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DISTANCE EDUCATION METHODS: VIDEO ANALYSIS IN TEACHING PHYSICS

Abstract. Formation of the skills of conducting an experiment and analyzing its results during
laboratory work in natural science has always been an important didactic problem, which has
significantly increased in the conditions of distance and mixed learning. The study of approaches to
the effective use of software for the analysis of video recordings of observations of real physical
processes and phenomena is one of the tasks of instrumental digital didactics. The affordable and
regularly updated software Tracker: Video Analysis and Modeling Tool is a popular didactic tool
for the analysis of physical quantities based on the processing of static and dynamic images followed
by comparison with the corresponding mathematical model. The rules for creating educational
videos suitable for analysis in a digital environment are summarized. On the examples of laboratory
classes on many topics of physics (mechanics, hydrodynamics, molecular and atomic physics, and
optics) and astronomy, the general features of creating video recordings, laboratory works, and
problem tasks based on video analysis are shown. The STEM laboratory of the Junior Academy of
Sciences of Ukraine has created numerous reference videos about physical experiments and the rules
for their use; a collection of video tasks was also created; innovative methods of educational physical
experiments were developed. The methods of video analysis were tested during distance and mixed
education in the conditions of threats, also in formal and informal education formats, such as the
summer science school for students and the All-Ukrainian natural science online tournament "Open
Natural Science Demonstration”. Instrumental digital didactics is a component of training courses
for teachers and is regularly discussed at seminars and conferences on science education. The
stemua.science source of the "MANU" NC is popular among Internet users.

Keywords: video analysis; physics; distance education; distance learning; instrumental digital
didactics; Tracker; Junior Academy of Sciences of Ukraine.

1. INTRODUCTION
Statement of the problem. Global crisis situations constantly alert the world pedagogical

community regarding didactic innovations in all types of distance learning [1]. A rather difficult
problem in this context is the teaching of natural sciences, the empirical basis of which is
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observation and experiment. The organization and conduct of educational experiments,
demonstrations, and laboratory work consist of such basic stages as setting a problem,
assembling an experimental setup, conducting an experiment, obtaining data, processing it
based on an existing mathematical model, and forming conclusions.

The organization of distance learning of physics at secondary schools and institutions of
higher education in the conditions of COVID-19 proved the difficulties of performance (which
was obvious) of the first three stages of laboratory work and experiments. The solution to this
critical problem in 2020 — 2021 for all natural sciences, as shown by a study of posts on the
Internet and our practical experience, was carried out in three main ways.

The most common approach to the organization of laboratory work, the use of which
requires only existing software, is a computer simulation of experiments. This approach was
used during webinars dedicated to the preparation of educational institutions for distance
learning. [2]. It should be noted that the use of modeling in teaching subjects of the natural and
mathematical cycle [3], [4], especially for the organization of virtual laboratory works in
physics, is popular at all levels of education [5]. Developers offer a variety of online resources
with a wide selection of interactive models suitable for conducting virtual experiments.
Importantly, many of them are free, such as PhET Interactive Simulations, ComPADRE,
VirtuLab, Tinkercad, etc.

Another approach is to create a video recording of the experiment in the laboratory,
followed by a remote demonstration. The obtained materials are distributed on distance
education platforms of educational institutions or are taught on YouTube channels [6]. Such
educational material, as a rule, shows the order of assembling an experimental setup, conducting
an experiment, and measuring physical quantities, which students work out independently
based on a known mathematical model.

The latest didactic approach is also m-learning, which creates conditions for conducting
educational experiments in natural sciences using smartphone sensors [7], [8]. However, this
learning method also has limitations: starting with the need for detailed instructions on how to
use various sensors, and ending with the difficulties of independent interpretation of the graphic
material obtained during the experiment.

Video analysis can be an effective alternative to solving a wide range of educational
difficulties in physics that are associated with observing natural processes [9], [10], [11]. The
growing attention to the use of such software at various levels of education is confirmed by
statistical data on the frequency of use of relevant concepts in scientific reports. The
visualization (Fig. 1) shows the number of publications published annually for the combination
of keywords «Video Analysis», «Physics», «Distance learning», and «Remote learning». As
seen from the graph, the research interest in using video analysis for educational purposes in
2020-2021, which corresponds to the practical developments of 2019-2020, is almost three
times higher than in 2015-2016. It is well explained by the demand for the use of such
technology in the conditions of distance learning.

Analysis of recent research and publications. The history of using video materials for
scientific analysis began with the emergence of photography as a technology. One of the first
in this context is the study by E. Muybridge, conducted at the end of the 19th century. His work
on the problem of fixation and photographic representation of various types of movement, such
as the movement of animals, made a significant contribution to the development of mechanics
and biomechanics [12]. His famous successor in the 20th century was H. E. Edgerton, the
pioneer of stroboscopic photography [13].
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Fig. 1. Data on the annual number of scientific publications by keywords «Video Analysis»,
«Physics», «Distance learning», and «Remote learning» (www.app.dimensions.ai)

Since their appearance and until now, photo and video data research methods are widely
used in all fields of science: biology - for investigation of microorganisms; astronomy — for
research of distant galaxies with extraterrestrial telescopes; medicine — to obtain data on the
features of the human body (microphotography, magnetic scanning, ultrasound, etc.); history —
to analyze photo and video archives; criminology — to obtain photographic evidence, etc.

Now it is difficult to overestimate the role and importance of video analysis in studying
physics and other natural sciences. Elements of photography and video are used to study a wide
range of phenomena and experiments: from recording mechanical movements to fixing the
tracks of elementary particles. Digital technology allows us to determine quickly and accurately
the time dependence of the relative position of objects and study the process without interfering
with its course.

Video analysis for educational purposes has been widely used since the beginning of the
twenty-first century. Combining a full-scale experiment and digital processing of its data, video
analysis helps to compare abstract physics concepts with real phenomena and processes «in
lifex; it can be effectively used in various innovative teaching methods for the development of
critical thinking [11]. But, first of all, as noted by A. Artiningsih and S. Nurohman, the use of
video analysis during physics study significantly increases the formation of students’ research
skills [14].

In the era of widespread use of various gadgets, primarily smartphones, participants in
the educational process can create videos of phenomena and processes or use a considerable
number of online resources — video aggregators for education, such as «The LivePhoto Physics
Project» [15].

Analytical processing of video material can be performed using various free or
commercial programs, such as Coach Logic [16] or Physics ToolKit [17]. Currently, all well-
known training equipment manufacturers, such as Vernier [18], Pasco [19], or Phywe [20],
offer video analysis software.
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However, the most effective, in our opinion, in terms of exactness and accessibility is the
system of video analysis, mathematical and physical modeling — Tracker: Video Analysis and
Modeling Tool (hereinafter Tracker). The software is combined with a Web resources network
and has significant capabilities. Tracker is a free, multiplatform product that is well-matched
with Windows, 10S, and Linux and gives the possibility to import a great number of video file
types. It is significant that Tracker is an open source, it is easily updated and improved (how
version 6.0.10 is available), and in particular, users can download their own developments to
the library [21].

The didactic value of Tracker, which explains its popularity among physics teachers, is
the system of tabular and graphical data analysis [22]; it is essential, for example, to eliminate
some common misconceptions by comparing personal hypotheses and mathematical models
created on the use of videos of a natural process [23]. It is also worth noting that Tracker works
with many video file types. Additionally, users can add their videos to the Tracker library.

The tracker is widely used in the world; this is evidenced by numerous pedagogical
studies. The subjects that can be studied based on the software can be quite different: from
kinematic and dynamic characteristics and physics laws of motion [24, 25, 26] using laboratory
instruments, vehicles, and robots [27, 28] to optical phenomena, such as spectral analysis [29].
Tracker also confirmed its effectiveness in developing students' flexible skills [21].

Tracker is an important part of instrumental digital didactics, so its use in the educational
process can be part of teacher training programs [30], especially in the context of using the
currently popular STEM approach to science education [31].

The research goal. Distance learning of physics and other STEM disciplines based on
video analysis requires the development of a significant number of didactic materials on various
topics of physics according to existing curricula and individual levels of students’ knowledge
and skills. This article highlights the practical experience of creating and using Tracker-based
methods for teaching middle and high school students, in formal and informal education settings
during distance learning in 2020-2022.

2. RESEARCH METHODOLOGY

Demand for the use of video analysis in distance and blended learning was analyzed using
relevant scientific databases (Scopus, Web of Science, Google Scholar, Research Gate,
Dimensions). Didactic developments regarding the use of video analysis (on the example of
Tracker) were created in the STEM laboratory MAN Lab [31] of the National Center «Junior
Academy of Science of Ukraine» (NC JASU); they were tested during distance and mixed
training of students in formal and non-formal education in 2020 — 2021, at teacher training
courses, seminars, conferences. The evaluation of the visitation of the resource
www.stemua.science is based on the data of www.cloudflare.com.

3. RESULTS AND DISCUSSION

In the STEM laboratory MANLab NC JASU, many video experiments have been created
for laboratory works in mechanics, molecular physics, optics, and atomic and nuclear physics
[37]. At the same time, the following tasks were set:

— the creation of reference videos for performing as many laboratory works as possible

according to the formal curriculum;

— development of detailed instructions for data collection and analysis for each

laboratory work;
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— the creation of "non-traditional” experimental methods adapted for the use of
Tracker, which can be used both in formal and informal education, for example,
during summer scientific schools;

— the creation of didactic material for the formation of tasks in the format of video
problems.

While studying mechanical phenomena using the process record, specific algorithms are
used to determine keyframes, shooting frequency, a specific object, and position of the
coordinate system. Tracking the position of objects on each frame can be done manually or
automatically. Also, there are algorithms for selecting parameters for research, analysis of the
graphical or tabular representation of experimental data, construction of a mathematical model
corresponding to the studied phenomenon, selection of appropriate coefficients to combine
recorded experiment data and the theoretical model.

The main didactic approaches to the use of video analysis have been studied at the STEM
laboratory of NC JASU. This is demonstrated by the examples of step-by-step instructions for
laboratory works in general physics, which can complement the curriculum in both high school
and higher education institutions.

Various didactic approaches can be applied while studying different physics topics.
Typically, students are initially asked to conduct an experiment and create a video or use an
existing one. This approach allows us to apply the proposed techniques in the full-time,
distance, or blended learning.

One of the important mechanics models is the motion of a body thrown at an angle to the
horizon. Video analysis for the corresponding experiment extends the classical laboratory work
to educational research. The proposed experiment uses a toy spring pistol with a ball, a ruler, a
digital camera or a video camera mounted on a tripod, a personal computer, or another gadget

(Fig. 2).

Fig. 2. The view of the Tracker window when creating a mathematical model of the motion of
a body thrown at an angle to the horizon

Using Tracker tools, students are asked to perform typical tasks: determine the initial
speed of the body, the angle of throw, the distance passed by the ball, and the maximal height
of the body flight, as well as explore the nature of the body trajectory. The trajectory of the light
ball must be ballistic, and the mathematical model of its motion in the gravitational field will
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differ from the result of the real experiment. Therefore, an important research task is to create
a dynamic model using the option «Model Builder»; based on the model, a conclusion about
the specifics of the influence of air resistance can be made (https://cutt.ly/FOd35IL).

A similar method can be used for studying the phenomenon of free fall
(https://cutt.ly/QOfySIR ). An interesting extension of this work is to find the free-fall
acceleration on the Moon. To do this, we use «The Hammer and the Feather» video, which is
accessible on the NASA website (https://cutt.ly/OC0do2X) and demonstrates the astronaut
Apollo-15 doing the Galileo experiment.

The authors put forward the idea of applying video analysis tools during educational
experiments to reveal the peculiarities of the motion of layers of fluid in a whirlpool. The aim
is to find the dependence of the speed of the layers on the radius of rotation and the rate of
process of the fluid layers on time. A crystallizer with a magnetic stirrer is used to produce a
steady whirlpool, and milled coffee - to mark layers of fluid. The webcam is placed parallel to
the liquid surface and connected with the laptop that uses the Tracker (Fig. 3).

Fig. 3. Experimental setup for investigation of the speed distribution in the fluid whirlpool

Particles of ground coffee, on the one hand, make the water vortex created by the
magnetic stirrer "visible", and on the other hand, they serve as "markers™ of the position of the
liquid elements (Fig. 4).

Selected areas of fluid are taken in frames, the Tracker video analysis is performed, and
the dependence of speed on time for several selected particles is built using the Tracker tools.
Also, we can create the experimental dependence of speed on the radius of rotation using the
obtained data and the Excel table. It can apply to the forced whirlpool speed distribution model
labeled by A.Czubai et al. in [32].

The Tracker is widely applied for mechanical motion study, but the program can be used
for experimental data analysis in other fields of physics. An example is a laboratory work
«measurement of a liquid surface tension by the method of air bubble formation at a given
temperature at a small depth (Rebinder method)» [33].
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20220012_152652.mp4

Fig. 4. Artificial whirlpool in water with the Tracker markers of the positions of the fluid
elements at different radii of rotation

Condition for air bubbles growth is the appearance of excessive pressure in the bubbles.
According to the Laplace pressure model under the curved surface, maximum pressure inside
a bubble is at the moment of the bubble creation at the end of the capillary when the bubble
diameter is smallest [34].

For the experiment, we have made a device including a container with the test fluid, a
glass tube with an extended lower end (capillary), a water aspirator, a beaker, connectors, a
three-way valve, silicone tubes, and a water manometer (https://cutt.ly/20d6PSm ).

The fluid has an ambient temperature; the bubbles are formed at the end of a capillary,
and its diameter is known or can be found using a microscope. Using the experiment video,
Tracker can determine the additional pressure at the time of separation of bubbles (using the
liguid manometer); this allows finding the fluid surface tension. (Fig. 5).

I
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Fig. 5. Tracker program window when measuring the surface tension of the fluid by the
Rebinder method
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The Tracker's analytical capabilities can also be used for spectral analysis when studying
Optics. An example of such an educational study can be the work «Observation of continuous
and linear spectra of a substance. Determining the wavelength of light» [35]. For this purpose,
the original spectrum images and those available in the Tracker file library can be used. The
procedure of this study consists of the following main stages: calibration of the continuous
spectrum for two known wavelengths, analysis of light intensity in the linear radiation
spectrum, and identification of gas for available wavelength corresponding to the most intense
radiation lines (Fig. 6).
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Fig. 6. Distribution of the radiation intensity in the linear spectrum of hydrogen. Screenshot
from the Tracker window

The use of video analysis is especially suitable in cases where the laboratory experiment
requires special conditions and/or equipment. Consider this for characteristics of radioactive
radiation study on the example of laboratory observations of alpha particle tracks. In the
proposed method, such a study is performed using photographic and video materials obtained
in the laboratory diffusion chamber STEM laboratory MAN Lab (https://cutt.ly/cOfudhF ). This
work requires determining the free path length (distance from the radiation source to the
beginning of the track) and the length of the track itself, which characterize the particle energy.
Tracker tools for measuring linear lengths are calibrated with the specified needle magnitude
of the radioactive source, after which we can measure the distance from the source to the
beginning of the alpha particle track (Fig. 7).

Based on the results of measuring the free path length for each photo or video material
frame, students are asked to determine the arithmetic mean of these values and make a
conclusion about the energy of alpha particles [46].
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20 mm

Fig. 7. Measuring the free path length of alpha particles with Tracker tools

Video analysis is important for studying the characteristics of astronomical objects. An
interesting didactic application of video analysis in the context of astrophysics is the study of
the rotational motion of the Sun based on images of the visible motion of its photosphere. The
objects of observation in this case are sunspots. A video image of the Sun surface (Fig. 8)
obtained by the SOHO Space Observatory over a long period of time can be used for the
analysis (https://sohowww.nascom.nasa.gov/).

e

Fig. 8. Video analysis of the motion of the photosphere of the Sun. Tracker window

A model of a circular uniform motion can be used to describe the motion of sunspots.
Using the Tracker tools, a graphical dependence on time is constructed on a known linear
coordinate, which is approximated by a straight line. The coefficient adjoining t corresponds to
the value of the linear velocity of the spot (Fig. 9). The procedure is repeated for several
sunspots. The solar latitude is determined for each of them with the help of a virtual conveyor.
Thus, using the Tracker analytical tools, we can find, for example, the speed of the photosphere
and the period of rotation of the Sun at different latitudes (https://cutt.ly/FOfkbF1).
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Fig. 9. Determination of the linear velocity of the sunspot: approximation of experimental
results in Tracker window

The created video tasks were tested during distance and mixed learning in formal
education, as well as during various extracurricular educational activities for students and
teachers in Ukraine. We received confirmation of the effectiveness of the use of video analysis
tools for training motivated, capable youth during summer scientific schools under the
patronage of NC JASU. The evaluation of the works showed that the majority of the event
participants can use the Tracker toolKkit at a sufficient level [36].

Thus, a significant number of high school students are technically competent and willing
to use video analysis tools to study physical phenomena according to instructions. But only 3%
of students confirmed their abilities at the creative level.

The All-Ukrainian Online Olympiad in Natural Science "Open Natural Demonstration”
(https://vpd.stemua.science/ ), which took place in October — November 2021, was an
additional opportunity to check laboratory work using video analysis. More than 2,000 students
from Ukraine became its participants. In the selection round of this competition, among 20
tasks, a video task was offered to determine the coefficient of sliding friction based on a video
analysis of the movement of a body on an inclined plane, which was successfully completed by
80% of the participants. A detailed analysis of the solutions provided by the teams showed, first
of all, that the students have good skills in working with software tools. At the same time, the
main problem was the comparison of the obtained results with the mathematical model of the
considered phenomenon and the explanation of the differences between them. Studies of the
effectiveness of using video analysis in the All-Ukrainian Online Olympiad in Natural Science
"Open Natural Demonstration™ are ongoing. In 2022, at the Olympiad selection stage, the
participants were offered a video task using the Tracker to measure angles and distances to find
component forces.

Methodical work on the creation of didactic materials based on video analysis has been
going on for more than 10 years in the STEM laboratory of the Junior Academy of Sciences of
Ukraine. During this time, 40 different methods of performing laboratory work have been
created, video materials and video lectures have been prepared, which were tested during formal
and informal education in secondary and higher schools, especially intensively — during
distance learning in conditions of threats. The received didactic materials and developments are
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presented on the free access resource stemua.science in the "Instrumental digital didactics"
section. Studying the statistics of its visits with the help of www.cloudflare.com shows a
significant interest in the video analysis methods created and tested by us, not only in the
Ukrainian, but also in the world community of teachers (Fig. 10).
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4. CONCLUSIONS

The result of the study is the adaptation of the Tracker software for distance and blended
learning. The samples of video analysis using the Tracker described in the article were widely
used during the study of physics by students at the Junior Academy of Sciences of Ukraine. The
manual "Instrumental digital didactics™ was developed, which summarizes the main theoretical
principles and techniques of using Tracker Video Analysis [37]. During the work, a set of video
tasks for the Tracker was made. A high-quality video archive has been created due to the high
frequency of used recordings. It can be seen in the section "Supplementary materials” [31]. In
addition, Tracker resources contain educational data suitable for entry-level projects.

The methodology was used as a supplement during the study of physics in secondary
schools and in teacher training courses. These methods have been tested at the National
Aviation University and Kherson State University. It should also be emphasized that
performing video analysis tasks with the help of Tracker stimulates students to independently
create similar videos. This is confirmed by the active participation of students of Kherson State
University in the "Week of Science" contest for the best video experiment and video puzzle.

Our further didactic research will be aimed at expanding the practice of studying physics,
achieving the level of ingenuity in using video analysis. Our aim is to enable students who learn
to work with the Tracker system to independently conduct experiments or use the resources
available in the library.
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Anoranis. ®opMyBaHHs HABUYOK MPOBE/ICHHS EKCIIEPUMEHTY Ta aHAITI3y HOro pe3ylbTaTiB i1 yac
MPOBENIeHHs J1TaObOpaTOpHUX POOIT 3 NPHUPOIO3HABCTBA 3aBXKIH OYJI0 BAKIMBOK AUIAKTUYHOIO
npo0JIeMolo, sIKa 3HaYyHO IOCHIWIACH B YMOBaX [IUCTAHLIHHOIO Ta 3MIIIAHOIO HABYAHHS.
JocnimkeHHs miaxoaiB 10 eQeKTHBHOrO BUKOPUCTAHHS MPOIPaMHOro 3a0e3NeyeHHst sl aHai3y
BiJICO3AIUCIB CIOCTEPEXKEHb peanbHUX (I3UYHUX TIPOIECIB 1 SBUIL € OJHUM 13 3aBJaHb
IHCTpyMeHTaJIbHOI LU(POBOI IUIAKTUKK. J[OCTymHE Ta peryiasipHO OHOBJIIOBaHE MPOrpaMHe
3abe3neuenns Tracker: Video Analysis and Modeling Tool € nonynsipHUM TUIAKTHYHAM 32CO00M
JUIs aHanmizy (I3MYHMX BEIMYMH Ha OCHOBI OOpPOOKM CTaTHMYHMX 1 JAMHAMIYHUX 300pakeHb 3
HACTYIIHUM TOPIBHAHHAM 3 BIiJINOBIHOID MAaTEMAaTHYHOIO MOJEIUIIO. Y3araJlbHEHO IpaBHiIa
CTBOPEHHS HaBYAIBFHHX BiJleo, IPUAATHUX I aHalizy B udpoBoMy cepenosuiui. Ha npukimanax
mabopaTOpHUX 3aHATH 3 0aratbox TeM (QI3UKH (MEXaHiKW, TiAPOAWHAMIKH, MOJIEKYISIPHOI Ta
ATOMHOI (hI3UKH, ONITUKH) Ta ACTPOHOMII TIOKa3aHO 3arajibHi 0COOJIMBOCTI CTBOPEHHS Bi/ICO3aMHKCIB,
nmabopaTOpHUX POOIT, MPOOIEMHNX 3aBIaHb Ha OCHOBI Bimeoanamnizy. STEM-nmaboparopiero Mamoi
akazeMii HayK YKpaiHM CTBOPEHO YHCJICHHI IOBIOKOBI Bimeo Mpo (i3W4HI eKCIEepUMEHTH Ta
MpaBmiia iX BUKOPHCTAHHS; TaKOXX CTBOPEHO 30ipHHK Bi/le03aBlIaHb, PO3POOIIEHO iHHOBAIIiiHI
METOJIMKH HABYAIBHOrO (DI3MYHOrO eKCIepUMeHTY. MeToau BiJicoaHani3y ampoOOBaHO Mif| 4ac
MUCTAHIIIHHOTO Ta 3MIIIAHOTO HABYaHHA YYHIB Ta CTYJCHTIB B yMOBaxX 3arpo3, IIiJ dac
¢opmanbHOTO Ta HEPOPMATBPHOTO HABYAHHS: JITHBOI HAYKOBOI INKONK JJIS CTYICHTIB,
BceykpaiHCBKOr0 TPHPOIHUYOr0 OHIANH-TYpHIpY «BimkpuTa mnpupomHmda JEMOHCTPALID»
IacTpymenTanpHa mupoBa TUIAKTHKA € KOMIIOHEHTOM KYPCiB IMiATOTOBKHM BUHTEIIB i PETYISIPHO
00TOBOPIOETHCS HA CeMiHapax i KOH(EpeHIlisX 3 HayKoBoi ocBiTH. J[kepemno stemua.science HL]
«MAHY» KOpHCTYeThCSI TIOMYIIPHICTIO Cepell KOPUCTYBadiB Mepexi [HTepHeT.

KarouoBi cjoBa: Bineoananmi3; ¢iswka; HOWCTaHIiHA OCBiTa; [OWCTaHIIIiHE HaBYaHHS,
IHCTpyMeHTanbHa mudpoBa nunaktuka; Tracker; Mana akamemis Hayk YkpaiHu.
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