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Abstract

The efficiency of virtual field trips (VFTs) compared to their physical counterparts, is often regarded as one of their key
benefits. Virtual field trips are typically more time, cost and environmentally efficient and logistically easier to plan and
execute. This is largely due to the lack of travel, however, the nature of these efficiencies, which is essential for deciding
whether a trip should be virtual, physical or blended, have not previously been quantified. Here we present a quantitative
evaluation of several measures of efficiency, using data from a like-for-like comparison between 10 day long virtual and
physical field trips to Utah, USA, from the University of Aberdeen, UK. For this case study, our results demonstrate that
virtual field trips are more efficient across all the categories of time, cost, environmental impact, and logistics. In addition
to saved air travel days at the start and end of the physical trip, a further 33.3% of the time on the physical field trip was
spent travelling (walking and driving). This time saving allowed an additional 16 localities to be visited on the virtual field
trip. The virtual field trip localities also ran in an order that best suited the geological narrative rather than their geographic
location which the physical field trip was restricted by. Flights and driven kilometres for the physical trip produced c. 4t
of carbon dioxide equivalent (CO,) per student. The virtual trip produce <1% of the CO, and was comparable to a typical
teaching week, making it significantly more environmentally efficient. The cost of the virtual trip was negligible compared
to that of the physical trip (saving up to £3000 GBP per student). These findings were compared to the fulfilment of learning
outcomes, quantified primarily through questionnaires, the student responses suggest that the PFT and VFT perceptions
of learning outcomes were generally comparable. Efficiency is not the only measure of a successful field trip, with other
parameters such as social cohesion and embodiment within the outdoor environment that must also be considered when
planning a field trip. Therefore, the authors do not advocate or support an abandonment of physical field trips. Rather, this
study aims to provide a first attempt to quantify efficiency to inform decision making when planning field training.

Keywords Virtual Field Trip - Time Efficient - Cost Efficient - Logistically Efficient - Carbon Footprint - Learning
Outcomes

1 Introduction discussed previously (e.g. Cliffe 2017; Dolphin et al. 2019;

Pugsley et al. 2022; Smith and McNeal 2023) but these

For over a century, physical field trips (PFTs) have been
a key component of most geoscience degrees. However, the
COVID-19 pandemic resulted in the overnight uptake of
virtual field trips (VFTs) due to travel restrictions and so-
cial distancing measures. The positive and negative aspects
of VFTs as a replacement or compliment to PFTs has been
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discussions are typically qualitative. The enforced adop-
tion of VFTs during the COVID-19 pandemic provided the
opportunity for a unique experiment which allowed direct
comparison between PFTs and VFTs (Pugsley et al. 2022).
One of the key learnings was the qualitative observations
that VFTs are more “efficient”, promoting the suggestion
that VFTs or elements of VFTs should remain in the geo-
science education system. To date, there is an absence of
studies focusing on the quantification of these efficiencies,
especially with respect to the practical aspects of time, lo-
gistics, financial cost, and environmental impact. This study
aims to address these questions. A more detailed descrip-
tion of these specific fieldtrips and a comparison of the
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Fig. 1 Typical VFT and PFT views at the same locality of Bartlett
Wash, Utah, USA. The task at this locality is to study the fault and its
damage zone and consider the impact on subsurface fluid flow. a View
from 2021 VFT: virtual outcrop imported from SafariDB (collected
and processed by VOG Group) and viewed in LIME (Buckley et al.
2019) with additional material including 2D panels (e.g. graphs and
logs), photos and 360° photo spheres. b View from 2023 PFT of the
students being given an illustrated explanation of locality on a white-
board

student experience between the Utah VFTs and pre-covid
PFTs was given by Pugsley et al. (2022).

Previous studies have described some of the advantages
of VFTs. They facilitate more participant access to data
across a range of scales (Hurst 1998; Arrowsmith et al.
2005; Atchison and Feig 2011; Caliskan 2011; Bailey et al.
2012). This increased range of data can then be examined
by participants as part of the VFT (Senger et al. 2021) such
as simultaneously studying virtual outcrops and thin sec-
tions. VFTs are more cost-effective (Stainfield et al. 2000;
Fletcher et al. 2002; Ramasundaram et al. 2005; Jacobson
et al. 2009; Litherland and Stott 2012; Dolphin et al. 2019)
and with the removal of physical travel they are also more
environmentally efficient than their conventional counter-
parts (Ramasundaram et al. 2005). VFTs enable geographic
independence allowing localities to be visited in order that
benefits a narrative rather than for logistical reasons, and
VFTs also permit a higher number of individuals to attend
(Stainfield et al. 2000; Dolphin et al. 2019), both increas-
ing efficiencies. VFTs run prior to a PFT can be used to
introduce the geology, learning objectives and/or logistic
information, which can in turn promote efficiency of the
PFT itself (Streule and Craig 2016). VFTs may also be pre-
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recorded or software-led, freeing up staff time beyond the
initial building and recording of the VFT, increasing staff
efficiency, and allowing greater access to students with part-
time work or caring responsibilities.

Addressing learning outcomes and their potential differ-
ences within VFTs and PFTs has been a focus of several
studies. Through pre- and post-VFT questionnaires Bond
et al. (2022) found that all the main learning outcomes
could be met over the course of their VFT. Sriarunrasmee
et al. (2015) present a learning model to improve learning
outcomes within a virtual fieldtrip stating that students were
highly satisfied by the learning and produced work of a high
level. Klippel et al. (2019) state that their immersive virtual
field trip learning experience as well as learning outcomes
were on par or exceed those of their PFTs. General learn-
ing outcomes may need to differ depending on level, but
generally most workers find they can be achieved to a high
level over the course of a VFT.

Whilst the advantages of VFTs have been discussed pre-
viously, there has been no previous efforts to quantify dif-
ferences in efficiency (i.e. financial, time, logistic, environ-
mental) and to compare efficiencies between like-for-like
fieldtrips. Here we address that point and aims to quantify
the efficiency of virtual field trips and compare perceptions
of learning outcomes using a near identical field trip to Utah
that was run both as a VFT (2021) and as a PFT (2023). To
directly compare the Utah VFT and PFT duration analysis
was performed for the various activities within the working
day across three main themes of (1) active work, (2) breaks
and (3) travel. We also calculate the hypothetical distance
driven between localities on the VFT to compare to the
physical logged kilometres driven during the PFT. In ad-
dition, the number of localities examined across both the
VFT and PFT, and the financial cost of the PFT per in-
dividual were recorded. This quantitative data enables the
direct comparison of a VFT and PFT to mostly the same
localities, for the same learning objectives at a MSc level.
While it may seem obvious that VFTs are more efficient
than their physical counterparts, evaluating the elements
of efficiency remains a useful exercise. Quantification al-
lows planners (e.g. field trip leaders) and decision makers
to make informed choices about when to run a VFT or
a PFT and how to focus resources and time. Pugsley et al.
(2022) demonstrated that it was possible to replace a PFT
with a VFT addressing the same learning outcomes and
for the VFT to be positively perceived by students. How-
ever, there are numerous tangible advantages to PFTs such
as strong group cohesion and individual emersion within
the landscape, culture and outdoor environment. Knowing
the financial and environmental costs of a PFT versus an
equivalent VFT can allow the better allocation of limited re-
sources. It can also lead to efficiency savings in future trips
as a way of focusing resources in a hybrid settings where
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elements of both VFTs and PFTs are used on a course. This
paper provides a workflow and example case study which
may be used as a template for future discussions on the
nature of specific trips.

It is noted that the number of students in the studied
MSc class was relatively small (a total of 30, 7 for the PFT
23 for the VFT) and the results here should be treated with
a degree of caution due to the limited sample size. However,
given the unique circumstances around the COVID-19 pan-
demic, which are unlikely to be repeated in the near future,
we consider the findings to be worth reporting. We also
consider the methodology of comparing efficiency between
PFTs and VFTs to be useful for future studies.

2 Field Trip Outline

The Utah VFT was created as a direct replacement to the
PFT which had been running for over 25 years (Pugsley

et al. 2022). Both courses had the same learning outcomes,
used broadly the same localities (e.g. Figure 1) and had the
same learning objectives and assessments. The VFT ran in
2020 and 2021, while a local PFT alternative was run as
a replacement in 2022. The Utah PFT returned in 2023
when the data for this study were collected. The general
layout of the VFT and PFT is summarized in Table 1.

2.1 Virtual Field Trip

The VFT was first run in 2020 and was 11 days long. The
VFT was rerun over 10 days in 202 1with the removal of one
day as the first exercise around the Great Salt Lake could be
achieved in a single day as the physical travel time between
localities was not a limiting factor. Data for this study were
collected from the 2021 VFT, which was run on campus in
a classroom environment. The VFT was designed to em-
ulate the PFT and was tutor-led in real time through the

Table 1 Description of each day of the VFT 2021 and PFT 2023, day of delivery and number of localities, general locations provided in latitude

and longitude

Virtual Field Trip Physical Field Trip
Day Name and Description Delivery Number of Delivery Number of
Day Localities Day Localities
Salt Lake City (40.7608, —111.8910) 1 10 1,2 9
Large scale exploration play mapping exercise using modern basin and range
tectonics around the Great Salt Lake, for an assessed exercise
Book Cliffs (39.2407, —110.2587) 2,3,4 16 3,4,5 11
Sequence stratigraphy of the Book Cliffs examining shallow marine sedimentol-
ogy (shorefaces, river-dominated deltas and tidal estuarine package interpreted as
an incised valley complex) and correlation in shoreface parasequences. Finishing
with an assessed field development exercise at Thompson Canyon
San Rafael (38.9201, —110.4318) 5 5 6 3
Cretaceous stratigraphy along the western side of the San Rafael Swell, examining
the transgressive deposits of the Dakota/Naturita system and the growth faulted,
fluvial-dominated deltas of the Ferron Sandstone
Distributive Fluvial Systems (38.2924, —111.2604) 6 5 6,7 5
Fluvial architecture of the incised Shinarump Sandstone at Capitol Reef with the
distributive fluvial deposits of the Salt Wash Member of the Morrison. Special
reference was made to the recognition of sand-dominated meandering systems
Igneous (38.4963, —111.2468) 7 5 7 2
The igneous-sedimentary interactions of the Cathedral Valley and Henry Mountain
area, and the implications on the petroleum system
Canyonlands (38.4526, —109.7375) 8 5 9 5
A traverse through Canyonlands, reviewing the stratigraphy and comparing differ-
ent types of arid continental reservoirs
Salt Tectonics (38.5719, —109.57) 9 7 8 4
Analysis of the interaction between the salt tectonics related to the Paradox for-
mation evaporites and sedimentation within the Chinle Formation fluvial deposits
culminating in a student exercise dealing with exploration in salt basins
Extension Tectonics (38.7404, —109.5085) 10 7 10 5

Examining extensional tectonics around Moab and within Arches National Park.
The students visited a series of localities along the Moab and at the Delicate Arch

Relay Ramp

VFT total 60 PFT total 44
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online teaching platform Blackboard Learn, GoogleEarth
and the LIME software (Buckley et al. 2019, 2022b).

In 2020 there were 30 students and in 2021 there were
23 students. The staffing included three professors, one re-
search fellow and two PhD student demonstrators in 2020.
In 2021 the staff numbers were reduced to three profes-
sors and one research fellow. The Utah 2020 VFT was the
first VFT planned and constructed on this scale by the staff
group, it took one research fellow one month of full-time
work, and two months of part-time work by the three pro-
fessors to build. A later week-long VFT to the Pyrenees
took a total a month for one post doc and one professors
part-time work to build. The time and resource savings were
a result of the experience gain building the Utah VFT. The
Utah 2020 VFT was reused in 2021, with minor adapta-
tions. Staff had prior experience of using virtual outcrops
and LIME (Buckley et al. 2019), with access to both the
public (v3Geo, Buckley et al. 2022a) and proprietary (Sa-
fariDB) datasets of over 800 virtual outcrops. LIME has
a direct import function from both v3Geo and SafariDB,
which meant that large virtual outcrops could be easily and
efficiently accessed remotely without the need to download
and copy large datasets. The software stores the other data
for the VFT (logs, photos, maps, diagrams etc) locally and
these were distributed to students as zipped folders. These
zipped folders ranged in size from 0.1-0.9GB and were
provided to students ahead of time to enable download.
To access the outcrops effectively, internet speeds of >6
Mbps were required, however, all students had far higher

speeds on the 2021 VFT as it was run in the University.
This meant students were able to open and interact with
large virtual outcrops on standard and even lower quality
home computers and without the need for high performance
desktops. The 2021 Utah VFT included 30 virtual outcrops
(Buckley et al. 2008), 23 DEMs, 313 photos, and 112 logs/
wells (Pugsley et al. 2022), with all data collected prior
to the COVID-19 pandemic or sourced online (e.g. 360°
photos from google street view). The VFT enabled one ad-
ditional day examining igneous-sedimentary interactions,
which was only briefly visited on the PFT at the end of the
Distributive Fluvial Systems day due to its relatively close
geographic location. The average VFT day length was 7h
and 19min, with structured breaks throughout the day to
enable students time away from their screens.

Over the course of the trip 60 localities were visited vir-
tually (Fig. 2). The hypothetical driving distance between
the localities in order of delivery was 3998.2 km. Commute
time for individual students and staff to and from the uni-
versity was not recorded, all participants lived within or
around the city and all but two walked to the University.
Once built the Utah VFT was run twice for the students
and the same material, with some adaptations, has been
used multiple times for various audiences from conference
workshops to industry VFTs. Further information on the
VFT construction, delivery and perceptions are detailed in
Pugsley et al. (2022).

Fig.2 Map illustrating localities
visited across the Utah field
trips. a The virtual field trip
map of localities visited which
totalled 60 hypothetical driving
distance between localities in
the order presented would have
resulted in 3998.2km of driving.
b The physical field trip map of
localities visited which totalled
44 driving distance over the
course of the field trip totalled
2112km. The virtual field trip
localities are more numerous
and present a wider geographic
spread. Foundation map from
Google Maps, Default and Ter-
rain, Map data November 2023
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2.2 Physical Field Trip

The 2023 Utah field trip was the first PFT after the COVID-
19 pandemic and followed the same outline of the pre-pan-
demic PFTs with some minor changes, including the in-
tegration of the Google Earth Pro kmz within to the first
exploration play mapping exercise around the Great Salt
Lake. The field trip included 10 days in the field, 1 day
off, and 2.5 travel days (flying Aberdeen to Utah return)
totalling 2 weeks away. An unusually low number of stu-
dents (7) formed this cohort. The staffing included two pro-
fessors and one research fellow. This is also an unusually
high staff to student ratio, albeit necessary for knowledge,
safety, and research (including the data collection of this
study). For reference, the same number of staff have taken
30 students in previous pre-pandemic years PFTs. The av-
erage day length from leaving a hotel in the morning to
arriving to a hotel in the evening was 9h and 49 min. Over
the course of the field trip, 44 localities were visited, and
the total driving distance per car, of which there were 3,
was 2112km (see Fig. 2).

3 Methodology for Quantifying Efficiency
3.1 Quantifying Duration Analysis

Activity categories were discussed and subdivided prior to
the 2021 VFT and tested on the earlier rendition of the Utah
VFT in 2020 to ensure they included all activities over the
duration of a field trip. Activity categories were separated
into (1) active work, where students were taking part in
the coursework and material, further subdivided into, tutor
explanation, independent work, group work, discussion and
student presentations; (2) breaks, allocated time off and (3)
travel, walking or driving between localities (not applicable
for VFT). These are further described in Table 2. Over the
course of both field trips, an iPhone ‘Clock’” app was used
on the stopwatch function, started at the beginning of each
day, with each activity start/end recorded as a lap to ensure
all time was accounted for by an activity. The recorded
times were listed onto a spreadsheet, then collated at the
end of each day.

3.2 Quantifying Logistics

During the physical field trip, the kilometres travelled over
the course of each field day, starting at the accommodation,
between the localities then returning to the accommodation
were recorded using the Google Maps app. For the vir-
tual kilometres hypothetically travelled, each locality was
pinned in order delivered within the Google Maps app. The
hypothetical routes were recorded from the equivalent ac-

commodation used on the PFT, then the localities in the
order of delivery, and return to the equivalent accommoda-
tion.

3.3 Quantifying Cost

The cost was calculated as the total cost of the physical field
trip for each student including flights, accommodation, and
car hire. Food (excluding breakfast included in accommo-
dation price) was not included as part of the overall price.
The price of the physical trip is included within tuition
fees. Tuition fees were retrospectively corrected during the
pandemic to account for the lack of the physical field trip.

3.4 Quantifying Environmental Impact

To quantify the travel related environmental impact of the
PFT the total tonnes of carbon dioxide equivalent (CO,)
emissions per person and collectively was calculated for
the flights and cars. For consistency and the ability to com-
pare the result we chose to use the Target Neutral carbon
emissions calculator (https://www.bp.com/en_gb/target-
neutral/home/calculate-and-offset- travel-emissions.html#/:
Last accessed December 2023), we would like to note that
there are other calculators available potentially producing
similar but not identical results. The return flights were
Aberdeen to Heathrow, Heathrow to Denver and Denver to
Salt Lake City, then three vehicles were hired for the trip,
including two large cars and a medium car were imputed
into the calculator.

The first VFT (2020) was run at the height of the pan-
demic when all students and staff were at home so there
were no travel related CO, emissions. For the 2021 VFT
the course was run on the University of Aberdeen campus.
The majority of students (all except two) live on or within
walking distance of the campus. The staff live slightly
further away, and it is recognised that their commutes
produced some CO, emissions. To calculate CO, for the
three staff and driving students we again used the Tar-
get Neutral carbon emissions calculator. Students taking
public transport or taking any other form transport (e.g.
e-bike or e-scooter) which may produce a CO, emission,
though notably small, were not calculated. Generally the
typical carbon dioxide equivalent (CO,) for a single desk-
top and screen used for eight hours is 70g as quoted by
the University of Oxford (https://www.it.ox.ac.uk/article/
environment-and-it: Last Accessed July 2024), this metric
was used to calculate for the 10 days for 23 students and
2 members of staff. Estimates for the CO, of the cloud
storage sites for the virtual outcrops were not available but
are considered negligible, since the cumulative time spent
serving a model is seconds per day.
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Table 2 Activity category descriptors for the Utah VFT and PFT

Activity Virtual Field Trip Physical Field Trip
Category
Active Work
Explanation Outlining aims and objectives at start of day, for an assessment Outlining aims and objectives at start of day, for an assessment
of talk/ or at a locality or at a locality
assessment
Independent Students working independently, exploring the virtual outcrop Students working independently, exploring outcrop on their
work and supplementary data in LIME on their own or in small own or in small undefined groups
undefined groups
Groupwork  Students working as part of team, as requested by staff, such Students working as part of team, as requested by staff, such as
as one individual sharing screen or in larger assessment groups in pairs for logging exercises or larger assessment groups
Geological  Staff explaining a locality, often by sharing their screens to Staff explaining an outcrop, often with whiteboard illustration
explana- show LIME. Within the VFT there was more structure, and it once students have explored the locality. Given informal nature
tion and was easier to separate opportunities for discussion as students of the geological explanation (e.g. staff member standing at
discus- were presented to, with questions then posed to initiate discus- front of group) it typically led into questions and discussion on
sion sion at each locality and time allocated at the end for student individual points, the whole locality, wider regional context, or
questions. However, discussion and geological explanation are implications for application. Therefore, the difference between
grouped for comparison with the physical field trip geological explanation and discussion was less clear
Student Students presenting by sharing screen, often one individual Students presenting PowerPoint slides to staff and/or other
Present- screen, with group members sharing their microphones. Typ- students in a formal setting with a projector. Typically, at start
ing ically, at start or end of day, if needed/possible virtual field or end of day, if needed/possible field days were shortened to
days were shortened to accommodate time for presentations accommodate time for presentations and groupwork
and groupwork
Breaks
Blank Time waiting such as for students to re-join the virtual class- Time waiting such as unloading car, packing car, or time run-
Time room after agreed start time ning late from agreed start time
Lunch Time allocated to eat in the middle of the day, typically pre- Time allocated to eat in the middle of the day, typically before
agreed tobe 1h or after a locality with students either eating in car or on public
picknick benches
Break Time allocated for breaks such as coffee/tea and toilet Time allocated for breaks such as shopping for lunch and speci-
fied toilet stops
Travel
Travel No travel recorded, students working from home or a locality Walking or driving between localities, flight times to Utah not

of their choice travelling outside of teaching time

included and allocated as an additional day either side of field
trip

3.5 Quantifying Fulfilment of Learning Outcomes

Evaluating the fulfilment of learning outcomes during VFTs
is fundamental when considering efficiency. The comple-
tion of learning outcomes was evaluated through question-
naires by asking specific questions on each of the learning
outcome. Ethics approval was granted for questionnaires
by the University of Aberdeen. Following the university
guidelines, questionnaire participation was voluntary and
anonymized. Participants were requested to respond to a se-
quence of questions rating their experience between 1 (dis-
agree) to 5 (agree) and were able to give qualitative state-
ments within an open text box. The same format was used
for both questionnaires with equivalent questions for VFT
and PFT. The completion rate for the Utah 2021 VFT was
91% (21 out of 23) and for the Utah 2023 PFT it was
100% (7 out of 7). For the VFT students were encouraged
to complete the questionnaire at the end of the VFT in the
classroom, with a deadline of 2 weeks after the end of field
trip for responces. For the PFT the questionnaire was sent
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to the students at the end of the trip, again with a deadline
of 2 weeks to complete. While a dataset of only 26 students
is a small study group and may weaken some of the con-
clusions, this was outside of our control, we had to work
with the available data but still find the result to be worth
reporting given this is the first study on quantification of
efficiency. Future studies of larger groups following this
methodology would help to test and validate these initial
results.

The use of questionnaires is routine within the academic
curriculum to gauge participant perception. However, there
must be an acknowledgement of the potential issues of self-
reporting (Spooren et al. 2013; Boring and Ottoboni 2016;
Esarey and Valdes 2020). The notion of understanding is
not a true gauge of understanding, and participants cannot
know the exact level of their understanding (Kuorikoski
and Ylikoski 2015). Also, participants can only reflect on
their own experience and as a result are unable to truly
compare between a PFT and VFT if they have not attended
both. While it is not possible to truly standardise this form
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of questionnaire data, it is still a useful measurement for
general participant opinion.

4 Results
4.1 Duration Analysis

While the VFT was a direct replacement of the PFT, the
virtual set up provided the opportunity to incorporate ad-
ditional localities that were otherwise located too distantly
to be included in the PFT. Conversely, there were a hand-
ful of localities which virtual outcrops had not been col-
lected from and no other suitable virtual data were found
and therefore the locality was excluded from the VFT. The
VFT and PFT daily average for each activity themes are
outlined in Table 2. For the VFT 70.2% of the student’s
working day was spent conducting active work, whereas
for the PFT it was lower at 50.1% (see Fig. 3). Breaks
took up 29.8% of the working day for the VFT, whereas
the PFT was lower at 16.6%. With the VFT breaks were
specifically allocated to give participants time away from
their screens and physically move in line with good health
and safety practice, therefore this higher percentage was
expected. Travel time did not contribute towards the VFT
as all students lived in Aberdeen or nearby and therefore
commuted onto campus, typically less than 20 min. In 2020,
commute times were even less with most students working
from home in line with COVID restrictions. For the PFT,
exactly a third (33.3%) of the trip was spent either walking
or driving between localities.

Activities were divided into more detailed categories
within the three themes of active work, breaks and travel
(see Fig. 4), Table 2 lists category descriptions. The biggest
contrast between the duration analysis for the field trips
was travel, which included driving and walking between
localities on field days. On average, a third of each day was
spent travelling which equalled 3h and 16min. A further
day either side of the fieldtrip was required for flight travel,
which further increases the time expended by travel, though
not included in the daily average.

Within active work, geological explanation and discus-
sion consumed the most average daily time, with almost 2h
and 45 min spent during the VFT and a slightly lower at 2h
and 24 min for the PFT. However, it is noted that informal
discussions continued during travel time of the PFT. For
explanation of task/assessment the VFT daily average time
was 3min and 40s, whereas for the PFT it was close to
11 min, likely longer owing to more time spent explaining
logistics (e.g. safety and walking routes). Student present-
ing time was a little over 14 min for the VFT and 8 min for
the PFT, the difference due to the larger student numbers on
the VFT resulting in more groups presenting and a higher

70.2% |:| Virtual Field Trip
I:' Physical Field Trip
70
60 50.1%
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< 33.3%
o 40 29.8%
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«
> 30
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K 16.6%
20
10 0.0%
0 Active
Work Breaks Travel

Fig.3 Daily average of the three main themes of active work, breaks
and travel or the VFT and PFT

collective average time. For Independent work, the VFT
had an average daily time of 34 min, whereas the PFT had
a considerably longer 1h and 20min. For groupwork, the
opposite occurred, the VFT has a much longer daily aver-
age of 1h 39min, whereas the PFT had a much lower time
at only 52min. These differences are not a direct result in
varying activities between the VFT and PFT, instead they
are likely a result of students during the VFT often being
told to ‘explore in groups’ as opposed to ‘explore’. The use
of the suggested use of groups was often used to promote
discussion, whereas at PFT locations students naturally and
informally started discussions.

Within the theme of breaks, lunch showed the biggest
difference between the VFT and PFT, with the VFT (1h
6 min) lunch consumed double the time of the PFT (32 min).
As the VFT was run in real time, designated hour-long
lunches aimed to help break up the day, whereas on the
PFT lunch was simply for eating as travel broke up the day
and enabled people to rest. Designated breaks were nearly
the same at 43 (VFT) and 42 (PFT) minutes. Blank time
was longer during the PFT (25 min) than the VFT (15 min).

4.2 Logistics
As VFTs can be geographically independent, they enable

the field trip to run in an order of the best geological narra-
tive rather than the geographic location and are also weather
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Fig.4 Detailed duration analysis across overall field trip including active work, breaks and travel activities

and tide independent (Dolphin et al. 2019). Over the course
of the PFT, 2102km were driven, whereas on the VFT the
hypothetical driven miles between each locality and to and
from the accommodation which would have been required
totalled 3955.2km which is near double (188.2% increase)
that of the VFT. This is the result of the localities being run
in an ideal geological narrative order, in addition to locali-
ties in more distant localities being visited which were not
reachable in the given timeframe of the PFT.

4.3 Cost

VFTs are known to be a cost-effective solution to field trips,
as they reduce the financial burden associated with travel
(Stainfield et al. 2000; Fletcher et al. 2002; Ramasundaram
et al. 2005; Jacobson et al. 2009; Litherland and Stott 2012;
Dolphin et al. 2019). The Utah 2021 VFT was no different,
with no additional cost to each student compared to the
normal working week.

Over the past five Utah PFTs, an average cost per student
ranged between three to four thousand pounds (GBP), in-
cluding flights, accommodation, car hire and national park
fees which came directly from their tuition fees. This is
a significant saving which has important implications for
university budgets and the costs borne by students. The cost
of PFTs can be a concern to students undertaking fieldwork
which VFTs alleviate (Bond et al. 2022). It should also
be noted that the cost savings do not include the cost of
specialists’ outdoor equipment which is often required for
fieldwork.

@ Springer

4.4 Environmental Impact Analysis

VFTs are typically associated with lower carbon emissions
(Schott 2017), mainly owing to the lack of long-distance
travel. For the PFT, CO, emissions totalled 3.79t per per-
son through travel, including return flights and driven kms.
A total of 38t of CO, was generated for this trip, which
was unusually low due to a small year group. In a normal
year with between 20 and 40 students, it would be between
c. 80 and 160t.

For the Utah VFT, the CO, budget, including computer
usage and commuting, was 0.0007 to 0.317t per person.
This range was controlled by the differing methods stu-
dents used to travel to campus: walking, driving or public
transport. Calculated CO, for staff and driving students for
the duration of the trip was 0.93t. CO, usage of comput-
ers produced a total of 0.0175t. Estimates for the CO, of
the cloud storage sites for the virtual outcrops were not
available but are considered negligible, since the cumula-
tive time spent serving a model is seconds per day. A total
of 0.95t was generated by the VFT, which is an average of
0.036t per person, this is 1% of the impact of the PFT.

4.5 Learning Outcomes

The quantitative responses to the learning outcome section
of questionnaires for the Utah 2023 PFT and 2021 VFT are
plotted in Fig. 5. These are discussed in greater detail in
Pugsley et al. (2022). The general question ‘I learnt new
concepts and material’ was agreed with by 100% of par-
ticipants across both trips, however, the interquartile range
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Fig.5 Quantitative responses to .
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(IQR) for the PFT was broader between 4 and 5, whereas
all students on the VFT selected 5.

For the specific learning outcomes students all agreed
on the PFT that they had better understanding of hydro-
carbon exploration processes with IQRs between 4 and 5,
for the VFT the IQR was the same, but agreement was
89.5 and 10.5% responded with neutral (3). Again, all PFT
student responses for understanding of extensional tecton-
ics agreed 100% with an IQR of 5, whereas the VFT IQR
varied from 4-5, with 84.2% agreeing, 10.5% neutral and
5.3% disagreeing. When asked about their understanding
of the processes involved in field development the IGR for
PFT again fell at 5, and all agreeing, whereas for VFT
the IQR was 4-5, with 94.7% agreeing and 5.3% disagree-
ing. Student responses for their understanding of sequence

stratigraphy showed the greatest range with PFT IQRs be-
tween 4-5 and 85.7% agreeing and 14.3% neutral, for the
VFT the range was grater with the IQR between 3-5 and
68.4% agreeing, 26.3% neutral, and 5.3% disagreeing. The
statement “I understand depositional systems in arid rift
basins” had the same IQR range for both the PFT and VFT
of 4 to 5, however, while 100% of PFT students agreed, for
the VFT 84.2% agreed and 15.8% were neutral. PFT re-
sponses for familiarity with different types of shallow ma-
rine systems and understanding of the distributive fluvial
systems (DFS) concept and its implications were identical
with 100% agreeing, and an IQR of 5. For the VFT re-
sponses were also markedly similar with both having IQRs
of 4 to 5, however, 100% agreed to the shallow marine
statement, whereas 94.7% agreed and 5.3% disagreed to

@ Springer



688 PFG - Journal of Photogrammetry, Remote Sensing and Geoinformation Science (2024) 92:679—690

the DFS statement. For the understanding of salt tectonics
and the impact of halokinetics on sedimentation the PFT
IQR was 4 to 5, with 100% agreeing, whereas for the VFT
the IQR was wider at 3 to 5, with 68.4 agreeing and 31.6
neutral to the statement. The final learning outcome specific
statement ‘I have a better understanding of the impact of
igneous rocks in basins’ has an IQR of 4-5 for both the
PFT and VFT, with 100% of PFT responses agreeing, and
89.5% of VFT responses agreeing, and 20.5% neutral.

The PFT students also responses to the statement ‘I’d
rather do a VFT to Utah’ the IGR was 1, with 85.7% dis-
agreeing and 14.3% neutral. The VFT students were given
the mirror statement ‘I’d rather go on a PFT to Utah’ and
the responses where almost exactly mirrored with an IQR
of 5 and with 94.7% agreeing and 5.3% neutral.

5 Discussion

This study evaluates efficiency of a like-for-like VFT and
PFT to Utah and compares these findings to student per-
ceptions of achieved learning outcomes. This evaluation
provide data for those designing field trips to allow deci-
sion makers (e.g. trip leaders) to make more informed deci-
sions, based on their unique circumstances. Efficiency can
be evaluated in many ways. Here we present a method to
quantify efficiency using time (duration analysis), logistics,
cost, and environmental impact parameters. As a result, we
found that VFTs are indeed significantly more efficient in
all categories. The main VFT efficiency savings from our
study are travel (e.g. less time spent in a car), more local-
ities over a larger range following a geological narrative
could be presented, and our VFT produced 1% of the CO,
equivalent emissions to its PFT counterpart (largely owing
to flights).

This study is not intended to be a discussion on the vari-
ous merits of VFTs vs PFTs beyond efficiencies and learn-
ing outcomes. This has been covered elsewhere (e.g. Cliffe
2017; Dolphin et al. 2019; Pugsley et al. 2022; Smith and
McNeal 2023). This case study VFTs was unquestionably
more efficient in every metric recorded and that learning
outcomes are comparable than the PFT. While we recog-
nise that the sample size is small, especially for the PFT,
we do not consider that this would have a significant impact
on the efficiency metrics, as most such as cost, and CO, are
directly scalable (e.g. 50 students will use 5 times as much
CO, as 10). With respect to time, travel time is broadly
similar regardless of the number of students. Differences in
teaching/activity time for larger groups do exist and a larger
group on the PFT would have been slower. This would have
further increased the apparent efficiency of the VFT. How-
ever, efficiency, is not the only measure of a successful field
trip, learning outcomes are also important.
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The responses to the statements within the student ques-
tionnaire consistently illustrated that most students agreed
they had improved their understanding across all the learn-
ing outcomes for both the VFT and PFT. Notably how-
ever, the PFT did consistently score higher, with the IQRs
falling between 4-5 (agreeing), than the VFT which while
most students did still agree, there was a broader range.
Additionally, for the VFT there was one negative response
on a couple statements. This potentially indicates students
on the VFT generally felt slightly less confident in their
knowledge than those who attended the PFT. Additionally,
the larger range in responses for the VFT may illustrate
a more varied experience, or potentially the less varied re-
sponse of the PFT may owe to the small student cohort and
small survey size. The largely positive VFT responses are in
line with other studies on VFT's and learning outcomes (e.g.
Sriarunrasmee et al. 2015; Klippel et al. 2019; Bond et al.
2022), overall learning outcomes were achieved according
to student perception. Additionally, the assessed presenta-
tions were of a similar standard across both the VFT and
PFT.

While PFTs are less efficient they have other benefits
including increased social cohesion (Dunphy and Spellman
2009), emersion within the outdoor environment, nature,
and travel (Bellan and Scheurman 1998) and financial ben-
efits for local communities. They are also more significant
“events” which students tend to remember often with pos-
itive association. Whilst less efficient, it is both likely and
desirable that PFTs remain widely implemented within the
geoscience curriculum. In the questionnaire most students
indicated that their preference was a PFT to Utah, with
only a couple individuals across both surveys responding
neutrally to the statement indicating the choice between
VFT or PFT. VFTs do appeal to some individuals, and they
have a major role to play going forward, for individuals
and groups that are unable to travel, to augment traditional
classroom learning outside of scheduled field trips and as
a mechanism to prepare students for or revise after PFTs.
VFTs also potentially enable a higher number of individ-
uals to attend (Stainfield et al. 2000; Dolphin et al. 2019)
and participants to easily revisit localities to cement learn-
ing (Hurst 1998). Once constructed VFT’s can be reused,
in a similar way to field guides, such as the Utah 2020,
being used in 2021 with minor adaptations reflecting the
learnings from the previous year by staff. The VFT we
present here are constructed using virtual outcrop collected
by the authors and wider research team. There can be fur-
ther efficiency gains from using pre-made freely available
virtual outcrop from online repositories such as v3Geo and
Sketchfab.
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6 Conclusions

The VFT presented here in our case study was more ef-
ficient in all the categories, including time, logistics, cost,
and environmental impact compared to its equivalent PFT.
Learning outcomes were met to a similar level, gauged
primarily through questionnaires. Generally, the PFT re-
sponses were less variable and marginally higher scoring
but similar. The advent of VFTs has brought an improved
flexibility. Future trips can benefit from a range of ap-
proaches with increased efficiency. However, multiple fac-
tors must also be considered when planning a field trip and
the authors do not support or promote an abandonment of
physical field trips. Instead, efficiency gains may made on
PFTs through blending some VFT aspects. This study has
provided a first attempt to quantify these efficiencies and
compare them to learning outcomes, providing a framework
for similar comparison elsewhere.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s41064-024-00321-y) contains supplementary mate-
rial, which is available to authorized users.

Acknowledgements The authors would like to thank all IPG MSc
participants of 2021 and 2023 for contributing their perceptions and
thoughts on the VFTs. The wider VOG group is acknowledged for
their extensive work on virtual outcrops, as is the LIME team for de-
veloping the software and providing support through all VFTs. V3Geo
is also acknowledged as a useful cloud-based platform to host many
of the 3D models used within the VFTs, and the SAFARI consortium
(https://sataridb.com/home, last access: 1st December 2023) is thanked
for hosting the remaining virtual outcrops and the support.

Author Contribution J.A. Howell, A.J. Hartley and J.H. Pugsley de-
veloped the virtual field trips 2020/2021 and ran the 2023 physical
field trip. J.H. Pugsley and J.A. Howell wrote the main article draft.
M. Chmielewska was responsible for processing most of the model
data used across the VFTs. J.A. Howell, S.J. Buckley and N. Nau-
mann conceptualized the VFT tools available in LIME, which were
implemented the LIME team. N.J. Schofield and R. Brackenridge con-
tributed to VFT and PFT. All authors read and gave input through mul-
tiple iterations of the article draft.

Availability of data and material Many virtual outcrop models pre-
sented in this paper are available on V3Geo (https://v3geo.com/, last
access: 1 Dec 2021; V3Geo 2024). A data spreadsheet is supplied
within supplement 1 for duration analysis, number of localities, and
distance travelled.

Conflict of interest J.H. Pugsley, J.A. Howell, A.J. Hartley, S.J. Buck-
ley, M. Chmielewska, N. Naumann, N.J. Schofield and R. Bracken-
ridge declare that they have no competing interests.

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.

0/.

References

Arrowsmith C, Counihan A, McGreevy D (2005) Development of
a multi-scaled virtual field trip for the teaching and learning of
geospatial science. Int J Educ Dev Using Ict 1(3):42-56

Atchison CL, Feig AD (2011) Theoretical perspectives on constructing
experience through alternative field-based learning environments
for students with mobility impairments. In: Qualitative inquiry in
geoscience education research, pp 11-21 https://doi.org/10.1130/
SPE474

Bailey J, Whitmeyer S, De Paor D (2012) Introduction: The applica-
tion of google geo tools to geoscience education and research. In:
Google earth and virtual visualizations in geoscience education
and research. Geological Society of America, pp 7-19 https://doi.
org/10.1130/2012.2492(00))

Bellan JM, Scheurman G (1998) Actual and virtual reality: Making the
most of field trips. Soc Educ 62:35-40

Bond CE, Pugsley JH, Kadar L, Ledingham SR, Skupinska MZ,
Gluzinski TK, Boath ML (2022) Learning outcomes, learning
support, and cohort cohesion on a virtual field trip: an analysis
of student and staff perceptions. Geosci Commun 5:307-323.
https://doi.org/10.5194/gc-5-307-2022

Boring A and Ottoboni K (2016) Student evaluations of teaching
(mostly) do not measure teaching effectiveness. ScienceOpen Res
11 https://doi.org/10.14293/S2199-1006.1.SOR-EDU.AETBZC.
vl

Buckley SJ, Howell JA, Enge HD, Kurz TH (2008) Terrestrial laser
scanning in geology: data acquisition, processing and accuracy
considerations. J Geol Soc London 165(3):625-638

Buckley SJ, Ringdal K, Naumann N, Dolva B, Kurz TH, Howell JA,
Dewez TJ (2019) LIME: Software for 3-D visualization, inter-
pretation, and communication of virtual geoscience models. Geo-
sphere 15:222-235. https://doi.org/10.1130/GES02002.1

Buckley SJ, Howell JA, Naumann N, Lewis C, Chmielewska M,
Ringdal K, Vanbiervliet J, Tong B, Mulelid-Tynes OS, Foster D,
Maxwell G, Pugsley J (2022) V3Geo: a cloud-based repository
for virtual 3D models in geoscience. Geosci Commun 5:67-82.
https://doi.org/10.5194/gc-5-67-2022

Buckley SJ, Howell JA, Naumann N, Pugsley J, Vanbiervliet J, Ring-
dal K, Lewis C, Tong B, Chmielewska M (2022b) Virtual field
trips: Experience from a global pandemic and beyond. In: SPE
Norway Subsurface Conference. OnePetro https://doi.org/10.
2118/209560-MS

Caliskan O (2011) Virtual field trips in education of earth and environ-
mental sciences. Procedia Soc Behav Sci 15:3239-3243. https://
doi.org/10.1016/j.sbspro.2011.04.278

Cliffe AD (2017) A review of the benefits and drawbacks to virtual
field guides in today’s Geoscience higher education environment.
Int J Educ Technol High Educ 14:1-14. https://doi.org/10.1186/
$41239-017-0066-x

Dolphin G, Dutchak A, Karchewski B, Cooper J (2019) Virtual field
experiences in introductory geology: Addressing a capacity prob-
lem, but finding a pedagogical one. J Geosci Educ 67:114-130.
https://doi.org/10.1080/10899995.2018.1547034

Dunphy A, Spellman G (2009) Geography fieldwork, fieldwork value
and learning styles. Int Res Geogr Environ Educ 18:19-28.
https://doi.org/10.1080/10382040802591522

@ Springer


https://doi.org/10.1007/s41064-024-00321-y
https://doi.org/10.1007/s41064-024-00321-y
https://safaridb.com/home
https://v3geo.com/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1130/SPE474
https://doi.org/10.1130/SPE474
https://doi.org/10.1130/2012.2492(00)
https://doi.org/10.1130/2012.2492(00)
https://doi.org/10.5194/gc-5-307-2022
https://doi.org/10.14293/S2199-1006.1.SOR-EDU.AETBZC.v1
https://doi.org/10.14293/S2199-1006.1.SOR-EDU.AETBZC.v1
https://doi.org/10.1130/GES02002.1
https://doi.org/10.5194/gc-5-67-2022
https://doi.org/10.2118/209560-MS
https://doi.org/10.2118/209560-MS
https://doi.org/10.1016/j.sbspro.2011.04.278
https://doi.org/10.1016/j.sbspro.2011.04.278
https://doi.org/10.1186/s41239-017-0066-x
https://doi.org/10.1186/s41239-017-0066-x
https://doi.org/10.1080/10899995.2018.1547034
https://doi.org/10.1080/10382040802591522

690 PFG - Journal of Photogrammetry, Remote Sensing and Geoinformation Science (2024) 92:679—690

Esarey J and Valdes N (2020) Unbiased, reliable, and valid stu-
dent evaluations can still be unfair. Assess Eval High Edu
45:1106-1120, https://doi.org/10.1080/02602938.2020.1724875

Fletcher S, France D, Moore K, Robinson G (2002) Fieldwork educa-
tion and technology: A GEES perspective. Planet 7:17-19. https://
doi.org/10.11120/plan.2002.00070017

Hurst SD (1998) Use of “virtual” field trips in teaching introductory
geology. Comput Geosci 24:653-658. https://doi.org/10.1016/
S0098-3004(98)00043-0

Jacobson AR, Militello R, Baveye PC (2009) Development of com-
puter-assisted virtual field trips to support multidisciplinary
learning. Comput Geosci 52:571-580. https://doi.org/10.1016/
j.compedu.2008.11.007

Klippel A, Zhao J, Oprean D, Wallgriin JO, Stubbs C, La Femina P,
Jackson KL (2019) The value of being there: Toward a science of
immersive virtual field trips. Virtual Real 24:753-770. https://doi.
org/10.1007/s10055-019-00418-5

Kuorikoski J and Ylikoski P (2015) External representations and scien-
tific understanding. Synthese 192:3817-3837, https://doi.org/10.
1007/s11229-014-0591-2

Litherland K, Stott TA (2012) Virtual field sites: Losses and gains in
authenticity with semantic technologies. Technol Pedagog Educ
21:213-230. https://doi.org/10.1080/1475939X.2012.697773

Pugsley JH, Howell JA, Hartley A, Buckley SJ, Brackenridge R,
Schofield N, Maxwell G, Chmielewska M, Ringdal K, Nau-
mann N, Vanbiervliet J (2022) Virtual field trips utilizing virtual
outcrop: construction, delivery and implications for the future.
Geosci Commun 5(3):227-249. https://doi.org/10.5194/gc-5-
227-2022

Ramasundaram V, Grunwald S, Mangeot A, Comerford NB, Bliss C
(2005) Development of an environmental virtual field laboratory.
Comput Educ 45:21-34. https://doi.org/10.1016/j.compedu.2004.
03.002

SAFARI (2024) SafariDB—The Geological Outcrop Database. https://
safaridb.com. Accessed 12 Dec 2023

@ Springer

Schott C (2017) Virtual fieldtrips and climate change education for
tourism student. J Hosp Leis Sport Tour Educ 21:13-22. https://
doi.org/10.1016/j.jhlste.2017.05.002

Senger K, Betlem P, Grundvag SA, Horota RK, Buckley SJ, Smyrak-
Sikora A, Jochmann MM, Birchall T, Janocha J, Ogata K,
Kuckero L (2021) Teaching with digital geology in the high Arc-
tic: opportunities and challenges. Geosci Commun 4(3):399-420.
https://doi.org/10.5194/gc-4-399-2021

Smith TG, McNeal KS (2023) Assessing motivations, benefits,
and barriers of implementing virtual field experiences in geo-
science-related disciplines. J Geosci Educ. https://doi.org/10.
1080/10899995.2023.2258760

Spooren P, Brockx B and Mortelmans D (2013) On the validity of stu-
dent evaluation of teaching: The state of the art. Rev Educ Res
83:598-642, https://doi.org/10.3102/0034654313496870

Sriarunrasmee J, Suwannatthachote P, Dachakupt P (2015) Virtual field
trips with inquiry learning and critical thinking process: a learning
model to enhance students’ science learning outcomes. Proc Soc
Behav Sci 197:1721-1726. https://doi.org/10.1016/j.sbspro.2015.
07.226

Stainfield J, Fisher P, Ford B, Solem M (2000) International virtual
field trips: a new direction? J Geogr High Educ 24:255-262.
https://doi.org/10.1080/713677387

Streule MJ, Craig LE (2016) Social learning theories—An important
design consideration for geoscience fieldwork. J Geosci Educ
64(2):101-107

Target Neutral carbon emissions calculator. https://www.bp.com/en_
gb/target-neutral/home/calculate-and-offset-travel-emissions.
html#/. Accessed 16 Dec 2023

University of Oxford (2022) Environmental impact of IT: desktops,
laptops and screens. https://www.it.ox.ac.uk/article/environment-
and-it. Accessed 17 July 2024

V3Geo (2024) Virtual 3D geoscience. https://v3geo.com. Accessed 12
Dec 2023


https://doi.org/10.1080/02602938.2020.1724875
https://doi.org/10.11120/plan.2002.00070017
https://doi.org/10.11120/plan.2002.00070017
https://doi.org/10.1016/S0098-3004(98)00043-0
https://doi.org/10.1016/S0098-3004(98)00043-0
https://doi.org/10.1016/j.compedu.2008.11.007
https://doi.org/10.1016/j.compedu.2008.11.007
https://doi.org/10.1007/s10055-019-00418-5
https://doi.org/10.1007/s10055-019-00418-5
https://doi.org/10.1007/s11229-014-0591-2
https://doi.org/10.1007/s11229-014-0591-2
https://doi.org/10.1080/1475939X.2012.697773
https://doi.org/10.5194/gc-5-227-2022
https://doi.org/10.5194/gc-5-227-2022
https://doi.org/10.1016/j.compedu.2004.03.002
https://doi.org/10.1016/j.compedu.2004.03.002
https://safaridb.com
https://safaridb.com
https://doi.org/10.1016/j.jhlste.2017.05.002
https://doi.org/10.1016/j.jhlste.2017.05.002
https://doi.org/10.5194/gc-4-399-2021
https://doi.org/10.1080/10899995.2023.2258760
https://doi.org/10.1080/10899995.2023.2258760
https://doi.org/10.3102/0034654313496870
https://doi.org/10.1016/j.sbspro.2015.07.226
https://doi.org/10.1016/j.sbspro.2015.07.226
https://doi.org/10.1080/713677387
https://www.bp.com/en_gb/target-neutral/home/calculate-and-offset-travel-emissions.html#/
https://www.bp.com/en_gb/target-neutral/home/calculate-and-offset-travel-emissions.html#/
https://www.bp.com/en_gb/target-neutral/home/calculate-and-offset-travel-emissions.html#/
https://www.it.ox.ac.uk/article/environment-and-it
https://www.it.ox.ac.uk/article/environment-and-it
https://v3geo.com

	Quantifying Virtual Field Trip Efficiency
	Abstract
	Introduction
	Field Trip Outline
	Virtual Field Trip
	Physical Field Trip

	Methodology for Quantifying Efficiency
	Quantifying Duration Analysis
	Quantifying Logistics
	Quantifying Cost
	Quantifying Environmental Impact
	Quantifying Fulfilment of Learning Outcomes

	Results
	Duration Analysis
	Logistics
	Cost
	Environmental Impact Analysis
	Learning Outcomes

	Discussion
	Conclusions
	Supplementary Information
	References


