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The propose of research-based learning style by

integrating virtual reality andemotion-sensing technology

Innovative Global Program

1. Introduction
Many educational institutions adopt a
research-based learning (RBL) pedagogical
approach to make education engaging and
effective. RBL requires students to
actively participate in learning and apply
contexts.

their knowledge in real-world

Due to the COVID-19 pandemic, students have

become accustomed to online classes,
making face—to—face learning less
appealing. Therefore, it 1is necessary to

explore alternative modes of instruction

that can enhance the quality of in—person

learning.
The current project aims to blend
cutting—edge technology with

physiological signal measurement lessons

The project makes use of virtual reality
(VR) technology to create an engaging and
immersive experience that transports
learners to an alternate reality. This
project aims to investigate the use of VR
affective

technology for studying

computing, by measuring physiological

signals while exposing participants to
different VR environments. This approach
is expected to make learning an enjoyable

and stimulating experience. Rather than
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simply reading about physiological signals

and sensors, learners can now engage with

the subject in a virtual reality
environment. This approach enables
students to observe sensors’ operation,

understand basic ideas of how to create VR

environment and how to analyze the signals

2. Research plan

We specifically targeted students who
had little to no experience in conducting
research, and as such, we recruited those
who were part of the IGP program at Shibaura
Institute of Technology. Our aim was to
hold RBL workshops to help students develop
their research skills and collect RBL
evaluation results from them. The workshop
was divided into the following steps. Table
1 shows outline of the study session.

1. Faculty members gave theoretical and
practical lectures to introduce students
to VR development using Unity and HRV
measurement using heart rate sensors.

2. Students applied the knowledge they
gained in stage 1 to develop individual
projects and propose their ideas for
different VR

affect HRV differently.

environments that could



Table 1; Outline of study session

Week | Outline
1 | Guidance, 3D Coordinate system in Unity
2 | 3D world, 3D coordinate, vectors, camera, faces, edges, vertices, shaders
3 | Rigidbody physic, collision detection - installation of unity
4 | Basic C# programming, Unity interface
5 | Design fundamental
6 | Design environment - sketching, mood boards staging
7 | Get environment from asset
8 | Make VR environment
9 | Make VR environment (continue) & decide physiological signal collection method
10 | Analysis of signal
11 | Final Presentation
Table 2: List of evaluation questions
No. Question Answer choice

How confident do you feel in your understanding of
1 the usage of sensors within virtual reality 1 (Very poor) - 5 (Excellent)
environments after completing this study session ?

How confident do you feel in your ability to create
2 virtual reality environments after completing this 1 (Very poor) - 5 (Excellent)
study session ?

Did the study session adequately cover the process
3 of creating VR environments using relevant
software/tools?

Yes completely / Yes to some
context / No, not at all

Overall, how would you rate the Affective VR study
4 session in terms of its effectiveness in studying 1 (Very poor) - 5 (Excellent)
sensor usage and VR environment creation?

3. Students then designed and developed 3. Status of progress
the VR environment, including the We recruited three male students from
interaction of the character inside the VR different years of the IGP program to
environment and the addition of multimodal participate 1in the Affective VR study
stimuli (such as music) to ensure that the session workshops. During the workshops,
environment could create emotions such as the students were given lectures on the
relaxation, concentration, etc. basics of VR and then encouraged to design

4. Students performed experiments to and develop their own projects based on
evaluate the effect of their environment on their newly acquired knowledge. There were
HRV. Finally, students presented and no restrictions on project themes, but they
discussed their projects and evaluated were encouraged to utilize their knowledge
their teaching/learning experience (see as much as possible.

Table 2 for evaluation questions).



P1: Scary room

| P1: Kawaii room

Figure 1 Example of the VR environments created by

“Participant 4

participating students.

\

The outside foreground does make
the participant feels stress

neganve

.
Loak around / Both Thunder and

the room and f s Class . glassbreak
feels nervous P 4
articipant |
opened 'oa“r’; o H_——
| ‘F ngj\ j\ : N
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: Negative Room

LF/HF

Really tense and stressful, want to

REEF's negative room
get out dark room

Parasympathetic  dominates,
deep relaxation since no light,
makes him sleepy

tree, makes him excited

Looking at white light Christmas |

Figure 2 Example

The students

topics

study session. The first topic examined the

difference

proposed three

for their Affective VR

in physiological

of the results collected from the sensors for project 1 and 2.

different between a Kawaii room and a scary room (See
Figure 1:P1).

the

research The second topic was to study

difference in physiological signals

signals between a warm Christmas—themed room and a
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dark Christmas—themed room (See Figure 4 ) Future plans and status of

1:P2). The third topic was investigating submission/presentation at conferences,
changes in alpha rhythms and time papers, eto.
perception in VR and real environments. Our research aims to enhance the RBL

style by integrating creativity through VR

The first two topics employed HRV sensor, environments in face—-to—face learning and
mybeat, to measure the HRV and calculated collaboration. We conducted workshops on
LF/HF ratio to investigate Affective VR with IGP students and assessed
stress/relaxation emotion inside the their experience with the workshops.

opposite environment. The third topic used

EEG sensor, MUSE headband, to measure the We discovered that the students were
Alpha waves during the exposure in the pleased with the study session and felt
application to study time perception. confident 1in wusing physiological signal

After completing the projects, the Sensors. The participating students
students were asked to evaluate their acquired technical skills, particularly in
experience of participating in the study VR environment development, through this
sessions. The evaluation results indicate research. They applied this knowledge to
that most of the students felt confident in develop VR in their primary research work,
their understanding of the usage of sensors and as a result, they published these works
within a VR environment and their ability as research papers in the on-site poster
to create a VR environment after completing session of an international conference,

the study session. All of them also SEATUC 2024. The title of their work is

reported that the study session adequately ”Study of Heart Rate Variability Responses
covered the process of creating VR using in Different Virtual Reality
relevant software (Unity and Meta Quest 2 Environments,” which was written by Aarif
were employed in this project). Finally, Suksai and Peeraya Sripian.

the evaluation result shows that the study

session was very satisfactory.

Participant answers (1: very poor - 5: excellent)
mo W a4 Did the study session adequately cover the process of creating VR environments using relevant
5

4
3 II I
2
1

Participant 1 Participant 2 Participant 3

software/tools?

3 responses

@ Ves completely
@ Yes, to some exteni
@ No. notat all

Figure 3 Evaluation questionnaire results.
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Enhancing Student Performance in Research-based Learning

through Group—-based Activities on [oT Device Development

Innovative Global Program

1. Introduction
In the rapidly evolving landscape of
to use new

education, it 1is crucial

teaching methods to foster meaningful

learning experiences. Research-based
learning is one such method that emphasizes
the acquisition of knowledge through
active engagement in real research tasks.

Within this paradigm, one area ripe for
exploration is the Internet of Things (IoT),
opportunities for

offering many

interdisciplinary collaboration and

hands-on experimentation to students
This research aims to investigate the

activities in

role of group-based

augmenting student performance in

research-based learning, specifically
focusing on IoT device development. As

technology becomes more important in our

lives, knowing about IoT is useful. By
immersing students 1in the process of
conceiving, designing, and implementing

IoT devices, educators can cultivate not

only technical skill but also other
important soft skills that are necessary in
professional settings such as critical
thinking, problem solving, communication,
and teamworking

Moreover, since making IoT devices is
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complicated and requires several technical
skills in combination, it is best to learn
in group-based

by doing. By engaging

activities, students are encouraged to
adopt hands—on experience 1in learning,

which help them to reduce the gap between

theoretical knowledge and practical
application. Through active
experimentation and problem solving,

students are expected to develop a deep

understanding of IoT principles while
enhancing their creativity and innovation.

This paper presents our plan and
implementation of research—-based learning
which aims to enhance both teaching and
learning styles and contribute to a better
education 1in research-based learning,
especially the Innovative Global Program

(IGP) of our university.

2. Research Program
We targeted students with no or little
experience conducting research. Thus, we

recruited those who belong to IGP, an

undergraduate research—-based learning
program of the Shibaura Institute of
Technology.

The research is divided into 3 stages as

follows:



(1) Instructors give short lectures to
get students ready with the same
background necessary for IoT device
development. Small exercises and

discussion are also conducted along

with the lectures to increase the
understanding and communication

among students. The achievement

goals of this stage are: (1) Students

understand and can describe basic
ideas of IoT and embedded system

(both hardware and software), and (2)

Students can apply knowledge to
design and develop simple things by
utilizing sensors.

(2) Students form a group to plan and
develop an IoT device as part of their
project in a 6-week workshop under
the theme “IoT Device Development

for Daily Usage in University Life.”

Throughout the workshop,

presentations and discussions are

conducted among students and
instructors several times to keep
track of their progress and allow
them to brainstorm and communicate

(3) Students make a final presentation
and discuss their project.

Throughout the workshop, instructors

monitor and evaluate student

performance on each activity. The
results will be used for discussion
as part of the performance evaluation

in research-based learning

To proceed with the above research
program, the workshop was held with the
students based on the schedule as shown in

Table 1.
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Table 1: Overall workshop schedule

Week Topic

Basics in IoT and embedded system

Electronic circuits and sensors

LED and sensors (Part 1)

Sensors and CG programming (Part 1)

1
2
3
4 | LED and sensors (Part 2)
5
6

Sensors and CG programming (Part 2)

7-12 | Project design, development,

testing, and final presentation

3. State of Progress

We recruited a total of 3 students; 2
of them are the freshmen of IGP program
and 1 of them is the graduate student.
The freshmen students developed IoT
devices as part of their projects and
the discussion on the technical
knowledge required for project design
and development was conducted among 3
students and 1 instructor. The detailed
outcomes obtained from the research are

described as follows:

3.1 Student Workshop Outcomes

Each student developed the IoT device on
two different themes to solve the actual
problem faced in their daily life as
follows:

Student A developed an automatic plant
watering device (Figure 1) as inspired by
the fact that people usually forget to
water the plants and sometimes make bad
decisions on the watering amount and timing.
The student integrated moisture and light
sensor for monitoring the plant, and a pump
to water the plant when certain conditions
are met. There were several new components
that were not included during the short

lectures. However, the student was able to

TOPAR 3



figure out how to integrate them into the
device successfully.

Student B developed a runaway alarm robot
(Figure 2) as inspired using robot to
motivate people to run and catch it while
the alarm is ringing so that they can wake
up easier and fully conscious. The student
buzzer, LCD
keypad with the

integrated motion sensor,
screen, and

Arduino—programmable robot.

Figure 1: A prototype of automatic plant

watering device

Figure 2: A prototype of runaway alarm
robot
students

After the workshop, both

successfully built project prototypes

from scratch, drawing on their IoT and

embedded systems knowledge. They
demonstrated notable growth in soft
skills like task planning, time
management, problem—solving, and

48

communication. Despite facing technical

challenges, they effectively tackled

them through trial—-and-error and

guidance from peers and instructors.

Face-to—face discussions, enhanced with
illustrations, facilitated smooth idea

exchange and communication. Figure 3

illustrates this wuse of visuals in
discussing Student A’ s project design.
satisfactory

The workshop produced

outcomes, representing significant
milestones in the first-year students’
learning journey. Although minor
improvements are possible, the successful
development of key features underscores
invaluable experiential learning and
growth, positioning them for success in

future research-based learning programs.

Figure 3: An illustration used during

discussion of plant watering device design

3.2 Evaluation of Student Performance

During the workshop, we conducted a

performance assessment by contrasting
group activities with individual
assignments. The instructor evaluated

student performance by observing all

assigned tasks throughout the workshop.
yielded the

The evaluation following
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results.

The average score for group activities
was 82 (SD=26),
assignments, it was 73 (SD=34) out of 100.
These

whereas for individual

findings suggest that students

generally exhibit slightly better
performance during group activities, as
they benefit from prompt learning and
collaborative problem—solving. Conversely
individual assignment performance varied
among students, influenced by their
background knowledge and proficiency in
tackling complex problems.

Moreover, these findings underscore the
importance of designing collaborative
learning experiences within workshops.
Group activities not only foster a
conducive environment for discussion and
knowledge sharing but also promote active
engagement and critical thinking among
the variation in

students. Conversely,

performance observed in individual

assignments emphasizes the need for
personalized support tailored to students’
diverse backgrounds and skill levels
Moving forward, integrating a balanced mix
of group collaboration and individual
tasks, supplemented by targeted assistance
and resources, can enhance overall student
learning outcomes. Additionally, ongoing
monitoring and assessment of student
performance will enable instructors to
adapt and refine workshop strategies to
better meet the evolving needs of learners.
By leveraging these 1insights, we can
continue to enhance the effectiveness and
impact of future workshops in facilitating
student success and development.

As part of our ongoing efforts to enhance

the educational approach within the newly

— 49 —

established research-based program, IGP,

we have implemented various FDSD
activities. This research endeavor serves
reform on two

to advance educational

aspects: (1) It aims to refine teaching
and learning methodologies tailored for
research-based learning within IGP, and
(2) It students’

seeks to cultivate

competencies in research-based learning
alongside essential soft skills 1like
collaborative communication within group
settings. Through this research, we aspire
to contribute substantively to the

continual improvement of educational
practices within IGP as well as other
research—based learning programs,
fostering a dynamic learning environment
student

conducive to growth and

achievement.

4 . Future Program, Paper Submission, and
Results Briefing
Due to the limited number of participants,

drawing definitive conclusions from our

research remains challenging.
Nevertheless, preliminary findings
suggest that the group—based learning

approach we have designed holds promise for

enhancing student performance in
research—based learning contexts. Moving
forward, we are committed to further
investigation to refine and optimize this
approach within IGP. Our next steps involve
expanding our data collection efforts to
cohort of students

include a larger

Subsequently, we intend to disseminate our

findings through conference papers,
thereby contributing to the ongoing
advancement of teaching and learning

practices within IGP and beyond
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Design and Implementation of Double Degree/Joint
Degree Education Model for Doctoral students at SIT

FEEPRERIE

1. Introduction

In the present scenario, the presentation
of a university as a brand plays an
important role in drawing the attention of
national and international students,
further securing a sustainable future for
the growth of the institution. Currently,
the popularity and prestige of any
institution are judged by its academic

rankings. Various factors such as
international educational programs,
research work, publications, and

collaborations serve as determinants of
the institution’ s rank at the global level.
With the aim of fostering Dbetter
international collaborations, Joint
Degree (JD) and Dual Degree (DD) programs
are crucial and play an important role
globally. Joint Degree (JD) and Dual
Degree (DD) programs offer a collaborative
environment and lead to effective research,
subsequently paving the way for various
international publications in prestigious

journals.

In the past, it was observed that due to

curriculum differences at the
international level among various
universities, it was difficult to

formulate combined JD programs. However,
over time, universities are now moving
towards standardized courses and syllabi
globally, which has largely facilitated
the design of JD programs. Similarly, dual
degree (DD) programs present students with

SUTT LIUN

a unique opportunity to obtain two degrees
simultaneously, fostering not only a well-
rounded education but also an appreciation
for cultural variances in both nations in
the scenario of international exchange
students. Furthermore, DD programs double
students’ job prospects, as it makes them
increasingly desirable to both local and
international employers

Shibaura Institute of Technology (SIT),

moving ahead with the wave of
globalization, aims to embrace growth by
emphasizing programs like Joint Degree (JD)
and Double Degree (DD). Over recent years

SIT has precisely observed and understood
how leading universities worldwide
successfully 1integrate such programs,
confront challenges, and gain significant
benefits. With a firm focus on excellence,
SIT has closely examined universities with
outstanding global rankings, strategic
locations, and diverse academic offerings.
SIT’ s predominant goal is to forge robust
partnerships with global universities,
establishing top—tier DD/JD programs for
doctoral candidates and taking important

steps towards this vision.

SIT has outlined key objectives that
comprise an implementable strategy to
enhance its global reputation and ranking
Through extended research endeavors,
fostering innovation and entrepreneurship,
cultivating international collaborations,

and enhancing teaching quality, SIT aims



for substantial growth. Collaboration with

esteemed international institutions
serves as a crucial gateway to fresh
research 1ideas, resource sharing, and
enhancing the impact and quality of
research output. Additionally, increased
enrollment of PhD students fuels a steady
stream of talented researchers who
contribute to SIT s research agenda, boost
research quality, and  support its
reputation as a research—intensive

university.

SIT s mission is to provide a diverse and
inclusive campus environment that embraces
students from across the globe, fostering
cross—cultural interactions. SIT
envisions a vibrant environment where
cultural exchange programs, enriching
study tours, and impactful community
engagement projects thrive. Importantly,
these initiatives can be implemented with
minimal financial strain, ensuring a cost—
effective and sustainable approach to
long—term growth. By leveraging existing
resources and forming strategic alliances,
SIT is poised to create an innovative
learning environment that attracts and
retains the brightest talents globally,
thereby elevating its reputation to
unprecedented heights as a bastion of
academic excellence.

2. Research Activity / Plan

For a long time, the Shibaura Institute
of Technology has successfully conducted
the DD/JD program, leading to various
international collaborations and
constructive outcomes. For instance, SIT
facilitated the enrollment of a doctoral
student from the University Putra
Malaysia for a year of joint supervision
at SIT and collaborated with the

University of Caen (France) to host a

research exchange student at SIT.
Furthermore, SIT has expanded 1its
collaborative efforts with several
universities, including IITM (India),
IITH (India), UPM (Malaysia), and the
University of Caen (France).

Currently, SIT has initiated dialogues
with Directors, Vice Chancellors, and
Deans from renowned Indian universities
via the Japan—India Universities forum
facilitated by JST. These discussions
have unveiled promising prospects for
introducing DD/JD programs and fostering
research exchange initiatives. During
the fiscal year 2023, SIT carried out
various research initiatives  that
resulted in successful collaborations
with other universities. One of the
accomplishments was the publication of
research work in an International
Journal. Ms. Aliah Nursyahirah Kamarudin,
a PhD and Joint supervision program
candidate from UPM
published her work

(Malaysia),
successfully
performed at SIT. This achievement
further
partnership between the institutions.
Additionally, SIT welcomed a doctoral
candidate Mr. Gaetan Simon from the

strengthened the research

University of Caen (France) for a year—
long research exchange and joint
supervision, enhancing the  cross-—
institutional collaboration. Notably,
SIT facilitated student and faculty
exchanges with IITM in India and UPM in
Malaysia during the aPBL program held in
December 2023. These exchanges provided
an opportunity for discussions on the
DD/JD program and fostered research

exchange activities

TOPAR 3



IIT (Hyderabad), one of the prestigious
institutions in India, has shown keen
interest in having research
collaborations with SIT and establishing
a JD program in the future. This
collaboration would greatly enhance
SIT s reputation and recognition. In the
future, a process to develop a DD/JD
Memorandum of Understanding (MoU) with
IITH should be considered. UPM is
already a strong collaborative partner
with SIT, and they currently have a PhD
student who is jointly supervised by
both institutions. In the upcoming year,
SIT will focus on establishing an MoU
for a PhD-level JD/DD program and
identifying suitable candidates

Additionally, SIT is in discussions with
other esteemed Indian universities and
research

looking for potential

collaborations.

3. Program

During my visit to Universiti Putra
Malaysia (UPM) in 2023, I had the
privilege of attending a presidential
meeting with President Prof. Dr. Mohd
Roslan bin Sulaiman. The primary topic of
discussion was the potential establishment
of a joint degree and double degree
program for PhD students. Furthermore, a
discussion on the implementation of double
degree programs between both universities
was held. The proposed program aims to
make a significant impact by enriching
both the quality and quantity of research
initiatives between the two universities

Not only will it offer students the chance
to earn degrees from both institutions,
but it will also cultivate a stronger bond
between SIT and UPM. The collaborations in

progress mark a milestone that underscores

— 64 —

the dedication of both universities to

advancing academic excellence and
nurturing partnerships that go beyond

individual campuses.

In 2023, Osmania University in Hyderabad

India, initiated a partnership with SIT
during the visit of their Vice Chancellor.
This agreement, in the form of a
Memorandum  of  Understanding (MoU),
signifies the commencement of
collaborative efforts and  research
exchanges between the two academic
institutions. During discussions with the
Vice Chancellor and myself, we explored
plans to implement and develop Joint
Degree (JD) and Double Degree (DD)
programs as part of this collaboration

The partnership between Osmania University
in Hyderabad, India, and SIT through a
Memorandum of Understanding (MoU) holds
several benefits. The Joint Degree (JD)
and Double Degree (DD) programs will allow
students from both institutions to access
a broader range of academic offerings

These programs often combine the strengths
of each institution, providing a more
comprehensive  educational  experience.
Collaborative efforts and research
exchanges foster a global perspective
among students and faculty. They gain
exposure to different academic approaches,
research

cultural contexts, and

methodologies, enriching their
understanding and skills. Students and
faculty participating in joint programs
have the opportunity to interact with
individuals from diverse cultural
backgrounds. This  promotes  cultural
exchange, understanding, and appreciation,
contributing to the development of global
citizens. Partnerships between academic
institutions create networking

opportunities for students and faculty.

TOPAR 3



These connections can be valuable for
future collaborations, research endeavors,
and career opportunities both domestically
and internationally. Two—way initiatives
with reputable institutions like Osmania
University and SIT enhance the prestige
and reputation of both organizations. This
can attract top—tier students, faculty,

and funding opportunities, further
strengthening their academic standing

Overall, increasing SIT s global
reputation and brand value. In September
2023, the esteemed Indian Institute of
Technology (IIT) Hyderabad graced our
campus at SIT for an exchange program.
During their visit, we had the privilege
of engaging in fruitful discussions
regarding the potential implementation of
Joint Degree (JD) and Double Degree (DD)
programs between our institutions. The
exchange of ideas was further explored,
and we sought the valuable input of
participating students regarding the
possibility of enhancing research exchange
programs. Their insights were pivotal in
shaping the direction of our discussions

Fortunately, the outcome was
overwhelmingly positive. The successful
conclusion of the exchange program not
only solidified our existing partnership
but also opened up new possibilities of
collaboration. This laid the foundation
for future actions, including the prospect
of students from IIT Hyderabad joining us
at SIT for JD/DD programs, thus promoting
a deeper connection between our
institutions and enhancing academic

opportunities for our students

4. Future Plan, academic societies,
submissions/presentation status of papers,
etc.,

The overarching objective of the program
is to strategically identify globally
acclaimed universities whose research
focus harmonizes seamlessly with that of
SIT. By cultivating enduring partnerships
with these eminent institutions, we aim to
foster a collaborative environment
conducive to academic excellence. This
entails the establishment of Memorandums
of Understanding (MoUs) designed to
facilitate Joint Degree (JD) or Double

Degree (DD) programs.

At present, SIT has successfully forged
MoUs with esteemed institutions such as
UPM and Osmania University, offering
students the invaluable opportunity to
pursue joint or double degrees from two
prestigious universities. Furthermore,
SIT is actively engaged in the development
of a PhD-level JD/DD program in
collaboration with UPM and IITH.
Anticipating an influx of students for
research exchange and JD programs from
these partnerships, we are committed to

further expanding our academic horizons.

Moreover, we are earnestly pursuing

mutually beneficial research

collaborations with distinguished
universities like IITM and the University
of Caen (France), aiming to foster
innovation and propel the frontiers of
knowledge. Through these collaborative
endeavors, we aspire to advance not only
our own research initiatives but also
contribute significantly to the global

academic landscape.
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How ‘the slack evaluation development team’ was

selected.

Step 2 'Slack evaluation development team’ conducted

- comprehensive brainstorming session
- effective measures for assessing student engagement

Step 3 Participant's activity on Slack categorized into three
evels:

Lv.[A): high engagement (suggest ideas, figures, etc.)
Lv.(B): moderate engagement
Lv.{C): low engagement (just reaction, put stumps, etc.)
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- LOMMeNTs WNICN OUr assessors Judgeda Nad Tacilitated the Progress of group WOork, Without airectly triggering a
‘next step’ in the project. For example, just expressing encouragement to other members.
Level C (1) includes:

- Casual conversation unrelated to the project, emoji, and other reactions as well as simple ‘yes’ / ‘no’ type
responses.

- Sharing Zoom links, Google slides, etc.

- Posting presentation materials in the group chat (as all students have access to these already).

- Statements with no identifiable meaning.

- Repetition of a statement the same or very similar to one the student had already made.

-‘Negative’ statements which might demotivate the team.
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Table 1: Comparing the post number on Slack per participants
between the AY2021 and the AY2022 workshop

Year | Post Number of post number per participant ]
| munber participants

2021 | 465 20 23.25

2022 | 1042 23 45.30
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75 96. 7%, 20 mg/L ] TI% HOA 7% 95. 2% . AHS
75 94.8% . 10 mg/L [l TI% HOA 7% 93. 6% . AHS
1 93.8%Th-o72(3), ZORRZRLD &
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Nitrification rate(%)

30mg/L i Td N0 &3 < .40~20 mg/L
TOEERHIM £ TIX HOA @ J5 28 N0 35 28 &
WAY, 10 mg/L T oEEEHIA] TIE AHS @ 77 73
BWRER Lo, F- EEEM TR % & HOA
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al.,2018) = & 51K N.O HicH 5T %
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1. Paper introduction

A distinction that is often draw in philosoph-
ical discussions of emergence is that between
epistemological emergence and ontological
emergence. An epistemologically emergent
phenomenon is one that is in principle “reduci-
ble” in some sense to its component elements,
but is irreducible in practice due to its complex-
ity and limitations in the observer’s computa-
tional power and resources. It is, in a word, a
kind of emergence that is only in the eyes of the
beholder. An ontologically emergent phenome-
non, on the other hand, is one that is irreducible
to its component elements even in principle.
Much of the philosophical discussion about
emergence revolves around the question: Are
there instances of ontological emergence in the
world, or are all instances of emergence episte-
mological?

An issue that is often overlooked in these dis-
cussions is the question of what it means for an
emergent phenomenon to be reducible or irre-
ducible “in principle.” There is a tendency to
use this phrase in a rather impressionistic man-
ner, without any sustained examination into the
conditions under which an emergent phenome-
non can be said to be reducible or irreducible
“in principle.” The unfortunate result of such a

tendency is to lapse into speculative concept-
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manipulation, detached from the actual science
of emergent systems and phenomena.

This paper aims to rectify this situation and
raise the level of rigor of philosophical discus-
sions of emergence, by employing the concep-
tual tools of the theory of computation: namely,
computability, decidability, and computational
complexity. There are several known instances
in which the macroscopic behavior of a system
is undecidable, in the computational sense,
from a microscopic description of its underly-
ing elements. For example, Toby S. Cubit and
his colleagues have demonstrated the undecida-
bility of whether an energy gap exists in 2-di-
mensional lattice models of quantum many-
body systems (Cubit et al., “Undecidability of
the Spectral Gap,” Nature 528, 2015). This can
be interpreted as an instance of emergence in
which the macroscopic behavior of a system is
irreducible in principle to a microscopic de-
scription of its elements. Hence this is an in-
stance of ontological emergence, where “reduc-
ibility in principle” is understood in a computa-
tional sense.

More generally, even if a problem is solvable
in principle, there are various classes of com-
putational complexity, such as P, PSPACE, and
NP, corresponding to the different grades of dif-

ficulty of the computation required to solve the



problem. Thus, even among emergent phenom-
ena that are “reducible in principle,” there may
be qualitative differences in the difficulty of re-
duction. In this paper we propose a hierarchy of
varying “grades” of emergence, corresponding
to the hierarchy of computational complexity
classes, and investigate specific instances of
emergence in the natural world according to this

proposed framework.

2 . Research program

Our first step is to examine the recent studies
of emergence in the philosophy of science liter-
ature that deal with specific instances of emer-
gence within physics. Especially pertinent for
our purposes is Robert Batterman’s A Middle
Way: A Non-Fundamental Approach to Many-
Body Physics (2021), which explores the philo-
sophical implications of mesoscale physics,
taking the methods of fluid mechanics as a
model. Another important study is Robert
Bishop, Mark Pexton, and Michael Silberstein’s
Emergence in Context: A Treatise in Twenty-
First Century Natural Philosophy (2022),
which examines the conditions that make the
existence, stability, and persistence of emergent
behavior possible, and on this basis presents the
notion of contextual emergence, a kind of emer-
gence that is neither epistemological nor onto-
logical.

Although not dealing specifically with the
topic of emergence, Scott Aaronson’s essays
“NP-complete Problems and Physical Reality”
(ACM SIGACT News, Vol. 36, No. 1, 2005) and
“Why Philosophers Should Care About Compu-
tational Complexity” (included in the collection
Computability: Turing, Godel, Church, and Be-
yond, 2013) are also pertinent to the present
study, as they explore a wealth of connections

between the theory of computation, theoretical
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physics, and philosophy.

Building on the ideas presented in these stud-
ies, as well as my own previous research on pat-
ternhood and emergent behavior, | propose a
framework for classifying and studying various
examples of emergence that arise in the natural
world. This framework distinguishes different
grades of emergence depending on the difficulty
of the computation required to reproduce (or
make decisions about) certain macroscopic be-
haviors of the emergent system, based on a mi-
croscopic description of its elements.

Finally, we apply this framework to several
specific instances of emergence. The energy
gap (spectral gap) in 2-dimensional lattice mod-
els of quantum many-body systems, for exam-
ple, is an example of the “strongest” type of
emergence because it corresponds to an unde-
cidable problem. A weaker type of emergence is
one that corresponds to an NP complete problem.
It has been shown, for example, that solving the
3-dimensional Ising model, used to describe
ferromagnetism in statistical mechanics, is an
NP complete problem (Sorin Istrail, “Statistical
Mechanics, Three-Dimensionality and NP-com-
pleteness,” STOC '00: Proceedings of the
Thirty-second Annual ACM Symposium on The-
ory of Computing, 2000). This suggests that the
kind of phase transitions described by such
models is an instance of this second grade of
emergence, which we may call NP complete

emergence.

3. State of progress

The survey of previous research on emer-
gence and the broad outlines of the framework
mentioned above are mostly complete. What re-
mains to be done is to apply the framework to

further examples of emergence arising in phys-



ics (and perhaps other fields as well). Specifi-
cally, it remains to be seen whether there are
any instances of emergence corresponding to
the complexity classes PSPACE, EXPTIME,
NEXPTIME, and EXSPACE, for example. An-
other issue that remains to be addressed is
whether putative cases of emergence corre-
sponding to problems in the complexity class P
can be regarded as cases of emergence at all.
Since the class P consists of those computa-
tional problems that are efficiently solvable or
tractable, it would seem to go against our usual
conception of emergence to say that a physical
problem in the class P somehow corresponds to

an emergent phenomenon.

4 . Future program, paper submission and
results briefing

While the main ideas of the paper are in place,
the details mentioned above (in sec. 3) need to
be filled in before the paper can be completed
and submitted. This | hope to do within the ac-
ademic year 2024. In the future, there are two
research directions that | plan to pursue after the
current research is completed.

The first has to do with the problem of down-
ward causation, a putative type of causal rela-
tion, often attributed to strong types of emer-
gence, where an entity or event at a higher level
of a system somehow influences what goes on
at a lower level of the same system. There are
various conceptual difficulties involved in the
notion of downward causation, as pointed out
notably by the philosopher Jaegwon Kim. What
I would like to explore is whether some of these
conceptual issues surrounding downward cau-
sation could be resolved by adopting the com-
putational approach to emergence outlined in

the present study.
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A second direction in which the present re-
search may find potential application is the
problem of time, most notably its irreversibility.
Given that the physical laws at the micro level
are reversable (symmetric with respect to time),
it remains an open problem how to explain the
irreversibility of phenomena we observe at
macro scales. The standard view among physi-
cists and philosophers is that this macro-level
irreversibility is a statistical property arising
from the Second Law of Thermodynamics (that
is, the direction in which entropy increases in
an isolated system is defined as the future direc-
tion). However, as argued by the philosopher
Tim Maudlin, this view is untenable. There are
various other approaches to the irreversibility
problem, such as that of Ilya Prigogine, David
Albert, and Nicolas Gisin. What | hope to do in
the future is to examine these various ap-
proaches from the standpoint of the computa-
tional framework of emergence proposed in the

present study.
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