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In thisissue, we present four research articles from four countries (Norway, the US, the UK, and
Canada), that are diverse in terms of types of adult learners being studied, with some being
traditional learners of mathematical content and some being teachers who are reflecting on their
own learning journeys as they consider their educational practices. The articles also reflect a
variety of educational settings, types of data presented, and research methodol ogies.

In thefirst article, authors Wiik and Vos investigated the visual-numeric literacy of readerswhen
looking at COVID-19 pandemic data such as infection and death rates. They interviewed two
young adults within higher education but with low confidence in mathematics and asked them to
make sense of COVID-19 data visualizations. The analysisrevealed that the two participants had
developed various sense-making strategies. Their lived experience during the pandemic assisted
them to overcome obstacles in mathematical sense-making, and gain insights from the data
visualizations. The authors provide recommendations for improving adults visual-numeric
literacy.

Wilder and West evaluated the mathematical autobiographies of 61 college faculty memberswho
participated in a quantitative reasoning devel opment program from 2013 to 2019. Three themes
from the autobiographies emerged: negative experiences with mathematics, positive experiences
with mathematics, and the importance of making mathematics relevant to learners. Among the
reflections, many identified biases they had encountered in learning settings, including gender,
race, ethnicity, and immigrant experiences. The results highlighted both mastery and performance
goalsas an incentiveto learning, aswell as seeing mathematics achievement through a positional
lens that is conditioned by both structural variables (e.g., teachers) and agency variables (e.g.,
growth mindset). The production of the autobiographies and the subsequent discussions hel ped
faculty members consider how their own experiences may inform their current teaching.

A study by Anagnostopoulou from the UK investigated the use of the immersive features of a
role-playing game (RPG), that had been developed as part of a PhD research, to introduce higher
level mathematics to adult learners, and examine the mathematical skill gains when they engaged
with the game. The author undertook an experiment with 148 participants, ranging in age from
18 to 60 years old, with diverse backgrounds regarding their prior mathematical knowledge and
gaming experience. The quantitative results suggest learning and understanding of mathematical
processes concerning basic differentiation rules was significantly increased by playing the game.



In the fina article, Gulaand Lovric report on the development and stress testing of a set of three
rubrics for teachers and curriculum designers interested in determining the quality of numeracy
tasks for use in instruction. They suggest that a distinct feature of numeracy tasks, as opposed to
mathematics tasks, is that they aim to inspire transfer from concrete to abstract thinking spaces
and back. Using models of the thinking process for real-world problem solving developed by
others, the authors developed two rubrics to evaluate the quality of numeracy tasks for their
usefulness in transference from concrete to abstract thinking spaces and from abstract thinking
back to well-defined thinking actions. A third rubric was developed to help teachers decide
whether to use a particular numeracy task in their own classroom setting. The authors provide
numerous examples of commonly used classroom tasks to demonstrate how the rubrics are
implemented.
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Abstract

In 2020, the COVID-19 pandemic urged authorities to share quantitative information such as
infection and death rates. One way of disseminating was through graphs, maps, and diagrams.
Such data visualizations communicate numeric datain compact ways, but also require aparticular
mathematical literacy from readers. We conceptualized this particular mathematical literacy as
visual-numeric literacy. To study it, we interviewed two young adults with higher education but
low confidence in mathematics and asked them to make sense of COVID-19 data visualizations
from journaistic digital media. Anin-depth analysis of their visual-numeric literacy revealed that
the two participants had devel oped various sense-making strategies. Their lived experience in the
pandemic assisted them to overcome obstacles in mathematical sense-making, and gain insights
from the data visuaizations. We discuss out-of-school mathematics learning and provide
recommendations for improving adults' visual-numeric literacy.

Keywords: data visualizations, visual-numeric literacy, out-of-school learning (of mathematics),
sensemaking, COVID-19 pandemic, mathematica literacy, numeracy.

Introduction and literature review

The COVID-19 pandemic affected peopleall over theworld. Governments and journalistic media
tried to inform citizens of risks and the spread of the pandemic, among others through a wide
range of visual representations of public health statistics. These were based on quantitative data
and mathematical models. In this paper, we describe a study, carried out during the COVID-19
pandemic, on how adults read these data visualizations (DVs).

DVs such as graphs, diagrams and maps have become important in public discourses
(Engebretsen & Kennedy, 2020), as illustrated by the many COVID-19 DVs. DVs are visua
representations of quantitative data. They are compact and useful to communicate messages, to
convincereaders, to explore data, to see patternsthat other formats render invisible, and to explain
connections between phenomena(Kirk, 2019; Li & Molder, 2021). Despite the usefulness of DV's,
there are also pitfals. DV's can be misleading through irregular scaling and incorrect proportions
(Kwon et al., 2020) and some design conventions, such as logarithmic scales, are less readily
understood (Romano et al., 2020). Reading DVsisacomplex skill that isinfluenced by the design
of the DVs, the readers knowledge of DVs, as well as the readers’ knowledge and expectations
about the data (Shah & Hoeffner, 2002). Further, researchers have identified severa aspects of
DV reading, including extracting information, finding relationships in the data, and making
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judgements or extrapol ations that go beyond the visualized data (Friel et al., 2001). In the case of
the COVID-19 pandemic, the mathematical literacy® demanded by the media coverage was a
complex blend of mathematical, statistical, linguistic, demographic, and critical skills (Aguilar &
Castaneda, 2021; Gal & Geiger, 2022). Due to the high stakes involved, Da Silva et al. (2021)
suggested that COVID-19 DVs can be used for critical discussions of the relationships between
DVs, policy and inequality.

The capability to read DVs was measured in severa large-scae internationa surveys.
According to two of them, IALS and PIAAC, all OECD countries have a significant number of
people who perform at aproblematically low level of reading documentsthat contain DV's, tables,
diagrams and so forth. The IALS study indicated that the scores of adults in Norway, where the
present study was conducted, were generally above the OECD average. However, an estimated
30% can only dea with simple, clearly laid out materials and will struggle with demands of
everyday lifeand in work in acomplex, advanced society (OECD, 2000). Themorerecent PIAAC
survey indicated that an estimated 40% of Norwegian adults may have struggled with journalistic
COVID-19 DVs (OECD, 2019), which isthe theme of this paper.

According to Evans (2018), the advanced state of modern statistics has created a
boundary between experts and the genera public. When statistics are used in public policy
debates, the gap between experts and the general public constitutes an “overt crisis of satistics’
(p- 38) because the interpretation of statistical data is shielded from criticism by its complexity,
lack of transparency, and assumed authority. On the other hand, Gal and Geiger (2022)
investigated the use of statistics and mathematicsin the media coverage of COVID-19 and found
examples of news items that invite readers to critically scrutinize statistical and mathematical
issues. This was redized in various ways, for example by pointing out issues of data quality,
dissent among experts, or results of fact checking.

Jackson et al. (2018) reviewed research on numeracy practices at work and in private life.
They found that the mathematics that people use in everyday situations is (1) contextual, that is,
interrelated with personal, social, and cultural surroundings, and (2) unstable, that is, variable
over time and circumstances. Everyday numeracy practices change in response to changesin the
surroundings such as a new job, anew tool, or asignificant event such as a pandemic. Jackson et
a. (2018) caution that this connectedness between numeracy practices and their situatedness
creates a challenge for survey research, such as PIAAC and IALS. To meet high statistical
standards, these studies transform literacy and numeracy practices into competence categories,
levels, and scores, and they zoom out across personal, social, and cultural surroundings. Jackson
et a. (2018) recommend large-scale studies to be complemented by qualitative research on
practices within different personal, social, and cultural contexts. With the present study, we want
to contribute to the latter.

Researchers have provided advice on guiding learning processes towards developing
effective and efficient DV reading skills (e.g., Friel et al., 2001; Shah & Hoeffner, 2002; Glazer,
2011). However, these studies focus mostly on compulsory education and do not consider adults
or lifelong learning. Studies on adults mathematical practices in out-of-school contexts have
found that such practices are strongly connected to the social contexts in which these occur (e.g.,
Curdt et d., 2022; Jackson et al., 2018) and that school-learnt mathematics is not a guarantee of
success in out-of-school mathematics (Heyd-Metzuyanim et a., 2021).

! The capability to use mathematics in diverse contexts has many definitions and names. In this paper, we
generally use the term mathematical literacy as an umbrellaterm, but we also use the term numeracy
when thisisthe preferred term in referenced papers.
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To study mathematical literacy practices embedded in lived experiences (Curdt et a.,
2022; Jackson et a., 2018), the media coverage of the COVID-19 pandemic offered a rich
opportunity for research. There were studies using digital surveys (Heyd-Metzuyanim et al.,
2021) and studies on how imagined readers encounter demands and opportunities when reading
COVID-19 media artefacts (Aguilar & Castaneda, 2021; Da Silva et al., 2021; Gal & Geiger,
2022; Kwon et a., 2021; Stephan et al., 2021). These studies were constrained by socia
distancing measures and lockdowns. For the present study, we made use of a window between
lockdownswhen it was allowed to meet people. We carried out i nterviews with young adults face-
to-face to study their actual engagement with COVID-19 DVs from popular news media. So, the
pandemic timing directly impacted our study. Hence, our method was different from digita
surveys and video interviews. In thisway, our study validates and complements findings from the
other studies mentioned.

Theoretical framework

For our in-depth analysis, we needed a framework that accounts for the many aspects of DV
reading and the role of lived experience in sense-making processes that were highlighted in the
literature review (e.g., Jackson et al., 2018). A frequently used framework for graph reading is
from Friel et al. (2001), which distinguishes between reading the data, reading between the data,
and reading beyond the data in a DV. This framework focuses entirely on the artifacts
characteristics and does not account for the readers and their lived experience.

The framework used for the IALS study is named Document Literacy. It describes “the
knowledge and skills heeded to | ocate and useinformation contained in variousformats, including
job applications, payroll forms, transportation schedules, maps, tables and charts’ (OECD, 2000,
p. X). This framework highlights the cognitive underpinnings of how people locate and use
information in DVs (Kirsch & Lennon, 2017), but does not consider how people read DVs
differently according to how the information in the DV's affect their lives (Jackson et d., 2018).

We needed a framework that considers reading and making sense of DV's as a multi-
faceted skill (Gal & Geiger, 2022; Tout et al., 2021) that includes aspects such as making sense
of mathematical models (Aguilar & Castaneda, 2021; Ga & Geiger, 2022) and critically and
reflectively use quantitative information to inform actions and judgements and reflect on their
sociopalitical implications (Da Silva et a., 2021; Gal, 2002; Ga & Geiger, 2022; Geiger et a.,
2015; Stephan et d., 2021; Tout et d., 2021; Weiland, 2017). Also, the framework should capture
interrelations between mathematical literacy practices with personal, social, and cultura
surroundings.

Wefound that the framework visual-numeric literacy (Tgnnessen, 2020) met these needs.
Visual-numeric literacy is the capability needed for getting information from texts when reading
newspapers, websites, guidelines, and so forth, that include visua representations of quantitative
data such as graphs, diagrams, and maps. This framework is inspired by research in language
learning (Hasan, 1996) and is grounded in the theoretical perspective of social semiatics (Van
Leeuwen, 2005), which casts an eye on practices in specific social and cultural circumstances.
We regard visual-numeric literacy as a specific form of mathematical literacy. It is similar to
Document Literacy but has a special focus on the readers’ social contexts. Key to the socia
context istherole of lived experience. The framework is composed of three different aspects that
together cover the nuances highlighted above. Below, we explain the three aspects, the relevant
contexts, and how we used them in this study.

First, the recognition aspect concerns the recognition of the sign systems used for
meaning making, and for decoding the signsin order to connect them to the meaning intended by
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the designer. In the case of verbal language literacy, the main sign system is the aphabet. In the
case of DVs, the sign system contains dots, lines, axes, numerals, colors and so forth. Second, the
action aspect of literacy pertains to using texts—in this case DVs—to reach personal goals. It can
entail using DVsto inform actions and decisions, such as finding a good time for visiting elderly
relatives during the pandemic. Finally, the reflection aspect pertains to exploring and challenging
the boundaries of DV practices and conventions through reflection, critique, analysis and enquiry.
Reflection literacy drives development.

Hasan (1996) distinguished between two relevant contexts when people engage with
texts, and we have applied this distinction to our analysis of interaction with DVs. First, aDV can
be understood within the context of its sign system, that is, the repertoire of available signs and
codes. It isthis kind of meaning making that yields statements like “infection rates are higher in
Altathan in Kristiansand” when interpreting Figure 3 because this statement can be inferred from
the DV aone. Second, the social context is also a rich source for meaning making. The socia
context entails the readers lived experience, history, aspirations, and environment — family,
friends, identity and so on. When the readers social context is used for meaning making,
statements will go beyond information inferred from the DV, for example “I need to be extra
careful around my elderly parents now that the infection rates are so high”. By combining the
three aspects with the two contexts, we created aframework consisting of six labels (Table 1) that
we used for our analysis. The research question for this paper is:

What characterizesadults visual-numeric literacy when reading and making sense of journalistic
COVID-19-related DVs?

Table 1. Aspects and labels used for analysis of visual-numeric literacy

Aspect Label Exampl e of utterance
Context of sign systems: Decoding without When | look at the numbers, | see that the
Recognition  relating it to the experienced world increase is even more here.
literacy Context of the readers’ social situation: Decoding  Herein the graph, the infections are going up. |
while relating it to their experienced world remember that happened.
Context of sign systems: Action within the DV I move the mouse over the graph.
Action
literacy Context of the readers’ social situation: Action | cancelled atrip to my parents after | saw these
beyond the DV types of graphs.
Context of sign systems: Reflection on the DV The logarithmic scale on the vertical axis makes
Reflection the graph midleading.
literacy Context of the readers’ social situation: Reflection DVsdo not show how people experience the
on the socio-political impact of the DV pandemic.
Methods

Resear ch context, design and participants

We held interviewsin the spring of 2021, when infection ratesin Norway were high but relatively
low inthe municipality of the study (FHI, 2021). For the interviews, we used VG (Verdens Gang),
the most used online newspaper in Norway (Mediebedriftene, 2021). When the first infections
occurred in Norway, VG developed a web page showing health data related to the COVID-19
pandemic (www.vg.no/specia/corona). The web page contained little text and a wide range of
DVsof infections, mortality, vaccinations and so forth for Norway and the World. The DVswere
displayed in different formats, such asline graphs (see Figures 1 and 5), and choropleth maps (see
Figure 3). There were interactive features, such as mouseovers to show exact data, like the
infection rate for a specific date or a specific city (see Figures2 and 5). Also, readers could change
certain detailsin some of the DV's, for exampl e between daily and cumulative numbers or between
linear and logarithmic scales. Below each DV, there were clickable hel p-buttons that offered text

10
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boxes with legends and explanations of key concepts. The webpage was frequently updated with
new data. The webpage contained examples of what Gal and Geiger (2022, p. 19) have called
embedded criticality, that is, cues directing the readers attention towards “statistical and
mathematical issues that require critical scrutiny”. Examples of thisinclude alog of changes and
errors, and mention of missing or incomplete data. This web page attracted much traffic.
Therefore, it was an important part of the media coverage of the pandemic in Norway and an
authentic arena for investigating adults' visual-numeric literacy.

For the datato berich, we needed participantswho were able verbalizers of their thoughts.
Also, wewanted them to bein thelower ranges of the PIAAC numeracy level s because that would
reveal more of the struggles to make sense of DV's, and it would make them more representative
of an’average’ reader. Therefore, we approached people on the campus of aNorwegian university
asking them whether they were a student, but not in a discipline with high mathematical entrance
requirements (e.g., natural sciences, engineering, mathematics, economy). The interviews lasted
roughly one hour, and the participants received a200 NOK gift card. The interviews consisted of
two parts: The first part was an unstructured interview where the participants were asked to
explore at their own pace and comment asthey read. Thereafter, each participant was asked open-
ended questions about their reading. We chose to start with an unstructured interview to get an
impression of how they would engage with the page with minimal interference from the
researchers (Bryman, 2016).

Because the unstructured first part of the interview did not ensure comparability and
coverage of al the aspects of the framework, the second part of the interview followed a semi-
structured design (Bryman, 2016). In this second part, the interviewer asked questions that
targeted each aspect of their visual-numeric literacy, as well as relevant background questions.
The participants were asked the same main questions, but follow-up questions varied depending
on their answers. Among the questions asked in this part of the interview were questions about
the DV shown in Figure 2. Here, the interviewer asked them to elaborate on the information they
get from the DV, followed up by probing questions that targets the logarithmic scale such as
“when isthe increase in the number of infected the greatest?’ and “what happensif you switch to
alinear display?’ Towards the end of the interview, the participants were asked questions about
their experience with school mathematics.

The two participants, hereafter anonymized as Abe and Bea, had a similar background in
that they both reported a negative experience with school mathematics. However, their experience
with COVID-19 DVs was very different: Abe reported that he avoided numerical content in
genera and had never seen aDV related to COVID-19. By contrast, Bea had a strong interest in
COVID-19 DVsand had visited the web page used for the interviews many times already.

11
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Figure 1. Miniature line graphs of infection trends per municipality,

grouped according to rising, flat or sinking trends. Downloaded from vg.no 07.04.2021.

Mye  Totalt Daglig Ukentlig

o Log

4. juli 2020

dede: 251

mar ‘20 mai ‘20 Jul 20 sap ‘20 nov 20 jan'21

mar ‘21

Figure 2. Histogram of cumulative deaths in Norway with logarithmic vertical scale and
mouseover showing 251 deaths on 4 July 2020. Downloaded from vg.no 07.04.2021.

12



Making sense of journalistic COVID-19 data visualizations....

Kommunekart

Perinnb. ~ Antall  Trend Sisteldd. -

25 50 100 100 600

Figure 3. Choropleth map showing infection rates in Norwegian municipalities.
Downloaded fromvg.no 07.04.2021.
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Figure 5. Combined histogram and line graph showing daily and 7-day average deaths in Norway
with mouseover showing 21 deaths for 13 January 2021. Downloaded from vg.no 07.04.2021.
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Data and analysis

After transcribing and anonymizing the data, the analysis consisted of three rounds. First, the
transcripts were read thoroughly to get an overview. Second, each statement was labeled as
explained below. Third, for both participants, all statements were rearranged according to the
labels, which enabled us to characterize the three aspects of each participants visua-numeric
literacy.

The analysis was based on six labels (Table 1). For each of the three aspects of literacy,
recognition, action, and reflection, we distinguished between two contexts. When the reading was
turned towards the DV's themselves, we labeled them ‘sign system context’. When the reading
was explicitly turned towardsthe DV'S' role or impact on the social context, welabeled it as* socia
context’. The label ‘recognition literacy in the sign system context’ was used when a participant
directly decoded aDV (e.g., decoding values from graphs). The label ‘recognition literacy in the
social context” was used when decoding was supported by social context. And so forth for action
literacy and reflection literacy.

After initid analysis, both participants were sent the transcripts and a summary of the
analysis. Both agreed that they were accurately represented.

Results

In this section, we first present key findings for Abe and Bea separately. A summary of the
characteristics for each participant is provided at the end of this paragraph. This will then be
synthesized across the participants in the Discussion paragraph.

Abe

Abe was a 22-year-old male university student of Music and English. In upper secondary schooal,
he specialized in Music and took the lowest coursein Mathematics (1P). He disliked mathematics
and datistics but considered them useful. When asked about experiences in the COVID-19
pandemic, he highlighted feelings of loneliness, but he had a circle of close friends to socialize
with. His sources of pandemic information were popular social media, Google, and an Instagram
account from the local municipality that posted about mitigation measures. He claimed that he
never saw graphs about the pandemic before the interview.

Abge’ srecognition literacy

To analyze Abe's recognition literacy, we looked for instances where he decoded DVs, and we
were interested in which relevant contexts he used (the sign system or the social context). For
instance, when Abelooked at a DV where the Norwegian municipalities were grouped according
to their trend in infections (rising, flat, sinking) and represented by small line graphs (Figure 1),
he commented:

96 Abe: Flat trend, Trondheim has been good recently. Sinking trend, Kristiansand. ... [pointing
at the peak in the curve for Kristiansand] That's when everything was closing. Otherwise, it has
been sinking in Kristiansand. What isamusing is that | work out at the gym almost every day, while
everything is shut down. ... They started shutting down everywhere except Kristiansand.

His comment on Trondheim was probably based on recent news about that municipality.
Next, he looked at the headlines, and found his university town Kristiansand in the cluster under
the headline “sinking trend”. He pointed with the cursor to a peak in infection rates in February

16
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2021, about six weeks before the interview. Here, he pointed at the tension that whilst society was
closing down at this point, Kristiansand remained open, which he concretized by his habit of
going to the gym every day. Thisinstance illustrates severa characteristics of Abe' s reading and
sense-making. First, he often relied on cues from the textua part of the DV's such as headlines,
and not the numerica part, to make sense of the DV's. Second, he used his pandemic knowledge
and experiences from his social context to make sense of the DV s and validate hisinterpretations.

When he discussed a DV that incorporated a histogram, showing daily COVID-19
mortality, and aline graph showing seven-day averages of the same data (Figure 5), he was asked
to explain the difference between the bars and the line. This question was aimed at probing his
recognition literacy in the context of the sign system. He said:

302 Abe: | think the dark red lineis general.

303 Int: Yes, what does that mean?

304 Abe: I'm thinking ... when | say general, I'm thinking of the number of infections we get in
that time, you know, rather than exact numbers we have this ... you know ... as long as we stay
below zero cases or percent, then infection rates go down.

Although he struggled to verbalize what he meant by ‘ general’, this dial ogue showed that
he understood that the red line shows something that differs from the ‘exact’ (absolute) numbers.
His statement about negative numbers points a a hurdle for Abe in expressing decreasing
infections in mathematical terms. After studying the DV further, he concluded that the line is an
average of the bars, and as he said this, he also realized that there was a legend explaining that
the curve is a seven-day average of daily deaths, and that the bars show daily deaths. This shows
that he had an intuitive and informal understanding of graphs and, through discussion, enquiry
and finding legends, was able to decode a number of signsin the DV, in particular the difference
between the bars and line graph.

When asked to explain the concept ‘per 100 000" used in the choropleth map (Figure 3),
Abe used the terms “percentwise’, “large perspective” and “average perspective’, showing
untechnical and informal understanding of relative numbersin the DV. When discussing further,
Abe expressed that infection rates per 100 000 in municipalities with fewer than 100 000
inhabitants were “nonsensical and inaccurate”. He stated that rates per 100 000 could not be
applied for cities like Bodg with fewer than 100 000 inhabitants (lines 361, 363). This showed a
deficient capability to decode relative numbers. Nevertheless, he was able to accurately make
sense of the map by decoding the colors, where he could read darker shades of red showing worse
intensities of the pandemic. In this way, the map alowed him to avoid numbers. Thus, his
recognition literacy was functional and non-formal. With each DV he used a narrative of
experiences from his own socia context to support his decoding.

When Abe was challenged to make sense of Figure 2, which shows deaths in a diagram
with alogarithmic vertical scale, hisinitial impression was that “alot of people have died” (line
200). However, after studying the concrete numbers from the mouseovers, he realized that the
graph showed cumulative numbers. Initialy, he claimed that the greatest increase was when the
curve was steepest, even after studying the concrete numbers through mouseovers. It was only
when he and the interviewer toggled between the logarithmic and linear scale that he realized that
there was an even larger increase in the winter 2020/21. This shows that he had difficulties with
the formal numerical codes.

Abe claimed severa times that the graphs repeated themselves. This was elaborated:

290 Abe: It [Figure 2 and 5] is even more repetition because it showsthat it was like | thought that
there was alot of infections in the [Christmas] holidays.

Hence, Abe interpreted the DVs holigtically as telling a story of how the pandemic
developed in waves and disregarded the concrete numeric information underlying each DV.
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Abe' s action literacy

First, we focus on Abe's action literacy in the context of the sign system, that is, his actions with
the DV sonly. While exploring the page, he scrolled up and down alot and would often continue
talking about a DV while scrolling further and making mouseovers. Unless prompted, he never
opened expandable information boxes or switched toggles. His scrolling and use of mouseovers
supported him in finding relevant information, although he did not utilize the full potentia in
information boxes and toggles.

When looking at Abe' s action literacy in the social context, we analyze how he used DVs
to inform actions and decisions, and how he saw the DV's as reflecting events happening around
him. Talking about the pagein genera, he said:

176 Abe: It [the content of the page] shows ... whereitisworst ... at the sametime it shows what
we have to do, we must be more careful when we are in large cities. At the same time, the cities
must think clearly and not lose the grip only because the virus is spreading in one place.

Thus, to Abe the contents of the page called for certain forms of action by authorities. He
also said that:

462 Abe: [I must be careful] on behalf of myself, others, and so forth. And if | go and visit my
family, then | must take them into account.

Thus, by finding relevant information, Abe felt ready to act and be extra careful about
visiting areas with high infection rates on behalf of himself and others.

When asked why a peak in a graph for infections occurred roughly two weeks before a
peak in amortality graph, he reasoned:

385 Abe: They may have been fighting for their lives and died after some time.

So, when prompted, he was abl e to reason causally across the DVs, and for this he used
his pandemic knowledge. This reasoning supported by the socia context was a central featurein
both his recognition and action literacy.

Abe sreflection literacy

First, we present findings about how Abe reflected on the DV's themselves, that is, reflection
literacy in the context of the sign system. While discussing a DV showing infection peaks in
Norwegian municipalities (Figure 4), Abeinitiated adiscussion on thelimitations of using relative
numbers. In this DV, the municipalities were ranked by the most recent date of the highest
infection rate. Thus, small and large municipalities were mixed. The DV used a color code where
the hue varied according to the infection rate, and the total of infected was given in numerals.
Kvam, a rural municipality, was ranked second because they just experienced a large outbreak.
Oslo, the capital and largest city in Norway, was ranked much lower despite having a higher
absolute number of infected.

102 Abe: These are very small numbers when you look closer.

103 Int: Are Odo’s numbers also small? Y ou just found Oslo.

104 Abe: They [Odl0] have 29 000 [infected]. A lot more than the 95 [infected] that are in Kvam.
That's alittle unclear. But till ...

105 Int: Yes. What do you mean by unclear?

106 Abe: | think that you can perfectly well look in terms of percentages that, all right, now there
are 95 percent infected, oh my! But then you see that only two out of three are infected. That's a
little unclear in my opinion.
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In thisinstance, Abe pointed at the complexity of him reading this DV. He indicated that
the ordering contradicted the ordering he knew. Then he pointed out that it was the use of relative
numbers that created this tension. The change of 95 infections to 95 percent and his ratio “two
out of threg” in line 106 were constructed for his argument. His perception of unclarity seemed
to stem from his mixing of relative and absolute numbers.

He also reflected on the opportunities offered by DVs:

258: Abe: Just now, it was new to methat it [the latest wave of infections] started in November and
not in February.

He considered the DV s as a hel pful and trustworthy addition to other means of reporting
about the pandemic because they illuminate patterns.

Now we turn to findings about Abe's reflection literacy in the social context. Abe gave
his opinion on news media

268 Abe: [the degree to which the media exaggerate] varies of course, but that’swhy | like to look
at multiple perspectives.

269 Int: And that means through social media?

270 Abe Yes.

Although he thought that news media tend to exaggerate and used social media as his
main source of information instead, he still considered the page to be trustworthy because of the
richness of perspectivesit provided and because he considered the Norwegian Institute of Public
Health (FHI, the data source) reliable. He commented that the page offered him new information.
Despite spending a considerable amount of time exploring the page, he did not attend to the
instances of embedded criticality.

Summary of Abe’s visual-numeric literacy

Abe relied to alarge extent on his knowledge and experience of the pandemic to make sense of
the DVs.

Recognition literacy: He decoded DVs functiondly, non-formally and in a way that was
dependent on concrete interpretations of the social context of the data. He had a limited
understanding of mathematical concepts such as relative numbers. Unless prompted, he did
not fine-read DVs and often interpreted them based on general impressions and headers. He
decoded the particular meanings only when there were absolute numbers given, which he
used to create narratives (e.g., telling personal memories from his gym, or visiting hisfamily).
While avoiding quantities, heinterpreted the DV s qualitatively, which led him to interpret the
DVs astelling the same story even though they show different data sets.

Action literacy: Heavoided DVsin his everyday media habits and preferred non-numeric content.
When looking at DVsintheinterview, he actively scrolled and looked for mouseovers, which
helped him find relevant information. When he encountered contradictory interpretations of
the DV's, he did not look for resolutions. When prompted, he could see causal relationsin the
data. He saw how actions and events such as Christmas holidays left an imprint in the data,
and how data can inform action.

Reflection literacy: He was critical of some design choices when the DVs did not reflect his
impression of reality. Nevertheless, he considered the page as a whole as trustworthy and it
could offer him new insights into the pandemic.

Cross-aspect: We observed that in the context of the sign system, Abe's action literacy
(mouseovers, toggles) supported his recognition literacy. For each of the aspects of literacy
(recognition, action and reflection), his lived experience of the pandemic helped him give
meaning to the sign system.
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Bea

Bea was a 23-year-old female university student of Gender Studies, with a bachelors' degree in
Globa Development. In upper secondary school, she chose the theoretical stream, specialized in
Socia Sciences and took the lowest course in Mathematics (1P). She had negative experiences
with school mathematics, she said she knew the basic concepts such as plus or minus, and beyond
these she said to havelow confidence. When asked about her pandemic experiences, she answered
that it had caused some strain on her studies, work and social life, but she considered herself
relatively unaffected by the pandemic. She regularly consulted a wide array of sources about the
pandemic, and she was a regular reader of VGs COVID-19 webpage. In the beginning of the
pandemic, she visited the page severd times aday. At the time of the interview, she visited it 2-
3 times aweek. Sheregularly encountered statistics and DVsin her studies and in social media.

Bea’ srecognition literacy

As with Abe, we looked for instances where Bea decoded DV's, and were interested in which
relevant contexts she used (the sign system or the social context). When she first explored the
page, she did so very quickly because she was already familiar with the content and did not need
much timeto get an overview. This showsthat her familiarity with the page enabled her to decode
many of the DV's quickly and effortlessly. When she was challenged to make sense of the DV in
Figure 2 which shows cumulative numbers of deaths in a logarithmic vertical scale, she started
by looking up the headline. Her first impression was that “it looks like alot”, adding that the red
area under the graph increased the overwhelmingness. However, she proceeded to decode data
val ues through mouseovers showing the concrete numbers, which changed her impression:

58 Bea ... itisnot quite so overwhelming after all when you look at the numbers, | think.

Here, she used her action literacy in the sign system to support her recognition literacy in
the sign system by looking up numbers in mouseovers. To further probe her decoding of the
logarithmic scale, she was asked to identify when the number of deaths grew fastest. First, she
answered March and April 2020 when the curve was steepest. When she then was asked to
compare the increase in this period with the increase in the most recent period, she concluded:

68 Bea ... when | look at the numbers, | see that it [the number of deaths] is even more here[in
winter/spring of 2021] even though the curveisflatter.

This contradiction between the visual shape and numerical information prompted asearch
for aresolution. After considering time intervals, she looked at the vertical axis:

74 Bea: It goesstraight from 10 to 100 here and from 100 to 1000. And 1 to 10. So, it makes sense
that it issteep here[in March and April 2020]. But, if you don’t look at the numbers, only the shape,
you may not get that.

By pointing at the characteristic of the logarithmic scale, she inferred that this design
feature had misled her initial decoding of the shape of the curve. Hence, aided by a prompt from
the researcher and quality control of her own decoding, she developed an understanding of
diagrams with logarithmic scales. This shows that she was capable of learning to decode new
signs related to DV's through reflection and enquiry into her own decoding. Hence, she used her
reflection literacy to expand her recognition literacy. Her decoding of Figure 2 relied consistently
on signsin or surrounding the DV, and there were no explicit references to the social context
during this sense-making process.
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Later, Bea discussed the concepts ‘per cent’ and ‘per 100 000’, used in some DVs.
Elaborating on the meaning of ‘per 100 000" in a world map showing the countries, which were
colored according to infection rates per 100 000 inhabitants, she explained:

116 Bea: | understand it as something used to make it easier to understand percentwise how many
infected there are. So, it snot right to say that if we are 700 infected then ... it can be that they have
equally many infected in a country percentwise, but twice the number of inhabitants.

Her mention of “percentwise” suggests that her understanding of ‘per 100 000' was
modeled on an understanding of percent and useful for comparing across, for example, countries
of different size.

117 Int: Isit possible to talk about number of infected per 100 000 inhabitants in a country with
less than 100 000 inhabitants?

118 Bea: Yes, they just need to calculate it.

119 Int: Yes. Can you elaborate on that? Take for example a fictitious country with 10 000
inhabitants.

120 Bea: Yeah, then they need to calculate from 10 000. They have to, kind of, multiply their
number of infected by 10.

And somewhat later, she discussed differences between percent and ‘ per 100 000':

146 Bea Thedifferenceisthat 10 percent is alot more [than 10 per 100 000].

With this, she showed to have understood the concepts of ‘ per 100 000’ and percent, their
mutual relation, and their usefulness for comparisons. She uses an example from the socia
context, Norway versus the US, to elaborate her understanding of ‘ per 100 000", but there was no
indication that she depends on the social context to decode these numbers. Thus, while she was
able to connect the signsto the social context, she did not depend on the socia context to decode
the DVs.

Bea' s action literacy

First, we focus on Bea's action literacy in the context of the sign system. While exploring the
DVs, she often used mouseovers, which she described like this:

98 Bea: [To find the number of infected] | go in here and it says registered infected. Then | take

the cursor over and see how many there are.

102 Bea: ... for positive tests and such, which | don't really look at, it's the same thing. You just

take the cursor over and kind of look at the date and number of infected, and the same for the other

categories.

Using mouseoversto extract numberswas acrucia component of her reading habits. The

quote from line 102 al so suggests that she habitually checked infection rates and skipped content
that she deemed less relevant. This was elaborated later:

106 Bea: The number of people on respirator isn't crucial to me. It is of course sad that it happens,
but it is not something that | ... yeah.

236 Bea: [When | don't immediately understand something] | move on rather than spend time
trying to understand it.

Thus, from her extensive experience with the page, she selected information based on
pertinence and how readily she understood the content. When asked to explain the difference
between the pale pink bars and the red line in Figure 5, she demonstrated how she found
explanations:

284 Bea: Thethick red line s, it’ swritten here and when | hold the cursor over, it explains what it
is. It is the average over seven days. So, it's the average. The pale pink [bars] are the number of
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new cases per day. So even though some of them [bars] are very high, they don't reflect the
averages.
Thus, she had developed effective reading habits that involved interactive features and
content filtering that enabled her to efficiently find relevant content and make sense of the DVs.
In other words, her action literacy supported her recognition literacy.

Now we turn to Bed s action literacy in the social context. Related to this, she said:

18 Bea ... It hasbeen alot about [COVID-19] in everyday life, casual conversations and when
I’m at work and with friends. It has been alot of talk about it. Now, the numbers are falling.

In this quote, Bea connected her knowledge of statistics on infection rates to her personal
life and mitigation policies. She indicated that the falling numbers could lead to less invasive
mitigation policies in the near future. This shows that she was capable of connecting the
information from the DVsto her social context.

Bea'sreflection literacy

First, we present findings about Bea s reflection literacy in the context of the sign system. After
the exploration, Bea shared her thoughts on the limitations of DVs and statistics:

40 Bea It shows a lot of statistics. But it is ... a lot of humbers, and numbers don't always
represent reality the way we experience it.

Whilelooking at Figure 2, she reflected on how DV's can be misleading:

58 Bea: It looks like a lot. First, it's entirely red and you don’t usually associate red with
something good. [...] Thefirstimpressionislike ‘wow it lookslikealot’. But then you look closer
and it’s not so overwhelming when you look at the numbers. | think.

74 Bea: [...] If youlook at the shape and not the numbers, you may not understand it.

Here, she reflected on impressions based on salient visual features such as the color red
and the steepness of graphs. She described the logarithmic scale as mideading and not as wrong.
This suggests that she understood that the logarithmic scale did not change the data themselves,
only their visual representation. Hence, she reflected on how challenging design choices such as
logarithmic scales can midead readers.

Next, we present findings relating to her reflection literacy in the socia context.
Discussing a bar chart of registered infected in Norwegian municipalities, she said:

100 Bea: For today it [the number of registered infected] says zero but it's certainly not updated
because for yesterday it says 421.

Here, she concluded that an anomalous value was due to lags in the updating of data.
Thus, she showed how she could critically anayze a DV and use her understanding of the
processes behind the data collection to understand anomalies.

She generally trusted the page to be accurate but would often compare it with other
sources. She did not attend to the instances of embedded criticality on the page, but her use of
multiple sources to validate the data suggests that she is aware of the possibility of missing,
inaccurate or incomplete data. She suggested that the use of DV s can make webpages appear more
scientific, but that DV's can be confusing for people who do not understand them. Further,

42 Bea Thinking about the next few days and the coming week, when wejust had alarge breakout
here earlier this week and they are opening up this weekend. | don’t think it adds up when the
numbers are high but we are opening up instead of staying locked down.

This quote shows how she sees connections between statistics and events and how she can
criticaly reflect on the relationship between policies and statistics. Thus, her judgment of
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appropriate actions, which pertains to her action literacy in the socia context, triggered her
reflection literacy.

Summary of Bea's visual-numeric literacy

Bea was able to decode DV's without explicit reference to her knowledge and experience of the
pandemic.

Recognition literacy: She decoded DVs functionally, effectively and formally. For relative
numbers, she had an accurate understanding that involved definitions, cal culation procedures
as well as meta-knowledge of their usefulness. She showed a flexible and open attitude
towards logarithmic scales, which she learned to decode during the interview. She was
capabl e of decoding DV swithin the context of the sign system with minimal reference to the
social context. She was able to use the social context to explain the usefulness of relative
numbers.

Action literacy: Before the interview, she already had devel oped an extensive familiarity with the
page, and reading habits that helped her select and locate desired content such as legends and
explanations. This helped her to make sense of DVs quickly and effortlessly. She used
mouseovers, scrolling and visua searches for legends and explanatory text to explore DV's
analytically and systematically. She could see how actions and events such as vaccinations
and holidays could leave an imprint in the data, and how data can be used to inform actions
and decisions.

Reflection literacy: She was critical of some design choices. Her criticism was based on the
impressions that the DVs gave her, potentials for misunderstanding, and the validity and
accuracy of the data. She was aware of limitations of DVs. Through critical analysis, she
could perform quality control of her own reading and when encountering contradictions, she
was able to resolve these.

Cross-aspect: We observed that her reflection literacy supported her recognition and action
literacy; that her action literacy triggered her reflection literacy; and that she could fluently
translate between the sign system context and her socia context literacy.

Discussion and conclusion

Theresearch question for this paper was“what characterizes adults' visual-numeric literacy when
reading and making sense of COVID-19 datavisualizations?’. Visua -numeric literacy istheform
of mathematical literacy that is specific to getting information from/making sense of DVs, and
our answer is framed by the framework of Hasan (1996) and Tgnnessen (2020) that distinguishes
between recognition, action, and reflection literacy, and between the contexts of the sign system
and the readers’ socia context (Table 1).

A first characteristic of visual-numeric literacy was that the three aspects (recognition,
action and reflection literacy) and the two contexts (the context of the sign system and the social
context) al interacted and were mutualy reinforcing. Hasan (1996) and Tgnnessen (2020)
suggested that action literacy builds on recognition literacy and that reflection literacy builds on
action literacy, and not the other way around. Our study contradicts this hierarchy. For example,
action literacy (e.g., using interactive features to look up legends) supported recognition literacy,
and knowledge of the depicted social context through lived experience supported recognition of
signs. These interactions between different aspects of literacy are not captured by frameworks
that are useful for large-scale surveys such as IALS and PIAAC (OECD, 2000, 2019). There,
standardized tasks are administered to partici pants across countries and cultures and are therefore
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unlikely to capture themes that are deeply connected with the participants social context. For
example, IALS applied a task about firework related injuries (Kirsch, 2001), which could be
comprehensible to many participants. However, it is unlikely that such a socia context is realy
significantly impacting the participants’ social lives, inthe same way asthe COVID-19 pandemic
impacted the participants in our study. Therefore, our qualitative study could capture the role of
the socia context in making sense of DVs. This demonstrates how qualitative research can
complement quantitative research such as IALS and PIAAC (OECD, 2000, 2019).

What also characterized visual-numeric literacy was that it interacts with other forms of
literacy. For example, when the participants scrolled and used toggles, they used their digita
media literacy. The interaction between visua-numeric literacy and digita literacy was also
observed by Teannessen (2020). We also observed that visual-numeric literacy interacted with a
more general mathematical literacy when making sense of relative numbers and logarithmic
scales. A limited understanding of these concepts was a hurdle for the sensemaking process.
However, with some guidance, participants were able to develop this understanding. Visual-
numeric literacy also interacted with media literacy, when participants showed skills in filtering
and organizing the web page. Neither of our participants explicitly attended to the instances of
embedded criticality (Gal & Geiger, 2022), but one participant showed acritical awareness of the
data quality. Thefact that they did not critique or enquire into the underlying data infrastructures
supports Evans' (2018) concerns about the non-transparent boundary between lay people and
people with statistical expertise. The interaction between multiple forms of literacy agrees well
with Gal and Geiger's (2022) call for blended knowledge where mathematica and statistical
knowledge are integrated with other forms of knowledge such aslanguage, contextual knowledge
and critical demands.

A further characteristic of visua-numeric literacy relates to the diversity and design of
DVs. We observed a diverse range of DV formats including a line graph with missing vertica
axis (Figure 1), bar charts, choropleth maps and a barcode plot (Figure 4). These illustrate how
media (1) continuously introduce new formats and (2) break conventions taught in schools. This
diversity and unconventionality means that readers need to continually and flexibly adapt and
develop their visual-numeric literacy to account for new formats and new contexts. At the same
time, we also observed that the DVs were designed with journalistic insight that supported
readers. For example, the use of colours to express danger (red) or calm (white), the inclusion of
legends and explanatory text to guide readers, and the use of headings to create structure and
coherence, were helpful cues and lowered demands to visua -numeric literacy.

In addition, we found two characteristics of how readers can approach their visual-
numeric literacy. The first can be characterized as avoiding DVs and consequently not using
opportunities to develop visual-numeric literacy. The second approach can be characterized as
being interested in social phenomena depicted by DVs, whereby a need for information leads to
frequently visiting DV-filled media pages that are regularly updated and relevant to a readers
life. One case in our study shows that this second approach can lead to the development of a
sophisticated visual-numeric literacy.

Of course, our study has limitations through the selection of DV's and the low number of
participants. However, the low number of participants enabled an in-depth analysis. Further, the
research setting, where participant reads DVs under the watching eyes of aresearcher, isartificia
and does not match the circumstances under which readers typically interact with digital DVs. A
further limitation in this study is the theoretical framework; it is well suited for describing the
participants capacity to read and make sense of the DV's as well as describing the sense-making
processes, but it does not reveal how visual-numeric literacy can be devel oped.
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Our study sheds light on the need to think of graph reading as a practice that is deeply
connected to the readers social context. Therefore, we recommend mathematics educators to go
beyond teaching graph reading as a mechanical decoding of signs, and to connect signs to events
that are authentic and relevant to the students' lives. The DV's that people encounter in everyday
life are congtantly changing. Therefore, readers must constantly adapt their visua-numeric
literacy to new demands. Lifelong learning of visual-numeric literacy can start in schools but must
be reinforced by regular participation in activities that involve DVs, such as reading the news.
Also, DV designersshould be aware of and attend to the challengesthat readersface when reading
DVs. These challenges depend on the readership and the social context visualized (e.g., COVID-
19, climate issues). We recommend that DV designers consider further developing appropriate
reader guidance by offering explanations of key concepts, clear structure and guidelines for how
toread DVs, aswell as meta-information about the data (sources, methods for handling, etc.).

In terms of recommendations for theory and research, this study sheds light on the need
for researchersto use theoretical frameworks with a broad scope that can capture the many facets
of reading and making sense of DVs. In particular, the role of lived experience was found to be
significant, and is easily overlooked in frameworks that focus on cognitive skills. We encourage
future research to focus on why some people productively engage with everyday mathematics
while othersavoid it. We a so encourage future research on finding ways of teaching mathematics
in mandatory, vocational and adult education that can promote participation and lifelong learning
in everyday mathematics activities. In thisregard, we expect that teaching approachesthat involve
practical and relevant activities can be beneficial, and that emotions play avita role.

DVs are ubiquitous in contemporary society, and are used to offer information of
demacratic, social and economic relevance (Engebretsen & Kennedy, 2020). People who are
unable to make sense of DV's can therefore have problems participating in important discourses.
The high number of people who perform poorly on surveys of relevant skills are worrying
(OECD, 2000, 2019), and the present study adds to the concern by showing how one participant,
who habitually avoided DV's and other numerical content in everyday life, struggled to make
sense of many DV's. Aswith other mathematical practicesin everyday life, DV reading is context
dependent and in constant devel opment (Jackson et al., 2018). Therefore, we encourage effortsto
make school mathematics more socialy relevant with the aim of preparing students for lifelong
participation and lifelong learning in adult life.
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Abstract

This study evaluates the mathematical autobiographies of college and university faculty in order
to identity (1) barriers that hinder success in mathematics, especially among groups
underrepresented in STEM, and (2) strategies to reduce existing inequalities and promote
effective pedagogy in both mathematics and quantitative reasoning (QR) education. From 2013
to 2019, 61 faculty from awide range of disciplines participated in amultidisciplinary QR faculty
development program. The results of a mathematical autobiographical activity demonstrate the
exercise's utility as a pedagogica tool that both encourages students to confront their
mathematical anxieties and helps instructors promote success in mathematics by responding to
students’ diverse experiences. The autobiographies center on three broad themes. negative
experiences with mathematics (e.g., mathematics trauma, fear of bad grades, ineffective
mathematics teachers, gender bias), positive experiences (using mathematics to better understand
the world, effective teachers, success in mathematics courses), and the importance of making
mathematics relevant. These narratives show how both mastery goals and performance goals can
serve as incentives for learning mathematics. They also demonstrate the importance of viewing
mathematics achievement through a positiona lens (e.g., gender) that is conditioned by both
structura variables (e.g., teachers) and agency variables (e.g., growth mindset).

Key words. discrimination; faculty development; mathematical autobiography; numeracy,
quantitative reasoning.

Introduction

For at least three decades, researchers have investigated the mathematical autobiographies or
“mathographs’ (Cook, 1995) of faculty and students to gain insights into effective strategies for
mathematics education (Moldavan & Mullis, 1998, Ring et a., 2000; Towers et a., 2019;
Westrich, 2016; Williams, 2017). The evidence shows that explicit attention to students’ beliefs
and feelings about mathematics can help build their confidence and improve their performance
(Hersh & John-Steiner, 2011; Lee et al., 1996). For example, teachers understanding of their
students’ backgrounds can lead to improved communication (Hauk, 2005) and to the devel opment
of stronger classroom communities (Westrich, 2016). The disclosure of stressful experiences
through writing is often beneficial (Cameron & Nichaolls, 1998; Lyubomirsky et al., 2006), and
mathematical autobiographies can encourage students to engage in the metacognitive thinking
that is necessary for effective learning (Lerch et al., 2006). Nonetheless, attitudes toward
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mathematics are often difficult to alter, since they develop and are reinforced over long periods
through exposure to multiple courses and teachers (Ring et al., 2000).

Access and equity are essential to successful mathematics education. Mathematical
autobiographies are therefore important not just because of the potential benefits to participating
students and faculty but as a source of information about the impact of gender, race, and other
factors on perceived mathematical ability over the life course. For instance, the mathematical
autobiographies of African American undergraduates reveal the importance of role models and
culturally responsive teaching (Williams 2017). Conversely, negative stereotypes can result in
harmful preconceptionsthat hinder learning and lead students to avoid tasks, courses, and careers
that require quantitative proficiency (Williams, 2017). Recent studies of the mathematical
biographies of teachersin Canada and the US have emphasized the need for strong support of al
students, the importance of the belief that everyone can learn mathematics, and the influence of
dedicated teachersin hel ping students reach their potential (Moldovan & Mullis, 1998; Towers et
a., 2019).

Achievement Goal Theory

Achievement goal theory assertsthat students' motivation to learn mathematicsis often grounded
in either () a desire to master a set of skills or (b) a desire to perform well (Dweck & Elliott,
1983; Dweck & Leggett, 1988; Harkness et a., 2007; Liu, 2021). We can therefore identify two
distinct types of achievement goals. Mastery goals are based on the acquisition of knowledge or
skills, with an emphasis on learning, devel opment, and personal growth. In contrast, performance
goals are oriented toward demonstrating competence or outperforming others, with an emphasis
on external validation, outcomes, and rewards.

A substantial body of research has demonstrated the importance of mastery goals in
shaping individuals behavior and performance. Some authors have suggested that focusing on
performance goals (competence judgments) may create a vulnerability to learned helplessness,
whereby individuals avoid chalenges and have difficulty with obstacles, while an orientation
toward mastery goals (competence enhancement) can help students embrace challenges and
persist in the face of failure (Dweck & Leggett, 1988). However, more recent research suggests
that these relationships are not quite so straightforward. Darnon and colleagues (2012) report on
anumber of studies which show that both mastery and performance goals can be associated with
positive outcomes, with the former a more effective predictor of interest and the latter more
closely tied to achievement.

The relative importance of mastery goals and performance goals may vary with
individuals characterigtics, and especialy with their social status and gender. For instance,
several authors have highlighted the importance of positional level of analysis—of “socia status
as a potential moderator of goal effects’ (Darnon et a., 2012, p. 765). Darnon and colleagues
have shown that in comparison with men, women are more likely to benefit from an emphasis on
mastery goas and more likely to underachieve when mativated purely by performance goals.
Likewise, Jagacinski and colleagues (2008) have found important gender differencesin perceived
non-verbal cognitive ability; men are more confident, while women are morelikely to select tasks
with alower leve of difficulty.

Both individual and socia factors may be important for understanding mathematical
achievement. Some authors have asserted that mathematical performance is closely related to
intelligence (Lubinsky et al., 2006; Rajkumar & Hema, 2018) while others have argued that
achievement in mathematics is more fully explained by factors such as sdf-efficacy and
motivation (Dweck & Leggett, 1988; Dweck, 2006). Dweck (2006) found that students who
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believed their mathematica ability was fixed (i.e., afixed mindset) were less likely to persist in
challenging mathematics tasks and were more likely to attribute failure to lack of ability. In
contrast, students who believed their ability could be developed (i.e., a growth mindset) were
more likely to persist when undertaking challenging mathematical tasks and more likely to
attribute failure to alack of effort.

By examining mathematical autobiographies, we can gain insight into how various
individual and contextual factors influence achievement goas and behaviors. For example, it
seems likely that students who perceive their classrooms to be supportive and mastery-oriented
will be more likely to embrace mastery goals and to experience positive academic outcomes. In
contract, students who perceive their environment as competitive or performance-oriented may
be more likely to adopt performance goals, including performance-avoidance, and to experience
negative outcomes such as anxiety and burnout (see, eg., Kong et al. 2023). By viewing
participants mathematical autobiographies through the lens of achievement goal theory, we can
help identity interventions, strategies, and practices that promote positive outcomes and foster a
more supportive and engaging learning environment.

Numeracy Across the Curriculum

This paper describes the mathematical autobiographies of faculty participants in a
multidisciplinary quantitative reasoning (QR) faculty development program sponsored by The
City University of New Y ork (CUNY') and supported by the National Science Foundation (NSF).?
The narratives presented here reinforce the pedagogica strategies set forth by the National
Council of Teachers of Mathematics (NCTM, 2000). Although earlier studies have discussed the
mathematical narratives of students and teachers, none have investigated the mathematical
autobiographies of college and university faculty in arange of disciplines. Given the importance
of mathematica and quantitative reasoning in al subject areas, an understanding of the
mathematical backgrounds of faculty who are committed to teaching QR can be especially helpful
in the design of effective programs.

The advantages of amultidisciplinary, activelearning approach to QR instruction are well
established (Bressoud, 2009; Gilman, 2006; Hillyard et a., 2010; Maass et al., 2019; Madison,
2009). Ganter (2006, p. 13) has emphasized that QR “must be everywhere in the curriculum, in
al disciplines and al courses.” Likewise, Bok (2006, p. 134) has pointed out that “like learning
to write well or speaking a foreign language, humeracy is not something mastered in a single
course. . . Thus quantitative material needs to permeate the curriculum, not only in the sciences
but also in the social sciences and, in appropriate cases, in the humanities.”

The QR program described here was developed and administered as a set of NSF-funded
initiatives: the Numeracy Infusion Course for Higher Education (NICHE) and the Numeracy
Infusion for College Educators (NICE) program. Both projects grew out of the QR faculty

2. Although QR—the contextualized use of numbers and datain ways that involve critical thinking—
rests on a solid mathematical foundation, it requires more than mathematical or statistical fluency
(Madison, 2004, pp. 4-5; Madison & Dingman, 2010). The key skills that make up QR include
reading graphical displays, modeling real-world phenomena, solving practical problems through the
use of data, justifying conclusions, and critiquing research designs (AAC& U, 2014; Johnson &
Kaplan, 2008). As Shavelson (2008) has noted, QR “is carried out in real-life, authentic situations; its
application isin the particular situation, one dependent upon context including socio-politics. The
problems areill defined, estimation is crucial, and an interdisciplinary approach is needed” (p. 34). QR
isalso known as quantitative literacy (QL) or numeracy. We have used the three terms
interchangeably, although distinctions are sometimes made among them; see
https.//serc.carleton.edu/NICHE/numeracy gr.html.
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development program ingtituted at Lehman College, CUNY/, during the 201011 academic year,
in which faculty met monthly for ten three-hour sessions to learn about strategies for effective

QR pedagogy.®

In 2011, faculty from Lehman College and LaGuardia Community College received NSF
support to develop NICHE, a QR faculty development program that served CUNY faculty across
the disciplines. NICHE enrolled three cohorts of faculty in the summers of 2013, 2014, and 2015.
In 2017 the NICHE program was expanded and adapted into NICE, which provided greater
support for community colleges. The NICE initiative, open to faculty in al subject areas, focused
on the needs of Hispanic-Serving Institutions (HSIs) in the Bronx, one of the five boroughs of
New York City. The NICE Program enrolled two cohorts of faculty, in 2017 and 2017-18, with
an extension into 2019 for those who needed extra time. The NICHE/NICE program participants
include faculty at both four-year colleges/universities and two-year colleges. In al three
programs, successful completers received stipends ranging from $1,500 to $2,000.

The NICHE and NICE faculty development programs had six objectives:

1. toprovideinstruction on best practicesfor teaching QR;

to foster the development of instructional and assessment materials that make use of
effective strategies for teaching QR;

toinfuse QR into awide range of disciplinesand CUNY colleges;

to increase faculty interest and comfort in teaching QR;

to strengthen the faculty’ s own QR skills, if necessary; and

to establish a network of faculty who are committed to improving students’ QR skills.

N

o ukw

In teaching faculty how to infuse QR into their courses, the programs used the same kinds
of approaches that have proven effective in teaching college students, such as collaborative
learning and discovery methods. Each program included atwo-day in-person introductory session
aswell aseight online instructiona units delivered through the Blackboard | earning management
system and supported by the NICHE/NICE website (www.teachgr.org): (1) QR and making
numbers meaningful; (2) QR learning outcomes; (3) The brain, cognition and QR; (4) QR and
writing; (5) Discovery methods; (6) Representations of data; (7) QR assessment; and (8) QR
stereotypes and culture. Each unit, designed for completion in 6-8 hours, included readings,
videos, hands-on activities, and interactive discussions. Participants developed instructional
materials for their own courses (eg., learning objectives, QR lessons, and assessment
instruments), and each received and provided peer feedback on those materids.

Data and Methods

The data for this paper were taken from an exercise in the NICHE/NICE unit on QR stereotypes
and culture. In that unit, faculty undertook a number of readings about stereotype threat and
inequality in mathematics (Guiso et ., 2008; Steele, 1999). They reviewed relevant research and
discussed the relationships between racial/ethnic/gender stereotypes and mathematical skills.
From 2014 onward, faculty were asked to respond to the following set of prompts (Waring &
Wilder, 2013):#

3. CUNY isthe nation’ s largest urban public university, “atransformative engine of social mobility”
(CUNY, 2023). Founded in 1847 as the nation’ sfirst free public intitution of higher education,
CUNY now has 25 colleges that serve 275,000 degree-seeking students of all ages.

4, Different prompts were used in 2013, but faculty in both 2013 and subsequent years were asked to
reflect on their mathematical autobiographies.
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Please briefly describe your own math autobiography. What is your math story? What were your
experiences with math in elementary school, high school and college? What are your best and worst
memories of math? Next, please reflect on and/or comment on the mathematical autobiographies of
your students. Even if you have never undertaken such an exercise, do you have any sense of what
your students would say about their attitudes towards and/or experiences with mathematics? And if
you have undertaken such an exercise, what have you learned about your students? How do you
respond when a student says, "I'm terrible at math"? Regardless of whether or not this has happened
to you, describe how you would respond if you are doing QR work and a student said this. How
should we, as educators, respond to students' mathematical anxieties? As always, please reflect on
and/or respond to your colleagues posting if and when appropriate. As aways, please be sureto read
the postings of all of your colleagues.

In this paper, we focus on the faculty’s responses to the questions about their own
personal autobiographies. The Lehman College Ingtitutional Review Board approved the project,
and all the faculty agreed to serve as research participants.

From 2013 to 2019, 61 faculty participated in the mathematical autobiography exercise.®
Forty-two (69%) were women, 15 (24%) were faculty of color, and 47 (77%) were either women
or members of underrepresented groups. Thirty-six percent of the faculty were in the social
sciences, 31% in traditional STEM fields (natural or physical sciences or math), 21% in the
humanities, 7% in business, and 5% in education. The departments/programs most often
represented were sociology (16%), mathematics (15%), psychology (10%), English (10%), and
biology (8%). Other faculty came from a broad range of disciplinesincluding African American
studies, chemistry, history, health sciences, modern languages, and even art and music.

We systematically reviewed the mathematical autobiographies of participating faculty
and characterized each of their comments as positive or negative, or other. We also made note of
the themes and keywords that appeared repeatedly throughout the narratives. Afterward, we
evaluated the frequency of these factors and themes within particular groups defined on the basis
of gender, race/ethnicity, and discipline. This positional analysis allowed us to identify the role
of socia status as a moderator of goa effects (Darnon et al., 2012). The mathematical
autobi ographies were analyzed through a theoretical lens that considered both achievement goal
theory (Dweck & Elliott, 1983; Dweck & Leggett, 1988; Harkness et al., 2007; Liu, 2021) and
social constructivism (Cobb et al., 1992; Ernest, 1991; Harkness et al ., 2007).

Pseudonyms are used here to protect the identities of the study participants. Because the
faculty presented their mathematical autobiographiesthrough informal discussionsin Blackboard,
obvious typos have been corrected.

Findings and Discussion

In thesefindings, weidentify thefactorsthat hinder or promote successin mathematics, exploring
how a positional framework can shed light on contrasting achievement orientations. The centra
themes of the respondents mathematical autobiographies have been grouped into three
categories. (1) negative experiences (e.g., difficulty with mathematics courses or tasks, poor
grades or test scores, unqualified or hurtful teachers, gender discrimination, and general didlike
or discomfort with mathematics); (2) positive experiences (e.g., strong interest in the subject,
natural aptitude, self-confidence, excellencein mathematics courses or tasks, and encouragement
from parents, teachers, or schools); and (3) reflections on the importance of making mathematics

5. We also explore participants mathematical autobiographiesin our current NSF-funded Data Analysis
Research Experience (DARE) program. That exercise is undertaken more informally, however, to
stimulate discussion during our in-person faculty workshops. The narratives described here are from
NICHE and NICE.
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meaningful through contextualized instruction and the use of perspectives and examples that
resonate with particular groups of students.

Negative experiences with mathematics

Altogether, 25 faculty - 21 of the 42 women (50%) but just 4 of the 19 men (21%)—reported
clearly negative experiences related to mathematics. The comments of several respondents could
be traced to hurtful or traumatizing teachers. For others, especialy in the socia sciences and
humanities, their negative sentiments reflect either a general dislike of mathematics or poor
performance in mathematics courses. It is noteworthy that a dozen faculty—all women—
described obvious instances of inequality or discrimination based on gender. Finaly, there were
a few faculty who never pursued mathematics because they “just didn't like it” or felt that it
wasn't their strength. Most of the negative reports mentioned multiple factors that contributed to
their difficulties with mathematics.

Mathematics trauma

Many faculty mentioned unkind or incompetent mathematics teachers, and a few even felt
traumati zed by these experiences. Mindy, an Asian femal e adjunct faculty member in economics
at afour-year college, wrote,

There's probably not a sentiment | could describe to fully embody the hatred | felt toward math [in
elementary school]. Looking back, I've come to realize most of it stemmed from the fact | felt less
than when trying to learn it. . . . Those who were "bad" at math were not allowed to go to recess;
instead, we were forced to do drill problems up at the board . . . You would stand up at the board
doing problems until you could answer a problem correctly. Only then could you return to your seat.
Those who remained up a the board grew more self-conscious and frustrated.

Karen, awhite femal e associate professor of psychology at afour-year college, expressed
similar sentiments about the importance of teachers' attitudes:

| took algebra and geometry in high school and performed well; | loved the logic and abstraction of
ital...When | got to college, | attempted pre-calculus, but the teacher spoke limited English and
just stood in front of the class and solved problems on the board. Needless to say, | didn't do well
and that was the end of math for me during my undergraduate years.

Similarly, Laeh, a Black female assistant professor of biology at a community college,
described an experience in elementary school:

My teacher declared in front of my classthat | was not good at math [even
though] | was the only girl in the class to score above a 90 on the exam. My math
anxiety has persisted to thisday. . . It is amazing how one negative childhood
incident in a classroom has shaped my experiences with this subject for alifetime.

| neffective teachers

Several faculty mentioned instructors who were well meaning but poorly prepared or otherwise
ineffective in their teaching. Jordan, a Black assistant professor of mathematics at a community
college, wrote:

I had gone through elementary school doing fine with math. . . Then, when | hit 7th
grade, my teacher used an approach to teaching algebra that made no senseto me
whatsoever. In order to demonstrate the pattern that existed in atable of x- and y-values,
he would draw a sideways caret between numbers and write "+2" or whatever the case
was. | was very unused to seeing math concepts represented "visually" like this. . .

Lori, a white assistant professor of art history at a four-year college, described how her
teacher modelled incompetence in mathematics:
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7th grade algebra teacher puts a problem on the board, far more complex than anything
we've seen. We work on it for awhile as a class, but all our suggestions come to a dead
end and we ask the teacher how to solveit. She says"Oh, | don't know. | was hoping that
you guys could figureit out.” (Note that she probably wasn't kidding—this was a private
religious school where the teachers were hired on the strength of their religious faith
rather than on any credentials.)

Andrei, a foreign-born white male and full professor of mathematics at a four-year
college, likewise described how an inept teacher amost led him away from studying math: “I find
elementary school teachers lacking basic knowledge necessary to explain early mathematical
concepts to students. . . To be an elementary school teacher in [the United States], you only need
to have 6 creditsin math.”

Severa respondents commented that teachers have the potential to make or break
students’ attitudes toward quantitative work. Even some of the faculty who developed a love of
mathematics felt they had been adversely affected by confusing or uninspiring teachers. Albert, a
mal e assistant professor of literature at a four-year college, reported,

Math was probably the "easiest" subject for me, since | could master the concepts and
perform the operations with facility. But | didn't go very far (only AP Calculus A-B—we
didn't have enough students for more advanced calc!), and, crucialy, | found it grimly
boring. There was so little curiosity or wonder or enthusiasm in those classes! | remember
Mr. Kwazko, the lumbering basketball-coach-slash-geometry-teacher, who would drill

us, week in, week out, on the *very* small handful of rules and operations that you
needed to know in order to pass the logic section in the regents exam [a New Y ork State
high school exam]. . . Never even aHINT that logic was made for making arguments.

Fear of bad grades

A fear of bad grades was central to the autobiographies of several respondents, especially those
who felt that their academic progress or career outcomes required outstanding performancein all
the courses they attempted. These findings highlight the importance of performance avoidance
and fear of failure, especialy among women. Chloe, a white foreign-born assistant professor of
urban studies at a four-year college, described how her strong emphasis on performance goals
dissuaded her from choosing STEM subjects:

The focus on grades (always having to make As in order to get into a good college and get
scholarships, etc.) shaped my academic path in the US. This pressure led me to concentrate on
performing well over learning and problem solving. . . The fear of not getting into college or being
able to pay for college shapes choices and can distract. | have seen some of my best students
unwilling to take risksin their work for fear of affecting their grade.

Rachita, an Indian assistant professor of business at a community college, accepted the
challenge of doing well in mathematics despite alow grade on an important exam:

Back in India, we had these scary board exams that were hyped to be very tough and the deciding
factor of our lives. My very first 10th board exam was of math. | went blank and couldn’'t complete
the paper. . . When | had to choose classes in 11th grade, | was not allowed to take a math course as
aresult. | had to beg the school. The school gave me a conditional entry into a math class. The
condition was | could not attend the math classes, but in the first major test in the first quarter, | had
to score a B. | took up the challenge and gave the exam without attending the math classes.
Fortunately, my neighbor tutored me. | got 99% and was admitted to the regular class.

Women were especialy likely to report that poor grades had threatened their self-esteem
and discouraged them from taking math-intensive courses. Hygoo, an Asian female full-time
lecturer/instructor in academic literacy at a community college, wrote,
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I've always struggled with math. Specifically, | think it was when | moved from the US to South
Korea in 5th grade. In the US, | remember using calculators and the pace of math being generally
dow. .. Then | moved to Korea, and all of a sudden, math was totally out of reach. In all my years
in the Korean school system from 5th grade throughout high school, we were never allowed
calculators, and things were much too advanced for me.

For Camila, awhite full professor of sociology at afour-year college, even the possibility
of doing poorly was enough to steer her away from mathematics courses. She wrote, “I [went] to
astate university with very large classes, something of aparty school. . . It was easy to avoid math
and any course that | thought would be difficult.”

Fixed mindset

Many of the mathematical autobiographies describe a sense of powerlessness over the ability to
do well in math—the idea that mathematical ability is not likely to be influenced by careful
instruction or study. Indeed, a fixed mindset has been identified as a key factor that undermines
performance goals (Dweck & Leggett, 1988; Dweck, 2006; Hauk, 2005), and it was especialy
common among the women in this group. Lydia, a white associate professor of history at a
community college, described how her difficulties with mathematics generated a strong sense of
frustration: “By 7th grade | was aware that | wasin a‘lower’ math group. Kids who picked it up
faster were in other groups. So | knew | wasn't very good at it. | remember a growing and
solidifying sense of frustration with math, the sense of wallsclosingin.” Likewise, Nancy, awhite
adjunct faculty member in sociology at a four-year college, always felt that she lacked natural
ability in mathematics and avoided if for that reason:

| do remember certain students who were "good at math." They just had a natural knack for it, and
thought mathematically. Problems and formulas that were very challenging for me to understand
were easily mastered by these other students. So | gradually developed a sense that " math wasn't my
thing" and | pursued advanced study in other areas.

Quantitative subjects other than math

Some respondents had troubl e with abstract mathematics but reported agreater affinity for applied
quantitative work. Algjandro, a Latino male foreign-born assistant professor of sociology at a
community college, mentioned his dislike of “traditional math” but his more positive feglings
toward gatistics. In contrast, two respondents specifically mentioned difficulties with statistics.
(This may reflect the number of faculty who took statistics, which is often a required course in
the socia sciences.) Victoria, a Latina female assistant professor of sociology a a community
college, had a more nuanced view of statistics that incorporated concerns other than poor
performance:

When | waslittle, | wanted to work for NASA and be an astronaut. Somewhere along theway, | got
pushed/pulled into other areas, and | think my gender is part of that. . . | think my anxieties come
from both fearsthat | won't be seen as"smart" if | can't follow along with aquant peer'swork (though
they never worry about not understanding my qual work), or pressure of showing off math skillsin
other areas of my life (e.g., splitting the bill in my head among friends at dinner). Also, through my
education and scholarship, | see how numberg/stats are often used to maintain inequalities and
oppression. The idea that "if we just had more accurate data" or "if we only were all QR literate"
playsinto that framework that elevates numbers as"The Answer," of stats-as-end-all-be-all, and that
becomes difficult, for me, when we're talking about people'slives.

Finally, statisticsis hot the only quantitativefield that some faculty found more accessible
than mathematics. Evelyn, an assistant professor in the office technology unit of a community
college, reported a negative view of mathematics but an affinity for accounting.

36



The Mathematical Autobiographies of College Faculty...

Ethnic discrimination

The importance of positionality and social status (Darnon et al., 2012) could be seen in several
narratives. Irene, a white associate professor in the social sciences at a community college,
described a negative experience with discriminatory mathematics teachers:

In co-ed elementary school in East Harlem, the Sisters of Charity were excellent educators [but]
high school inthe Bronx wasvery different. There | wastaught by Dominican nunswho were mainly
of Irish descent and some had obvious disdain of students with my ethnic [Italian] background.

Lesedi, a foreign-born Black instructor in a department of history and social sciences,
traced some of her difficultiesto linguistic and ethnic differences. She wrote:

My love affair with math ended in high school. Growing up in the then Rhodesia in a racially
segregated society, the vernacular was the main language of communication and all teachers were
Black. In high school, English was the language of instruction and the faculty [were] multiracial. In
junior high school (Year 1 and 2) my math teacher was a White lady! | know many people cannot
relate to this but the first year was a nightmare. Trying to understand all the new concepts with my
limited language skills had far reaching consequences for my future relations with Math.

While other research has pointed to the importance of race in shaping mathematical
autobi ographies and experiences (Steele, 1999; Williams, 2017), thisissue was less salient among
the NICHE and NICE participants, perhaps because the mgjority of those from underrepresented
groups were foreign-born and would therefore not have been minority group members in their
native countries.

Gender discrimination

The mathematics autobiographies evaluated for this project suggest that discrimination in
mathematicsinstruction ismore closely linked to gender than to ethnicity, race, or national origin.
For example, Lesedi (introduced above) emphasized the role of gender: “I wasin a co-ed class
with a male teacher who believed girls were bad at math and when we asked for assistance, he
would tell us to ask one of the boys after class! He had a syllabus to go through. * Fortunately,’
after the year 4 exams | didn’t have to take a math class ever again!”

Many respondents were raised in environments where teachers favoured boys over girls,
or men over women, and assumed that the former were more capable of handling mathematical
subjects. Grace, a white instructor in English at a four-year college, described her experiences
with a sexist and incompetent teacher: “9th grade algebra regents was taught by a teacher who
routinely said, "girls can't do math" (this was 1980). He was a terrible teacher in so many other
ways. There was little hope for anyone, but his attitude made the girls feel that it was our gender,
not him, that was holding us back.” Likewise, Chloe (introduced earlier) wrote,

Uninspiring teachers taught the natural sciences, such as biology, as well as math. . . And, like
[Grace], | had ateacher in trigonometry who would when a girl answered a question correctly go to
a boy to confirm the answer but not vice versa. . . So, my senior year in high school, | decided not
to take math. (1 have no ideawhy a school system would leave this decision up to ateenager!)

These gendered messages about mathematical abilities were sometimes reinforced not
only in the schooals, but in students' homes. Erica, awhite assistant professor in the humanities at
afour-year college, described the messages she received from her family:

My standardized test scores as a child and teen showed me consistently at the 99th percentile for
verbal skills and somewhere between the 92nd and 94th for math. | interpreted this to mean that |
wasn't naturally good at math, and this excused my disconnection and boredom in math classes.
Also, as one of ten children in a Catholic family, | inherited the understanding that my education
wasn't as important for my future as my brothers was. (My mother, who had an MBA, dropped out
of law school to marry my father and never worked again—except the unpaid drudgery of being a
mother of 10!!1). .. My first year at college wasin 1979-80 at Notre Dame, where the ratio of men
to women was 3:1 becauseit had only recently gone co-ed. Theresult wasthat the women who were
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admitted had to match one of the highest admission standards in the country that year. . . | realized
that | was smarter than most of the boys, and for thefirst time | really began to like my math classes.

Onapositive note, Lilly (introduced earlier) reported that she had been inspired to change
how she approached her daughter’s education as a result of her newfound awareness of the role
of gender bias in mathematics education: “Now that | have a daughter myself, and after reading
about the gender biases for math, | can't wait to encourage her to work on her math skills!”

Difficulties in mathematics courses

For several of the faculty, particularly the women, difficulties with courses such as calculus
marked aturning point in their mathematical autobiographies. Vivian, awhite assistant professor
of psychology at a four-year college, described how these difficulties drove her away from
mathematics courses:

| realy lost my interest in math when | took calculus in my first semester at college. Due to a
combination of factors (boring and difficult to understand professor, lack of interest, and anxiety
about math), | ended up earning aD gradeinthe class. Asamostly A student, | wasvery embarrassed
by that grade and avoided "hard" math classes from then on out.

Katherine, a white full professor of English at a community college, described how
negative experiences in college calculus and chemistry led her to gravitate away from
mathematics:

| attended an €elite private college (I chose it because my guidance counsellor told me | wouldn't get
in), and that's where | learned to doubt my math abilities. My first semester | took college calculus
and chemistry, and those two courses made me change my major and move away from math and
science. | think the courses were designed to be gateways for pre-med students, and were meant to
"weed out" students. | was "weeded out."

Elizabeth, a white female assistant professor of political science at a four-year college,
had a similar experience with calculus: “I hit AP Calc in my senior of high school and had a
horrible teacher. . . | remember sort of glimpsing at the beauty that was possiblein math . . . but
not being able to get past the memorization/proof part to get there. | think thisteacher truly didn't
care, he was old, almost retired, and not interested in hel ping someone out.”

These findings suggest that instructors who are ineffective or indifferent to teaching are
more likely to create a classroom environment that is geared toward performance achievement
goals. In such an environment, students—especially females—who don’'t perform well may be
more likely to lose interest in the subject.

Although two male mathematics faculty recalled negative experience with mathematics
in elementary school, they both reported overcoming these challenges and eventually embracing
thefield. Eniola, aBlack male associate professor of mathematics at afour-year college, reflected,

My first encounter with math, | remembered just dropping my pen, being seriously confused with
what the symbolswere all about. However, the grade | wasin at the time, wasfail in one subject fail
in al. | was sure going to fail math and that meant | will fail all other subjects too, so | looked for
any math book | could lay my hands on and taught myself from the ground up. | found math
fascinating and never looked back . . . until | got all my advanced degreesin math.

Positive experiences with mathematics

Although many faculty reported negative experiences with mathematics, a significant minority
felt otherwise. Altogether, 25 respondents—19 of the 42 women (45%) and 6 of the 19 men
(32%)—wrote mathematics autobiographies that were wholly or primarily positive. Fifteen
reported that their experiences were wholly positive, 4 reported positive experiences marred by
incompetent instruction, and 6 reported positive experiences that nonetheless required them to
overcome obstacles aong the way. These favorable experiences were sometimes grounded in a

38



The Mathematical Autobiographies of College Faculty...

genuine affinity for mathematics and an emphasis on mastery goals (Dweck & Elliott, 1983;
Dweck & Leggett, 1988). In other cases, positive sentiments were nurtured by supportive parents
or teachers, good grades in mathematics classes, self-confidence, or a perceived natural aptitude.
For Jessica, a white female associate professor of mathematics at a community college, severa
factors came into play:

I remember throughout elementary school having lots of fun thinking about mathematical things. In
6th grade my teacher had me doing extension work that was in addition to what other students were
doing. | thought that was great—did not mind doing the extra work because | liked it. In college |
decided to major in math partly because | knew | needed a course each semester that was not going
to require me to read multiple books. | used the math homework as a break from my reading and
work for my other courses. . . My mother always encouraged me and even said that she wished that
she had mgjored in math.

Mathematics as a tool for understanding the world

Several faculty described how they saw mathematics as a welcome challenge or as a tool for
understanding the world. Moreover, some attributed their interest in quantitative work to
constructivist, active-learning approaches to teaching (Cobb et al., 1992; Ernest, 1991, Harkness
et al., 2007). Tara, an Indian assistant professor of physics and earth sciences at a community
college, wrote: “I was always interested in learning more since my love for physics was aways
made easier by using mathematical tools. | was also tutoring some lower grade students to earn
extra bucks during college studies. So math and physics have aways been best friends to
understand or simplify the complexities that exist in nature.” Likewise, Tarique, a foreign-born
associate professor of mathematics at a community college, described how he loved the
challenging puzzles that mathematics presented:

From my childhood, whenever | would go to a book fair, | aways looked for a puzzle book in
mathematics and could not wait until | solved all the problems. | am not sure why | always liked
math—I guess when | spend alot of time solving a problem and am finally able to solve it, the joy
that | receive is not comparable to anything else. | knew when | was afifth grader that | want to be
amathematician. There is no other option for me.

Rachel, awhite assistant professor of biology at afour-year college, reported that she had
awaysloved math: “I don’t ever recall having someone tell methat | could not do it or that girls
were bad at math until | was a senior in high school. My mother tells me that | pronounced at the
age of 6 that | would be good in math and science and terrible at languages, and so it has been
ever since.”

Manfred, introduced earlier, described how his interest in mathematics was nurtured at
an early age when he was given a computer by his father. He was later inspired by a calculus
professor who opened his eyes to the power of mathematics:

When | was probably 7 or 8 years old, my father came home with a Texas Instruments computer. It
was thousands of times slower than my cell phone today, and the only program permanently stored
on the hard drive was a very early version of Word Perfect. . . | would type huge programsin so |
could play a game, and slowly, | learned what different commands did and started writing my own
little programs to amuse myself. They weren't very sophisticated, but it's from that experience that |
developed an understanding of variables and how to think abstractly. . . In my first semester at
college, | took CalculusllI. . . | aso took an ancient Greek philosophy course that was terrible; the
philosophy professor seemed like he was stoned in class, and the discussions were banal.
Meanwhile, my Calculus professor was quoting poetry in class and using Calculus to prove really
crazy, unimaginable things. | switched my major to math (and economics) and suddenly | was a
"math person.”

Jian, aforeign-born Asian assistant professor of biology at acommunity college, took six
mathematics classes in college and did well in them. That’s when he recognized the importance
of mathematics for brain development. He stated, “Community colleges often focus on career,
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but | think education should focus on learning knowledge, thinking, and shaping people’ s mind.
Peopl e often say mathematics is useless. But | would say, it’'s not about whether it is useful. It is
about training our brain, and shaping our brain. Our brain is plastic. Through these trainings, we
actually changeit.”

The importance of a nurturing environment

Severa faculty mentioned supportive teachers and schools when describing their positive
experiences with math. Justin, awhite male associate professor of political science at afour-year
college, felt strongly that a nurturing educational environment had allowed him to build on his
natural aptitude for math. Likewise, Chisimdi, a Black assistant professor of biology at a
community college, attributed her mathematica aptitude to supportive teachers and family:

| loved algebra in the 7th grade. . . | thought solving for x was the coolest thing ever. The
expectations from my parentswereto do well in any endeavour so | guess| internalized thisto mean
that failure was not an option. From my teachers, | received support and praise. Now that | reflect
on this, | wonder if having immigrant teachers from similar backgrounds to my own played a
significant rolein how | view my math and science capabilities.

Linda, introduced earlier, credited her mathematical skills not to innate ability, but to an
encouraging, math-centered environment:

My father was a CPA and . . . my mother was taught "mental arithmetic" in her upper west side
public school just after WWI and could still add figures faster in her head than | could when she was
100. My most important math lesson was when | wasin first grade and it wastime for an allowance.
My father gave me a choice, $1 aweek or 1 penny the first week, 2 the second week, 4 the third,
etc. | chose the buck a week. and he said he was relieved because he could not have afforded the
other. . . He then explained exponential progression.

Success breeds success

Perhaps not surprisingly, many faculty attributed their favorable attitudes to their success in
mathematics courses. Amanda, a lecturer in psychology at afour-year college, reported that her
positive experiencesin mathematics classes led her to doubt the gender stereotypes she had heard
about:

Personally, math was always a strong subject for me. | excelled in math throughout primary school
and was at the top of my classin high school and [in] the few math college courses | took. | heard
the gender stereotypes about math, but | never believed them, because the strongest math students
in my classeswere usually female aswell. In high school, we had "enriched" math courses and 90%
of the students in the class were female.

Emma, a white assistant professor of education at a four-year college, reported that she
had gained a clear conceptual understanding of mathematical concepts only when she decided to
pursue a career in mathematics education:

| excelled at [math] until calculus even though | didn't consider myself to be a“math person.” Asl
continued to study mathematics and more specifically, mathematics education, | came to learn that
my understandings of mathematics were quite fragile and fragmented. | was a good student and
capable of rule following and procedures but had little to no conceptual understanding of even the
most basic concepts. It wasn't until | began teaching 3rd grade that | started to learn more about my
own mathematical thinking- alongside my students!

Mathematics and other interests

A few participating faculty had favourabl e experiences with mathematics but were ultimately led
in other directions. lan, a white instructor of reading, writing, and literature at a community
college, reflected on the support of his mother, a progressive mathematics teacher:

My mom taught math at the middle school and high school levels throughout my growing up.
Looking back, | can see that she was an engaged teacher who took a mostly contextualized,
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congtructivist approach. She addressed the topics of manipulating fractions and calculating
percentages through a stock market game (this was back when stock quotes were listed in fractions
in the newspaper). Each got fake money to allocate across different stocks and we calculated the
value of our investments every week and made changes until the end of the contest. . . Similarly, we
practiced calculating areas and proportions by designing houses.

His account is consistent with research showing that students understand mathematics
best through active learning projects that build new knowledge based on previous knowledge and
experience (NCTM, 2000). lan liked mathematics and did well in his mathematics courses, but
he ultimately fell in love with poetry. Likewise, Lucia—a part-time faculty member in American
Studies at afour-year college—aways excelled in mathematics but eventually gravitated toward
philosophy, “lured by the logical puzzles and games’ presented in her philosophy courses. In
contrast, Cindy, awhite assistant professor of allied health at a community college, reported that
her interest in philosophy had led her back to math. She noted, “I completed al my math
requirements by my sophomore year of high school and didn't have to do any more. . . [But] |
started getting into it again when | began reading philosophy. Apparently, the maths are the key
to the universe.”

Success despite poor instruction

Several respondents reported a positive outlook toward mathematics despite their frustration with
inept instructors. Mia, aforeign-born Indian female assistant professor of mathematics at a four-
year college, reported “1 am good at math. My best memories are the emphasis on algorithms and
rigor. My worst memories are of second-rate professors whose only goal seems to be to show
they are smarter than their students, so they took simple conceptsand madeit as hard as possible.”
Likewise, Alexis, awhite female associate professor of biology at a community college, wrote,

I am one of those lucky females who never had bad experiences with math when | was younger. . .
| was put in gifted classes, praised in front of the classes, allowed to participate in enrichment
programs in the summers. . . My worst experience(s) would probably not be considered that bad—
but in college, | was unhappy with the instruction. The professors were actually grad students,
usually foreign-speaking and hard to understand, and they chose textbooksthat were awful . . . badly
written, emphasizing equations, but ignoring the visual aspects of the math.

Theimportance of making mathematicsrelevant

Nearly a dozen faculty, including several from both the “negative” and “positive’ groups,
remarked that mathematicsinstruction is most effective when it is contextualized—when students
can appreciate its relevance to their lives. This finding reinforces previous research on the
importance of using real-world problems and fostering motivation through the use of
constructivist pedagogies that make students active participants in the learning process (Cobb et
a. 1992; Ernest, 1991; Harkness et a., 2007). Aninstructiona approach that emphasizes making
mathematics relevant also suggests an emphasis on mastery goals, since it requires an
understanding that transcends any one course and that can be applied in multiple contexts.

Alice, aforeign-born Asian female and associate professor of economics at a four-year
college, “never redly liked math until 1 came to appreciate its relevance and value in my life
which wasin thelast 20 yearsor so. . . It was not until | started going for my Ph.D. in economics
and seeing the connection between math and economic theoriesin my ‘ Mathematical economics
classes that | really came to appreciate the value of it.” Naomi, a white associate professor of
sociology at afour-year college, had a negative experience with cal culus as an undergraduate, but
she enjoyed statistics courses in graduate school because they “ contextualized the numbers and
brought them to life.” Sophia, introduced earlier, indicated that her outlook shifted from negative
to positive in graduate school “when the math courses [she] was taking were about statistical
analysis of data and were something [she] cared about.”
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Oumaru, a Black adjunct faculty member in the social sciences at a four-year college,
noted that “math would have been less abstract for me, and | would have enjoyed learning math”
if his professors had taught math using discovery methods. Lori, introduced earlier, had a similar
view: “A couple of years ago, | read, and hugely [enjoyed], David Foster Wallace's ‘ Infinity.’
Lesson learned: math isn't al about memorizing formula and acting like a human cal culator—it
can be conceptua and abstract in away that would have clicked with me a whole lot more than
the way in which |, and most people, are taught it.”

Even a few of the mathematics faculty lamented that mathematics instruction is often
stripped of any real-world context. Jessica, introduced earlier, criticized the way mathematicsis
typically taught: “Today we need to think about how technology should change what we
emphasize in math class. Why spend lots of time learning to execute a gorithms which can more
efficiently be done by technology? | believe that emphasizing algorithms, when technology can
easily do that work, makes math seems even less relevant to students.”

From experience to practice

The mathematical autobiography exercise sparked strong interest among the NICHE and NICE
participants, generated lively discussions, raised awareness of the diversity of experiences of the
program participants, and led faculty to consider how to promote constructivist approaches and
other positive pedagogies. The exercise also led participants to reflect on the broader theme of
inequality, heightening their awareness of critical issues such as stereotype threat. Although we
cannot readily disentangle the effects of any single activity, the magjority of faculty indicated, at
the conclusion of the program, that they had altered their pedagogy in favor of these perspectives
and methods (Wilder, 2020). A faculty member in the socia sciences distilled the sentiments of
many respondents: “I have grown to love the constructivist approaches. | relish the joy | seein
students when they are doing what they love.”

In their reflections, many of the faculty who recounted negative experiences at the hands
of insensitive teachers described how they had made a commitment to ensure that their students
did not have similar experiences. For many, this meant approaching students with a high degree
of sensitivity and acknowledging their mathematical anxieties. For example, Mindy (described
earlier) stated, “Maybe we need to ask students to confront their own anxiety, to say with pride
that yes, this course requires math and QR, and as students you are capable.” Lori, described
earlier, mentioned the need to calm students anxieties “by giving them the tools to solve what
had seemed to be insurmountabl e problems, but a so to communicate that some anxiety might be
justified—that math can, indeed, be hard—but that meeting its [challenges] can lead to wonderful
things.”

Many participants acknowledged the importance of confronting students' mathematical
anxieties head on. As Kathy stated,

| have a clearer sense now after reading the supporting articles and reading others math
autobiographies that the anxiety isreal—and can/must be ameliorated. Thinking about math anxiety
in terms of stereotype threat will be useful in working with students, aswill talking with them about
the value of math in life. . . | am aso struck to the core by Esther's comment that QR for CUNY
studentsisasocial justiceissue. | never thought about math this way, and thisidea will impact my
pedagogy in a profound way.

Similarly, Laeh (described earlier) stated, “ The good that has come out of [my negative
experiences with mathematics] is that | am very mindful of my language with my students,
especialy when | have to motivate them to improve. Unlike the teachers of my day, | understand
that public humiliation is not a positive motivator.” Not surprisingly, an overemphasis on
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performance (i.e., grades) was recognized by several faculty as a hindrance to perseverance in
mathematics. Chloe (introduced earlier) reflected, “ This pattern of gauging one’ s ability based on
atest score starts so young and carries through the later years (habituation). . . [I like] the notion
that we should set high standards and communi cate that we believe everyone will be able to meet
those standards.”

Finally, many faculty who reported positive experiences with mathematics expressed a
desire to serve as role models for their students. An Asian male professor of physics at a
community college reported, “It is really gratifying that eventually | understood relativity. My
experience has a so become a confidence booster: | am still telling myself that if | can understand
relativity, there is nothing that's too difficult for me. This is the moral I've been sharing with
students.”

Observations and reflections

The mathematical autobiographies discussed here suggest five generalizationsthat may be hel pful
to keep in mind when planning mathematics/QR instruction and when interacting with students.

1. Both structura variables (e.g., teachers, external support) and individual characteristics
such as agency (e.g., growth mindset, motivation) are important in explaining success, or
lack of success, in mathematics teaching and learning.

2. Inenvironments wherethereisweak structural support (such asdisinterested instructors),
performance goals tend to predominate, and agency is of paramount importance.

3. In environments where there is effective structural support (e.g., engaged teachers who
promote progressive pedagogies), mastery goals tend to predominate; both faculty and
students are likely to emphasize the applications of mathematical knowledge in real-
world contexts.

4. Students progress toward achievement goals—and the relative importance of mastery
goals and performance goals—is conditioned by their socid identities, and especially by
gender.

5. Structural variables and individua variables (such as agency) interact. It is therefore
important to recognize the diversity of students experiences and to maintain a
commitment to overcoming the barriers that can hinder achievement in mathematics,
including poor instruction and gender bias.

Conclusion

Students' early mathematical experiencesinfluencetheir successin later math-intensive tasks and
courses. The mathematical autobiographies discussed here demonstrate the importance of both
individual and socia factors, including experience with constructivist learning, in shaping
individuals' attitudes toward mathematics. They also support the assertion that an orientation
toward performance goals rather than mastery goals (Dweck & Elliott, 1983; Dweck & Leggett,
1988; Harkness et al., 2007; Liu, 2021) does not necessarily impede the devel opment of favorable
attitudes regarding quantitative work. For at least some individuals, early success or failure in
competitive environments (such as mathematics courses) sets the stage for later developments
and influences whether they see themselves as mathematically gifted or mathematically inept.
These narratives a so reinforce the importance of socia status (“positiona level of analysis’) as
an important moderator of achievement (Darnon et a., 2012).

While many faculty participants in the NICHE and NICE programs emphasized
individual aptitude as a key factor in their attitudes toward mathematics, others stressed the
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importance of external support (or lack of support) as a critical element in their mathematical
interest and motivation. Those who reported positive attitudes often mentioned a fascination with
the subject, excellencein their early mathematical pursuits, encouraging teachers and parents, and
astrong sense of self-confidence—abélief intheir natural aptitude. Of the faculty who had mixed
experiences with math, many found it enjoyable only when they saw its utility and recognized
that it was a useful tool for understanding the world. These results support the notion that
successful instruction requires constructivist and inquiry-based models of teaching—yprogressive
pedagogy that “[connects| content to real-life situations” (Cuban, 2001, p. 89). In situationswhere
there was strong structural support, faculty tended to emphasize mastery goals; many wanted to
achieve mathematical proficiency so that they could apply mathematical concepts and methods
in real-world contexts.

The participants who reported negative experiences with mathematics told stories of
unqualified and even hurtful teachers, difficulties understanding mathematical conceptsin school,
poor grades, a general didike of math, and—in many cases—gender discrimination that was
expressed both openly and in more subtle ways. These negative experiences often spoketo a sense
of powerlessness. Respondents described situations where they felt they lacked control, such as
when teachers questioned their abilities or labelled them as low achievers. Overdl, these
narratives demonstrate the importance of positional and socia factors, especialy gender, as
mediators of the relationship between motivation and achievement. Moreover, they suggest
interaction effects related to both individual and social factors. In particular, many of the women
who had doubts about their abilities found that their insecurities were exacerbated by teachers
who discriminated against them. This, in turn, sometimes led to performance avoidance among
those who feared they would be judged negatively if they attempted higher-level mathematical
tasks (Dweck & Elliott, 1983; Dweck & Leggett, 1988).

The faculty who participated in the CUNY QR programs represent a broad range of
ingtitutions and subject areas. While previous research on mathematical autobiographies has
focused on students enrolled in mathematics classes or studying to be teachers, mathematical and
quantitative narratives are relevant to all disciplines. In this case, the diverse backgrounds and
teaching experiences of the faculty were al so accompanied by certain commonalities. Most were
junior or mid-career faculty whose K—12 and college experiences took place from the 1970s
through the 1990s. Some of the problems they described, such as blatant sex discrimination, may
take different forms today. Nonetheless, it is till common for girls to be told that “just because
they are girls, they can't be any good at math” (Bennett, 2013, p. 6).

Notably, some of the themesthat emerged in previousresearch on students' mathematical
autobiographies, such as cheating and academic dishonesty (Hauk, 2005), were conspicuously
absent from these narratives. Faculty may be a select group with different experiences than most
students, or they may simply be reluctant to discuss certain topicsin an open forum. Although it
istrue that faculty committed to QR instruction may be systematically different from the genera
population in other ways aswell, it isimportant to recognize the great variety of experiences and
attitudes represented within the sample. Clearly, there is no single “faculty experience” with
regard to mathematical autobiographies.

Educators who reflect on their own mathematical autobiographies, and on those of other
faculty and students, are likely to better appreciate the diversity of experiencesthat students bring
to their quantitative courses. They arealso likely to more fully understand the factors that promote
favourable attitudes toward mathematics as well asthe teaching strategiesthat are often especially
effective with hesitant learners (e.g., progressive pedagogies, construction methods, and inquiry-
based learning). This exercise highlights the importance of sensitivity to students mathematics-
related anxieties, but it also shows how attitudes can change in response to new experiences—



The Mathematical Autobiographies of College Faculty...

how even deeply held negative views (“I'm not a mathematics person”) can be overcome by
individuals who learn to appreciate the relevance or the beauty of mathematical inquiry.

Mathematical autobiographies can also be useful outside the faculty development
context. They can help instructors learn more about students motives and attitudes, signal an
interest in students' success, or serve as a starting point for broader conversations about
mathematics teaching and learning. The prompts can be as simple as“ Tell me your mathematical
autobiography” or they can include detailed questions that probe into topics such as gender roles,
students’ use of mathematics outside the school environment, or changes in their attitudes over
the course of their educational careers. The information gleaned from these activities must be put
to good use, however. When instructors listen to the voices of their students, they are in a better
position to plan activities and assignments that are responsive to their students' needs. Faculty
should embrace progressive pedagogies that have been shown to be effective in promoting STEM
education (e.g., Cuban 2001), work to ensure that women and underrepresented students are
provided with the support they need, and understand the importance of both performance goals
and mastery goals. Mastery goals may be especially relevant as students come to appreciate the
usefulness of mathematicsin avariety of academic and non-academic contexts.

The narratives presented here suggest that mathematical autobiographies are likely to be
useful in both faculty development programs and university courses. However, further research
is needed to explore the extent to which they promote pedagogical innovation, favorable attitudes
toward mathematics, and mathematical or quantitative aptitude among faculty and students.
Exercises such asthis must be implemented before they can be assessed, and both implementation
and assessment can lead to improvements that inform mathematics teaching and learning.
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Abstract

Taking advantage of our digital era commodities, a plethora of game-based learning activities and
educational game genres have been introduced into numerous academic disciplines. However, research has
shown that regarding mathematicsthe variety seemslimited; especially for higher level topics, e.g. calculus,
there is alack of immersive games (Anagnostopoulou, 2021). In search of innovative ways for learning
mathematics, this study presents an investigation into the use of the immersive features of role-playing
games (RPGs) to introduce higher level mathematicsto adult learners. As part of a PhD research, an RPG
was designed and developed, in such a way that the abstract patterns and structures of mathematics were
gradually introduced and intrinsically incorporated into six RPG mechanisms. An experiment was then
carried out to examine whether learners can be enabled to gain higher mathematics skills solely by playing
the game. Adult learners with a variety of mathematical background knowledge and gaming experience
were recruited. The participants were asked to a) complete a pre-questionnaire and test, b) play the game,
and finaly c¢) complete a post-questionnaire and test. Data were collected via the questionnaires,
observations, and interviews. The experiment yielded positive results regarding game usability,
functionality, and effectiveness. This paper reports only on the quantitative analysis from the questionnaire
data, whereas the qualitative analysis was published in a separate paper (Anagnostopoulou, 2023). The
quantitative results suggest learning and understanding of mathematical processes concerning basic
differentiation rules was significantly increased by playing the game. There was a statistically significant
increase in mathematics scores after playing the game. The effect size was large for users with low to
medium mathematical background skills, whilst the effect on those with high mathematical skillswas small.
Recommendations for future improvements as well as avenues for further research are proposed.

Key words: higher level mathematics; game-based learning; immersive games; mathematics games; adult
education.

Introduction

The study presented in this paper involves exploring ways through which higher mathematical
concepts can be incorporated into immersive games, in such a way that learning occurs without
disrupting the gameplay flow and players’ entertainment.

Research has shown that various disciplines are using highly interactive games as a
teaching and learning method. Examplesinclude: River City (Nelson et al., 2004), for application
of scientific principles to modern societal challenges, Quest Atlantis series (Barab et a., 2005),
for scientific reasoning, decision-making, language, and social studies; Arden (Castronova,
2007), for social science and economic theories, as well as Shakespeare's works; Ed-Wonderland
(Hung, 2011), for English vocabulary; Humatan (Kannan, 2012), for human anatomy; and
CMPRPG (Susaeta et al., 2010) for ecology. However, in terms of mathematics, the game closest
to offering an immersive and highly interactive experience is Zombie Division (Habgood, 2007),
asingle-player action role-playing game created to teach prime numbers to children.
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It seems that mathematics learning stands out from other subjects, especially at higher
levels, as mastering a topic still often requires traditional hands-on methods like pen and paper
exercises. It seems challenging to use digital games for advanced mathematics learning without
disrupting immersion and the player's experience. By examining the available computer games,
which were built to teach mathematics, Anagnostopoulou (2021) discovered that there is a lack
of immersive games for higher level mathematics. The gap represents game-based learning with
a high interactive player experience that would cover alevel equivaent to Key Stage 3 (KS3) to
Key Stage 5 (KS5) UK mathematics curriculum, corresponding to 14-18 year old students. While
KS3-K$4 does not cover calculus, this paper reports only on calculus (KS5), although it could
have been any topic.

The purpose of this study was to address this gap by making use of previous research on
highly interactive educational games that enhance player experience. From the list of gameswith
high immersion (Johnson et al., 2014), the role-playing games (RPGs) genre was selected. The
study concentrated on identifying and demonstrating methods through which the environments
and features of RPGs could be used as educational tools, paving the way for aternative and
innovative approaches to teaching and learning higher mathematics. As an example, the
mathematical content chosen to beincorporated in the gamefor this current study was the process
of differentiation, in particular, the power rule of differentiation, derivatives of trigonometric and
exponential functions, as well as the addition law of differentiation.

‘The Red Circle’ is an RPG, implemented by adesigner (the author) and a developer,
using Unity Engine, a powerful cross-platform game development tool used to create 3D
interactive experiences and simulations. The gameplay is set in the medieval scenery of avirtua
world, with which the player can interact by means of controlling an in-game character. The
storyline accounts for the player to magically spawn in an unknown village, within which all the
villagers are trapped, as an evil spirit blocked the only gateway. The player is set with the task to
fight the evil spirit and free the villagers by unblocking the gates. On their journey, they need to
build a sword and learn fighting techniques, following a series of quests that direct them to their
final task.

Sincethe primary god of the game isfun, mathematicsisintrinsically incorporated in the
journey, in direct relation with the story and quest lines, in away that does not distract the player
from their enjoyment. Having played the game, travelled through the virtual world, and completed
the endeavours set, the player enhances their skills on the mathematics topics embedded, as the
results of this study reved.

This paper focuses only on the quantitative analysis of the research. Comparing learning
outcomes and efficiency against other approaches to teaching was beyond the scope of the
research.

Game design background

A brief account of the background which influenced the design and devel opment of the Red Circle
gameis provided below.

Game-based learning (GBL)

Games appear to own the elements and competencies to stimulate learning, which is both
innovative and based on a variety of pedagogical principles. They can be used to provide an
environment where Papert’s (1991) constructionism can be implemented, as the learner has a
variety of methods to take control of their knowledge (Tang et a., 2007). Storytelling isamain
feature in ‘ serious games' (Tang et a., 2007), as it provides the context for gameplay. Learners
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play the game following its mechanics, rules, and goals while at the same time they engage with
the learning material included within. Moreover, in-gamelearning can betransferred to real world
context (Oblinger, 2004).

GBL was chosen asan active, hands-on processin which educational content isintegrated
into a game environment. It should not be confused with gamification, which describes the
addition of game elementsin an educationa subject (Dichev & Dicheva, 2011). The Red Circle
gameplay consists of differentiated mechanics, where chalenges are gradually introduced
(scaffolding), thus addressing the individualisation of each player. Feedback is immediate and
contextualised during the activities, enabling the player to assess their learning and repeat the
activities needed to enhance their knowledge and achieve the objectives.

Digital role-playing games (DRPG)

To address the highly interactive player experience requirement, a DRPG environment was
chosen for the gaming content, as the genre offers high immersion due to a combination of
multifaceted elements. Among seven game genres, DRPGs score high in the player’s experience
scalein relation toimmersion, flow, relatedness, challenge, competence, and autonomy (Johnson
et a., 2015). Moreover, they enhance critical thinking and motivation (Chen and Wu, 2021).
Additiondly, the genre offers a means of description and guidance for the game's content,
enabling a gradual unfolding of the design process. According to Anagnostopoulou (2022),
DRPGs features and activities were integrated into the Red Circle gameplay to incorporate
mathematical content. These activities included unlocking chests by turning the lock, interacting
with in-game assets, like pigs and ores to pick up materials, engaging in combat, collecting items,
crafting weapons, communicating with non-player charactersto get quests, etc.

Concretenessfading

Concreteness fading is aterm used to describe a step process, where learning begins with the use
of concrete materials and then gradually fades to more abstract notions, moving from
contextualised and perceptually rich visualisation to more iconic visualisation (Fyfe et a. 2014).
An equivalent fading mechani sm was used to introduce derivatives throughout the gameplay. The
mathematical content was presented to the learner in agradua process through a series of quests.
Shapes were used as virtual concrete manipulatives, which progressively faded away to pure
mathematical symbols. (Anagnostopoulou, 2022). For example, a three-step process of the

derivativeof y = 4x3 = Z—; = 12x? ispresented in Figure 1:

@"u"lv-;“ E%,;\,;E-‘..éﬁ'm__ \,\;2 4x3 = 12362

Shape Intermediate Maths
representation representation representation

Figure 1: Three-step fading process.

However, in the current project, for reasons of chunking the knowledge of higher
mathematics and providing the chance for further training, revision and repetition, the fading
process from shapes to mathematical expressions was constructed in five stagesincorporated into
six mechanics, as shown in Table 1.
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Table 1. Six mechanics with five steps of fading.

Mechanics Name Fading Content
Level
1 Chests 1 Purely shapes
2 Pigs 2 Introduction of afew numbers
3 Ores 3 Mixture of numbers and shapes and introduction of trigonometric
4 Fight 3 and exponentia functions
5 Mushrooms 4 Mainly mathematics symbols with few shapes
6 Anvil 5 Purely mathematics symbols

Intrinsic motivation of learning

Intrinsic motivation is defined as the doing of an activity for itsinherent satisfactions rather than
for some external result. When intrinsically motivated, a person is moved to act for the fun or
challenge entailed rather than because of external prods, pressures, or rewards.

Most RPGs possess intrinsic motivation features for most players through the game
design, socia interaction, and gamers psychological characteristics (Herodotou, 2009).
According to the intrinsic motivation of learning taxonomy (Malone and Lepper, 1987), the more
motives a designed |earning environment contains the more effectiveit is. Moreover, endogenous
learning is necessary i.e., activitiesthat are directly correlated to learners’ motivation (Habgood,
2007). The taxonomy introduced by Maone and Lepper (1987) is based on two intrinsic
motivational parameters, individual and interpersonal. Individual motivation refers to challenge,
curiosity, control and fantasy content, whereas interpersona motivation is related to socialising
factors, specifically cooperation, competition and recognition.

In line with the intrinsic mativation of learning theories, the prototype in this research
focuses on individual motivation aspects asit is asingle-player game. The Red Circle unfoldsin
acaptivating fictional world, immersing playersin afantasy setting, whileintegrating educational
content into intriguing quests. Players are granted autonomy to interact with the environment,
engage in conversations with non-player characters, follow quest lines, or freely explore the map.
Throughout the game, players encounter avariety of tasks, puzzles, and activities, each designed
with clear goals and outcomes, which offer frequent feedback to challenge and motivate the

player.
Methodology

To investigate the quality of the learning environment of RPGs regarding the mathematical
content as well as the effectiveness of the RPG features used, two research questions and one
hypothesis are presented within the scope of this paper, which correspond to the quantitative
analysis of the overall research.

Research questions

1. What isthe impact of RPG-based learning on the development of higher-level mathematics
skillsamong learners?

2. What means can be devised to effectively teach higher level mathematics via game-based
learning?

Research hypothesis

An RPG based around a quest structure with concreteness fading techniques will enable learners
to increase their understanding and skills of higher mathematicsin the area of differentiation.
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Procedure

After The Red Circle prototype was designed and devel oped, it underwent Alpha and Betatesting
to ensurethat it runs asintended and detect possible bugs or glitches aswell as provideindicative
results (Anagnostopoulou, 2022). Once the game was ready for release, participants were
recruited using a pseudo-random process. A pseudo-random sample is used, where completely
random sampling is not alwaysfeasible, or is not appropriate to agiven situation. In thissituation,
random participants were selected from groups of varying age, prior mathematical background,
and prior gaming experience in order to ensure a more inclusive sample.

The research was conducted in two different environments: the Informatics computer 1ab
at the University of Sussex for about two thirds of the participants, and remotely on their own
computers for the rest. The study followed a three-step process. The participants were asked to
complete a pre-questionnaire and test, designed specifically for the research to assess their
mathematical and gaming backgrounds. They then played the Red Circle game (intervention),
and their gameplay time was recorded. Finally, they were asked to compl ete a post-questionnaire
which included qualitative data and a test designed to assess the participants mathematics
learning. Data were collected over athree-month period. The three steps of the experiment were
completed in a single session, during which each participant spent 15 minutes on the pre-
questionnaire and test, approximately 1 hour playing the game, and 15 minutes on the post-
guestionnaire and test. Upon collection of data, descriptive as well as inferentia statistics were
used to draw conclusionsin relation to the research hypothesis.

Due to the nature of the experiment, there were no obvious disadvantages or risks, apart
from spending participants’ time, which was about 1.5 hours in total. The study did not involve
underage participants. Since the sample was pseudo-random and unrelated to the research, there
was ho possibility of coercion or conflict of interest. Participants were recruited through email,
wherethe nature of the experiment and ethical considerationswere explained. Student participants
were initially contacted through an email sent to their University of Sussex student accounts. For
the remaining participants, a snowball sampling method was employed, starting with emails sent
to acquai ntances with diverse backgrounds in mathematics and gaming. The study was approved
by the Science and Technology Cross-Schools Research Ethics Committee of University of
Sussex with project reference numbers ER/EA434/1 for the Alphatesting phase, ER/EA434/2 for
the Betatesting phase, and ER/EA434/3 for the main study.

Sample

As this game has the potential to be utilised by any adult learner of mathematics, the study was
interested in sampling a wide range of learners. The experiment was conducted with 148
participants, ranging in age from 18 to 60 years old. The participants al so had diverse backgrounds
regarding their prior mathematical knowledge and gaming experience, including low, medium,
and high levelsin both categories, to serve the scope of the experiment.

The pseudo-random sample was inclusive enough as, athough most of the sample (63%)
was between 18 to 24 years old corresponding to the university student participants, the rest of
the age groups (27%) were approximately evenly distributed (Figure 2). Most of the participants
were males, however, there was a good representation of the other gender groups. There were
equal group sizes of high and low prior mathematical background of the participants, while there
also was a considerable amount of medium mathematics knowledge subjects. Regarding the
digtribution of prior gaming experience, approximately half of the sample had high gaming
experience, and the other half evenly distributed between low and medium gaming experience.

53



Anagnostopoulou E

= 18-24
B 25-34
= 3544
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= Male
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u Other
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c) Prior Maths Knowledge d) Prior Gaming Experience

Figure 2. Distributions of a) Age, b) Gender, ¢) Prior maths knowledge, d) Prior gaming experience.

Data collection

Quantitative data was collected through two questionnaires and two tests, which were
administered via Qualtrics survey tool.

A pre-participation questionnaire was designed to assess the participants background
regarding their mathematical and gaming experience. Among other questions which are beyond
the scope of this paper, 13 of the mathematics questions addressed in the pre-questionnaire were
al so repeated exactly in the post-participation questionnaire for statistical analysis purposes. Note
that the participants completed the questionnaire and the game in the one session, and they did
not receive answers to the questions from the pre-test nor did they have access to the pre-test
while completing the post test.

The post-test consisted of four parts:

a) puzzle-shaped multiple-choice questions, a sample of which is presented in Table 2,
b) simple function multiple choice questions (Table 3),

¢) function combinations multiple choice questions (Table 4), and

d) afreeanswer question (Table5).

Table 2. Sample of the puzzle-shaped multiple-choice questions.

For each of the following questions,
tick all correct combinations:
o W(B
o MR
o WU
o (@8
o B@
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Table 3. Sample of the simple functions' multiple-choice questions.

Tick the correct answer

O xe*
4 O xex1
@)= O e*
O e
(O Idon’t know

Table 4. Sample of the function combinations multiple-choice questions.

Tick the correct answer
O —sinx—28x3+6
O sinx —28x% + 6x

d .

a(cosx—7x4+6)= (O —sinx —28x3
O —sinx—7x3+40
O Idon’t know

Table 5. Free answer question.

Differentiate the following:
y=4x3+sinx —e*—5x2+2x+3

Results

This section reports on the quantitative analysis of the data collected. The terms used in the
analysis and tables are listed below:

Pre-test/scores: refer to the mathematical questions that have been answered by the
participants before they played the game.

Post-test/scores: refer to the mathematical questions that have been answered by the
participants after having played the game.

Maths components: refer to four components (puzzles, simple functions, combinations,
and free answer) of the post-test.

Low, medium, high maths (maths groups): refer to the participants mathematical
knowledge, as determined by the pre-questionnaire scores (low: <30%; medium: 30%-70%; high:
>70%).

Low, medium, high game (gaming groups): refer to the participants gaming experience,
as determined by the pre-questionnaire scores (low: 0-1 out of 5; medium: 2-3 out of 5; high: 4-5
out of 5).

Distribution of pre- and post-scores

The distribution of the participants’ pre-scores is shown in the histogram of Figure 3. It can be
seen that, although the mean value of scoresis approximately central, the results are highly spread
out. Thethree groups of the different mathematical background of the participants are evidently
represented. Data is approximately bimodal representing 43 participants with low prior
mathematics knowledge who scored 0%, 45 of high prior knowledge who scored full marks and
60 participantsin between.
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Mean = 49,17
Std. Dev. = 43.083
N=148

60.00 50.00

Pre Scores (%)

Figure 3. Histogram of the pre-scores.

Comparing the pre-scores (Figure 3) to the distribution of post-scores shown in Figure 4,
it isevident that the participants mathematics skills were significantly improved after playing the
game. The mean is considerably increased to 87.63%, while the variability is halved. The
minimum score has now been shifted from 0% to 15.38% corresponding to only one person, while
more than half participants scored 100%.

100
Mean = 87 .63
Std. Dev. =20.493
N =148
80
a 60
I..Eg " 26|
20

00 20.00 40.00 160.00 80.00 100.00

Post Scores (%)
Figure 4. Histogram of the post-scores (148 participants).
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Of the 148 subjects who participated in the study, playing the game €licited an increase
in the post-scores of 102 participants compared to their pre-scores, two participants had a decrease
in their scores and 44 participants saw no change. These 44 participants were players with strong
mathematical background knowledge, hence scored full marks in both tests. There was a
statistically significant median increase in mathematics scores for the mathematics test before
playing the game (46.15) compared to the mathemati cstest taken after playing the game (100.00).

Distributions of pre- and post-scoresfor different variables

The results for the pre- and post-scores for different variables (mathematical background, age
range, gaming experience, and playtime) are presented below.

According to mathematical background
Breaking the results into the individual mathematics groups (low, medium, and high) Table 6
reveals the following information.

Table 6. Comparison of the mean pre- and post-scores with respect to mathematics groups.

Prior Maths Experience Pre-scores Post-scores
Size Mean (SD) Mean (SD)
Low 67 5.86(9.48) 74.40(24.04)
Medium 20 50.00(10.73) 95.00(9.43)
High 61 96.47(6.52) 99.75(1.38)
Total 148 49.17(43.08) 87.63(20.49)

By comparison of the means, it is evident that the low mathematics group significantly
improved their mathematics scores. The medium mathematics group recorded a substantia
increase in their scores, while a dight increase was noted for the high group, as expected.

The statistical significance of the above descriptive resultsis presented in Table 7.

Table 7. Statistical testing for the pre- and post-scores with respect to mathematics groups.

Group Size Hypothesis Test Statistical outcome Result
t(66) = 22.214
Ho:p=0 t-test
Low Maths 67 Hi 1 # 0 p< .05 p <.001 Hi1

Cohen'sd=2.714

t(19) = 17.085

Ho t-test

) u=0
Medium Maths 20 ) p<.001 Hi
Hipu#0 P<O5  ohersd=3820
- £(60) = 3.765
High Maths 61 E"j W B 8 HS L p<01 Hi
LH p=- Cohen'sd = 0.482
Ho: A(median) =0 Sign z=9.71
Whole Sample 148 Ha: A(median) # 0 p<.05  p=.0001 H1

Regarding the whole sample, there was a statistically significant median increase in
mathematics scores for the mathematics test after playing the game compared to the mathematics
test taken before playing the game. The participants with low prior mathematics background
scored higher in the post-test than in the pre-test with a statistically significant increase between
means of 68.542, with alarge strength in the effect size as Cohen’s d value implies. The medium
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mathematics participants recorded a statistically significant increase of 45.000 in their post-test
with alarge strength in the effect size. Those with high mathematics background knowledge also
demonstrated a statistically significant increase in their post-test, however of smaller size (3.279)
and asmall strength in the effect size.

According to age
Regarding how the age of the participants affected their mathematics scoring, Table 8 revealsthe
following:

Table 8. Comparison of the mean pre- and post-scores with respect to age groups.

Ageinyears Pre-scores Post-scores
Size Mean (SD) Mean (SD)
18-24 93 62.70(42.59) 89.83(20.42)
25-34 16 34.13(32.39) 88.46(18.20)
35-44 14 14.29(29.85) 78.02(24.11)
45-54 15 32.82(35.78) 87.69(16.65)
55+ 10 20.77(34.98) 79.23(22.37)
Total 148 49.17(43.08) 87.63(20.49)

The age group of 18-24 years old, which corresponds to university students, showed a
measurable increase in their scores, while the rest of the groups revealed significant progress,
with the group of 35-44 years old demonstrating the greatest change.

According to gaming experience

The pre- and post-scores were analysed with respect to the subjects prior gaming experience.
Table 9 showsthat all groups demonstrated a statistically significant increase in their mean scores,
with the low gaming group exhibiting the greatest progress.

Table 9. Comparison of the mean pre- and post-scores with respect to gaming groups.

Prior Gaming Experience Pre-scores Post-scores
Size Mean (SD) Mean (SD)

Low 35 25.27(34.43) 80.88(23.40)
Medium 33 53.85(39.22) 93.71(13.39)
High 80 57.69(44.55) 88.08(20.91)
Total 148 49.17(43.08) 87.63(20.49)

According to playtime

Figure 5 shows the distribution of playtime for the sample. Playtime can be approximated to
normal distribution, with a mean value = 50 mins, mean = 2.55 corresponding between group 2
(30 - 50 mins) and group 3 (51 -70 mins), with a standard deviation of SD = 1.139 corresponding
to approximately 20 mins.
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80

<30 30-50

48%

51-10

Mean = 2.55
Std. Dev. =1.139
N=148

71-90 91-110

Playtime (minutes)

=110

Figure 5. Distribution of playtime for the sample (148 participants).

Low playtimewas mainly recorded by the age group of 18 — 24 years, which is comprised
of students (63%). Hence, the average value of = 50 mins makes the game suitable to be used in
ateaching session. Longer playtime was recorded for higher age groups; among other reasons, it
involved exploration of the map and interactions with the non-player characters (NPCs) of the

game.

Regarding the effect of playtime in the post-scores, Table 10 indicates the following:

Table 10. Comparison of the mean pre- and post-scores with respect to playtime groups.

Playtime in Size Pre-scores Post-scores
mins Mean (SD) Mean (SD)
<30 17 76.92(39.03)  83.69(25.39)
30-50 72 6175(39.50)  93.59(15.44)
51-70 35 2440(3356)  83.52(20.02)
71-90 15 37.44(4642)  80.51(22.87)
91-110 3 35.00(55.65)  66.67(34.69)
>110 6 0.00(0.00) 65.38(24.20)
Total 148 49.17(4308)  87.63(20.49)

Although the participants with low playtime (<30, 30-50 mins) scored higher in the post-
test compared to those who spent more than 50 mins, examining the difference in the means of
the pre- and post-scores indicates that the group of >110 mins playtime exhibits the largest
difference of means. Thisresult may indicate that those with higher mathematics knowledge and
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higher gaming experience could compl ete the game faster. However, the sample size for the >90
mins groupsistoo small to provide significant results.

Distributions of Post-scoresfor different variables

Inferential analysis of the post-scores with respect to mathematics knowledge, age and gaming
experienceis presented in Table 11.

Table 11. Statistical testing for post-scores with respect to mathematics knowledge, age and
gaming experience.

Variable Size  Hypothesis Test Statistical outcome Result
Hy(H-L)
T Kruskal-
Ho: distribution equal . v3(2) = 78.761 Hi(L-M)
Maths knowledge 148 Hu: distribution not equal \évjl l('; p < .0005 Ho(H-M)
T Kruskal-
Ho: distribution equal : v3(2) = 12.025
Age 148 e Wallis N Ho
Hu: distribution not equal p< .05 p=.017
N Kruskal-
. . Ho: distribution equal . v3(2) = 5.695
Gaming experience 148 Hu: distribution not equal \éV;aI l(')ss p<.058 Ho

Key: distribution equal: distribution of Post-scores among the variable groupsisequa; L, M, H: Low, Medium, High
maths groups; H-L: between High and Low maths groups.

Regarding prior mathematics knowledge, post hoc analysis reveded datigticaly
significant differences in post-scores between the high and low (p < .0005) mathematics groups,
and low and medium (p < .001) mathematics groups, but not between the high and medium
mathematics groups (p = .074). The post hoc analysis further reveaed statistically insignificant
differencesin post-scores between all pairs of age group comparison, aswell asal pairs of gaming
experience groups. Regarding playtime satisticaly significant difference in post-scores was
found between the extreme groups of thisvariable, i.e. the < 30 minsand > 110 mins (p < .001)
groups; the 30 - 50 minsand 51 - 70 mins (p < .001); and 30 - 50 minsand > 110 mins (p < .001).

Distribution of post-scoresfor the different mathematics components

The digtribution of the participants performance in the individual mathematics parts of the post-
test (puzzles, simple functions, combinations, and free answer) is presented next.

Puzze scores

Figure 6 indicates that the participants scored high in the puzzle section of the post-test with an
average of 82.50% (SD=19.55%). 52 people scored full marks, and none scored zero. The
minimum score was 20% (n = 2).
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&0

Mean = 82.50
Std. Dev. = 19.548
N=148

50

Frequency

o 20,00 40.00 50.00 80.00 100.00

Puzzle Scores (%)
Figure 6. Distribution of puzzle scores for the sample (n = 148).

Simple function scores
Comparing Figure 6 with figure 7, it can be concluded that the sampl e performed better in solving
simple functions (e.g. %(ex),:—x(sin x),%(4x3)), than they did in the puzzle section. The

average score was 90.06% with alower spread of scores (SD = 16.30%). Nobody scored 0%, 95
people got 100%, while the minimum score was 28.57%.

100

Mean = 80.08
Std. Dev. =16.297
N =148

Frequency

40

20.00 40.00 60.00 £0.00 100.00

Simple Functions Scores (%)
Figure 7. Distribution of simple functions scores for the sample (n = 148).

Combination scores

In the combinations part (Figure 8), functions such as % (4x3 + cos x — e*), 78 participants got

full marks, nobody scored 0% and the minimum score was 18.18%. The mean was high (87.35%)
and the spread low (SD = 18.20%).
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80
Mean = 87.35
Std. Dev. = 18.201
N =148

&0

40|

Frequency
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Combinations Scores (%)
Figure 8. Distribution of combinations scores for the sample (n = 148).

Free answer scores

The free answer question was a question that the participants had to type their answers rather that
select the correct one out of multiple choices. As seen in Figure 9, although the mean score is
high (83.56%), the spread is the highest of al the 4 parts (SD = 29.42). Ten participants scored
0%, while 95 scored full marks.

Mean = 83 58
Std. Dev. =29.418
M=148

Frequency

.00 20.00 40.00 60.00 80.00 100.00
Free Answer Scores (%)

Figure 9. Distribution of free answers scores for the sample (n = 148).
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According to mathematics background

Regarding the distribution of mean scores in the 4 individual parts with respect to the players
prior mathematics knowledge, Table 12 shows a uniform distribution of the results, with the
lowest mean that of the low mathematics groups when they answered the free question. It isalso
worth noting that although the high mathematics groups scored above 99% in all abstract
mathematics parts (simple functions, combinations, free answer), they did not do equally well in
the puzzle part (mean = 82.50%).

Table 12. Comparison of the mean scores with respect to mathematics groups.

Prior Maths Puzzles Simple Combinations Free Answer
Knowledge Size Mean(SD) Mean (SD) Mean (SD) Mean (SD)
Low 67 75.22(21.70) 79.53(18.81) 74.90(19.52) 66.42(35.94)
Medium 20 93.00(12.18) 95.71(9.38) 91.82(13.48) 92.50(15.74)
High 61 8250(15.95) 99.77(1.83) 99.55(1.98)  99.45(2.99)
Tota 148 82.57(19.55) 90.06(16.30) 87.35(18.20) 83.56(29.42)

According to gaming experience

The participants' prior gaming experience reveaed an approximately uniform distribution of the
mean scores in al gaming groups (Table 13). A dlightly lower mean score was observed in the
low gaming group when they completed the free answer test.

Table 13. Comparison of the mean scores with respect to gaming groups.

Prior Gaming

Experience Puzzles Simple Combinations Free Answer
Size Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Low 35 8229(18.48) 86.94(17.45) 81.82(20.21) 73.81(34.37)
Medium 33 86.97(16.67) 92.64(14.78) 91.74(13.89) 92.42(18.21)
High 80 80.75(20.97) 90.36(16.36) 87.95(18.45) 84.17(29.87)
Total 148 82.50(19.55) 90.06(16.30) 87.35(18.20) 83.56(29.42)

Statistical significance of the results

The significance of the above observationsisfurther analysed. Table 14 summarisesthe statistical
results among the four parts of mathematics questions.

Table 14. Statistical testing for post-scores with respect to the four individua parts.

Part of Post mathstest Size  Hypothesis Test Statistical outcome Result
o Kruskal- 2o Hi(H-L)

e e [OSIOANIA | wais SO0
L € p<.o0s P Ho(H-M)
e Kruskal- 2o Hi(H-L)

Simple Functions 148 on g::::gz::g: ;.gltjal w  Walis X (<2)0616 8.623 Hi(L-M)
v € p<o0s P Ho(H-M)

T Kruskal-
. Ho: distribution equal . ¥3(2) = 85.448
Combinations 148 Hu: distribution not equal \éV;al l(I)SS p < .0005. H1
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Ha(H-L)
Kruskal-
Ho: distribution equal . v3(2) = 60.523 Hi(L-M)
Free Answer 148 Hu: distribution not equal \F/)Vfl l(')f_) p<.001 Ho(H-M)

Key: distribution equal: distribution of scores among the maths groupsisequal; L, M, H: Low, Medium, High maths
groups, H-L: between High and Low maths groups.

The post hoc analysis revealed statistically significant differences in puzzle, smple
functions and free answer scores between the high and low mathematics groups, and low and
medium mathematics groups, but not between the high and medium mathematics groups.
Statistically significant differences were also observed in combinations scores among all groups.

Differencein preference of mechanics

Figure 10 below, presents the players' preference regarding the 6 mechanics in the game, which
served to introduce the process through which the virtual concrete manipulatives of shapes
gradually fade to the abstract notion of mathematical symbols (Mechanics 1: full concreteness —
Mechanics 6: full abstractness).

Figure 10. Preference of mechanics for the sample (n = 148).

The distribution of preferences is relatively even across the six mechanics, indicating a
smooth transition between the fading stages. There is a slightly increased preference noted for
Mechanics 4, the Fight, which isunsurprising given that players generally prefer combat in games
(Castronova, 2007; Anagnostopoul ou, 2024). Additionally, Mechanics 6, the Anvil, which scored
lower in players preferences, involves full abstractness. A possible explanation for this could be
found in the limitations of gameplay. Originally, the design included eight fading mechanics
instead of six, to ensure the consolidation of learning and an easier transition from stage 5 to
greater abstraction. However, due to limited time and resources, the mechanics had to be reduced
to six. Furthermore, the constraints on gameplay time during the experiment might have prevented
players from sufficiently repeating quests and mechanics to enable a smoother transition to
abstraction, despite the inclusion of the Red Circle game.

Statistical significance of the players’ preferences of mechanics

Friedman’s ANOVA testswere run to determine whether there were significant differencesin the
preference of mechanics among the groups of partici pants with different mathematics and gaming
backgrounds (i.e. the mathematics and gaming groups defined earlier). The results indicated that
there was statistically significant difference between the unequal means regarding the preference
of mechanicsfor all the categories of the mathematics groups, as well asthe low and high gaming
groups, whereas the medium gaming group preference was not statistically significant.
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Conclusion

This paper outlines the quantitative outcomes of a study aimed at exploring effective methods for
integrating fundamental rules of derivativesinto an RPG digital game. Based on the aboveresuilts,
it can be inferred that the game effectively facilitated learning of differentiation. Statistical
findings validate the research hypothesis and questions, demonstrating that the mathematical
content can be successfully conveyed through a gradual fading process presented in discrete
chunks.
Based on the findings of this study, the research questions can be answered as follows:
1. What isthe impact of RPG-based learning on the development of higher-level mathematics
skillsamong learners?

Game-based learning centred around RPG games has shown the potential to facilitate the
acquisition of higher-level mathematics skills among participants. The research outcomes relate
to how well the game hel ps improve mathematics learning. The increase of the participants post-
scores in derivatives indicates that playing the game significantly boosted participants
mathematical skills, particularly for learners with low or no prior mathematics knowledge. It
needs to be reminded that the scope of the present study is not to compare the effectiveness of
game-based learning againgt traditional or other |earning approaches. It merely demonstrated that
immersive GBL could a sowork for higher level mathematics; in fact, in an engaging, motivating,
and fun way, as the qualitative analysis concluded (Anagnostopoul ou, 2023).

As anticipated, participants with a high mathematics background demonstrated a slight
increase in their scores, affirming that the gameplay did not hinder or disrupt their existing
knowledge. Although the group with medium prior mathematics knowledge experienced a
notable improvement in their scores, the most intriguing result was observed among participants
with low or no prior mathematics knowledge. The increase in their post-test scores was
significant, with none of them scoring zero marks, and over half of the sample (58%) achieving
full marks in the post-test. This is particularly noteworthy considering that initially 29% of the
participants scored zero marks and 30% scored full marks in the pre-test. Statistical anaysis
further reveaed that neither the age of the participants nor their prior gaming experience played
a significant role in their scores. These results demonstrate that the game effectively enhances
mathematics learning across various age groups and levels of mathematical and gaming
experience, making it avaluable tool for diverse learners.

Furthermore, there was a noticeable correlation between the gaming experience of
participants with a strong mathematical background and their performance in the puzzle section
of the test. It was observed that those with greater gaming experience achieved higher scoresin
the puzzle section. One possible interpretation of this result is that experienced gamers have
improved their problem-solving abilities through gaming experiences, which are known to
cultivate a range of cognitive skills. However, since this correlation was found to be moderate,
nevertheless significant, further research is warranted to explore thisfinding in greater detail.

The analysis of playtime datayielded interesting findings. The approximately 50 minutes
of the mean gameplay time makes the game highly suitable for integration into teaching sessions,
especialy considering the observed low playtime was mainly recorded by the age group of 18 —
24 years, which is mainly comprised of students. Statistical analysis indicated significant
differencesin the mean ranks of the post-test scores between the extremes of the playtime groups.
Specificaly, significant differences were observed between fast players and dow players. Fast
playerstended to achieve higher scores, although within a narrower range between pre- and post-
scores, indicating higher level of experience in both gaming and mathematics. On the other hand,
slow players, while potentially obtaining lower scores than their faster counterparts, exhibited a
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more substantial increase in their achievements. This highlights the importance of considering
individual gameplay pace.

2. What means can be devised to effectively teach higher level mathematics via game-based
learning?

The mathematical content can be effectively delivered through agradual fading process, presented
in chunks. Leveraging the features of role-playing games, mathematical tasks seamlessly blend
into the quest structure of anarrative. The participants showed approximately equal preferencein
the mechanics presented in game, demonstrating a smooth transition through each fading stage.
It is recognised that the transition could be smoother towards the last stage of abstractness by
adding one or two more steps, as was originaly designed but due to limitations in time and
resources could not be implemented.

Although learners with a high mathematical background did not contribute significantly
to the research based on the difference in their mean scores between the pre- and post-tests, they
did reveal an important finding that warrants further investigation. Interestingly, a significant
portion of these participants did not perform well with the shape questions (mean score 82.5%)
compared to the symbol questions (simple functions, combinations, free answer) where they
scored above 99%. It is worth noting that this issue cannot be attributed to a design flaw, as the
participants with low and medium mathematical proficiency performed equally well on both the
shape and number questions. It appears that while these |earners were familiar with the rules of
derivatives, they lacked a degper understanding of the underlying mechanism of differentiation.
Their knowledge was limited to applying memorised techniques to familiar problems, but some
struggled when faced with unfamiliar problems that required a deeper understanding of the
process. A possible reason could be that their learning was based on surface-level memorisation
rather than a comprehensive grasp of the process, hindering their ability to apply their knowledge
effectively in new situations. This argument aligns with Lockhart’ s (2012) criticism of traditional
mathematics teaching methods. He argues that the current approach to teaching mathematics
focuses too much on memorisation, procedures, and rules, rather than emphasising the creative
and intuitive aspects of the subject. The overemphasis on standardised testing and the pressure to
produce correct answers stifle students' curiosity and intrinsic motivation to explore and
understand mathematical concepts deeply. Lockhart argues that mathematics should be taught as
an art form, encouraging students to engage in mathematical thinking, problem-solving, and
exploration.

Limitations and future suggestions

The Red Circle game stands as a pioneering example providing a practical demonstration of how
advanced mathematics can be integrated into a game-based | earning environment. However, since
this is the first study in the area, further research is needed on severa issues that were not
addressed due to limitations. As Castronova (2007) pointed out, the development of a proper
educational RPG game requires a great ded of time, resources, and funding. The present study
was a part of a PhD thesis, the game was built by only one developer and one designer, therefore
limited by time and resources. Consequently, a small sample size relative to the entire adult
population was used, which may affect the generalisability of the findings. With a proper group
of researchers, designers, and developers this single player game could be transformed to
multiplayer to aso account for the social aspect and learning through zone of proximal
development (Vygotsky, 1978), as scaffolding can occur when more skilled players provide
guidance, support, and feedback to help others progress (Peterson, 2016). Furthermore,
multiplayer environments can account for interpersonal motivation, an intrinsic motivationa
factor introduced by Malone and L epper (1987).
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The research addressed the challenge of consolidating advanced mathematical knowledge
through the implementation of a fading process. The integration of gameplay mechanics that
require the application of mathematical principles alowed players to reinforce their
understanding of key concepts over time. Theinclusion of different difficulty levels and adaptive
feedback systems ensures that the game accommodates learners of varying skill levels and
promotes individualised learning experiences. However, the limited participation testing time did
not alow including the original eight mechanics as set out in the initia plan. Since playtime is
not an issue any longer, the next step for the current game is to add two more mechanics to allow
players repeat tasks and use trial and error methods, hence progress at a better individual pace.

The aim of this study was to find ways to make immersive game environments work for
the teaching and learning of advanced mathematics, similar to their successful application in
various other disciplines. A reasonable future recommendation would be to compare the
effectiveness of learning through the game with other teaching methods. There is aready an
ongoing research set in place, aming to contrast the current results with those from atraditional
50-minute lesson on derivatives delivered in classroom.

Further future suggestions include expanding the mathematics content, to include
mechanics for more differentiation rules, such as the product, quotient and chain rules of
differentiation or even explore how to incorporate different mathematics topics, like
trigonometry, integration etc., or to create content that assists students with deeper understanding
of mathematical concepts.

Overal, this project advances the understanding of how immersive games features can be
effectively leveraged as an educational tool to enhance digital game-based learning and pavesthe
way for future research and development in this area. The research was awarded a PhD
(Anagnostopoulou, 2024) and received the best thesis award in ECGBL 2023, where the
qualitative results were presented (Anagnostopoul ou, 2023).
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Abstract

The development of aset of rubricsfor teachersand curriculum designersinterested in the quality
of numeracy tasks emerged from our struggle with an attempt to clarify the distinction between
numeracy and mathematics. Shifting our perspective from asking what numeracy and
mathematics are to asking what they are about led to the conceptualization of a core mandate for
numeracy scholarship and arecognition that a distinct feature of numeracy tasksisthat they aim
to inspire transfer from concrete to abstract thinking spaces and back.

Next, we used models of the thinking process for real-world problem solving devel oped
by Verschaffel, Greer, & De Corte (2000), Burckhardt (2008), Blum and Ferri (2009), OECD
(2017) and especialy Wolfram (2020) to shape the devel opment of Rubric 1 and 2 for discerning
quality numeracy tasks. These models helped break down the idea of transfer from concrete to
abstract thinking spaces and back into well-defined thinking actions. We then added athird rubric
that aims to help teachers decide whether to use a particular numeracy task in their classroom
setting.

In a conference workshop at ALM 30 (in 2023) we presented the rubrics and a series of
tasks from a variety of settings as tools to help with the stress test. This paper first outlines the
background and rational e for numeracy tasks as a distinct type of mathematics task, then presents
an updated and scaled down version of the three rubrics, demonstrates them in action with a series
of distinct mathematics tasks, and reports on what we learned from stress testing.

Key words. numeracy tasks, word problems; quality numeracy tasks; rubric development;
transfer.

From numeracy to numeracy tasks — a foundation.

One of the core motivations for numeracy in its origina conceptudization (Crowther, 1959;
Cockroft, 1982) came from the realization that school-mathematics skills were not automatically
being transferred to the real world. Since the 1980s scholarship in numeracy has grown in scope
and in depth, but the idea of transfer remains at its core.

This new term “numeracy” was needed to highlight a gap in mathematics education, not
in mathematics. While mathematics is very useful in providing us with a way to think about (to
make sense of) the concrete world around us, numeracy’ s goal isto help us think about transfer,
an educational, not mathematical challenge. Indeed, the term numeracy is not one that
mathematicians use when participating in the discourse of mathematics. Numeracy is not a child
of mathematics, but rather they appear to exist on different planes of human endeavour.
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Disentangling the two is easier when we consider what they are about and sets the stage for
making numeracy tasks a well-defined subset of mathematics tasks.

In Gulaand Lovric (2024) we set the stage for the devel opment of numeracy task rubrics
by gathering the threads of the scholarship of numeracy and its most prominent family members:
Quantitative Literacy (QL), Quantitative Reasoning (QR), Mathematical Literacy (ML) and
numeracy’ s word problem cousins. We coined the term ‘word problem cousins' to indicate that
scholarship focused on word problems has some of the same concerns as numeracy scholarship,
however these scholars rarely refer to each other’s work. We did not attempt another definition
of numeracy as many numeracy scholars agree that there is no consensus as to a unifying
definition (Geiger et al., 2015), even referring to the construct as ‘ slippery’ (Coben et al., 2003 p.
9).

Instead of framing the question as ‘What is numeracy? we asked: ‘What is numeracy
about? . This reframing helped us outline six areas of consensus in numeracy scholarship (Gula
and Lovric, 2024, p. 2-9) that served as a foundation for a proposed core mandate:

Our core mandate as scholars of numeracy is to investigate how our educational institutions and
teachers within and outside of those formal systems can improve citizen (and student) use of
mathematical abstractions to help make sense of the concrete world that they/we live in and to
interpret the abstractions of others. (Gulaand Lovric, 2024 p. 9)

A key aspect of the core mandate is areframing of transfer as the shifting from concrete
to abstract thinking spaces and back, instead of transfer from school-mathematicsto real world as
originally conceived. This reframing provides the groundwork for conceptualizing numeracy
tasks as ones that provoke or inspire a specific series of thinking actionsin the student.

Before moving on, we would like to acknowledge other numeracies that have
emerged including statistical literacy and reasoning (DelMas, 2002), financia literacy
(Titko & Lace, 2013), health numeracy/literacy (Schapira et a., 2014), data literacy
(Gummer and Mandinach, 2015) and academic numeracy (Brady, 2016). Each aims to
extend numeracy into new contexts or settings. Whilethey broaden the scope of numeracy
scholarship, we do not see them as changing the core mandate of numeracy scholarship.

Shaping quality numeracy tasks as a distinct form of mathematical task.

A large body of scholarly work examines problem solving in mathematics and many of the
thinking actions that good problems (good tasks) are to inspire in students (Polya, 1945;
Gravemeijer, 1997; Caprioara, 2015; Hendriana, Johanto, & Sumarmo, 2018). Thinking actions
gleaned from those include: reasoning (deductive, inductive), generalizing, making conjectures,
persevering, experimenting, and proving. Similar thinking actions were proposed in a discussion
of the mathematical habits of mind in Cuoco et al (1996). The fact that these actions are desirable
and relevant whether the problem requires transfer (i.e., the shifting from concrete to abstract
thinking spaces) or lives exclusively in the abstract suggests that they aren’'t helpful in shaping
qualities of a numeracy task nor in developing a system of assessment specifically for numeracy
tasks.

In her book “ Thinking as Communicating” Anna Sfard (2008) describes mathematics as
a discourse with its own thinking space. She points out that “Bertrand Russell ... put it bluntly,
mathematics begins where the tangible rea-life objects end and where reflection on our own
discourse about these objects begins.” (Sfard, 2008, p. 129) Mathematics education is about
bringing students into the discourse of mathematics, and good mathematics tasks (problems) can
do that in part by living in the abstract.
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Task 1 (below) for example, isavery basic arithmetic task that stumps many students (all
high school graduates from a variety of countries) in a college mathematics class taught by one
of the authors (many would put 10 and 18 in the two blanks). It comes from a mathematics
sophistication index designed for prospective elementary teachers (Szydlik, 2009). The task can
assess student understanding of the meaning of the equal signiif it involves some sort of reflection
as part of the exercise, and in that way can bring students into mathematical discourse. Task 2, a
much more complex and open-ended task provides many more opportunities for mathematical
discourse, and for engaging the thinking actions important to mathematicians.

Task 1: 3+ 7= +8= . What numbers go in the blanks? (Szydlik et al., 2012)

Task 2: Inscribe asguarein agiven triangle. Two vertices of the square should be on the
base of the triangle, the two other vertices of the square on the two other sides of the triangle, one
on each (Polya 1945, p. 31).

Neither of these tasks aim to inspire transfer and thus they are clearly not numeracy tasks
- they are not set in nor about the real (concrete) world. Although they are different from each
other, they are united in that they exist purely in the abstract thinking space, the discourse, of
mathematics.

Polya (1945, p. 93) described two types of mathematics problems, the purely abstract
mathematics problems (like Task 2 above) and what he caled “practica
problems...acknowledging that they [practical problems] are different in various respects from
purely mathematical problems”.

We propose two word problem examples (Task 3 and 44) that are pretty standard in a
variety of algebra and pre-cal culus courses as examples of practica problems.

Task 3: A farmer has 2400 ft of fencing and wants to fence off a rectangular field that
borders a straight river. He needs no fence along the river. What are the dimensions of the field
that has the largest area? (Stewart, Clegg, & Watson, 2020, p. 337)

Task 4a (arelated rates problem): imagine a spherical snowball with aradius of x cm. It
ismelting so that the radius shrinks at a constant rate of y cm per hour. How fast is the volume of
the snowball decreasing?

Intuition suggest that these are, at best, contrived real-world problems, and at worst, ones
that promote the plugging of numbers into a formula or some other standardized procedure
approach to problem solving. Furthermore, these mathematics problems do not inspire the
thinking actions described above. Evans (2000) and Jablonka (2015) help give a foundation to
these intuitions when describing a tendency for mathematics teachers and faculty to give primacy
to mathematical structures rather than concrete situations when posing mathematics problems set
in rea-world contexts. Indeed, word problems in Calculus textbooks (often referred to as “story
problems’) are typically about using a specific mathematical idea, structure or calculation rather
than about the context described, and that fits with their course objectives. The point here is not
to critique calculus textbooks, but to show that numeracy tasks have a different goal.

From this perspective, word problems such as Task 3 and 4a are poor numeracy tasks
even though they are set in rea-world contexts in part, because they are about abstract
mathematical structures. In the first stage of a solution, students are expected to “strip” the
problem of wordsto find out what mathematical structure they are supposed to be using. In being
defined as arelated rates problem task 4a' s mathematical nature is made explicit, confirming that
the problem is not about melting snowballs. The student who would go out and study snowball
melting in practice would be considered distracted by the noise (the details) of the context.

73



GulaT & LovricM

The bias to see the rea world as composed of mathematical structures that we must
recognize when solving problems is seen in numeracy scholarship as well. In their detailed
analysis of Quantitative Literacy assessments among Health Numeracy scholars, Vacher and
Chavez (2009, p. 38) used the following mathematical structures as markers of numeracy skill:
numeration and counting, hierarchy, arithmetic, multistep arithmetic, and probability. This kind
of list is not an uncommon way of presenting the skills of numeracy and suggests that
mathematical structures are what many real-world word problem tasks are about. Furthermore,
even those who contribute to a sophisticated conceptuaization of numeracy and its many
dimensions indicate a bias towards seeing the real world through the eyes of mathematical
structures. For example, Geiger states (our emphasis): “What it meansto be numerate isin astate
of constant revision because of the mathematical demands of an increasingly globalized world...”
(Geiger 2016, p. 252). Note that we are not suggesting that knowledge of mathematics and
procedures is not important to numeracy. Instead, we are suggesting that key aspects of
numeracy’ s core mandate are being neglected in many tasks designed to inspire transfer.

Perhapsit isthisbiasthat has prevented many from seeing two distinct types of numeracy
tasks: onetype of task isabout mathematical structuresand their relations, while asecond is about
the concrete context the task is set in.

Dahl et a. (2023, p. 29-30) use a Problem Based Learning (PBL) perspective that
inadvertently helped support the conceptualization of numeracy tasks as a distinct type of
mathematics task by delineating three types of problems in mathematics. Two of the three are
designated as internal to mathematics, echoing the work of Anna Sfard (2008) who would
describe them as ones that aim to bring students into mathematical discourse. The first of these
two is set purely within the abstract world of mathematics (e.g., the arithmetic ‘ sophistication’
task — Task 1, or Polya sinscribe a square into atriangle task — Task 2) and the second of the two
issetin an artificial real world in order to motivate specific mathematical actions (e.g., the fence
question — Task 3a and the melting snowball question — Task 4a). For example, in the melting
snowball problem, the snowball is simply a convenient and interesting representative for asphere
rather than the sphere being a convenient representation of a snowball. Students can read the
intent and respond in kind.

The third mathematics problem type includes those that are external to mathematics,
fitting with the conceptualization of numeracy tasks as ones that inspire transfer from concreteto
abstract thinking spaces and back. These problems/tasks are rooted in a concrete situation where
mathematics can help make sense of and resolve any challenges faced by the protagonist(s). A
correct solution will involve the use of mathematics, but the focus of the solution will be on the
concrete world externa to mathematics. This conceptualization provides away of delineating two
types of world problems, one about the real world (we call these numeracy tasks) and a second
set in the real world, but about mathematics.

Dahl et a. (2023) a so provide support for numeracy tasks as atype of modelling problem,
one which promotes the use of abstract mathematics to make sense of the concrete. Calculus
textbooks typically present tasks internal to mathematics (like Task 4a) where the use of €legant
models that can be generaized to other situations isimportant. This is also a common approach
to modelling problems in mathematics courses.

Let uslook at arevised version of Task 4awhich we have reset to be about the concrete
context and thus framed as a numeracy task.

Task 4b (snowball melting version 2): Assuming that you livein a placewherethere
iscurrently snow, go outside and make afew differ ent snowballs of various shapesand sizes.
Take them inside and place them on a funnel over a measuring cup and watch them melt
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tracking arisein water level in the cups (or make a video watching them melt in the same
setup). I sthere some sort of commonality to their rates of melting? Isthe level of water in
the measuring cup related to the change in size of the snowball?

Task 4b is framed as ‘an investigation of melting snowballs' problem in which their
shape, composition, density, etc. play arole in melting. In Task 4athe person completing the task
is invited to play in the abstract side of the divide and engage in the internal discourse of
mathematics, and in task 4b - external to mathematics - about the concrete situation presented, in
which playing around in the concrete situation is more important than the mathematics used to do
so. Both involve modelling, but only Task 4b fits with Dahl et a. (2023) as a problem external to
mathematics discourse, and with the conceptualization of numeracy tasks that emerge from the
core mandate of numeracy.

At this point we have established numeracy tasks asadistinct subset of mathematics (and
mathematical modelling) tasks, and a distinct subset of word problems. Perhaps there is also a
case to be made for numeracy tasks as distinct from mathematics tasks altogether, but that is not
the goa here. Whether you choose to see them inside or outside the set of mathematics tasks
really will not matter to the design of the numeracy task rubric, as the goal is to systematize the
recognition of high-quality tasks that inspire the shift between concrete and abstract thinking
spaces and give primacy to the concrete in creating numeracy tasks.

There are many elements to being numerate that have been set aside in our approach. For
example, mathematical knowledge and skills, dispositions, contexts and cognitive processes, as
suggested by the Common European Numeracy Framework (Hoogland et al. 2019). Those are
important to consider as we work to help (and inspire) students to become better at shifting
between concrete and abstract thinking spaces. Having a strong sense of what a quality numeracy
task looks like is an important and often neglected aspect of numeracy education.

Shaping components of transfer as a thinking process.

The impetus for creating a rubric for classifying the quality of numeracy tasks came from a
frustration in seeing tasks that claimed to be numeracy tasks (often framed as real-world word
problems) in published materials and presentations that many colleaguesintuitively identified as
weak, artificia, or lacking meaning without having any well-defined criteria to support those
intuitions. A well-developed rubric for assessing students quantitative literacy (AACU, 2009)
and the rationale for Mathematical Literacy items used in PIAC assessments (OECD, 2017)
provided guidance towards what those criteriamay be, but we could not find aformalized system
designed to assess the quality of the numeracy tasks themselves.

The reframing of transfer, key to the core mandate, points us towards a focus on thinking
actions that make up the shift between concrete and abstract thinking spaces when considering
the aboutness of numeracy tasks. Thinking actions specific to numeracy and thus to transfer are
grounded in the work of awide variety of scholars, yet show aremarkable commonality.

In Gula & Lovric (2024) we gathered a series of five thinking process models for what
we call numeracy tasks and other scholars identify asword problem solving (Verschaffel, Greer,
& De Corte, 2000), modelling (Burkhardt, 2008; and Blum & Ferri, 2009), mathematizing
(OECD, 2017), and computational thinking (Wolfram 2020). These thinking process models gave
us confidence to start the process of developing arubric for the classification of numeracy tasks
that would inspire students to experience and practice transfer. Though many of the models
visualized the idea of transfer as shifting between rea world and mathematics world, the
visualizations and steps made it clear that thinking of these as shifts between concrete and abstract
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thinking spaces was more accurate. Though they do not mention the term transfer explicitly, each
articulates aclear (though implied) delineation between concrete and abstract thinking spaces and
the need to shift from one to the other when solving problems in the real (or material, physical,
concrete, immanent) world.

Conrad Wolfram (2020) outlined a thinking process model that breaks down the solution
to a good numeracy task (he calls it a computational thinking task) into four thinking actions:
define, abstract, compute, and interpret. This model is the one that most directly informed the
development of numeracy task Rubric 2 and implies transfer as the shift from concrete to abstract
(through define & abstract actions) and back (interpret results).

2 [ ABSTRACT 3 | COMPUTE
TO COMPUTABLE FORM ANSWERS

Think through the scopql and Transform the question into an Tum the abstract question into Take the abstract answer and

details of the problem, defining abstract precise form, such as an abstract answer using the interpret the results,
manageable questions to code, diagrams or algorithms power of computation, usually recontextualising them in the
tackle. Identify the information ready for computation with computers. Identify and scope of your original questions
you have or will need to obtain Choose the concepts and tools resolve operational issues and sceptically veritying them

in order to solve the problem, to use to derive a solution. during the computation, Take another turn to fix or refine.

Figure 1: Wolfram's model of computational thinking process (Wolfram 2020, p. 51)

It is our hypothesis that many mathematics courses, or units within them that aim to
inspire transfer tend to focus on the actions of computation and interpretation, and neglect the
define and abstract thinking actions, which are much more difficult to set up as learning outcomes.
The core mandate of numeracy (presented above) challenges us to think about how to engage
studentsin the experiences of using mathematicsto solve concrete problems, by engaging transfer
between abstract and concrete thinking spaces. Ideas from problem-based learning and the
thinking process models provide support for this conceptualization. The thinking actions
described by Wolfram (2020) break the process down into el ementsthat provide apath that helped
us design Rubric 2 in particular, and can help us rethink curriculum in many courses.

Demonstration of atask that inspiresthe four-stage thinking process.

We introduce Task 5 from an introductory statistics course in Health Sciences at an Ontario
College to illustrate each of Wolfram’s four stages from Figure 1 in action.

Note that variations of this task can be designed to inspire just one or two of the four
thinking actions he describes. For example, atask that asks studentsto analysereal data- common
practice in introductory statistics courses - allows faculty to develop rich tasks that inspire
computation and interpretation actions. We suggest that making up datain Stage 2b as a part of a
complete numeracy task gives students practice with abstraction without diminishing define and
abstraction actions, and slightly diminishing interpretation since the results are known before the
action takes place.

Task 5: Design and carry out aresearch study and write up results on the following topic:
Does exercise help university students with sleep? Y ou will complete the work in 4 stages with
the following tasks for each stage:

Stage 1 (define): product is aclear research question that can be used in data collection.

e The process involves establishing the scope and parameters of the terms (What does exercise
mean? How would one measure time of exercise or ask a survey question about it?)
Establishing a connection between the research question and variablesis not atrivial process
and involves a continuous shifting back and forth between concrete and abstract thinking
spaces in students. What assumptions are built into the research questions? Are they potential
biases? Does the research question get at the actual problem?
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Stage 2a (abstract): product is a data set template, and a plan for data collection (structured asa
proposal for research and including survey/questionnaire or observation method).

e The process will necessitate thinking ahead to data analysis since the data that will be
collected (and especially its type — categorical versus measurement) will define the
computation to come and to choose the output (charts/graphs) that will help answer the
research question. How will data about quality sleep be collected (as ayes/no question, a
measurement/score)? The data set template has to fit with the data that will be collected,
and with the framing of the research question.

Stage 2b (abstract): product is a data set with data made up by the student and entered into the
data set template. Having the student make up data stimulates abstraction and is highly efficient
in avoiding formal research ethics approva process, and alows for topics which would be
impractical if data collection was needed).

e Theprocessof making up datarequiresmorethan consideration of datatypefor each variable.
Students must also take into consideration that summary statistics and visual s their made up
data produce need to be grounded in the concrete real world — e.g., for a strong positive
associ ation between exercise and sleep the results need to show that exercise helpswith sleep
more than alittle bit (strong positive association) without losing touch with what is realistic
(e.g., sleeping 14 hours a day is not a good thing either).

Stage 3 (compute): product is output (usualy software will produce summary statistics,
chartg/graphs and visuals) that could help answer the research question from stage 1.

e The process will require a comfort with the computation method used, but more importantly
the ability to decide what output hel ps answer the question about exercise and sleep.

Stage 4 (interpret): product is a written report answering the research question with evidence.
Furthermore, students are asked to consider how their made-up data might differ from what they
would find if they actually collected data.

e Process will start with looking for anomalies (e.g., outliers or results that are not realistic —
since datais made up) in output asaway of checking for validity, and if needed stepping back
to stage 2b and 3 to fix any of these.

e After data validity is established, the student is expected to produce a written report
demonstrating that they have answered the research gquestion with the data at hand and to
provide evidence to support their answer. Given that the data is made up, students are also
asked to reflect on the extent to which the made up data fits with what would be expected in
the population they are purportedly studying.

Now that we have established a clearer description of the four thinking actions that
numeracy tasks can inspire, we will go to the next step of describing the devel opment of criteria
for a potentially useful rubric.

Rubric development and description

A search in the literature yielded no formalized system that hel ps evaluate numeracy tasks posed
in formative and summative assessments and exercises, though there were several articles that
pointed to characteristics of good numeracy, QL, QR, ML or word problem tasks (Hoogland et
a. 2018; Geiger 2016; Follette et al. 2015; Gaze et al. 2014; Grawe, 2011). Others focused on
evaluating student responses to problems posed. In particular, the Quantitative Literacy Values
Rubric (AACU, 2009) proposes the following Quantitative Literacy skills (similar to
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Define/Abstract/Compute/Interpret actions): assumption, application/analysis, representation,
calculation, interpretation, communication.

We were able to identify nine characteristics of a good numeracy task (Gula & Lovric,
2024, p. 17) that provided the impetus to develop criteria of a numeracy task rubric — Rubric 1.
After afew preliminary sketches we realized that instead of one rubric we would need two, then
by the sixth draft we saw the necessity for three rubrics that each answered a separate question.
We introduce each rubric below by highlighting the questionsthey are to answer. Each rubric has
multiple criteriawith 3 descriptors for high/medium/low quality. The rubrics are not meant to be
used independently of each other, rather to be used in succession.

We present the revised post stress test version of three rubrics below, showing the
descriptor for high quality only. The complete rubrics with descriptors for ‘medium and low
quality’ levels can be found online at Gula and Lovric (2023).

Rubric 1 (for theteacher or designer): Isthetask posed clearly a numeracy task? Does the task
inspire the shifting from concrete to abstract thinking spaces and back? This rubric is for the
teacher or designer aiming to help assess the extent to which a numeracy task is well designed
and to identify areasthat can beimproved. For each criterion there are three descriptors from high
to low quality.

Rubric 1. Purpose: for the teacher/designer to assess the degree to which a task is well
designed in general over four criteria.

Criteria High quality
Nature of context The task description takes the student (or group of students) out of school (or
(concreteness) away from their desk) and explicitly into a concrete context (without

necessarily doing so physically)

It isexternal to both the class and any mathematics being studied in the class.

Task description: Thetask presented demands a focus on and response to a concrete situation

content (aboutness) = within the scenario.

Though it demands the use of quantitative methods and/or mathematical tools, it

is not about the mathematics that is/needs to be used.

Description makes it easy to assess whether a student (or group of students) is

familiar with the language/culture of that context or has experienceinit.

Authenticity of The scenario is presented in away that it would appear in the given context.
scenario in context | The challenge/problem is one that would arise in that context.

Task description The task described makes explicit the need for responses (however trivial) to
(required actions) each of the following actions of the adapted Wolfram computational thinking

process (Define, Abstract, Compute, Interpret - see breakdown in Rubric 2).
Multiple responses to the posed task are possible, though some may be judged as

stronger (or weaker) if errors are made.

A solution using informal methods of abstraction or computation isjust asvalid

as one using formal mathematical methods.

78



Quality Numeracy Tasks. Development and Stress Test of a Rubric...

Rubric 2 (for the teacher or designer): To what extent does the task inspire responses to each
of the four thinking actions necessary for exercising transfer: Define, Abstract, Compute,
Interpret? Note that we are not suggesting that each task must inspire al four. In many
circumstances teachers may choose to get students to practise individual actions before putting
them all together.

Rubric 2. Purpose: for the teacher/designer to assess the degree to which thetask isableto
inspire responses to each of the four thinking actions associated with transfer: Define,
Abstract, Compute, Interpret.

Criteria High quality

Define the question. | Scenario presented such that student will need to reframe the scenario into
quantitative friendly format in order to complete the task.
The student will need to describe assumptions or simplifications made to reduce
ambiguity inherent in task description.

Abstraction: Scenario requires reframing into aformal or informal mathematical model (i.e.,
in preparation for computation) and allows for at least one correct approach.
No new mathematics needs to be devel oped by the student to solve the task(s)
presented in the scenario.

Computation and Scenario requires calculation(s) without indicating need for technological help.
result(s): The calculation method used by the student can be similar to what would be
expected in the context of the scenario, but does not need to be so.
Expected results of calculations can include visual and or numerical formats,
charts and/or graphs as warranted and appropriate.

Interpret results: A correct response to the scenario is context based, and requires more than just
Task response presenting the result of calculations including some discussion of define and
expectations abstract actions, justifying any decisions made.

May include analysis, discussion, justification with logically sound narratives.

Rubric 3 (for the teacher who is deciding whether to use the task in class): Is the task
designated as good enough by Rubrics 1 and 2 a good one to use for the students | am teaching?
Once a humeracy task passes through the first two filters as high (or high enough) quality, the
teacher needs to make sure that it is right for their setting/context and their students. If not, these
tasks can be tweaked by the teacher to reduce unnecessary barriers.

Rubric 3. Purpose: for the teacher who is deciding whether to use a quality numer acy task
in aclass. Assumption: the task passed through Rubrics 1 and 2 as good enough.

Criteria Yes: useit

Appropriateness of The concrete context that the student is placed in is one that the student (or

context group of students) has experience with directly or indirectly or has the capacity
to grasp.

Accessibility of The language used (especially technical terminology native to the context) is

language and familiar to the student (or group of students) in the classroom setting for the

terminology course being taught.

M athematical The formal or informal mathematics needed to solve the problem are familiar to

expectations the student (or group of students) to whom the task will be presented.
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The rubrics in action - a demonstration with three tasks

We have chosen three very different tasks to anayse through the lens of the rubrics. They were
chosen not only to give the reader a sense of how each rubric works, but also to demonstrate their
effectiveness a recognizing high quality numeracy tasks (i.e., ones that fit with the
conceptualization of them as distinct in their aboutness), filtering out poor tasks and pointing to
areas for improvement in task design. For each task we will go through the three rubrics criterion
by criterion.

Task 4a (Meting snowball problem — original version) versus Rubric 1: The Melting
snowball problem was introduced earlier as a related rates problem, suggesting that this task is
about abstract mathematics rather than the concrete world of melting snowballs. Thus, we would
not expect it to be judged as a high quality numeracy task.

Criterion 1 (concreteness): Thistask does not take the student away from their desk asthe framing
is not of any actual space, time or particular snowball. This task framed as a melting snowball
may be an interesting thing to think about, but more as a puzzle than as any melting snowball that
exists and for which someone needs to figure out the speed that its volume is shrinking. Rating:
very low.

Criterion 2 (aboutness): The discourse of thistask isfar from the discourse of melting snowballs.
Termslike *spherical’ and ‘diameter’ are from the discourse of mathematics - they are indicators
that the snowball is simply there to motivate a specific mathematics routine or set of procedures
using particular structures of mathematics. Given that there is no plausible concrete context (e.g.,
engineers getting ready for a snowball fight with rising temperatures?). Rating: very low.

Criterion 3 (authenticity): There is no context in which concern about the speed of melting of a
snowball might be of value. Rating: very low.

Criterion 4 (required actions): In short: Define — no need; abstraction — minimal need;
computation — yes; interpret — cut and paste interpretation will suffice. The problem does inspire
some shifting between concrete and abstract, but very little. Rating: low.

In conclusion, the melting snowball task (#4a) failsto makeit through Rubric 1 and would
not be recommended to be used in anumeracy course, or in amathematics class where the teacher
isinterested in getting students to experience transfer from concrete to abstract thinking spaces
and back. However, it may be an acceptable and useful mathematical problem in other aspects
where building understanding of mathematical structuresisthe goal.

We will not take thistask to Rubric 2 or 3 asit qualifies asavery low-quality numeracy task.

Task 6 (Bat and Ball task): A bat and aball cost $1.10 in total. The bat costs $1.00 more than
the ball. How much does the ball cost?

TheBat and Ball task isused in avariety of settingsasatest of cognition andisconsidered
to be quite effective. Itis part of the Cognitive Reflection Test (CRT) first described by Frederick
(2005) in which he examines the extent to which people chalenge their intuitive thinking. It
challengesthe habit of applying amathematical procedure (structure) before taking timeto define
the question being posed. Wefirst came across thistask in Danid Kahneman's (2011) “ Thinking
Fast and Slow” as atask that exposes fast thinking. We have used it as an exercise in building
student self-awareness of their responses in mathematics problem solving but have not thought
about it as a potential numeracy task until development of the rubrics.
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Bat and Ball task versus Rubric 1:

Criterion 1 (concreteness): The task does not make any effort to take one out of the classroom and
into another setting other than one in which the cost of aball is of concern. It suggests the use of
amathematics formula, and thusis not external to mathematics. Rating: low.

Criterion 2 (aboutness): The scenario does demand afocus on and response to a concrete situation,
but it is not about that concrete situation, it is about developing awareness of habits where fast
thinking wants to use a convenient, but incorrect procedure from arithmetic. The lesson has
nothing to do with purchasing baseball equipment, it inspires a need to dow down our thinking
to consider the concrete. Language used in description is pretty clear unlessit is being read by a
person with no baseball or cricket knowledge. Rating: medium.

Criterion 3 (authenticity): thereis no real context in which one would be interested in the cost of
aball or be told that the bat costs $1 more. Rating: very low.

Criterion 4 (required actions): Define — no need as scenario is straightforward. Abstraction —this
is where the challenge lies for the person completing the task - informa methods are possible.
Computation — straightforward. Interpret — the task as posed does not require self-reflection, or
judtification but can be extended to do so. Rating: hard to assess as there is a need for only two of
the four thinking actions —a more thorough assessment can be done with Rubric 2.

Bat and Ball task versus Rubric 2:

Criterion 1 Define the question: no need for reframing, nor for statements of
assumptions/simplifications to reduce ambiguity. Rating: low.

Criterion 2 Abstraction: The requirement for abstraction involves focus on the concrete scenario
and avoidance of how fast thinking sends the reader to subtraction (incorrectly). For many
(including one of the authors) appropriate model building begins after first making the fast
thinking error. The algebraic model (x + y = $1.10 and x —y = $1) is one possible god in a
classroom, but there are informal ways to represent solutions to this task. No new mathematicsis
needed for someone with basic arithmetic. Rating: medium to high.

Criterion 3 Computation and results: most basic arithmetic calculations are all that is needed, or
perhaps an algebraic representation, but there is no authentic approach as the context is not one
that would appear in any situation outside of the classroom. Requirement is a simple numerical
result with dollar (or cents) sign. Expectations are simple and straightforward. Rating: high.

Criterion 4 Interpret results. Correct response is just a number with unit and the most commonly
made error ($0.10 for price of ball) can be double checked, but that is not required in the task — it
is presented asif it was a straight calculation question. Rating: low.

This task does not inspire al four of the thinking actions that we propose are important
to numeracy tasks. Thus, we would not suggest promoting it as a complete numeracy task. This
does not mean that it would not be areally good task that could promote the need for slow thinking
when working on abstractions (building models) of concrete phenomena. Its usefulness is in
challenging studentsto make sure they were not just applying the first mathematical structure that
popped into their heads when solving problemsin concrete contexts.

Task 7 (Rental Car task): CTV News (2022) reported the following story (shortened here):

A woman who rented acar in Toronto said she was charged $8,000 after the company made an error.
Giovanna Boniface said she rented a car from Avis for three days after she travelled to Toronto
Pearson earlier this month to help get her daughter settled at university driving atotal of about 300
kms.
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Boniface said she prepaid about $1,000 to rent the car. While waiting to board aflight, she said she
checked her credit card statement online to make sure the charge had been processed correctly.
"That's when | notice this charge for over $8,000 from Avis," Boniface told CTV News Toronto on
Thursday. The company had charged her for driving 36,482 kilometres at a rate of 25 cents per
kilometre.
Shetried calling the Avislocation at the airport, but no one would answer the phone, finally getting
through on their general phone number, but still had issues sorting out the problem.
"They didn't seem to really get what my issue was and | really needed them to remove this $8,000
charge," she said.
Construct an argument that Giovanna could use to show that the rental company made a serious
mistake.

This task comes to us from a popular numeracy course (named “Numbers for Life")
created and taught by the second author at his institution.

Rental Car task versus Rubric 1:

Criterion 1 (concreteness): The task does take the student working on it out of the school setting
into a concrete real world context by suggesting that the student needs to help the subject make
their caseto the car rental company and by using ascenario published by local media. Itisunlikely
that this task would be presented within the context of any mathematics topic, and in thisway is
externa to “school mathematics’. Rating: high.

Criterion 2 (aboutness): Thistask demands afocus on and response to the subject in trying to help
correct the error made (and get the money back). There are afew quantitatively grounded reasons
availableto her, and deciding which isbest is not based on any particular mathematical procedure
or structure. Even though renting a car is a fairly common scenario in wedthier countries, not
every student would have been exposed to the detail s of credit card payments and reimbursement,
and car rental (and payment by km etc), however, the details described make it relatively
straightforward to decide whether the students we are teaching will find the setting a barrier, and
the universality of trying to make one's case in being wronged by a large corporation is pretty
close to universal in our world. Rating: high.

Criterion 3 (authenticity): The problem is presented in away that would appear within the given
context asit is a redacted quote from a published news report. People pay for something using a
credit card, and most then check to see if they were charged the right amount. Mistakes happen,
and it is not inconceivable that a charge on one's credit card contains an error. Although thereis
no specific mention of which documents Giovanna could present, or had access to (for instance,
the exact number of kilometres she drove), the article mentions the information that she was able
to gather from looking at the invoice. This information fits within the expected process of
correcting a wrong. We would give a higher rating if the actual invoice was presented to
demonstrate the values presented by the rental company and maybe a map of the area in which
the subject travelled. Rating: medium to high.

Criterion 4 (required actions): Define — need for investigating multiple options — thus yes!
Abstraction —no real need for forma mathematical structure, the approach could be informal, but
will involve abstractions - basic arithmetic will suffice, so no new mathematics is needed.
Computation is straightforward, though visualizations may take time. Interpret — needed to
construct a convincing argument that the rental company made a mistake will inspire some
reflection on the decisions that were made. Rating: medium to high.

Rental Car task versus Rubric 2

Criterion 1 Define the question: A student is expected to go over multiple representations
(abstractions) and think about which is the most straightforward and producing a compelling
narrative to help Giovanna convince the company that they made an error. Lots of shifting to
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abstract and back. Not too many assumptions need to be declared, and the scenario is simple
enough that there isn’t much need to reduce ambiguity. Rating: medium to high.

Criterion 2 Abstraction: There are multiple possible approaches that could help build a solid
argument for the Giovanna, none of which require any new mathematics for a vast mgjority of
those who have experience with forma education. There may be no obvious correct approach,
but instead many possible good (and correct) approaches from which to choose. For instance, one
abstraction could involve a comparison between the total kilometres driven as claimed by the
rental company and some familiar distance. An appropriate framing (such as a comparison to a
known gquantity) would be expected — so the decisions made in abstracti on requires thinking ahead
to interpretation and back to definition. Switching between the concrete and abstract thinking
space will not necessarily be linear in this case. Rating: high.

Criterion 3 Computation and results. Depending on the approach, this task may not require any
computation, but just a comparison of quantities (distances). Thus, no technology is needed to
answer thistask. Producing visualization may be aided by technology where possible. Rated high.

Criterion 4 Interpret results. Given that the student is asked to construct an argument, they will
need to do much more than just present numbers — that approach seems not to have worked for
Giovanna. In framing their argument using a comparison with a known distance, the student may
choose to argue that “the distance of about 36,000 km is nine times the approximate driving
distance from Lisbon to Kyiv, (for Europeans). or Vancouver to Toronto (for Canadians) Just
presenting the facts will likely not work, otherwise Giovannawould not need other peopl€e’ s help
—which adds to the complexity of the response needed. Rating: high.

Rental Car task versus Rubric 3: no ratings are provided as they would be dependent on the
context the reader is considering. The discussion simply provides some evidence to its utility,
and explanation of how this rubric can be useful.

Criterion 1 Appropriateness of context: This task would not be a useful task for engineering
students for example, nor onethat is set in an e ementary class, or remote community without any
of the issues confronted by Giovanna, not because of the mathematics involved, but because it
would be unlikely to engage the students in wanting to help.

Criterion 2 (Accessihility): The task works for students in North America where renting a car is
something that many people do, or at least is available as an option as the discourse is
straightforward without technical language particular to any discipline (high accessibility). Given
that fewer individuals get their news from reading news reports, the presentation of information
may be uncomfortable for some students.

Criterion 3 Mathematical expectations. The mathematical expectations are not dictated
by the scenario, with many options available, especialy informal ones.

Rubric development and stress tests

The authors developed multiple drafts of the rubrics through aless formal stress testing with a
variety of tasks before we introduced it to a wider audience. We have had two opportunities to
present the rubrics to a knowledgeable audience: the first at the National Numeracy Network
conference in the United States in the fall of 2022, and the second at the Adults Learning
Mathematics conferencein Ireland, in the summer of 2023. In each we presented all three rubrics
with 12 tasks in one-hour face to face workshop sessions we called stress tests.
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Our observation of the interactions and discussions made it clear that for almost al
attendees much more time was needed to absorb the complexity and intent of the three rubrics as
well asthe tasks.

What we learned about setting up stress tests (from notes we made rather than direct
suggestions from the attendees):

o Itisbestif attendees read through the rubrics and their intent before stress testing them. Due
to the novelty of our rubrics, the need for presentation of the theoretical underpinnings took
time from the workshop sessions, and thus from working on assessing their effectiveness.

e Present ascaled down version of the three rubricsto work with and have the complete version
availablein the background. Having all three rubricswith al threelevels (high, medium, low)
available to attendees meant that time was wasted in trying to read through and absorb all the
rubrics and their criteria.

o Carefully curate the tasks that are presented to attendees. We presented 12 tasks and allowed
attendees to choose which to use. This meant that time was spent by the groups to select,
solve and enjoy the tasks before putting them to use in ng the rubrics. Choosing fewer
tasks that are standard and familiar to the audience will help attendees focus attention on
assessing the rubrics.

e Themoderator of the session needsto direct the discussion. Many of the attendees spent time
playing with the tasks we presented, enjoying their challenges - as mathematicians are happy
to do - rather than examining the rubric’s effectiveness. This was a surprise, but should not
have been.

What we learned about the rubrics was generated from comments of the attendees during
the sessions and in written responses post-session. Almost all suggestions have been addressed in
the rubrics presented above in this document. It isworth noting that the feedback and suggestions
we received were exclusively focused on the form of presentation of the rubrics rather than their
content. We have taken this as an indication of the general agreement of those in attendance with
the approach and ideas we presented, though we do not have any formal evidence to support this
contention.

e Therubricswere generally very well received —there wasinterest in its uniqueness given that
we do have rubrics for student responses to tasks, but no system of evaluation for the tasks
themselves. Interestingly, we did not get a sense from the attendees that assessing the
tasks/problems/exercises we give to our students was something they felt a need for in their
teaching or research work.

e Thenovelty and complexity of the rubrics (three rubricswith atotal of eleven criteriabetween
them) made it difficult for many of the attendees to get familiar enough with them to
meaningfully put them to use. Perhapsthisiswhy some suggested reducing the scope of what
the rubrics were intending to do.

e Many suggestions to reduce the wordiness and verbosity of the descriptors — having long
descriptors contributes to the need for more time to absorb and acts as a disincentive for those
that would like to try to make sense of the rubric quickly.

e Bullet points make information much more accessible than long text.

e Itiscrucia to have consistency in language use acrosslevels moving across from high to low
quality. Theimproved versions are not pictured in this document, but accessible online (Gula
and Lovric, 2023).

e Phrasing the descriptors positively and avoiding the use of negative phrasing like ‘ unrealistic’
or ‘impossible’ helps open discussions on improvement of the task.
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e Rubric 1 and Rubric 2 need to be presented in a way that the distinction between them is
clearer. Thiswill help the user know how to use them and when.

Conclusion

The goal of this paper isto provide arationale for a numeracy task rubric, to introduce you to 3
rubrics that emerged as we worked on developing our origina version, and to demonstrate their
potential efficacy through their use with three tasks and by describing outcomes of the stresstests.
We recognize that the process of validating these rubricsisinitsinfancy.

Support for the content validity of the rubrics comes from a theoretical foundation that
justifies numeracy tasks as a distinct form of mathematics tasks, specifically asadistinct form of
a mathematical modelling task. Key to the theoretical foundation is a reframing of transfer as a
shift from concrete to abstract thinking spaces and back, building on the origina
conceptualization of transfer as a shift from school mathematics to the real world outside the
classroom. Thisreframing isrooted in the work of avariety of scholarsin mathematics education,
in particular those that broke down the shifting between concrete and abstract thinking spacesinto
digtinct thinking actions. The usefulness of the theoretical foundation was demonstrated by
examining four tasks showing how the reframing of transfer helps see that numeracy tasks form
adistinct subset of word problems (or modelling problems) and mathematical tasks.

The rubrics were introduced by describing the process of their development including a
rationale for the need for three rubrics as opposed to one.

We dso presented demonstration of the utility of the three rubrics, chalenging Rubric 1
to assess the extent to which three tasks inspired the shift between concrete and abstract thinking
spaces, chalenging Rubric 2 to isolate the four thinking actions important to this shift, and
challenging Rubric 3 to help teachers gauge the appropriateness of those tasks for their particular
classroom.

The stress tests we put the rubrics through helped us streamline and improve the rubrics
and their framing, but we cannot take them asindicative of ageneral consensusin the mathematics
education community as to their effectiveness as tools to help improve the numeracy, QL, QR,
ML or word problem solving of studentsin the courses where teachers use them. Thereis much
more work to be done in that area. Anecdotally we have found that there seemed to be genera
agreement that the rubrics are a useful addition for teachers interested in improving their
understanding of the numeracy tasksthey present to their studentsin mathematics or math-related
courses, but few expressed feeling an urgent need to use them in design or reflection of their own
work.

There are many potential avenues of exploration from this starting point. A more formal
research project that helps establish the validity of the rubrics, but more importantly of the
reframed transfer metaphor, would be a natural next step. Another avenue, which many teachers
and curriculum designers would find useful is to work on curating a series of high-quality
numeracy tasks set in a variety of contexts (and appropriate for a variety of levels) that teachers
can usein classor use as model sto devel op their own. Most importantly, we aim to inspire faculty
to use these rubrics and provide feedback asto their effectivenessto help students strengthen their
understanding and use of mathematics in solving concrete problems.
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