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Abstract  The COVID-19 pandemic globally 
transformed the face to face teaching and learning into 
digital online teaching and learning. The uptake and 
integration of digital technology in mathematics education 
have been gradual for many decades. However, the 
COVID-19 pandemic has reshaped the digital teaching and 
learning and made it an imperative and safe remote 
instruction and pedagogy of the day in mathematics 
education and education in general. We explored the 
uptake and use of virtual mathematics laboratory 
methodology for undergraduate Calculus teaching and 
learning as a remote instruction and pedagogy gap revealed 
during the COVID-19 infections prevention and 
containment period in Zimbabwe. The main objective of 
the study was to identify digital instructional and 
pedagogical gaps that existed in addressing students’ 
mathematical misconceptions in Calculus learning in using 
the APOS theory and a virtual mathematics laboratory. 
Data was collected from 160 undergraduate students taking 
Calculus courses via APOS theory mediated digital 
mathematics laboratory for a semester. Results revealed 
that the undergraduate students who took the Calculus 
courses via the digital mathematics laboratory 
methodology performed better than those who used to take 

the same courses using didactical approaches. This 
COVID-19 crisis ushered in digital teaching and learning 
experiences that clearly spelt out the existence of digital 
instructional and pedagogical gaps in mathematics 
education. 

Keywords APOS Theory, COVID-19, Digital 
Teaching and Learning, Virtual Mathematics Laboratory 

1. Introduction
The COVID-19 pandemic has largely affected greater 

parts of the world transforming totally the ways of lives of 
every humankind across the globe. The pandemic has 
proven to have taken tolls on global public health, business 
(trade and commerce), education, agriculture, social and 
political sectors with regards to their entities and systems. 
When Zimbabwe recorded its first COVID-19 confirmed 
case on 20 March 2020, measures for its infections 
prevention and containment such as total or partial 
lockdown series, social and physical distancing, closure of 
learning institutions, churches and shops, banning of public 
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gatherings and transport and regular personal hygiene such 
as hand washing and cough etiquette were introduced and 
enforced until indefinite time. These measures affected the 
continuity of learning programs in the entire continuum of 
education. However, when the COVID-19 lockdown 
measures were eased, teaching and learning could not 
continue as face to face instruction and pedagogy. With this 
in mind we formulated the research question: How can 
different pedagogical strategies be implemented so as to 
cater for learning during the Covid-19 pandemic? We 
took this opportunity to implement the physical digitally 
well-resourced APOS theory mediated mathematics 
laboratory methodology to the teaching and learning of 
Calculus as virtual in response to COVID-19 prevention 
and containment compliance. This instructional and 
pedagogical experience revealed gaps in the digital 
teaching and learning which were concealed during the 
face to face classroom settings before the COVID-19 
pandemic. 

2. Literature Review 
Although its novel, COVID-19’s possible transmission 

modes were described by WHO as including contact, 
droplet, airborne, mother to child, formite, fecal-oral, 
bloodborne and zoonotic (animal to human). This nature of 
the spread of SARS-CoV-2 pathogen for COVID-19 
rendered the greater majority of learning institutions as 
dangerous and breeding places for this human coronavirus 
[1] cited in [2]. 

[3] reported that by the end of March 2020, more than 
180 countries had closed their learning institutions 
affecting 1.5 billion students constituting 84.7% of the 
global learners in general. [3] further reiterated that 
challenges existed in the global digital divide mostly 
affecting the middle to low-income countries as internet 
and mobile networks were not evenly accessed and access 
costs were not either affordable or sustainable to the 
majority of learners. [4] explained the distinctive 
circumstances of COVID-19 as the missing of face to face 
interaction and instruction in the education sector in 
general. 

However, lots of opportunities were available that 
included paradigm shift from face to face instruction to 
digital and remote instruction and pedagogy as well as 
scaling up access and use of remote and virtual 
communication channels , online platforms and technology 
[5]. 

Furthermore, [6] advocated that with the advance in 
digital technology, the education sector shifted to digital 
and remote instruction as an adaptation and response to 
COVID-19 pandemic. Therefore, the COVID-19 pandemic 
is presenting challenges and opportunities for digital 
teaching and learning. Iwai [7] who researched on online 
learning during COVID-19 pandemic emphasized that 

students can gain or lose when learning environments 
become virtual. COVID-19 exposed huge digital gaps in 
how to access and utilize technology in pedagogically 
productive matter to facilitate teaching and learning [8]. On 
the other hand, [9] indicated that the instructional gaps 
existed in digital content generation, classification, 
scalability of technology to increase students reach and 
multimedia-channel sharing of resources especially in low 
resourced settings. 

Studies on COVID-19 and digital learning are rapidly 
increasing. We subsequently decided to implement the 
APOS theory mediated mathematics laboratory 
methodology to undergraduate Calculus teaching and 
learning, work that had started before the pandemic, as 
virtual instructional and pedagogic path way for the 
progression of mathematics education courses in a remote 
and virtual mode using zoom meetings and online access to 
the virtual mathematics laboratory during this uncertain 
COVID-19 era. This provided some feasibility to pursue 
and recover undergraduate Calculus learning time during 
the social distancing period of the COVID-19 pandemic. 
Reimers [6] outlined a framework for providing guidelines 
to effective education response to COVID-19 pandemic. 

[10] discussed the concept of mathematics laboratory. 
Mathematics Laboratory was viewed as a physical place 
with instructional materials that promote constructivist 
focused experiential learning. The instructional materials 
in the 21st century mathematics laboratory include 
mathematical software, interactive 2D and 3D models, 
mathematical tools and technologies, interactive 
whiteboards, internet access, mobile applications and 
hand-held devices. However, [11] viewed mathematics 
laboratory as a methodology. Technology-based 
accessibility of mathematical knowledge among students 
in higher education has enormously changed [12] while the 
teaching strategies remained static. This scenario has been 
promoting the didactic transfer of mathematical knowledge 
[7] associated with poor learning outcomes. 

[13] advocated that the teaching and learning of Calculus 
at undergraduate requires the use of a mathematics 
laboratory for students to appreciate the real-world 
applications of Calculus and to raise their interest in the 
discipline. Although several studies globally on the 
integration of mathematics laboratory and technology into 
mathematics education have been in existence, there are 
still different perspectives of its concept at institutional and 
international level [14]. However, [15, 16] asserted that 
there was need to scale up the integration of technology 
into mathematics education. 

[17] investigated the effect of using mathematics 
laboratory in teaching on students’ achievement in Junior 
Secondary School Mathematics in Nigeria and observed 
that the use of mathematics laboratory enhanced 
achievement in mathematics. Mathematics laboratory 
teaching was found out to be very effective on topical 
aspects of plane geometry and algebraic expressions. This 
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study investigated on how mathematics educators can 
design and develop curriculum instructions for 
mathematics laboratory teaching and learning 
methodology using five randomly selected topics in 
Calculus courses at level one and two thereby giving 
structure to the guided learning and mathematical 
investigations. 

On the other hand, [18] explained that the 
epistemological roots of the APOS theory are traced from 
Piaget’s reflective abstraction as developed in [19] studies 
is based on mental structures or constructions [20-22] and 
[23] namely actions, processes, objects and schemas which 
the mathematics learners engage with mathematics 
concepts. The mental structures constitute the standard set 
of steps of mathematics concepts formation [24]. In order 
to clarify the tenets of APOS theory, we had to describe 
and examine them in the perspective of science and 
technology. [24] described action as being capable to 
execute the routine procedures bound to specific mental 
images. 

[25] summarized the tenets of APOS when actions were 
described as routinized processes, encapsulated as objects 
and embedded as schema. The APOS theory however 
managed to describe what it takes for conceptual 
understanding in mathematics and how the learners of 
mathematics make mental constructions using specific 
pedagogical strategies. Several Calculus topics have so far 
been studied using APOS theory. 

[26, 27] and [28] studied mental constructions of 
pre-service teachers when learning Calculus, fractions and 
matrix algebra in separate cases respectively. [29-31] 
studied the application of APOS theory on the students’ 
understanding of limit of a function and integration; [23] 
studied mental structures and mechanisms and managed to 
characterize the processes as interiorization and 
coordination one hand and interiorization, coordination 
and reversal on the other hand. Weller et al [32] had also 
studied successfully and applied APOS on understanding 
the concepts of fractions. [33] studied the geometrical 
representations of two-variable functions in the three 
dimensional space using APOS theory while [16] also 
extended the application of APOS theory to Multivariate 
Calculus. Salgado and Trigueros [34] investigated 
classroom experiences of a modelling problem involving 
eigenvalues, eigenvectors and eigen spaces with successful 
object conception of difficult concepts; [35] studied the 
limit concept using APOS theory, [36] managed to study 
teachers’ responses to questions on normal distribution 
using the APOS theory. [37] used APOS theory to study 
the students’ understanding of the derivative concept. This 
rich literature evidence points out to the fact that indeed the 
APOS theory has a critical cognitive effort to the 
understanding of mental constructions and the related 
pedagogical strategies required to promote mental 
constructions in the converse. 

3. Materials and Methods 
A quasi-experiment on mathematics laboratory-based 

APOS and Bloom taxonomy instruction, in which two 
groups of Calculus students at the University of Zimbabwe 
underwent a differentiated teaching and learning approach 
for a semester in a virtual mode was used. The control 
group was taught using the traditional didactic pedagogy 
on a series of zoom meetings while the experimental group 
used the virtual APOS-Bloom Taxonomy mediated 
mathematics laboratory methodology accessed on an 
online link. The virtual mathematics laboratory was a 
digital ecosystem with a wide spectrum of mathematics 
e-resources. A pre-test covering the basic concepts of 
Calculus I was administered to check if there are any 
person confounds or if any participants have certain 
tendencies that are likely to affect the quality of association 
of their performance other than the intended 
treatment(laboratory mathematics education). The pre-test 
scores were used to randomly assign students to the quasi 
experimental and control groups. However, using the 
groups’ average scores as cut-off scores and previous 
performance it was determined whether the student was 
assigned to the quasi-experimental group or control group. 
For ethical reasons and to eliminate bias equal numbers of 
the below and above group average pre-test scores for each 
level were allocated to the quasi experimental and control 
groups with the previous performance as benchmarking 
measure to determine poor and excellent performance 
while maximizing internal and external validity. Two 
lecturers (L1 and L2) teaching Calculus I and Calculus II to 
level one and two students respectively participated in the 
study”. Each lecturer had two groups characterized as 
experimental groups (EL1 and EL2) and control groups 
(CL1 and CL2) with 40 students in each group.” The 
students were drawn from the current enrolments of 
Bachelor of Science Honours Mathematics, Bachelor of 
Science Special Honours Statistics, Bachelor of Education 
Science and Mathematics Education, and Bachelor of 
Science Honours Actuarial Science study programs from 
the Faculty of Science and Faculty of Education. Both 
experimental and control groups at each level were 
separately taught by the same lecturers and test scores for 
the pre-test and post- test were compared. We designed and 
developed the different laboratory based mathematics 
teaching and learning instructions for the experimental 
groups (EL1 and EL2) matching the levels appropriately. 
The instructional designs were designed and developed 
synchronously with the research work adopting APOS 
(Action-Process-Object-Schema) theory in order to 
enhance the infusion of technology, science and 
mathematics thinking processes while catering for ad hoc 
variations that may result. The two lecturers (L1 and L2) 
used the curriculum instructions to teach five randomly 
selected topics from the Calculus modules for a period of 
16 weeks or a semester. The control groups (CL1 and CL2) 
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were taught using the traditional didactic lectures on Zoom 
meetings. A theoretical analysis, genetic decomposition of 
the students’ written exercise was conducted to give 
insights of digital instructional and pedagogical gaps as 
evidenced in the pre-test and post test scores comparisons 
while the technology acceptance model (TAM) was also 
used to measure the impact of the virtual mathematics 
laboratory methodology. 

4. Results 
Table 1a.  Participants’ Demographics 

Study Programs  Level I Level II 

    
Bachelor of Science Honours 

Mathematics 20  18 

Bachelor of Science Special 
Honours Statistics 20  15 

Bachelor of Education Science 
and Mathematics Education 15  20 

Bachelor of Science Honours 
Actuarial Science 25  27 

Total 80  80 

Study Level    

Male (M) 55  48 

Female (F) 25  32 

Total 80     80 

Table 1b.  Participants Gender Characterization by Study Levels and 
Study Programs 

 Level  I Level II 

Gender Disaggregation M    F M    F 
Bachelor of Science Honours 

Mathematics 10   10 10    8 

Bachelor of Science Special Honours 
Statistics 12    8 10    5 

Bachelor of Education Science and 
Mathematics Education 13    2 14    6 

Bachelor of Science Honours Actuarial 
Science 20    5 14   13 

Note: Level I means students taking the Calculus I course in their first 
year of study program enrolled while Level II means students taking 
Calculus II course in their second year respectively. 

The study included eighty (80) students at each level 
who were enrolled in four study programs as in Table 1a. 
There were fifty-five male students and twenty-five female 
students at Level I and forty-eight male students and 
thirty-two female students at Level II all from the Faculty 
of Science and Faculty of Education at the University of 
Zimbabwe. The gender disparity was treated as a 
confounder typical with STEM programs’ enrolment in 
higher education globally. For the Level I group, 20 were 
enrolled for the Bachelor of Science Honours in 
Mathematics and Bachelor of Science Special Honours in 
Statistics apiece, 15 were in the Bachelor of Education in 

Science and Mathematics Education and 25 were in the 
Bachelor of Science Honours in Statistics. On the other 
hand, the Level II group had 18 Bachelor of Science 
Honours in Mathematics, 15 Bachelor of Science Special 
Honours in Statistics, 20 Bachelor of Education in Science 
and Mathematics Education and 27 Bachelor of Science in 
Actuarial Science. This heterogeneity presented the 
necessary richness that was required in the understanding 
of mathematical thinking in Calculus I and Calculus II at 
the university level. However, the issue of gender disparity 
and other socio-cultural characteristics of the participants 
were regarded as cofounders whose effects did not 
misrepresent the impact of the virtual APOS-Bloom’s 
Taxonomy mediated mathematics laboratory pedagogical 
strategy (intervention) on the learning outcomes from the 
student participants. 

 

Figure 1.  Participants’ Mathematics Concept Learning Styles 

When all the study participants at each level were asked 
to give their mathematics learning styles at the beginning 
of the study as in Figure 1, it emerged that at least 69% to 
100% of the Level I participants preferred problem solving 
scenarios to audio or video presentations. On the other 
hand, at least 59% to 100% of the Level II participants 
preferred manipulative (physical task to explore) to video 
presentations. In the context of this study and perspectives 
of the constructivist philosophy that underpinned it, the 
knowledge and understanding of the study participants’ 
mathematics learning styles at each level were fundamental 
for the application of the APOS theory on their 
mathematical thinking processes and the design of the 
pedagogical strategies (ACE cycle and DDMT), 
instructional strategies. It was therefore imperative for the 
digital instructional and pedagogical strategies to match the 
students’ learning styles in order to obtain favourable 
learning outcomes. 
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Figure 2. Technology usage in Undergraduate Mathematics Learning 
[n=80] 

At level I, 45% of the study participants reported to have 
used technology in their Calculus Lessons while 55% had 
not used any technology before as shown in Figure 2. The 
technology usage gap was attributed to the high 
school-university transition as the undergraduates were 
recruited on merit from a variety of school categories. 

The participants in the experimental group reported the 
nature of technology they had prior knowledge and skills of 
use before as revealed in the Figure 3 and Figure 4. 

 

Figure 3.  Mathematics Technologies and Tools Once Used by 
Participants [n=40] 

The majority of participants were familiar with the 
scientific calculator which they used for numerical and 
hard to do manually calculations and a few online 
mathematics or statistics resources 

 

Figure 4.  Technology usage in Undergraduate Mathematics Learning 
[n = 80] 

The majority of the Level II participants had a greater 
appreciation of a wide variety of technology but usage 
itself was reported to have been through remedial–based 
tutorials in the mathematics laboratory without any formal 
instruction during their Calculus I course. Sixty-two 
percent (62%) acknowledged having used technology in 
their Calculus lectures to enhance learning process while 
thirty-eight percent (38%) had not used any technology. 
The processes of appropriation of the technological tools 
were not formally taught by the lecturers as part of the 
curriculum. 

 

Figure 5.  Mathematics Technologies and Tools Once Used by 
Participants [n = 4 0] 
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The information on technology usage in Figure 5 was 
essential in the development and design of the teaching and 
learning instructions that incorporated the levels of 
appreciation of technology in the technology-rich 
mathematics laboratory intervention at each level to 
promote and study mathematical thinking processes in 
Calculus without any compromise of the participants’ prior 
technological skills and knowledge. The heterogeneity of 
prior technology usage within each level-group (see figure 
6) presented a motivational gap to adapt and integrate 
technology into the Calculus teaching and learning among 
the participants with experimental group being more 
enthusiastic to take part in the study. Brown and Green [38] 
as cited in [39] assert that learner and needs analysis should 
be conducted for any instructional and pedagogical 
intervention. 

The participants in the experimental group at each level 
reported the various ways in which the technology would 
be used in the teaching and learning of Calculus at their 
respective levels prior to the implementation of the 
mathematics laboratory intervention. 

 

Figure 6.  Possible Uses of Technology in the Learning of Calculus 
[n=40] 

Among the participants of Level I, 38 out of 40) or (95%) 
regarded technology as a tool for performing difficult (hard 
to do manually) calculations, seventy-five percent 30out of 
40 or 75% regarded technology as a means and medium for 
creating graphical visualizations, All (100%) thoughts of 
technology as used for mathematics typesetting or all the 
possible suggested usage options while 63% said 
technology could be used for developing concept 
understanding. Among the participants of Level II, 36 out 
of 40 or 90% regarded technology as tools for developing 
concept understanding, analysis of data, 35 out of 40 or 88% 
considered technology a tool for graphical visualizations 
and 28 out of 40 or 70% regarded technology as a medium 
for mathematisation. Furthermore, the levels of confidence 
and degree of familiarity in using various mathematical 
software, tools and other artefacts in Calculus teaching and 

learning among the student participants were assessed. 
Table 2.  Students’ Mathematics Technology and Tools Appropriation 
and Levels of Usage Confidence 

How did you learn about mathematics technologies? Level 
I  

Level 
II 

Trial and Error 75% 80% 

Friends 40% 65% 

Instructions for use 20% 50% 

Lecturers 15% 25% 

What is the level of confidence in using    

Scientific Calculators? 100% 100% 

Graphing Calculators 40% 60% 

Mathematical Software(CAS,GDS and others) 40% 75% 

Online Mathematics Resources 50% 60% 

Sample Size(n) 80 80 

The statistics in Table 2 revealed that there were no 
formal processes of students’ appropriation of the 
mathematical technologies and tools as the greater 
proportions of students reported having learnt by trial and 
error or through friends. This had impacted greatly on their 
levels of confidence in using the technologies and tools. 
The technology-rich mathematics laboratory was designed 
and developed with cross-cutting functions to cater for the 
various participants’ perceptions, appropriation and 
confidence of technology usage in Calculus teaching and 
learning. The learning situation determines the 
instructional design and related instructional development 
analysis [9, 39] respectively. 

Furthermore, this revealed that there are existing digital 
skills gaps among students and lecturers in higher 
education [40] that needed to be scaled up during the 
COVID-19 period.  

[41] and [42] advocated for digital skills among students 
that included being able to find, curate and consolidate 
information in general. 

On the other hand, the two lecturers were also assessed 
on their usage of the different means of virtual and remote 
instruction 

 

Figure 7.  Means of Virtual and Remote Pedagogy and Instruction [n = 
2] 
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Out of the four (4) lecturers who were responsible for 
teaching Calculus course in the Mathematics Department; 
two (2) lecturers participated in the study (see Figure 7). 
While both lecturers had 40% and 50% knowledge of using 
the learning management systems for remote and virtual 
instruction respectively, it was revealed that other means of 
offering remote and virtual instruction in Calculus teaching 
such as the virtual laboratory, whatsapp platform, personal 
web sites, blog sites, content management systems and 
video conferencing were not fully known. Due to 
COVID-19 pandemic explorations with some of these 
means of virtual and remote instruction for teaching are 
now gradually gaining uptake.  

Straumsheim, Jaschnik and Lederman[41] and Wise and 
Meyer[42] reiterated that faculty who have been 
experiencing challenges with the Learning Management 
Systems (LMS) functions for e-learning before the 
COVID-19 were required to survive the new digital 
academic life. 

The variable set of items on the degree to which a 
participant Perceived the Ease of Use (PEU) of 
mathematics laboratory and technology were listed and 
coded (PEU1-PEU5) as follows: 

PEU1: Learning to use mathematics applications and 
technologies was easy for me. 

PEU2: I found it easy to get mathematics applications 
and technologies to do what I wanted to do manually. 

PEU3: My interaction with mathematics applications 
and technologies was clear and understandable. 

PEU4: It was easy for me to become skillful at using 
mathematics applications and technologies. 

PEU5: I found mathematics applications and 
technologies easy to use. 

A 5-point Likert Scale was used as “Strongly Disagree = 
1”, “Disagree =2”, “Neutral = 3”, “Agree = 4” and “Strong 
Agree = 5”. The variable set of five items had a Cronbach 
alpha, α = 0.85 and p-value = 0.618 to show that the 
variable set had statistically significant internal consistency 
or reliability 

Table 3a.  Level I Perceived ease of use of mathematics applications and 
technologies [n1= 40] 

Item Frequency 
[A-SA] Mean SD Decision (%) 

PEU1 40 5.3 1.8 Accepted 100 

PEU2 38 4.9 2.0 Accepted 95 

PEU3 40 4.6 1.7 Accepted 100 

PEU4 85 3.6 1.9 Accepted 95 

PEU5 40 4.9 1.9 Accepted 100 

GrandMean   4.7  Accepted  

*[A-SA] means Agree to Strongly Agree. 

All of the participants in Level I agreed or strongly 
agreed with the enlisted perceived ease of use of the 
mathematics laboratory and technology intervention used 
in this study. The results (see Table 3a) showed that 100% 

agreed or strongly agreed with PEU1, PEU3 and PEU5 
while 95% agreed or strongly agreed with PEU2 and PEU4. 
The overall response for the perceived ease of use variable 
set was accepted as the grand mean score was above 3. 

Similarly, the level II participants had their unique 
responses for the same perceived ease of use of the 
intervention. 

Table 3b.  Level II Perceived ease of use of mathematics applications 
and technologies [n2  = 40] 

Item Frequency 
[A-SA] Mean SD Decision (%) 

PEU1 40 4.5 1.6 Accepted 100 

PEU2 40 5.0 2.0 Accepted 100 

PEU3 40 4.6 1.7 Accepted 100 

PEU4 39 5.0 2.0 Accepted 97 

PEU5 40 5.0 2.0 Accepted 100 

GrandMean  4.8  Accepted  

*[A-SA] means Agree to Strongly Agree. 

In Table 3b we observed that all of the participants 
(100%) of the Level II participants agreed or strongly 
agreed with PEU1-PEU3 and PEU5 while 97% agreed or 
strongly agreed with PEU4. Generally, the mathematics 
applications and technologies were perceived as easy to use 
by the participants in this category. In accordance with 
technology acceptance literature, when the perceive ease of 
use of any technology exists, it would promote its full 
integration as required by the constructivist teaching and 
learning that stimulates mathematics thinking under the 
study. Venkatesh et al. [32] and Moran et al. [40] as cited in 
[25] explained the technology performance expectancy is a 
fundamental predictor of the users’ behavioural intentions 
in the technology acceptance model. Green [43] quoted in 
[44] asserts that the Technology Acceptance Model (TAM) 
is a tool for testing the users’ acceptance of new technology. 
It was generally easy for the participants to use the 
mathematics applications and technologies in the 
mathematics laboratory. 

The results resonated well with the fact that the 
perceived ease of use of technology is critical at an early 
stage of its integration or subsequent intention of use in the 
long-term [45, 32] as quoted in [25].  

The variable set items of the Perceived Usefulness (PU) 
of the mathematics laboratory and technology in the 
teaching and learning of Calculus were also enumerated 
and coded for each level as follows: 

PU1: Enable me to accomplish assessment tasks in 
Calculus more quickly. 

PU2: Increase my retention of most of Calculus 
concepts. 

PU3: Enhance my performance in Calculus. 
PU4: Make the execution of the learning instructions 

easy. 
PU5: Motivate me to like Calculus. 

A 5-point Likert Scale was used as “Strongly Disagree = 
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1”, “Disagree =2”, “Neutral = 3”, “Agree = 4” and “Strong 
Agree = 5”. The variable set of five items of perceived 
usefulness of mathematics laboratory and technology had a 
statistically significant internal reliability (Cronbach alpha, 
α= 0.91 with p-value = 0.62). 

Table 4a.  Level I Perceived Usefulness of mathematics applications and 
technologies in learning [n1= 40] 

Item Frequency  
[A-SA] Mean SD Decision (%) 

PU1 35 4.7 1.8 Accepted 87 

PU2 38 4.8 1.9 Accepted 95 

PU3 40 4.6 1.6 Accepted 100 

PU4 40 4.2 1.9 Accepted 100 

PU5 40 4.7 1.8 Accepted 100 

GrandMean  4.6  Accepted  

*[A-*A-SA] means Agree to Strongly Agree. 

For Level I, all of the participants (100%) reported the 
perceived usefulness of mathematics applications and 
technologies(PU3-PU5) applicable while 87% and 95% 
reported the applicability of PU1 and PU2 respectively (see 
Table 4a). However, the general views were that all the 
perceived usefulness variable set items of mathematics 
applications and technologies were applicable for this 
category of participants 

Table 4b.  Level II Perceived Usefulness of mathematics applications 
and technologies in learning Calculus [n2= 40] 

Item Frequency 
[A-SA] Mean SD Decision (%) 

PU1 40 4.6 1.7 Accepted 100 

PU2 40 5.0 2.0 Accepted 100 

PU3 40 4.9 1.9 Accepted 100 

PU4 36 4.7 1.8 Accepted 90 

PU5 25 4.3 1.6 Accepted 62 

GrandMean   4.7  Accepted  

*[A-SA] means Agree to Strongly Agree 

In Table 4b we noticed that all of the participants (100%) 
in Level II agreed or strongly agreed that the usefulness of 
mathematics application and technologies in Calculus 
learning (PU1-PU3) applied while 90% said PU4 was 
applicable and 62% reported the usefulness of PU5. 
However, 10% and 38% were neutral about this perception. 
It might be that the participants could have been deriving 
their motivation in Calculus from other sources other than 
the mathematics laboratory and technology intervention. 
Overall, the variable set items of perceived usefulness were 
applicable to this group. 

Moran et al. [6] advocated that the perceived usefulness 
of a technological innovation is linked to its construct 
performance expectancy as cited in [38]. The results 
showed that the participants were satisfied with their 
expected performance of the mathematics applications and 
technologies in the mathematics laboratory intervention.  

Therefore the integration of the technology-rich 
mathematics laboratory with the undergraduate 
mathematics learners at each level was possible. The 
virtual mathematics laboratory methodology partly 
leveraged on already existing digital content( open source 
educational resources) and lecturer-customized and 
contextualized mathematical content while at the same 
time the zoom meetings scaled up the technological 
intervention to reach out the huge students numbers in the 
study. 

 

Figure 8.  Students Knowledge on the use of Mathematics Laboratory in 
Calculus Learning [n1= 40 and n2 =40] 

The Figure 8 revealed that 40 out of 40 (100%) of both 
Level I and Level II participants knew tutorials as one of 
the mathematics laboratory activities. Ninety percent (90%) 
of the Level I (36 out of 40) participants had some 
knowledge of mathematics experiment activities while 30 
out of 40 (75%) knew about simulations. Forty percent 
(40%) of the Level I (10 out of 40) participants regarded 
remediation as a mathematics laboratory activity while  
38% knew about problem solving projects.  

Thirty percent (30%) of the Level I (12 out of 40) 
participants had some knowledge of mathematics 
typesetting as a mathematics laboratory activity. This 
pattern of responses from the Level I participants were 
attributed to their secondary and high school mathematics 
teaching and learning experiences and the types of the 
secondary and high schools they learnt from. 

On the other hand, with the Level II 38 out of 40 (95%) 
participants knew about mathematics experiments, 35 out 
of 40 or 88% had some knowledge of simulations, 50% (20 
out of 40) knew about remediation while 45% (18 out of 40) 
knew about problem solving projects and 40% knew about 
mathematics typesetting. The Level II participants’ pattern 
of responses resonated with their university mathematics 
laboratory pedagogical experiences which were largely 
influenced by lecturing, tutorials and remediation in a 
computer laboratory as a physical place rather a teaching 
and learning methodology. Generally, the Level II 
participants knew a wider variety of mathematics 
laboratory than their Level I counterparts. The participants’ 
knowledge about the mathematics laboratory activities 
matched very well with the report by the Central Board of 
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Secondary Education (‘Guidelines for Mathematics 
Laboratory in Schools – Class IX’) of 2005 that 
emphasized hands-on activities and projects as one of 
activities of the mathematics laboratory. Reggiani [39] and 
Duschl [25] also reiterated that hands-on activities, 
experimentations and projects with computer algebra 
systems were among the mathematics laboratory activities. 
Although the participants regarded the tutorials and 
remediation as mathematics laboratory activities, [47] 
regarded the mathematics laboratory as a teaching and 
learning methodology in itself in which a variety of 
constructivist strategies are used. However, Summit and 
Rickards [40] concurred with the constructivist approach to 
mathematics laboratory activities but with structuring 
(mathematics instruction) for conceptual understanding. 
Arnawa et al [47] in their study concluded that APOS 
theory instruction was significantly better than 
teacher-centred traditional lecture methodology due to the 
fact that mathematics ideas were discovered by students 
through fact finding in the mathematics laboratory 
activities among other benefits. There were no significant 
differences in the conceptualization of mathematics 
laboratory activities by the study participants between the 
study levels due to their use of the same laboratory 
environment at different time slots and being taught by 
lecturers with the same Technological Pedagogical Content 
Knowledge (TPCK). 

The quantitative variables of interest for quantitative 
analysis in this study included the test scores from the 
control (CL1and CL2) and experimental groups (EL1 and 
EL2). The causal–effect relationships of the test scores 
from the control and experimental groups managed to 
measure the statistical extent of the impact of the study 
intervention on the students’ mathematics learning 
outcomes. 

Table 5.  Post Test Scores Descriptive Statistics 

Group  Level I Level II 

Experimental  Maximum Score 100 100 

n = 40 Minimum Score 70 75 

 Median Score 90.5 90 

 Mean Score 88.7 89.4 

 Standard 
Deviation 8.9 6.9 

 95% Confidence 
Interval (85.9 ; 91.6)                 (87.2 ; 91.6) 

Control Maximum Score 95 96 

n = 40 Minimum Score 60 65 

 Median Score 84.5 80 

 Mean Score 81.5 80.5 

 Standard 
Deviation 10.4 9.2 

 95% Confidence 
Interval (78.2 ; 84.8)                         (77.6 ; 83.5) 

The mean score in Table 5, for the control group, was 

81.45 with a standard deviation of 10.37 and 95% 
confidence interval of (78.2; 84.8) for the Level I 
participants while the mean score for the experimental 
group was 88.7 with a standard deviation of 8.89 and a 95% 
confidence interval of (85.9; 91.6) for the same group with 
all values rounded to 1 decimal place. 

With the Level II participants the mean score for the 
control group was 80.53 with a standard deviation of 9.22 
and 95% confidence interval of (77.6; 83.5) while the mean 
score for the experimental group was 89.40 with a standard 
deviation of 6.95 and a 95% confidence interval of (87.2; 
91.6) for the same group with all values rounded to 2 
decimal places. 

The test scores revealed that the experimental 
groups(EL1 and EL2) had a higher mean scores and 95% 
confidence intervals than those of the control groups at 
each level to suggest that the APOS-Blooms’ Mathematics 
Instruction mediated Mathematics Laboratory intervention 
yield better learning outcomes than the traditional 
didactical instruction. 

 

Figure 9.  Post Test Scores Boxplots by Study Levels  

A further scrutiny into the trend of the post test scores 
using the boxplots in Figure 9 summarized the interquartile 
ranges (IQRs) of the test scores for two groups under 
investigation and similarly revealed that the experimental 
group performed better than the control group at each level.  

The implications were that the intervention was 
fundamentally useful at each level of Calculus teaching and 
learning at the undergraduate level. However, the single 
one-way analysis of variance would be able to determine 
how statistically significant the differences between the 
mean test scores of the experimental and control groups.  

Furthermore, it was also imperative to compare the 
control and experimental groups in terms of the Pretest and 
Post Test scores by benchmarking the Pretest scores and 
make similar comparisons with the Post Test scores for 
each level. The effect size of the differences between the 
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control and experimental groups was inspected using the 
boxplots factored by study programs and study levels. 

 

Figure 10.  Post Test Scores Boxplots by Study Program and Study 
Level 

In order to evaluate the comparative effectiveness of the 
intervention at each level and distinctive study programs, 
the post test scores boxplots that were factored by study 
level and study programs are illustrated in Figure 10. The 
boxplots for all the experimental groups per each program 
were shifted to the right towards a 100% to reflect 
improvement in performance. Although the performance 
of all the participants was improving at each level using the 
baseline of the pretest scores during the study, greater 
achievements were more in favour of the experimental 
group than control group. However, this shifting trend was 
distinctive for the Bachelor Honours in Actuarial Science 
at Level I and the rest of other programs at Level II. The 
effect size on the differences in groups’ performance in the 
post test seemed to be study programs determined. Again, a 
single one-way analysis of variance or analysis of 
covariance was able to distinguish how statistical 
significant this trend was at each study program and study 
level. 

In Table 6 the analysis of variance (ANOVA) was 
carried out for the combined post test scores of both levels 
combined to check if there were mean score differences 
between the control(CL1and CL2) and experimental(EL1 
and EL2) groups under investigation. The ANOVA results 
revealed that there was statistically significant mean score 
differences, F (1, 158) = 32.87 with p-value = 
4.87x10-8 (p<0.05) between the control and experimental 
groups of both levels combined. 

Table 6.  Analysis of Variance of Control and Experimental Groups’ Post Tests 

ANOVA  

Source of Variations Sum of Squares df Mean Square F P-Value. F Crit 

Test Score: 
(Combined) 

Control Group 
Experimental Group 

Between 
Groups 2600.16 1 2600.16 32.87 4.87x10-8 3.90 

Within Groups 12498.69 158 79.11    

Total 15098.84 159     

       

Level I: 
Control Group 

Experimental Group 

Between 
Groups 1051.25 1 1051.250 11.28 1.22x10-3 3.96 

Within Groups 7271.95 78 93.23    

Total 8323.20 79     

       

Level II: 
Control Group 

Experimental Group 

Between 
Groups 1575.31 1 1575.31 23.63 5.92x10-6 3.96 

Within Groups 5199.58 78 66.66    

Total 6774.89 79     
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Furthermore, when the ANOVA was conducted for 
study levels separately, it again emerged there were some 
statistically significant mean score differences between the 
control and experimental groups for each level, F (1, 78) = 
11.28 with p-value =1.22x10-3 for Level I and F (1, 78) = 
23.63 with p-value =5.92x10-6 for Level II respectively. 
This implied that there were some significant differences in 
the performance of control and experimental groups under 
this study but the effect sizes that were later determined. 
The ANOVA with some factoring that was invoked 
brought up the following results. 

The ANOVA factored by study levels showed that there 
were no statistically significant mean score differences in 
the post test scores between the control groups as 
evidenced by F(3,76) = 0.187 with the  p-value  = 0.666 
(p > 0.05)  and no significant within groups interaction at 
each level. Hence the study levels had no significant effect 
on the mean score differences of control groups’ post test 
scores. 

Likewise, there were also no statistically significant 
differences in the mean scores of the post test scores, F (3, 
76) = 0.143 with p-value = 0.706 (p >0.05) between the 
experimental groups and no significant within group 
interactions at each study level. Therefore this suggested 
that study levels had no significant effect on the mean score 
differences of the experimental groups’ post test scores as 
well. 

However, when the effect sizes of study levels were 
considered, it emerged that study levels had an effect size 
of 0.018 that was small with p-value of 0.236 which was 
significant. Therefore, it meant that at both study levels 
there were significantly small mean score differences or 
equal improvements in the post tests of 62.8% across for 
both control and experimental groups, so the mean 
differences of the test scores were significantly small when 
considered at study levels within control and experimental 
groups under investigation. 

The results of ANOVA factored by gender also indicated 
that there was no statistically significant mean score 
differences in the post test scores by gender, F (1, 78) 
=1.846 with p-value = 0.178 (p > 0.05) between the control 
groups and within groups interactions. Therefore, gender 
had no significant effect on mean score differences of the 
control groups’ post test scores. 

However, the effect size of gender in the post test scores 
of the control group, 0.628 was large with p-value = 0.00 

(p < 0.05) so it was not significant. 
On the contrary, there was statistically significant mean 

score differences in the post test scores by gender, F (1, 78) 
= 6.348 with p-value = 0.014 (p < 0.05) between the 
experimental groups and within experimental groups. 
Therefore, gender had significant effect on the mean score 
differences of the experimental groups’ post test scores. 

This means that although gender attributed to 6.5% 
improvement in the experimental groups’ post test scores, 
the effect was not so significant as compared to the effect 

size due to the mathematics laboratory and technology in 
the experimental groups by itself. The effect size of 
experimental group of 0.656 was large with p-value = 
0.735. Thus the intervention alone caused 65.6% 
improvement in the experimental groups’ test scores which 
was significantly large. 

5. Discussion 
In the main thrust of this study, we attempted to explore 

the digital instructional and pedagogical gaps in 
mathematics education during COVID-19 pandemic in 
Zimbabwe using the case of an APOS theory based virtual 
mathematics laboratory methodology in higher education 
settings. From the results above, the discussion points 
ranged from the understanding of the levels of the 
students and lecturers’ digital artefacts and technologies 
acumen versus their mathematical learning styles and 
digital pedagogical and instructional dispositions 
respectively, how the integration and use of ICT 
advocated in the APOS theory fostered their mathematical 
knowledge construction and thinking, instrumental 
orchestration and how the demand for emergency and 
remote instruction in mathematics education due to the 
COVID-19 pandemic has managed to transition face to 
face pedagogies and pace up digital technologies and 
communication integration for utilization in the 
mathematics teaching and learning process. This sudden 
change in mathematics pedagogy and instruction has 
revealed a number of digital pedagogy and instruction 
gaps that existed in both mathematics educators and 
learners with regards to their digital skills, knowledge and 
perceptions and processes of appropriation.  

The results confirmed the underscore of [48] that if 
mathematics learners use technological tools they can 
actively engage with the mathematics content for improved 
performance and strategic appropriation, especially in 
emergence situations as presented by COVID-19. 

Typical of any other developing countries, Zimbabwe’s 
digital communication and technology situation has not 
been developed to the level of that of the developed 
countries. This situation has affected digital inclusion and 
equity due to socioeconomic factors. In this study, some 
of the mathematical software, artefacts, technologies and 
tools that were available for use were not optimally 
utilized even though access was enhanced. 

6. Conclusions 
From our zoom meetings and the virtual mathematics 

laboratory methodology experiences to Calculus teaching 
and learning as a remote instruction measure to COVID-19 
infections prevention and containment, it was concluded 
that the COVID-19 crisis provided an opportunity for 
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mathematics educators to discover and exploit the digital 
instructional and pedagogical gaps that existed in 
mathematics education at tertiary level. The processes of 
appropriation of digital remote instruction and digital 
mathematics technologies, e-resources and tools to 
lecturers and students respectively should be formalized 
and integrated into the curriculum. Digital skills gaps still 
exist among students and lecturers in general.  

Calculus teaching and learning using virtual 
mathematics laboratory can yield better students’ learning 
outcomes than the traditional didactical methodologies. 
However, the access and uptake of digital resources for 
virtual and remote instruction depend on their perceived 
ease of use and perceived usefulness for their intended 
functions. The thrust during the COVID-19 pandemic was 
therefore the closing of digital teaching and learning gaps 
among the teachers and learners respectively. 
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