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Towards a shared research agenda for computer-aided assessment of 
university mathematics 

George Kinnear1, Ian Jones2, and Chris Sangwin1 
1University of Edinburgh, School of Mathematics, UK, G.Kinnear@ed.ac.uk 

2Loughborough University, Mathematics Education Centre, UK 
In this article we describe our plan to develop a shared research agenda for computer-
aided assessment of university mathematics, drawing on input from the community of 
mathematics education researchers and university teachers interested in this topic. 
Such an agenda will help to establish a programme of research aligned with practical 
concerns, which would contribute to both theoretical and practical development. As 
well as describing the process that we will follow, we provide three illustrative 
examples of use-inspired research questions that have arisen in our own teaching of 
university mathematics. 
Keywords: computer-aided assessment, university mathematics, research agenda. 

INTRODUCTION 
The past two decades have seen growth in the technical sophistication of computer-
aided assessment of mathematics (Sangwin, 2013) and in its widespread use. Indeed, a 
recent survey of university mathematics departments in the UK found that many were 
introducing computer-aided assessment since increases in student numbers had made 
“previous methods of assessment unsustainable” (Iannone & Simpson, 2012, p13). 
This presents a need for practitioners (i.e. university teachers) to be informed by 
existing research on computer-aided assessment, and conversely for researchers to 
direct attention at emerging practical concerns. What is needed is a programme of “use-
inspired basic research” that contributes to both improved theoretical understanding 
and improved practice (Lester, 2005). In this paper, we set out our plan for a 
collaborative approach to establish an agenda for such a programme of research. 
A model for our approach is provided by a recent project to establish a research agenda 
in numerical cognition (Alcock et al., 2016). In that project, 16 researchers from a 
variety of relevant disciplines undertook a systematic process to identify important 
open questions in the field, modelled on similar exercises in other fields (Sutherland et 
al., 2011). 
In the next section we describe the qualitative process to achieve a similar outcome for 
computer-aided assessment of university mathematics. Following that, we give three 
examples of ways that teaching and research have interacted in our own recent work, 
to suggest some possible directions for the shared agenda. 

COLLABORATIVE PROCESS 
Our planned process is set out in Table 1. Following the model of Alcock et al. (2016), 
we will begin with an online phase to gather and prioritise an initial set of questions 
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(Stages 1 and 2). We anticipate around 30 researchers will collaborate on the project, 
sourced from the authors’ professional contacts and relevant conference proceedings 
(e.g. MEDA, EAMS, BSRLM). Researchers will be asked to suggest research 
questions online (Stage 1) and then review one another’s questions (Stage 2) according 
to the below scope and criteria. 
This will be followed by a series of in-person meetings to discuss and further prioritise 
the questions (Stages 3-5). A key forum for these discussions will be a new Working 
Group of the British Society for Research into Learning Mathematics, which will meet 
in June and November. Between July and October, input from the broader community 
will be sought at international conferences, including MEDA 2020 in Linz. Discussions 
will take place in groups of collaborators, each group led by one of the authors, to focus 
on clarifying, refining and winnowing questions. This will include identifying any 
questions that are already addressed in the literature. 

Stage Description Purpose 
1 Online form Gathering suggested research questions 
2 Online survey Inviting participants to rate the importance of 

each question, to focus attention on the most 
important questions in the next stage 

3 BSRLM Working 
Group (13 June) 

Discussing the questions; suggest refinements 
and possible grouping into themes 

4 Conference 
discussions 

Discussing the questions and prioritising, with 
input from a broader range of participants 

5 BSRLM Working 
Group (14 November) 

Using the priorities identified in Stage 4 to 
produce a focused list of questions 

Table 1: Summary of the collaborative process 

Following this process, the project leads will prepare a manuscript summarising the 
process and the resulting set of themes and research questions. The manuscript will be 
shared with participants for comments, before it is submitted for publication.  
Scope. The scope of possible research questions is broad, but has limits. In particular, 
questions should directly relate to computer-aided assessment of mathematics in 
universities around the world: 

• Computer-aided – relying on technology in a fundamental way; 

• Assessment – concerning formative or summative assessment, rather than 
teaching or learning tools (though of course the line between these and formative 
assessment is blurry); 

• Of university mathematics – based on any and all topics or task-types which are 
relevant to mathematics as studied at university. 
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Question criteria. When filtering and prioritising questions, participants will be asked 
to bear in mind the selection criteria used by Alcock et al. (2016, p24-25): 

“the eventual questions should: 

• address an important gap in knowledge; 

• be formulated specifically (not as a general topic area); 

• be clear, where appropriate, about specific interventions and outcome measures; 

• be answerable specifically (not by ‘it all depends’); 

• have a factual answer that does not depend on value judgements; 

• be answerable through a realistic research design; 

• be of a scope that could reasonably be addressed by a research team.” 

The criterion “be answerable through a realistic research design” is important because 
we seek to set a research agenda that will be acted upon. (We are grateful to a reviewer 
of an early draft of this paper for making this suggestion.) For example, it might be 
enlightening to randomise students into a computer-aided assessment or control group 
for the duration of their higher education study, but this would not be practical and a 
research question that required such a method would be excluded by this criterion. 
Themes. We do not wish to pre-judge the grouping of questions into themes (Stage 3), 
but it is worth noting that the scope of possible research questions is broad enough that 
they could reasonably be grouped into themes. One example would be simply 
delineating cognitive and affective issues, while another is given by the tentative 
“onion model” shown in Figure 1, where research questions are concerned with 
different levels of generality. Of course, once we have gathered participants’ questions, 
we will be in a better position to define and delineate themes. 
 

 

Figure 1: A possible theme structure for the research questions.  

CASE STUDIES 
In the following sub-sections, we describe three ways that research questions about 
computer-aided assessment of university mathematics have naturally arisen from our 
work teaching university mathematics. These serve as examples of possible research 
questions which could arise though the process described above. These examples also 
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illustrate how a programme of “use-inspired basic research” (Lester, 2005) could 
inform both theoretical and practical development.  
Example 1: Feedback on common errors 
Modern computer-aided assessment tools, such as STACK, have the ability to interpret 
a student’s response and offer feedback accordingly (Sangwin, 2013, section 6.10). 
This presents the opportunity to identify errors based on common misconceptions, and 
give corrective feedback. In particular, the question author may anticipate answers that 
would follow from the students holding a certain mathematical misconception or, in 
Fischbein’s (1989) language, a “tacit model”, which is an understanding held by the 
student that will “influence, tacitly, the interpretations and the solving decisions of the 
learner” (p9). Existing work on e-assessment has found that “elaborated feedback” 
giving more detail than just the correct answer leads to improved performance (Attali 
& van der Kleij, 2017; Shute, 2008), but it is not known whether such feedback 
addressing tacit models is effective in adjusting the models that students use. 
This arose as a practical concern when using STACK to deliver a fully online course 
in introductory university mathematics (Kinnear, 2019). For the topic on integration, 
several questions have the potential to expose the tacit model that “definite integral = 
area” without proper regard for areas above and below the x-axis. These questions were 
programmed to detect and give specific feedback on this misconception, as can be seen 
in the example question shown in Figure 2. 

 
Figure 2: Example of a STACK question giving feedback on a common error. 
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Figure 3: Association of feedback on tacit model, or misconception, use during initial 
practice with its use during subsequent assessments. 

Analysis of the student response data shows that this feedback is frequently triggered; 
for the example question shown in Figure 2, 50/528 of responses triggered the 
feedback. Furthermore, there is some observational evidence that the feedback is 
helpful: Figure 3 shows that students who use the tacit model (and receive targeted 
feedback) multiple times when working through the course learning materials go on to 
use it less frequently in the topic assessment than students who used the tacit model 
just once or not at all during learning. 
This motivates the broad research question: what are the features of feedback 
addressing specific misconceptions that help students to resolve those misconceptions? 
This could be addressed through experimental studies, testing different versions of the 
specific feedback across different university mathematics topics, and with qualitative 
investigation of students’ solution strategies. 
Example 2: Learner-generated examples 
The pedagogical approach of prompting students to generate examples has been 
suggested as an effective way to help students engage actively with mathematics 
(Watson & Mason, 2006). Computer-aided assessment could be used to underpin wider 
use of this approach, making use of the ability to evaluate the properties of many 
student responses and give appropriate feedback (Sangwin, 2003). However, there is 
currently a lack of empirical support for the efficacy of promoting example generation 
(Iannone et al., 2011). 
Example generation questions were a feature of the online course described by Kinnear 
(2019). The use of such questions with a large number of students presents an 
opportunity to contribute to the theoretical and empirical basis for this pedagogical 
approach. However, questions about the approach’s efficacy arguably fall outwith the 
scope of our planned process, as they do not inherently rely on computer-aided 
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assessment. That said, there are many possible questions about example generation that 
do specifically relate to computer-aided assessment; here, we outline two. 
One question is: to what extent can current computer-aided assessment tools 
meaningfully judge typical student responses? For example, asking for an example of 
a function which has a limit of 0 as x → ∞ would require using the underlying computer 
algebra system (CAS) to evaluate the limit of whatever function is supplied by students, 
and it is not clear a priori that the CAS will be able to do this for the range of examples 
that might be offered by the students. Answering this question would rely on both 
design work to identify suitable topics and questions, and empirical work to gather 
typical student responses. 
A second question is: how does the use of computer-aided assessment affect students’ 
example generation strategies and success, relative to the same tasks on paper or orally? 
Students’ strategies have been studied in previous work (e.g. Iannone et al., 2011) but 
computer-aided assessment brings additional constraints that warrant further 
investigation. Returning to the example of the function with a given limit, students may 
immediately be able to offer a sketch of such a function, but be unable to write the 
corresponding expression. They may think of an example which has a piecewise 
definition, but not know how to enter this in proper syntax (if it is even possible in a 
given computer-aided assessment system). Answering this question would likely 
require in-depth qualitative investigation of students’ strategies, e.g. through 
observations or clinical interviews. 
Example 3: Assessing proof comprehension 
Proof is a hallmark of the discipline of mathematics, and differentiates mathematics 
from other subjects.  We know mathematical proof is difficult to learn. The ability to 
accept mathematical expressions and manipulate them enables computer-aided 
assessment to advance well beyond multiple choice questions. However, most current 
systems are still a long way from being able to accept a complete mathematical 
argument from a student in free-form text. 
There is currently a lot of practical development of computer-aided assessment, much 
of it instinctive and practitioner-based rather than theory-based. This research is based 
on the following pragmatic theoretical epistemological position: 

“to successfully automate a process it is necessary to understand it profoundly.  It therefore 
follows that successful, or even partial, automation of a process necessitates the 
development of a certain kind of understanding.” (Sangwin, 2019, p314) 

This leads to two directions for research questions. First, we are likely to learn much 
about students’ understanding of proof through online tests, e.g. tests developed to the 
standard of the proof reading-comprehension tests of Mejia-Ramos et al. (2012). As an 
example of the kinds of proof-based misconceptions we have explored with online 
assessment, we asked our students to read a proof by induction for the formula for the 
sum of the squares of the natural numbers from 1 to n, where P(n) is the statement that 
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12 + 22 +…+ n2 = n(n+1)(2n+1)/6. Students were then asked to write out P(3). Of the 
350 attempts online, 26% of students wrote only 3(3+1)(2*3+1)/6, confusing the 
equation P(3) with the value of the sum of the series. If students really do confuse the 
formula for the value of the sum of the series with the equation expressing a complete 
induction hypothesis, then there is little hope of them correctly completing a proof by 
induction. 
This observation arose by asking the kind of free-entry answer current computer-aided 
assessment facilitates, and examination of such common mistakes. Questions which 
separate concerns associated with proof are likely to lead to productive research 
questions about how students learn proof. 
A second direction for research questions is to use students’ work to shed light on the 
nature of the subject itself. By its very nature, students’ work is often incomplete, 
incorrect and/or inconsistent. This is neither pejorative, nor following a deficit model 
of learning. Indeed, the attempt to assess such work automatically throws interesting 
light on the forms of reasoning used and what professionals will accept as criteria for 
acceptable proofs. For example, Sangwin & Köcher (2016) examined questions from 
specimen examination papers and identified “reasoning by equivalence” as the most 
important single form of reasoning in elementary mathematics. The attempt to produce 
automatically assessed examinations identified an important form of reasoning, finding 
common ground in different areas of the subject.  

CONCLUSION 
In this paper, we have outlined three examples of fruitful bi-directional interactions 
between university mathematics teaching and mathematics education research. We 
have also outlined our plans for a collaborative process to gather, collate, refine and 
prioritise a set of research questions, to establish a shared research agenda for the 
community interested in computer-aided assessment of university mathematics. Such 
an agenda would help to drive forward both theoretical and practical developments. 
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