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Abstract

:

The main goal of this study was to improve students’ outcomes and perception in Mathematics. For this, 12 out of 34 voluntary students were involved in an international contest: European Space Agency (ESA) Mission Space Lab. The experience was organized as STEM, under a guided PjBL. Students identified an environmental problem, executed a way to monitor it from the International Space Station (ISS) and interpreted the data received. Students’ final report was awarded by ESA. Additionally, participants increased their performance in their math final exams compared to the control group. Furthermore, the perception of students and their families about the usefulness of mathematics was very positive. The only drawback detected was the increase of workload. Thus, Green STEM, using direct instruction and guide in PjBL, may be a good tool to improve students’ grades and opinion about the importance of mathematics.
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1. Introduction


The appropriateness of mathematics for the formulation of the laws of nature is widely acknowledged [1,2]. Furthermore, mathematical concepts are beyond the scope for which they were created [3]. However, there are many students in secondary or high schools that do not get involved in math classes and they may spawn a persistent rejection of mathematics [4,5]. Many students do not understand the importance of mathematics and they just want to pass their math tests [6,7]. That is why it is important to look for alternatives that help them to understand the importance of mathematics. This is the real challenge if the intention is to democratize math education. Accordingly, that is the teachers’ fundamental goal to address the experience presented here.



1.1. STEM Education


There are diverse perspectives about STEM (Science, Technology, Engineering, and Mathematics) Education, though there is certain agreement in considering STEM Education both as curriculum and pedagogy [8], and it has been identified effective in student learning [9].



STEM Education is not only about the knowledge related to the topics included, but also develops key competencies and skills [9,10,11,12], which is a very important contribution to the workforce in STEM related fields [13]. For these reasons, educational reforms at a national level in European and Asian countries and in the USA among others, enact and promote STEM Education [9,14].



However, STEM Education is not a well-defined field yet [8,15], and its implementation is not completely delimited [16,17]. Sciences and mathematics are crucial, but they are not the only bases for STEM Education. More appropriately, STEM education should improve students’ understanding of how things work, increase their technological literacy and involve more engineering [13]. That is why we identify STEM Education with a panel, continuously growing, which involves different pedagogical perspectives, technological tools, and methodologies [15,18].




1.2. Project-Based Learning in STEM Education


Problem-based Learning (PBL), Project-based Learning (PjBL), and Service Learning or Collaborative Learning are, among others, the methodologies employed in STEM education [19,20,21]. It is worth highlighting PjBL does not focus on concepts and procedures, but rather on real-world problem solving [22]. PjBL distinguishes four categories: Knowledge acquisition, Enjoying an aesthetic experience, Problem solving, and Making a product [23,24]. Regarding the latter point, students set an external objective of learning. This approach uses a real-world situation as the focal point of teaching [25].



Originally, PjBL was a teaching method based on constructivist theories [26]. The constructivist model advocates for learnings with no guide or just a minimal assistance, so that students self-learn and construct the basic information by themselves. The environment provides inputs to the students and they build the essential information [27,28,29].



Nevertheless, some researchers [30,31,32,33,34,35,36] suggest that the environment should provide direct instruction and guidance on the concepts and procedures. The cognitive load theory of John Sweller [37] considers that the environment must give inputs but also outputs and specific procedures of a particular discipline. Thus, although PjBL has some general principles, in practice it can assume a variety of forms depending on pedagogical, political, or ethical reasons [38].



PjBL is an interesting method because it seems to foster students’ higher order thinking skills [39], as well as their motivation [40]. However, these types of methods have gathered some critics, even blaming them as a failure [41]. In this vein, recent reviews disagree. Some find inconclusive results and many methodological flaws [42], while others, medium to large mean effect size for students’ achievements [43,44]. The key may be in the role of the amount of teacher guidance [41], as set previously. In fact, the meta-analysis of Walker and Leary [45] for PBL found that when students received more guidance then it fostered a rather good effect size (d = 0.74), while less guidance provoked a negative impact (d = −0.18). Therefore, it seems relevant to properly guide students in PjBL too. Along this line, regarding computational thinking (one of the key points in our study), some research showed that students without direct instruction nor guidance lost too much time in trial-and-error loops or they were even blocked [46,47,48]. That is why such researchers recommend specific instructional interventions, though they acknowledge certain limitations and demand new research thereon.




1.3. Green STEM


On the one hand, there are three transversal dimensions in STEM education: Inclusion, Creativity, and Citizenship [49]. Inclusion strives to attract students towards scientific-technological areas [50]. It also aims at promoting active participation of students with low socio-economic conditions [51]. Research studies in classrooms, such as the exploration of a certain phenomenon, foster creativity, as well as the integration of Art in the scientific-technological scope [52]. About Citizenship, it is treated, for example, through Socio-Scientific Controversies or Environmental Education [53].



On the other hand, an essential condition in PjBL is that students generate a product that solves the original driving question [54]. Furthermore, students are encouraged to solve real meaningful problems that are similar to what professionals do [26]. Real-world situations facilitate learning sciences and mathematics [55]. It is desirable, within the scope of technological instruments, among others, the use of remote data, such as remote sensing or geolocation [56], essential tools to monitor environmental issues at a large scale, as the anthropogenic global warming is one of the problems that concern citizens the most.



An active field of educational research is how to improve mathematics education through real-world problems and STEM Education [57,58,59,60,61]. Systematic research reviews do not recognize Green STEM, i.e., the intersection between STEM and Environmental Education, as a major trend [8,15,62,63,64,65]. However, the dissemination of Green STEM in the academic ecosystem is an expanding tendency [66,67,68]. For instance, there are studies that deal with computational thinking and software development in the context of climate change [69], forest regeneration using remote sensing and intelligent seeds [70] or the relationship between photonics and green future [71], among others. However, above all this, lately, there is an increase in contests addressed to children or young students regarding STEM and Environmental awareness, such as Climate Detectives [72] or Astro Pi Challenge [73], either international (https://www.cstl.org/cleantech/the-challenge/, accessed on 24 August 2021), national (https://www.fundacionendesa.org/es/premios-innovacion-educativa, accessed on 24 August 2021), or local (https://a21escolarab.es/, accessed on 24 August 2021), which promote social and ecological awareness through competitions. These programs promote educational trends [74,75].



As that, the research questions of this study are:




	-

	
Is it possible to increase math performance through STEM, supported by PjBL with direct instruction and guidance, in a context of real environmental problems?




	-

	
Which is the perception of students and their families towards this methodology and about math importance?











2. Materials and Methods


This proposal is a quasi-experimental study case with an intervention in secondary and high school education in the subject of mathematics. STEM Education is implemented through PjBL, but using direct instruction and guidance, in the category of making a product. Participants were selected by non-probabilistic convenience sampling.



2.1. Participants


Students belonged to a math bilingual (English) 4th level of secondary education (16 years old) and first level of high school (17 years old), at Tomás Navarro Tomás (Albacete, Spain). The first author was the math teacher of both classrooms, and the teacher of physics and chemistry also participated. They led the experience in collaboration with a professor of science education from a Faculty of Education, placed close to this school. There were 12 out of 34 students that voluntarily joined the experimental group by participating in the Astro Pi Challenge [73], organized by the European Space Agency (ESA) and the Raspberry Pi Foundation. It was intended for students under 19 years of age.



Knowing the constraint of volunteerism and self-selection bias, before the experience, we ensured that both groups were comparable regarding the dependent variable (math performance) [76,77]. As that, both groups (control and experimental) were compared and we found that there were not statistical differences between students prior to the experience, so the volunteer group was comparable to its counterpart [78]. In short, experimental students were not different when considering math marks than control students before the experience. Overall, any change in this variable may be due to the participation (or not) in the new learning methodology (independent variable).



The competition had two categories and volunteers chose Mission Space Lab (https://astro-pi.org/mission-space-lab/, accessed on 24 August 2021) to study life on Earth’s surface. They agreed to make a proposal related to environmental problems, through geolocation and remote sensing data obtained from the International Space Station (ISS). Students organized themselves firstly in pairs, and afterwards formed two teams, A and B, of six students each, by their own criteria of affinity and friendship. Team A had four students of secondary (one female) and two female students in high school. Team B had three students in secondary (one female) and three female students in high school.




2.2. Organization of the Proposal


The rules of the contest are described on the website https://www.esa.int/Education/AstroPI/European_Astro_Pi_Challenge_is_back_for_its_2018_2019_edition (accessed on 24 August 2021). It was compulsory to make use of the infrared camera, without the possibility of doing it on a predetermined location in advance. In addition, the spatial resolution does not allow to see objects such as buildings, cars, or people. The camera operated through a computer called Izzy (Astro Pi computer), fitted with several sensors, such as a magnetometer, accelerometer, and hydrometer.



In this category, the phases of the contest are as follows:




	(1)

	
Design (selective): the idea of the experiment; it is valued according to its viability, scientific value, and creativity.




	(2)

	
Creation: the design and development of a computer program to run the experiment onboard ISS.




	(3)

	
Validation (selective): ESA staff validate the program to ensure that it will not fail when executed on Izzy and it is given flight status.




	(4)

	
Analysis (selective): the teams’ analyses of the data collected on ISS; specifically, the submission of a report that ESA staff evaluate.









Regarding the organization of the teaching, once a week, experimental students were separated from their counterparts to work on different activities related to the contest. Meanwhile, the control students worked on math in an ordinary classroom, doing reinforcement duties, which did not include new math concepts. It is important to highlight that both groups spent the same contact time with math teachers. Specifically, the overall time dedicated to the experience was 29 sessions of 50 min each.



2.2.1. Approach to the Problem


Firstly, to gain previous knowledge about satellite data and their possibilities, there were two sessions with a university professor specialist in remote sensing applied to environment. In a first approach, he explained the basics of remote sensing and light spectrum, reflectivity, and spectral indexes useful to determine different characteristics of the environment. In a second approach, he showed real cases to contextualize the new learning and give feasible ideas to promote new ones (armed with those concepts and a set of related examples, the students could research a broad set of environmental issues such as wildland fires, vegetation stress, and the evolution of green cover, among others).



After brainstorming and analyzing feasible alternatives, they agreed on two topics: (1) studying oceans as carbon sinks and (2) the health tendency of forests.



Regarding the first idea, it was a question of studying the health tendency of plant life on offshore platforms, which helps monitoring the health of the seas through phytoplankton. Team A’s hypothesis was that marine life was being affected by pollution. Regarding the second idea, the research question was: Is the health tendency of forests in urban areas (or close to them) equal to remote woodlands? Initially, Team B’s hypothesis was that forests in remote areas evolved better than closer to human activity.



One of the essential factors that helped to choose both experiments was their parallel software requirements, since they would share a large part of the program code. So that, Teams A and B could collaborate, both at the design and implementation stages. When the ideas were clear, the teams wrote a proposal with the help of their teachers and submitted it to ESA staff (Phase 1). Since both proposals were accepted, this phase was selective, and teams moved on to the next phase of the competition: Create (Phase 2).




2.2.2. Design of the Algorithm


Firstly, students had to design the algorithm. It was not yet necessary to express this solution in Python, the programming language that would be executed on the Astro Pi computer on board ISS. The students did not have previous knowledge in software development. Therefore, the math teacher chose the required concepts and their distribution. The selection of the concepts and their order was the following:




	(1)

	
Variables, arrays, matrices, and basic mathematical utilities.




	(2)

	
Conditions: If-else-then statements.




	(3)

	
Loops.




	(4)

	
Objects and methods.




	(5)

	
Access and management of the Pi camera.




	(6)

	
Access and management of geolocation.




	(7)

	
Data storage: generation and access to spreadsheets.




	(8)

	
Image analysis: how to obtain the pixels of a photograph.









A set of worked examples were provided for each of the basic elements of the programming language (see examples in Appendix A). For instance, the teacher did not give the description of a variable but provided different input-output worked examples such as the following Code example 1.



	
Code Example 1. Variables I.




	
INPUT (Python code)




	
1:

	
a = 3




	
2:

	
b = “Richard”




	
3:

	
a = 5




	
4:

	
b = “Parker”




	
5:

	
print(a)




	
6:

	
print(b)




	
OUTPUT




	
1:

	
5




	
2:

	
Parker









There were other concepts, such as procedures that involved the access to data storage or Pi camera, provided directly to the students as Python subroutines. Therefore, if they wanted to access the Pi Camera they just executed a subroutine (see Appendix A, Code example 3).



Teachers decided to teach the first four sets of concepts mentioned above by working examples, and the last ones by providing the descriptions of the concepts themselves.



At the end of each topic, students applied this new knowledge to some practical exercises. For example, after teaching content (1), they had to define a variable called overall_time, initialize it to 3 h, and then subtract 5 min. Students had access to an emulator to check both the language correctness and the expected execution.



Afterwards, students worked together to model a first approach to the algorithm using diagrams and/or pseudocode. They had to consider a set of constraints previously established by Mission Space Lab: (a) the overall time limitation of 3 h (T), (b) data storage of 3 GB maximum, (c) the sending of a message through the LED matrix of the Astro Pi computer, and (d) the strict use of libraries categorized as flight status.



Thus, through a brainstorming process, students proposed ideas and analyzed their feasibility. The outcome was organized and materialized through the following algorithm (pseudocode):




	(1)

	
Acquire a frame.




	(2)

	
Set the geographical coordinates.




	(3)

	
Get the acquisition time.




	(4)

	
Store the data recorded in the previous steps.




	(5)

	
Show a message on the led screen.




	(6)

	
Subtract a period of t = 5 min from the overall limit T.




	(7)

	
Sleep for a period of t = 5 min and return to the beginning until the overall time T = 3 h.









The program faced many changes until it properly ran on an Astro Pi computer (ESA sent two Astro Pi computers for the teams when they qualified Phase 1). Algorithm A1 (see Appendix A) shows a standard solution.



At this point, teams A and B adapted this basic program to their specific goals: overseas and vegetation cover. In this process, to ensure the proper running of the program aboard ISS, students located and analyzed images of similar characteristics. Regarding the reflectivity of the RGB bands and guided by their teachers, they devised a strategy to recognize land or sea frames. Namely, the algorithm used the ratio blue/red as a criterion. Code example 4 in Appendix A summarizes their approach.



Finally, each team sent the generated program to evaluation by ESA staff, which constituted the third phase and which was selective as well. Since ESA’s software tests validated the programs sent, teams A and B qualified for Phase 4.




2.2.3. Final Report


The last phase of the competition was the analysis of data collected during the experiment. It was compulsory writing a report divided into the following parts: (1) Introduction, (2) Method, (3) Results, and (4) Conclusion.



Teachers reminded the students about spectral indices, such as NDVI, before moving on to data analysis. In addition, they explained how to get images of the Earth’s surface or draw perimeters, using Google Maps (https://maps.google.com/, accessed on 24 August 2021) and/or Google Earth (https://earth.google.com/web/, accessed on 24 August 2021). Teachers directly provided the description, in terms of Maps and Earth commands, of how to draw a perimeter, either by means of video tutorials or by reproducing the task themselves. Similarly, they explained how to export perimeters for EO Browser (https://www.sentinel-hub.com/explore/eobrowser/, accessed on 24 August 2021) and how to obtain the tendency of those areas for a specific spectral index.



Specifically, the perimeter of the Earth’s surface area was made using Google Earth. It helps drawing a polygon on the surface of the Earth and exporting it to ‘.kml’ format. EO Browser can import ‘.kml’ files and recognizes the inside perimeter as an area of study. Thus, for that study region, EO Browser, shows the tendency of a given spectral index (chart icon (https://www.sentinel-hub.com/explore/eobrowser/user-guide/, accessed on 24 August 2021)) for a certain period (Figure 1). Teachers gave a full description of how to perform this task for any given region in ‘.kml’ format.



The interpretation of such charts was introduced through a set of working examples. The teachers provided the students a spectral index graph as input, and the output was a natural process: wildfire, snow, spring flourish, among others, throughout the period given. For instance, teachers showed Figure 1 as input, and “severe wildfire” as output for such an input.



Had it not been for EO Browser, the study of the tendency of spectral indices, using strictly numerical data, would be almost unfeasible. EO Browser helped the students, effectively and with ease, with their remote sensing analysis. Since it was not necessary to know in detail the creation of those graphs, they focused on the interpretations.



Each team analyzed the data obtained from the ISS, armed with the basics of geolocation and remote sensing. Team A identified a frame that showed the mouths of several rivers in the coast of Malaysia. The location of the picture was identified through its coordinates, and it was contrasted using Google Maps. Team A distinguished photosynthetic activity on that area through EO Browser and studied its tendency for a period of several years. Their results were inconclusive regarding the health tendency of the sea.



Team B received just two valid frames from the ISS since most of them were at night or shrouded in clouds. The first reasonable photograph, Figure 2, showed Yosemite Valley in Sierra Nevada (USA), which stood for a forest sample away from human activity. The other valid photograph showed a large part of the border between Canada and the USA. The students spotted the Lost River Environmental Reserve (Canada). It illustrated a forest close to human activity since it was surrounded by intensive farming.



Team B obtained, on both areas of study (Yosemite and Lost River), the tendency for the past five years of the following spectral indices: NDVI, Moisture Index (MI), Normalized Difference Water Index (NDWI), and Normalized Difference Snow Index (NDSI) (see Appendix A for more information).



Some of the graphs obtained, such as the NDVI tendency, showed no clear trends. The students’ first hypothesis was that with such spatial and spectral resolution, changes were not significant enough to be distinguished. The second hypothesis was that there were no changes in the ecosystem. So that, further research was necessary. Interested readers can find more information in the Supplementary Materials and in the students’ report: https://esamultimedia.esa.int/docs/edu/AstroPi_Go.pdf (accessed on 24 August 2021).



However, for the previous two years, the NDWI on both samples indicated that, despite seasonal changes, the minimums were decreasing. Team B concluded a moisture deficit in both areas, and even backed their own investigations with scientific surveys and press releases.



The teams wrote their reports and submitted them to receive ESA feedback; this was the end of the challenge for the teams involved.





2.3. Data Collection


To assess this study, we used the following combination of quantitative and qualitative ways:



(1) ESA’s evaluations and feedback: after every phase, ESA staff gave feedback and determined whether the team would qualify, or if the proposal would be rejected. We employed this external assessment as evidence of the students’ skills and competence acquisition.



(2) Program execution: the math teacher evaluated the level of correctness and use of mathematical language employed in the developed software. The program was assessed using the following criteria, each one evaluated from 1 (minimum) to 5 (maximum) points:




	(a)

	
Eligibility: the software meets the requirements previously set by ESA, such as showing a message in the LED matrix or using the infrared camera. Following the number of instructions included to meet those requirements totally, partially, or their absence.




	(b)

	
Efficiency: less is more; the use of mathematical language to reduce the number of instructions is an asset. Regarding the length of the overall code employed to perform the algorithm: more bits imply less points. The benchmark would be the smallest program that the teacher was able to do.




	(c)

	
Clearness: the program should be well-structured and with sufficiently explanatory comments. Considering the organization of the code: if-then-else are properly aligned, variables are clearly called and stated, among others.









(3) Students’ grades: math assessments permitted to analyze the impact of the experience, since participants took the same final test as their classmates. A statistical survey analyses control vs. the experimental groups’ achievement in math for a period of years.



(4) Students and family opinions: the reward for the winning teams of Mission Space Lab 2018/19 was a webinar with ESA astronaut Frank De Winne. The webinar took place on 18 June 2019 and each team had the chance to ask Frank two questions related to his expertise and experiences as an astronaut. Teachers asked and recorded students and families’ opinions about the experience.




2.4. Data Analysis


Students’ marks were contrasted using non-parametric statistics due to the low number of participants. Mann-Whitney’s U test was used to compare between control and experimental groups (independent groups) and Wilcoxon test for pre-posttest within the same group (paired samples). When there were more than two samples to contrast, Freedman test (groups are paired) was used (   χ 2   -ji-squared-). For post hoc analysis, Bonferroni’s correction was considered.



Interviews comments were transcribed and analyzed using an inductive approach; there were no pre-established categories, but rather they emerged from the data [79,80]. The protocol followed the steps registered in [81]: segmentation, coding and category development. The analysis, segmentation and codification of the questions allowed an objective categorization of the answers. The outcome of that process was a code list that classified the relationships into topics. Finally, we calculated frequencies and percentages based on those topics.





3. Results


The action generated a set of outcomes that, as already stated above, we assessed using four points.



3.1. ESA Assessment


The European Space Agency reported: “a record-breaking number of more than 12,500 people from all 22 ESA Member States, Canada, Slovenia and Malta took part in this year’s challenge across both Mission Space Lab and Mission Zero” (https://www.esa.int/Education/AstroPI/European_Astro_Pi_Challenge_Mission_Space_Lab_winners2, accessed on 24 August 2021).



In its different sequential phases, the results were:




	−

	
Phase 1 (Design): ESA qualified 381 out of 471 teams from 22 ESA members plus Canada, Slovenia, and Malta.




	−

	
Phase 2 (Creation): ESA selected 135 teams to participate in phase 3 (https://www.esa.int/Education/AstroPI/Astro_Pi_Mission_Space_Lab_381_teams_selected_for_Phase_2, accessed on 24 August 2021).




	−

	
Phase 3 (Validation): Here, 82 teams qualified based “on their experiment quality, their code quality, and the feasibility of their experiment idea” (https://www.esa.int/Education/AstroPI/Astro_Pi_Mission_Space_Lab_-_135_teams_will_run_their_experiments_on_the_ISS, accessed on 24 August 2021).




	−

	
Phase 4 (Analysis): 11 teams out of the original 471 were prized, “the teams were asked to submit a short scientific report to highlight their results and the conclusions from their experiments. The quality of the reports was truly impressive, showing a high level of scientific merit” (https://www.esa.int/Education/AstroPI/European_Astro_Pi_Challenge_Mission_Space_Lab_winners2, accessed on 24 August 2021). Team B was among the winners; Team A completed Phase 4 but did not win (Team A received a diploma since they submitted their final report).










3.2. Software Quality


As we already mentioned, students worked in pairs and developed software that was to be executed on board the ISS to carry out their experiments. Table 1 shows their evaluations in Eligibility, Efficiency, and Clearness for each pair, before each team agreed on a common solution.



All the pairs, except one, did not properly consider the 3 h overall limit. Those pairs calculated the time necessary to get a frame and geographical coordinates. Then, they repeated those instructions as much as they met the overall time limit approximately, in a formative assessment shape. However, the execution of their programs aboard ISS may differ significantly from their tests. That is why most of the pairs did not comply with Eligibility and Efficiency criteria.



There was a pair in Team B that, using a loop, got a solution similar to Algorithm 1.



	
Algorithm 1 Basic functioning for running the experiment (Team B)




	
1:

	
Start_time = get_time_now()




	
2:

	
Now_time = get_time_now()




	
3:

	
Limit_time = 3 h




	
4:

	
While(Now_time < Start_time + Limit_time):




	
5:

	
  Get frame




	
6:

	
  Get geographical coordinates




	
7:

	
  Sleep 3 min




	
8:

	
  Now_time = get_time_now()




	
9:

	
End While










3.3. Students’ Marks


Table 2 shows the analysis of students’ outcomes on their final tests, contrasting the control vs. the experimental groups, before and after the experience, and a year later. As can be seen, before the experience, students had statistically similar results but after the experience, the experimental group obtained better results than those that did not participate, with a medium effect size. These are kept even after the experience.



Accordingly, the contrast within the same group, both experimental and control groups, obtained statistical differences after applying the Friedman’s test for repeated measures (experimental:    χ 2   ( 2 )  = 7.090  ,   p = 0.028  ; control:    χ 2   ( 2 )  = 14.174  ,   p = 0.000  ). The post-hoc analysis is showed in Table 3.



It shows that the students of the experimental group significantly increased their results from a year before the experience (see Table 2 for average marks) and this improvement is kept a year after. On the contrary, the control group decreased statistically in 2020 referring to 2018. Regarding the contrast with 2019, the effect size is even higher. However, using Bonferroni’s correction (  0.05 / 3 = 0.016  ), this difference is not statistically significative, although practically.




3.4. Students and Families Interviews


Table 4 shows the categorization of the ideas expressed by the students and their families in the final webinar.



For instance, student B5, (secondary) commented: “It was like an adventure. I was quite nervous about ESA’s feedback.” His mother observed: “We were delighted with the experience and observed that student B5 was more and more motivated after every qualifying round”. In this regard, student B6 (secondary) observed: “We have worked a lot, but it was worth it. Now, I am pretty sure that I want to be a computer engineer”. Furthermore, student B2 (high school), declared: “I never thought that math could be so useful. I didn’t expect that we could employ it to develop programs and analyze data from the ISS”.



About their future, student A6 (secondary), expressed “I enjoyed the experience a lot; now I am thinking about which degree I should study: Mathematics or Physics”. Her mother, points that: “We want her participating in the experience. She is very good at math and physics, but now she is even more motivated. We are extraordinarily proud of her performance but, above all, we are proud that she is quite a hard worker!”. There were some comments such “We are very sorry, but next year she will not be able to join these activities. She shall focus on university entrance tests since she wants to get into medical school”.





4. Discussion


Results indicate that the students involved in this project obtained better results than their counterparts. This coincides with similar STEM educational actions [10,11], but it is not equal to other experiences whose outcomes are not so positive [12,82,83]. Perhaps, one reason is because the action was fully guided [84] in contrast with Dewey’s philosophy [85]; the former relies on teacher guidance and direct instruction of key concepts [86], while the latter is based on students’ self-learning, i.e., through research-based learning [87] (RBL). The main difference between different PjBL implementations (or PBL) is mainly in the role of the teacher. It is noteworthy that the action was fully guided [84], in contrast with the perspectives of Ausubel [88] or Bruner [27], based on the learner’s curiosity.



Concerning the final product and considering that participants were beginners in fields such as software development or electromagnetic spectrum, among others, we should highlight the effectiveness of the methodology employed: PjBL under direct instructional guidance through worked examples.



This kind of methodology is backed by human experiments [89], but is also supported by machine teaching, which is defined just in terms of algorithms and the optimization of the necessary information within the teacher-learner protocol [90]. Such optimization of the teacher-learner protocol helps teachers and learners to choose the best way of dealing with a given concept: either by means of worked examples or by the provision of the concept description [91]. For instance, there are some concepts which are more effectively learned through worked examples, such as the one shown in Section 3.2 related to ‘variables’ in programming languages. On the other hand, sometimes we just employ a certain concept description as a tool. This is the case, for instance, of spectral indexes charts in Section 2.2.3 and their usefulness in identifying natural phenomena. The students exposed to such a procedure increased their performance in math.



On another note, it is worth highlighting teacher background in STEM literacy; it was extremely useful throughout the action and supports the importance of improving teacher education [92,93].



Though it was not specifically analyzed in the results, the unique weakness highlighted by families and students was workload increase. Some research have already warned about this issue [94] because it has sound negative consequences for the students [95]. Further, this extra work affects the teachers. Some studies calculate that the preparation of this type of lessons imply 75% extra work than the ordinary ones [96]. Therefore, it is necessary to consider this amount of work before planning the teaching. Consequently, it should be necessary to measure this time during the experience to not overload students and teachers and avoid harmful consequences.




5. Conclusions


After analyzing the results, the conclusions of the study are the following:



(1) Students’ performance in math improves through STEM supported by PjBL with direct instructional guidance, within the context of real environmental problems.



(2) Students were able to translate mathematical learning into real world applications. Conversely, real-life problems were the entry point to increase mathematical knowledge. Teacher guidance may be key for such a two-way trip.



(3) The quality and interest of these educational actions and the product of students’ skills were recognized by external evaluations (ESA’s contest in this case), which provided additional value as stimulus for increasing students’ learning in mathematics.



(4) The feedback from the students and families confirms that these actions are highly valued and motivating for them, as well as raising visibility for the importance of mathematics. The students’ and teachers’ workload increase was the only weakness identified.



The implications of this case study are that, using real environmental problems, in a PjBL environment and with a proper teacher guidance, students are able not only to learn more mathematics than their classmates, but also to develop a useful product recognized by external entities.



However, these conclusions must be taken with caution due to the nature of the study itself, which is for a particular locality and with specific pupils with distinct characteristics. In addition, the sample is small and non-random, and further studies in this line should be carried out to confirm the results.



Such realistic settings are key in educational studies in sciences, since they look to study learning in realistic contexts rather than using artificial experiments [97,98]. As Brown [99] illustrates, we looked for “improved cognitive productivity under the control of the learners, eventually with minimal expense, and with a theoretical rationale for why things work”. That is why we used common environments and approaches. As an outcome, not every variable involved—such as motivation—could be controlled. This gives verisimilitude to our study and an opportunity for conclusions to be transferred to other teacher education contexts.
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Appendix A


In this section we include some materials to illustrate some code examples employed with the experimental group. In addition, at the end, the reader will find a summary of certain basic concepts, related to the electromagnetic spectrum, provided to the experimental group too.



Appendix A.1. Worked Examples and Algorithms


Regarding the basics of programming, the teacher provided code examples like the ones in this section. For instance, Code example 2 extended the use of variables stated in Code example 1 (see Section 2.2.2).



	
Code Example 2. Variables II




	
INPUT (Python code)




	
1:

	
a = 3




	
2:

	
b = “Richard”




	
3:

	
c = 10




	
4:

	
print(“a: “, a)




	
5:

	
print(“b: “+b)




	
6:

	
print(“c: “, c)




	
7:

	
a = 5




	
8:

	
b = b + “ “ + “Parker”




	
9:

	
c = a + c




	
10:

	
print(“a: “, a)




	
11:

	
print(“b: “+b)




	
12:

	
print(“c: “, c)




	
OUTPUT




	
1:

	
a: 3




	
2:

	
b: Richard




	
3:

	
c: 10




	
4:

	
a: 5




	
5:

	
b: Richard Parker




	
6:

	
c: 15









Code example 3 directly provided a subroutine to take a picture.



	
Code Example 3. Subroutine for pictures




	
1:

	
# Getting a PiCamera reference




	
2:

	
cam = PiCamera()




	
3:

	
cam.resolution = (1296, 972)




	
4:

	
cam.capture(“picture_where_the_image_is_stored.jpg”)









Algorithm A1 shows a standard solution to run the experiment.



	
Algorithm A1. Standard solution for experiment




	
1:

	
Overall Time = T




	
2:

	
Frequency = f




	
3:

	
Time = 0




	
4:

	
WhileTime < T




	
5:

	
  Frame shot and storage




	
6:

	
  Geographical coordinates retrieval and storage




	
7:

	
  Print ‘Hello, how are you today?’ on to the LED screen matrix




	
8:

	
  Time = Time +  f Now_time = get_time_now()




	
9:

	
End While









Code example 4 shows an attempt to categorize images (SEA/LAND) based on the image’s RGB information stored in its pixels.



	
Code Example 4. Land/Sea categorization




	
1:

	
Total_red = 0




	
2:

	
Total_blue = 0




	
3:

	
Let pixel_1, pixel_2..., and pixel_10 be the elements of pixels.




	
4:

	
Total_red = red pixel_1 + … + red pixel_10




	
5:

	
Total_blue = blue pixel_1 + … + blue pixel_10




	
6:

	
IfTotal_red/Total_red >1.1




	
7:

	
  then picture is categorized as SEA




	
8:

	
  else picture is LAND










Appendix A.2. Electromagnetic Spectrum


Visible light’s wavelength corresponds to a relatively narrow interval of the electromagnetic spectrum. That interval is divided in three bands: Red, Green, and Blue. Photosynthesis uses mainly visible light, while it rejects other waves of the spectrum, such as near infrared (NIR). That is why healthy vegetation absorbs a substantial portion of the overall visible light received, while senescent or stressed vegetation absorbs NIR. These two simple characteristics are employed to calculate spectral indexes such as Normalized Difference Vegetation Index (NDVI), which is a ratio given by the following formula:


NDVI = (NIR − RED)/(NIR + RED),








where NIR and RED are wavelengths of near infrared and red, respectively.



There are other useful spectral indices (ratios) such as Moisture Index (MI), Normalized Difference Water Index (NDWI), Normalized Difference Snow Index (NDSI) or Normalized Burn Ratio (NBR). Regarding such concepts, it is possible to research over wildland fires (NBR), vegetation stress (NDVI), and watering income (MI, NDWI or NDSI), among others.
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Figure 1. EO Browser shows the tendency of NDVI for a certain area affected by a severe wildfire. 
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Figure 2. Photo of the Yosemite Valley in Sierra Nevada (USA), taken from the ISS by Team B. 
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Table 1. This table shows the results of the program’s evaluation (Score range is 1–5).
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	Team A
	Grade
	Eligibility
	Efficiency
	Clearness
	Mean



	A1 and A2
	High school
	4
	3
	5
	4.00



	A3 and A4
	Secondary
	4
	2
	3
	3.00



	A5 and A6
	Secondary
	4
	3
	4
	3.67



	Team B
	Grade
	Eligibility
	Efficiency
	Clearness
	Mean



	B1 and B2
	High school
	4
	3
	5
	4.00



	B3 and B4
	High school
	4
	3
	2
	3.00



	B5 and B6
	Secondary
	5
	5
	5
	5.00
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Table 2. Analysis of students’ assessments in final math tests.
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n

	
Mean

	
SD

	
U

	
Z

	
p

	
r






	
2018

	
Control

	
23

	
5.6

	
2.5

	
94.5

	
−1.644

	
0.101

	




	
Experimental

	
12

	
7.1

	
2.5




	
2019

	
Control

	
24

	
5.6

	
2.5

	
314.5

	
−2.190

	
0.028

	
0.37




	
Experimental

	
12

	
7.9

	
2.0




	
2020

	
Control

	
23

	
4.9

	
2.4

	
242

	
−1.974

	
0.048

	
0.34




	
Experimental

	
11

	
8.1

	
2.1








Note:  n  = number of students in each group;   S D   = Standard Deviation;  U  = Mann-Whitney’s statistic; Z = Comparison rank;  p  = Significance value;  r  = Effect size.
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Table 3. Post-hoc analysis of students’ marks in final math exams for the experimental and control groups.
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2018 vs. 2019

	
2018 vs. 2020

	
2019 vs. 2020




	

	
W

	
Z

	
p

	
r

	
W

	
Z

	
p

	
r

	
W

	
Z

	
p

	
r






	
Experimental

	
1

	
2.701

	
0.007

	
0.78

	
76

	
−2.53

	
0.000

	
0.73

	
15.5

	
−0.83

	
0.618

	




	
Control

	
54

	
1.065

	
0.284

	

	
38.5

	
−2.48

	
0.013

	
0.51

	
7

	
−3.66

	
0.019

	
0.74








Note: W = Wilcoxon statistic; Z = Comparison rank;  p  = Significance value;  r  = Effect size.













[image: Table] 





Table 4. Categories obtained after the analysis of the interviews and examples of comments from students and families.
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	Category
	% Students
	% Families
	Quotes





	Motivation
	83.33
	66.67
	B6 is pretty much motivated in the math class, and this is something quite surprising for us (B6′s father).



	It is worth
	58.33
	75.00
	B5 worked a lot, but it was worth it, since it is something important for his curriculum (B5′s father).



	Utility
	100.00
	75.00
	Math is useful to understand how nature works (A1).



	Importance of math
	83.33
	75.00
	It is surprising how useful is basic math to monitor climate change (B3).



	Enjoy
	58.33
	75.00
	We always want more ‘special’ math sessions (B5).



	Pride
	50.00
	66.67
	A5 is a very good student, and we are very proud of his achievements (A5′s father).



	Workload
	66.67
	91.67
	We work hard and the workload was, at some moments, exhausting (A2).
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