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Abstract—During the global pandemic, a drastic change in 
higher-level education took place in assessment. The traditional 
closed book format had to evolve to a technology-mediated open 
book assessment for engineering students in a vector calculus 
course. It became evident that the traditional format was no 
longer in line with the modern world both functionally and 
didactically. Such change in the assessment places a 
responsibility upon us as teachers for constructive alignment of 
the teaching and learning environment. In this paper, we 
identify four categories of pedagogical implications and 
conclude with concrete suggestions for classroom practice. 

Keywords— open book assessment, vector calculus, 
technology-mediated assessment, engineering education  

I. INTRODUCTION 

In a vector calculus course taught at our institution by two 
of the authors, we have made the shift to technology-mediated 
open book assessment. This shift from traditional closed book 
examinations was forced upon us by the global pandemic. The 
traditional format of the assessment was not appropriate for
open book assessment. This change resulted in the search for 
the type of questions that are not straightforward and cannot 
be searched online or in the book at the moment of the 
assessment. We have recognised the advantages of this 
particular form of assessment from both the assessment point 
of view and that of the student’s learning gains. Therefore, we 
plan to continue with a modified form of open book 
assessment going forward.

Mathematics assessment, generally speaking, is closed 
book, written under controlled circumstances, often with no 
calculator [1], [2], [3], [4], [5]. A slight deviation from fully 
closed book is to allow students to create their own formula 
sheets (see for example [6]). The direct opposite of fully 
closed book is “open book, open internet” [7] also called 
“OBOW - open book open web” [4], [8]. The mode of 
assessment we are considering in this paper has been called 
technology-mediated open book assessment [9] and involves 
controlled access to chosen resources including technological 
resources.

[4] present examples of a wide variety of changes to 
teaching and learning environments related to the educational 
potential of technology and the internet. However, they add 
“one aspect of university life has barely changed at all; 
namely, the end-of-semester examination. Indeed, the final 
examination is a university institution that would appear to be 
off-limits as far as innovation is concerned.” [4: 397] They 
argue that pen and paper examinations are not only an 
anachronism but are inconsistent with modern learning theory. 
[8] agree that IT-free examinations “are becoming 
increasingly artificial and unrealistic” [8: 2] given that we are 

preparing students for occupations where access to internet 
resources and software tools will be ubiquitous. 

Arguments in favour of open book testing in mathematics 
include that it allows for more opportunities for assessing 
higher-order thinking skills [10]. [3] agree, suggesting that the 
primary advantage of open book over closed book assessment 
is, when designed effectively, “they can encourage students to 
engage with the assessment task in a more critical and 
analytical way, furthering the development of higher-order 
cognitive skills and assessing conceptual understanding.” [3: 
3] Additional advantages to open book assessment, beyond 
the scope of our discussion here, include the development of 
information literacy skills [3] and reducing exam anxiety [11]. 

In counterargument, some have argued that well designed 
closed book exams already do rise to the challenge of 
assessing higher-order skills [12] and [13] find that open book 
exams diminish long-term learning and encourage academic 
behaviour associated with “lower levels of academic 
achievement“ [10].

A shift from traditional closed book assessment to 
technology-mediated open book assessment should ideally be 
carried out with care (and hence not with two weeks’ notice 
during a global pandemic, for instance). Many have pointed 
out the different sort of preparation that is required for an open 
book test [10], [11] and the potential pitfall of students 
thinking very little preparation is needed [3]. 

We ask: “what are the pedagogical implications of a 
change from closed book to technology-mediated open book 
testing in vector calculus”? We conclude that there are 4 
implications (or clusters of implications) which we term 

Alignment of question expectation

Development of skill set

Work habits

Equity

First, we describe the context of the course and the impetus 
to make the shift to technology-mediated open book testing. 
We follow with a brief discussion of the four implications for 
teaching and learning which we have identified. Finally, we 
present practical suggestions for classroom practice to better 
align the educational environment with the expectations of the 
assessment.

II. CONTEXT

The content of the vector calculus course includes double, 
surface, triple and line integrals, vector fields and the 
fundamental theorem for line integrals, Green’s, Stokes’ and 
Gauss’s Theorems, and covers applications such as area, 
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volume, mass, work, circulation and flux. The class size is 
usually approximately 150 students and includes students 
from two programmes, which are Advanced Technology and 
Electrical Engineering at the University of Twente. The course 
is taught over six weeks (six contact hours per week) and is 
assessed with a two-hour examination in week 7. There is a 
second chance (termed a “resit”) in week 10. The course 
begins in February and the first exam is towards the end of 
March.  

Prior to the 2019-2020 academic year the two-hour exam 
was a traditional closed book exam written under controlled 
circumstances. In March 2020, at the end of week 5 of the 
academic quarter (and hence two weeks before the exam was 
due to be written) our institution, as many, shut down on-
campus activities and our vector calculus exam could not be 
run in a traditional manner. We made an abrupt change to an 
open book and open internet exam to be written at home, non-
proctored and to be completed within a limited time. We have 
written about this experience elsewhere [7], [14] where we 
observed that multivariable and vector calculus lends itself 
quite comfortably to open book assessment. We have since 
attempted to design open book assessment for our more 
elementary single variable calculus courses and have found 
this task a great deal more challenging. In the academic year 
2020-2021, with more time to prepare, we distilled certain 
design principles for open book vector calculus assessment 
[14], chief amongst which is the necessity for decision making 
on the part of the student taking the exam [7]. Others [4], [8]
support this observation, that a strength of well-designed open 
book assessment is positioning the student as a decision 
maker.  

While in the previous two years the “write at home” nature 
of the assessment required unrestricted open book and open 
internet access, in the current academic year of 2021-2022 we 
shall return to writing the exam under controlled 
circumstances. To bring the advantages of the open book
environment into the assessment this year we shall be using 
the e-assessment capacity of our institution in the form of 
Chromebooks. [8] consider two different infrastructure 
options for open book exams requiring access to technology, 
these are (i) using the university’s computers, or (ii) students 
bringing their own device. They find there are strengths and 
weaknesses to the two options. While using the university’s
computers gives students an identical assessment experience 
(unlike students using their own comfortably familiar but 
highly variable devices) a disadvantage is that the university 
needs large computer rooms. Our institution avoids that 
disadvantage by having large banks of Chromebooks that can 
be relocated to several different venues. In the exam venue,
each student will have access to a Chromebook on which they 
can access certain chosen lecture notes and white-listed online 
tools in a virtual machine environment. The online tools are 
GeoGebra, a powerful graphing application including 
manipulable 3d-graphing of surfaces and space curves, and 
Symbolab, a versatile online calculator. Furthermore, students 
can bring in a formula sheet they have created for themselves. 
It has been found that students learn best and enjoy the most 
when they are tested closed book with “handwritten note 
cards” as compared to either fully open book or closed book 
exams [11]. We shall be allowing handwritten formula sheets 
as well as lecturer-supplied course notes. An option for the 
future, suggested by [11], would be to only allow formula 
sheets.

III. PEDAGOGICAL IMPLICATIONS OF THE SHIFT TO OPEN BOOK 
ASSESSMENT

A. Alignment of question expectation
The design principles  [14] we are using for setting a vector 

calculus exam paper are: encourage decision making, create 
opportunities for noticing available options, provide diagrams, 
low emphasis on solving integrals, and avoid formats with 
familiar forms. Chief amongst these is decision making 
through information interpretation [7]. 

The majority of exercises in the textbook, questions from 
old exam papers, and exercises we have set as in-class 
activities are unsuitable for open book exams using these 
design principles. Ways in which they are unsuitable include

Stating the method to be used (for example 
Green’s Theorem) which undermines the first 
two design principles

Requiring lengthy solving of an integral

Too great a degree of prompting, for instance 
asking for the curl of a vector field before
requiring the line integral of a (conservative) 
vector field

Making the focus of the question something that 
is purely computational, such as determining a 
Jacobian. 

Asking straightforward questions, which can be 
easily answered on online tool exercises, such as 
line integrals of vector fields for work, 
circulation and flux.

Many students choose to work through old exams as a 
good way to study for an upcoming one. From our experience, 
this study technique also leads the students to memorize the 
solution pattern and to have in-depth knowledge only on how 
to solve these particular questions. In order to assess their 
higher order learning skills, such as how and why to solve 
these types of questions, the form of assessment should be 
redesigned to require their decision making skills. Changing 
the form of assessment in a way that changes the type of 
question being asked, as we discuss here, poses a serious 
danger to students’ exam preparation. 

As their teachers, we incur a responsibility to help the 
students avoid the pitfall of using old, poorly aligned exams 
as their primary study source. We need to not only align in-
class resources, such as tutorial worksheets, with the 
upcoming exam but also explicitly problematize poorly 
aligned old exams in a way that students will notice and 
understand.

B. Skills development
At the time of writing the students who will be taking the 

vector calculus course this year are in the first author’s 
Calculus 2 class. A poll was carried out to determine the 
students’ perception of their own skill levels in using one 
example of a popular 3d graphing package and one example 
of a powerful online calculator. In Table 1, results show that a 
majority (79%) of the students consider themselves beginners 
at using the 3d graphing software and an even larger majority 
(91%) as beginners at using the chosen online calculator.
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TABLE I. PROFICIENCY IN THE USE OF ONLINE TOOLS

Online tools Proficiency in the use of online tools

Beginner 
(f,%)

Intermediate 
(f,%)

Advanced 
(f,%)

Total 
response

Proficiency in 
GeoGebra

92, 79% 22, 18% 1, 1% 113

Proficiency in 
Symbolab

103, 91% 7, 6% 3, 2% 116

Neither of these tools can be used effectively without 
practice. Relevant competence with any graphing software 
includes knowing how to navigate to the 3d graphing window, 
enter equations of surfaces, indicate intersections of surfaces, 
tip and rotate the view, and so forth. Facility with online 
calculators includes knowing how to find suitable 
mathematical structures from the menu available and how to 
use those properly. These tools will be made available during 
the exam in order to help students visualise objects in 3d-space 
and to shift the emphasis of the exercises away from 
computation and towards setting up integrals. For example, to 
determine the volume of a solid the student has to set up a 
triple integral with suitable bounds, possibly employing a 
change of coordinate system. From the point of view of the 
assessor, in this example, it is important that the student show 
the first few steps of the computation in order to display their 
proficiency at executing the coordinate change, yet thereafter 
the computation is of little interest. Here is where a powerful 
calculator can be used, yet if the student is inexperienced at 
using it then the advantage of the time saved is lost. Through 
anecdotal evidence, we are aware that in the preceding two 
years, when any tool on the internet was available for the 
students to use in their written at home exams many did not 
use them. 

In our experience, many students struggle with visualising 
and drawing objects in 3-dimensional space. In a vector 
calculus course we encounter surfaces such as spheres, 
paraboloids, planes and so forth as well as space curves such 
as lines, helices, twisted cubics and intersections of surfaces. 
Direction and orientation are frequently important, such as in 
flux exercises where we work with oriented surface integrals. 
In exercises utilising Stokes’ Theorem one oriented surface 
can be replaced by another as long the directionality of the 
shared boundary curve is maintained. 3-d computer graphing 
packages can assist the student significantly in understanding 
how surfaces and curves look and how they interact with one 
another. [15] suggests even deeper immersion into the 3d 
visual experience using virtual reality functionality for direct 
manipulation of room-sized geometric objects.

C. Work habits
Research shows that students do not prepare well for open 

book tests without guidance. [16] agrees that students need 
more guidance on how to prepare themselves for open book 
tests especially if the students experience more traditional 
closed book tests during their study. [10] and [11] observe that 
preparing for a closed book exam is different to preparing for 
an open book exam and students often do not prepare enough 
or properly for this type of exam. [5], in their literature review 
of open book assessment, cite several examples of 
inappropriate preparation.

Students exhibit a tendency to rely too much on the 
availability of the resources, in our case lecturer-supplied 

course notes, and to waste time looking things up.  For 
example, in studying for a closed book exam a well-prepared 
student would learn how to shift from Cartesian coordinates 
to spherical coordinates, or how to determine if a vector field 
is conservative, but might relegate that knowledge to “looking 
up” in an open book exam, to the detriment of their time 
management.

Open book exams provide the opportunity to assess 
higher-order skills by designing questions that rely less on 
memory or computation and more on decision making, 
applying skills, and making connections. [3], [7] and [17] 
provide suggestions and examples of how to change 
traditional closed book exam questions to be better suited to 
an open book context. It will frequently be the case that these 
new open book exam questions are more challenging for 
students and hence require more preparation than a closed 
book exam might require. We have a responsibility to make 
students aware of the difference in the preparation required 
and to provide opportunities for the development of suitable 
work habits.

D. Equity 
Having turned to remote assessment with open book 

examinations, we recognise its strengths and on the other 
hand, we acknowledge the factors affecting equity require 
careful consideration. It is indicated that the imperative shift 
to digital instruction privileged some students and pressurized 
others with no access to the right resources [18]. In a 
technology-mediated open book assessment setting, equity 
needs to focus on developing environments and systems in 
ways to provide students with what they need to comfortably 
use the technological tools. In this manner, better sources are 
necessary to use our assessments that support equity as 
opposed to standardization. This idea of not standardization is 
one of the drives to continue the use of open book assessment. 

Supporting equity is one of the drives to continue the use 
of open book assessment complemented by technology. 
However, we teachers need to adjust our practice to respond 
to and meet the needs of students in terms of the use of 
technology.  We observe only a few students are skilled at 
using the chosen 3d graphing software and online calculator 
(see Table 1). Considering their proficiency in these tools, the 
assessment will stay inequitable. We look for ways to support 
all students by providing ways to develop these skills while 
the course takes place.

The fairness of technology-mediated open book 
assessment is also likely to be affected by the resources 
available to students, academic and otherwise. Preparation for 
these examinations is dependent on a satisfactory use of the 
available software. While it is usually possible to use any 
device with an internet connection for this preparation, the 
abilities and comfort of use might vary between devices and 
the bandwidth. Moreover, access to laptops might stay as 
another barrier to the equitable preparation of these exams.  It 
should not be assumed that all students are afforded equitable 
learning opportunities [19], financially disadvantaged 
students may have limited access to such resources during the 
exam preparation. 

The other factors potentially impacting equity in this kind 
of assessment might be the prior mathematics knowledge, 
learning difficulties, working habits, communication 
preferences, and gender-specific issues. While the gender 
disparities in favour of males have been a consistent fact in 

Page 1905

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on May 15,2022 at 09:24:05 UTC from IEEE Xplore.  Restrictions apply. 



mathematics for more than three decades [20], [21], it is also 
evident that males are advantaged over females while using 
the technology in high stakes examinations [22]. To overcome 
such inequity cases, we provide extra learning opportunities, 
pencasts that are helpful for the students with impairments. 
The study advisors work closely with students which helps a 
great deal in many aspects, including psychosocial. For 
different communication styles in our teaching, we provide 
both synchronous in-class communication opportunities and 
also mostly textual asynchronous opportunities.

IV. CONCRETE SUGGESTIONS

To address the alignment of students’ expectations of what 
exam questions to expect we have two responsibilities with 
respect to course resources. The first is related to sample exam 
papers and the second to in-class activities. Students study for 
exams at least in part by working through old exam papers but 
also learn the course content continuously throughout the 
course by engaging with in-class activities, worksheets, 
chosen textbook exercises, quizzes and so forth.

A first and obvious action should be to make the exam 
papers for the past two years available for students to work 
through. The 2021 exam paper is particularly well-aligned 
with our forthcoming expectations of the 2022 exam since we 
were better prepared by that time, unlike in March 2020. A 
second action should be to take some older exams and make 
explicit which questions are good examples of what they 
might expect to see now, which are poor examples, and why. 
Our experience informs us that these annotations should be 
unavoidable (that is, written on the downloadable old exam 
paper itself) rather than in a separate document as that can 
easily be missed. An example of a question that is poorly 
suited to an exam where access to a powerful calculator is 
available is shown in Figure 1. The integral requires a change 
of order of integration, however, an online calculator will 
carry this change out automatically without any awareness of 
the need to do so on the part of the student.  

Fig. 1. Traditional question poorly aligned with the new method of 
assessment

A possible option, yet to be explored, is to have the 
students themselves design exam questions according to the 
design principles. If a sizable bank of such problems exists 
then we could draw on those questions for the actual test. 
Others (see for example [23]) have found that student 
generation of exam questions increases engagement and 
motivation.

The existing resources we draw on for in-class 
engagement include exercises we have drawn up ourselves 
over the years as well as exercises assigned from the standard 
course textbook. A serious drawback of the textbook for 
preparation for an open book exam is that the solutions are all 
available online. Even if we assign exercises that are 
excellently aligned with our exam question expectations, our 
experience shows that students rapidly look to the solutions 
for tips on how to proceed rather than applying any sort of 

problem solving behaviour themselves. This propensity 
makes textbook use a poor means of preparing for the types of 
questions the students will see in their open book exam.

The University of Twente bachelor programmes are 
grounded in project-based learning, each programme 
consisting of a series of thematic modules composed of a 
cluster of courses surrounding a project [24]. Ideally the 
courses are closely related to the project encouraging 
motivation to learn and to engage. This model is effectively a 
form of enquiry-based learning (EBL) which is understood to 
support the development of life-long learning skills and allows 
engagement with course material at a deeper level than 
traditional teaching and learning methods [25]. While the 
module itself is run within this framework the individual 
courses are often not. Traditional teaching of mathematics is 
particularly prone to a didactic mode in conflict with EBL. 
Given that a redesign of the course materials (such as tutorial 
exercises) is unavoidable if we are to align them with open 
book exam expectations [16] we are considering doing so 
within an EBL framework.    

Existing teaching and learning resources are our weekly 
quizzes, completed by the students when they feel ready to 
take them. The questions are multiple choice and are 
deliberately designed to be non-computational so as to not be 
vulnerable to careless error. Instead, the questions are 
designed to test understanding of the fundamental concepts. 
Our experience designing those quiz questions was drawn on 
when designing our initial open book exams. An example of 
such a quiz question is shown in Figure 2. A variation on this 
quiz question was included in the 2021 exam [7] since we 
understood it to adhere to our design principle of decision 
making through information interpretation. Note that Figure 2 
shows a multiple choice quiz question. The version of the 
question included in the exam required motivation for the 
answer.

Fig. 2. Quiz question from week 6 requires decision making and processing 
information 

Another example of an exam question that requires the 
student to interpret the information given and make decisions 
on how best to proceed is shown in Figure 3. The student 
needs to know that, using Green’s Theorem, area can be 
determined by means of a line integral, needs to be able to find 
the limits of integration and what they represent, and finally 
needs to understand what area they’ll be calculating and how 
it relates to the region R described. 
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Fig. 3. Exam question requiring information interpretation and decision 
making

If the tools made available to the students in the exam 
venue are to be of any assistance then the students need to 
develop the skills of using them. We could choose to 
encourage the students to develop these skills in their own 
time, however, it is more pedagogically sound and more 
ethical to provide students with in-class opportunities to 
develop the necessary skills. 

We have six contact hours with the students each week, 
two hours of lectures and four hours of tutorial or workshop 
time when the students have the opportunity to engage with 
the concepts of that week. Traditionally the tutorial exercises 
are expected to be completed without the use of any tools other 
than a pencil, however, this expectation needs to change if we 
wish to support students’ development of the new skill set. 
The only existing exception to this requirement to solve using 
pencil and paper is our institution’s use of Grasple, which is 
an online mathematics e-learning platform with significant 
functionality. As an online learning environment, the Grasple 
company is used mainly for homework exercises and 
diagnostic tests for the service mathematics courses at our 
institution as well as other Dutch Technical Universities.

On Grasple, students are still expected to solve the 
exercises by hand and then to enter results into the digital 
system for checking and feedback. Approximately one quarter 
of our students use the Grasple platform actively. We shall 
intensify our encouragement of students using this since not 
only is this e-learning platform beneficial for learning 
generally it is also useful for developing skills of typing 
mathematical text.

Fig. 4. Pass rates before and after change of assessment mode

Figure 4 presents data related to the pass rates of students 
(out of 100) of the last two years' results of the open book 
assessment, open internet exams, concerning the two 
programmes taking the course. The two of the authors have 
been the teachers throughout the mentioned four years. To 
give an idea to the reader about the student experience in terms 
of achievement, we would like to stress the improvement of 
the pass rate in the last two years with the open book 
assessment, despite the novelty of examination mode. Even 
though there seems to be a trend down in the pass rates during 
2020-2021, it is notably higher than the traditional exam 
results. 

To address development of the skill sets of manipulation 
of 3d graphing software and use of calculators we plan to 
design tutorial exercises that focus exclusively on the use of 
these tools or include integrals very challenging to solve by 
hand. For example, an exercise could ask for a description of 
the shape of the curve of intersection of two surfaces, or an 
integral could use a technique we do not include in our 
curriculum such as decomposition into partial fractions. 
Furthermore, we are exploring options for the students already 
proficient in the use of these powerful tools to contribute to 
the development of their fellow students’ skills, or to share 
examples of their own work. An example of the latter has 
already been incorporated in one of our courses in which a 
platform has been provided in our learning management 
system for students to share resources, some of their own 
making [26]. In Figure 5 we show a screenshot from a student-
made video of a revolving viewpoint of a dynamic twisted 
cubic. The student, who had considerable skill in using 
GeoGebra, created the video for the benefit of his fellow 
students who were struggling to picture the curve.

Fig. 5. Screenshot of video of dynamic twisted cubic plot

Finally, discussion with the e-learning platform Grasple 
suggests that 3d graphing software and online calculators can 
be embedded in their system to further support a productive 
learning environment.

Others have observed that preparation for an open book 
(particularly technology-mediated open book) exam requires 
different preparation to that for a closed book exam. There is 
the danger that students could rely too much on the possibility 
of looking things up. In addition to being straightforward and 
explicit in class about the need for appropriate preparation, for 
instance stressing that there will be little time for looking 
everything up, we shall create an opportunity for students to 
experience what the exam will be like in a low-stakes context, 
as recommended by [3]. The current schedule of each of our 
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courses includes a two-hour session shortly before the exam 
for “Q&A”. Typically these sessions are general opportunities 
for students to ask questions, or they are used for the teacher 
to work through an old exam paper with explanations. An 
option we are considering is using that session to mimic exam 
conditions, provide the students with a sample exam similar in 
form to the upcoming open book exam, and encourage the use 
of the resources which will be available. In this simulated 
exam, the students would probably have to make use of their 
own devices although we shall discuss the option of using the 
institutional Chromebooks with our e-learning team.

Finally, we shall attempt to ensure that every student has 
the technological capacity and infrastructure to practise using 
the software tools by drawing on the facilities and support 
services of our institution

V. CONCLUSION

Our shift from closed book to open book (and then open 
internet) assessment was uninvited, forced upon us by global 
circumstances. Driven by recognition of the benefits of open 
book assessment and the benefit of certain types of software 
tools in vector calculus specifically we shall continue with 
open book assessment. In our case, we are defining our 
technology-mediated open book assessment as including 
course notes, student-created formula sheets, access to 3d 
graphing software and access to a powerful online calculator.

Such a shift has pedagogical implications in order to 
ensure alignment and preparation. We identify four (clusters 
of) implications which are: alignment of question expectation, 
development of skill set, work habits and equity. We as 
teachers, having implemented this shift in assessment form, 
have incurred a responsibility to address these concerns.

In the past year, great attention has necessarily been paid 
to changes in the teaching and learning environment as much 
teaching has moved online and significant changes have been 
imposed on assessment. Our work on technology-mediated 
open book assessment in vector calculus contributes to the 
active and ongoing conversation in the educational literature, 
particularly that part of it dedicated to STEM education.
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