notion of fitting pieces of a jigsaw puzzle
together, with four students attempting to translate the puzzle piece directly across to
an option and five students rotating the piece in a manner that would allow them to
connect the piece into one of the sides of their chosen option. Due to the lack of
discrimination between the foreground and background of the shapes, these students
did not appreciate that the puzzle piece and one of the four multiple-choice options
were identical. Hence, prior experience with puzzles overrode their sense of what the
task was actually asking. For example, Lachlan attempted to translate the puzzle piece
directly into the side of answer C.

Lachlan: I said C. That (pointing to part of the puzzle piece) would fit into the
side. It’s got a sticky out bit and that has a putting in bit, it looks the same kind
of height. They slide right in together.

Lily’s response is typical of the five students who incorrectly employed a rotation
approach on the standard task.

Lily: I chose B because I also looked at A. I looked at A but there was less of gap
there than there was there [pointing to the puzzle piece and gesturing that she
rotated the object]. You have to slot it in. This part here and this part here, like they
just connect.

Once the background of the four options were shaded, attributes of value and
depth were revealed (Bertin 1967/1983) and the students were more likely to “realise”
that the puzzle piece had to be placed on top of one of the four multiple-choice
options so that it would “match” rather than connect. For example, Lachlan’s
response to the modified task typified the changed thinking of those nine students.

Lachlan: I chose A because in my head I turned it around and it fit there. (sic)

Thus, the colour saturation helped convey the intended purpose of the assessment
task—that is, to determine whether the students could rotate a shape and transpose it
(in their mind’s eye) to fit into another shape. Kosslyn (1994) maintained that
important information in graphics needed to be represented with distinct perceptual
differences in order to ensure that meaning was not lost—and that graphical
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information needed to be distinguished from the background. In a similar vein, Shah
and Hoeffner (2002) maintained the use of distinct colour along a spectrum was
useful in separating information. Although at least some of the intent of the question
was to assess students’ discrimination skills, the lack of salient features in the
graphical representation hindered perceptual understanding.

It is important to note that six students incorrectly solved the modified task after
successfully identifying the correct multiple choice response for the task in the
standard form. However, although they were correct in their solution to the standard
task, four of these six students did not use an appropriate strategy when initially
solving the task—and as a result the selection of the correct response was due to
chance rather than an understanding of what the task required. For the remaining two
students, the changes to the modified task had a negative effect on their performance.
For these two students, their understanding of the task in the standard form was
comprehensive. The graphic modification actually encouraged these students to
revert to connecting the pieces together rather than matching the objects. Such
inconsistencies in student behaviour need to be explored in more detail—especially
given the fact that such colour saturation (i.e., shading) should have made objects and
shapes more distinguishable (Bertin 1967/1983; Kosslyn 1994).

The Line Graph Task (Task 2)

On the Line Graph Task, there was a large effect size change in students’ performance
between the standard and modified tasks. The modified task had dots removed (see
Fig. 3). Cross-tab analysis revealed that 15 students (38 %) were able to correctly
solve the modified version of the task after incorrectly solving the task in the standard
version. By contrast, only one student (3 %) incorrectly solved the modified task after
solving the standard version correctly.

In Phase 1, three categories of ineffective approach use were identified for these 15
students and included: (a) an analogy; (b) pausing at the dots; and (c) uncertain
decoding. With respect to the ineffective analogy approach, two students initially felt
that the dots on the number line were like a “full stop” in a sentence. The majority of
the ineffective approaches (8 students) were a result of students becoming fixated
with the first dot on the line and therefore crafting their entire response on the
presumption that this point indicated the first rest. These students were inclined to

Fig. 3 The Line Graph Task in standard and modified forms
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pause at the first dot rather than consider the slope of the line. The remaining five
students’ approaches were coded as uncertain decoding since they employed a range
of approaches in order to make sense of the question. These students assumed there
were regular rest points along the time-distance continuum. Irrespective of the
approach used, all 15 students demonstrated a sound knowledge of what the task
required when decoding the modified representation.

Fifteen students who had previously produced an incorrect solution were able to
correctly solve the modified task (Phase 2). The removal of the dots provided students
with the opportunity to actually read the line graph without being distracted by the plot
points. In the modified task, students went from having a simplistic understanding of a
line graph—being able to read the axes but being unable to interpret the line—to being
able to incorporate all elements of the graphic within their reasoning. The majority of
students processed the information from the perspective of the coordinate junction. That
is, they interpreted information on both the x and y axis from a stationary point.

The following examples highlight the change in understanding exhibited by students
who had incorrectly solved the standard task. The three transcripts highlight the changed
thinking for the analogy, pausing at the dots, and uncertain decoding approaches.
Tim’s analogous approach was based on the notion that the graph line was like a
sentence which told a story with dots being a stop along the journey.

Tim: It has 6 am and 7 am, so that took 1 h until she had a rest. Because it’s a
line graph the circle/dot is like a rest and it tells you how long she rode, like a
full stop of a sentence.

By contrast, when solving the modified version of the task, Tim’s awareness of the
entire graphic was evident.

Tim: I looked at the graph and it said between 6 and 7 she travelled 20 km and then
I looked at it and when she rode about 35 km she stopped which was 10 o’clock
cause it was just a straight line and it wasn’t continuing up so that must have been
her rest. Because she stopped from 10 till 12 o’clock it must have been 2 h.

Tim considered information on both the x and y axes such as time (hours) and
distance (kilometres). He was also aware of the importance of the slope of the line
and processed this information in terms of its continuum rather than the disjointed
nature of his analogous approach where the dot was like a full stop.

Rebecca’s initial approach was founded on an understanding that each dot represented
a new hour, however she also interpreted this representation to mean that Meg stopped
every hour. This pause at the dot approach was similar to the analogous approach in
the sense that the dot stood out from the line, foregrounding these representations as
overly important to the task. For example, in the standard version, Rebecca indicated:

Rebecca: I chose 1 h because she started at 6 am and she stopped at 7 am
because here it has a dot where it was a new hour.

Whereas in the modified version she explained:

Rebecca: I chose two hours because on the graph it keeps on going up until she
gets from 10 am to 12 pm and then it just goes straight so she’s not moving any
distance which means she must have stopped.
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Without the prominent dot feature within the graphic, Rebecca was able to
navigate the variations in the time-distance slope without the distraction of stopping
at every hour. This different approach allowed her to see the flattening of the slope
which represented no movement along the y axis. Consequently, she was able to
consider the relationship between the x and y axes in her solution.

The remaining five students were less fixated on the dots, however these students
were unable to make the connection between the information on the two axes.
Gemma’s approach segmented information along the x axis totalling the hours along
the journey without being able to recognise the intent of the question since she
counted the hours taken to get to the resting point.

Gemma: I had a bit of trouble, I thought the dots were where she rested but it
turned out that wasn’t what you were supposed to do. I counted 6 to 701 h, 7 to 80
1 h, 8 to 901 h, 9 to 10 is 4 h (altogether) so that was where the first rest started.

Her solution to the modified task indicated that she now understood what the
question was asking since she was able to interpret the slope of the line.

Gemma: I chose 2 h because she rode all the way up to where the line goes straight
and I thought that would be a rest and it went from 10 to 12 so I put down 2 h.

We postulate that increased attention was awarded to the actual line that represented
information on the graph rather than separately interpreting information from the respec-
tive axes. Thus, the students were able to make sense of the relationship between the x and
y axes and interpret the core meaning of the graph (Bertin 1967/1983). This change in
thinking suggests that the visual features of the graph can affect students’ interpre-
tation of graphical tasks (Gattis 2002) and the important role the format of the graph
plays in their comprehension and reasoning processes (Carpenter and Shah 1998).
This visual information, which included unnecessary features, became distracting
and, in Shah and Hoeffner’s (2002) term, “unhelpful.” In the standard version of this
task, many students saw the dots as being stationary rests, without looking further to
consider how the line on the graphic related information about time and distance.
Such distracters can become an unnecessary focus and prevented the students from
looking further or spreading equal attention across other elements of the graphic.

Conclusions and implications

The framework presented in this paper can be used as a template for deconstruction of
a graphical task. Indeed, the three elements identified in the framework (graphic, text,
symbols) can be individually or collectively manipulated in order to construct more
reliable and equitable high-stakes testing items. We certainly do not advocate high-
stakes testing (see for example, Lowrie and Diezmann 2009; Lowrie 2009) however
in a society where accountability and mass testing is common place, it is imperative
that assessment tasks are designed appropriately to measure the intended mathematics
outcomes.

This study has highlighted the problematic nature of using ill-designed graphics in
mathematics assessment tasks. It was evident that variations in the graphic element had
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an influential, and generally positive, effect on student performance and sense making.
When the graphic element of tasks was modified, many students who had incorrectly
solved tasks were able to reason, in more sophisticated ways, about the nature and
content of the tasks. By contrast, changes to the text or symbols of the task had only a
small effect on student performance and sense making. We acknowledge that the
quantitative results of this study should be read with caution given the fact that we
identified only one example within each of the five possible variables (e.g., one example
of a graphic being added). However, these results help to establish the framework as a
useful method to identify the necessary elements that make up the composition of a
graphical task. Moreover, the results begin to develop an understanding about how the
individual elements of a graphical task influenced students’mathematics sense making.

The changes to the graphic element of a graphical task supported student under-
standing of the perceptual features of the graphic. These modifications refocused the
students’ attention toward the most critical aspects of the graphic (e.g., the shape of
the object in Task 1 and the graph line in Task 2). In both instances, depth perception
or saturation (Cleveland and McGill 1984) defined the contrast between the levels of
backgrounding (adding shading) and foregrounding (removal of dots) of information.
For Task 1, the shading created an additional level that moved beyond the “flatness”
of the graphic, while for Task 2, three levels—the dots, the line, and the grid—were
reduced to just the line and the grid. For both tasks, the modification of the graphic
element enhanced the structure and readability of the entire graphical task composi-
tion. From a theoretical perspective, this study not only highlights the integrative
nature of the task composition (graphic, text, and symbol elements), it reveals the
degree of influence the graphic element has on students’ decoding ability.

Although changes to textual and symbolic information had some impact on student
performance, it was modifications to the graphic that changed the focus of the task. We
would argue that the intent of an assessment task is to provide opportunities for students
to show what they understand about a concept rather than what they do not understand
about a concept. These changes in the graphic element of the tasks not only helped
students to obtain a correct answer but also provided themwith a better understanding of
what the tasks required. Moreover, the changes allowed the students to demonstrate a
deeper knowledge of the concepts that were intended to be assessed in the actual task.

The design of mathematics tasks, particularly those used in high-stakes testing, is
more likely to be a reliable indication of student performance if the elements of
graphical tasks are considered both separately and collectively in the design of
assessment tasks. This is important since the graphic element has necessary self-
contained features that convey meaning and features which influence the meaning of
the other elements of a graphical task (see Fig. 1). Few studies have specifically
focussed on the nature and construction of “new” forms of mathematics assessment
items that are rich in graphics (Lowrie and Diezmann 2009). This is particularly
relevant at a time when national and international testing is becoming increasingly
influential in mathematics education, classroom practice, and government policy.
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Appendix: The standard and modified items
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* This item has been slightly modified.
Permission has been granted from respective agencies for the reproduction of the

above items.
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