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2.2

2.3

List of Figures

Symmetrical upper limb movement demonstration of a healthy sub-
ject with the corresponding trajectories of the arm in the frontal (1),
transversal (i1) and sagittal (iii) plane (élajpah et al., 2023). Black line
represents the position of the dominant hand and red line represents
the position of the non-dominanthand. . . . . . . . . ... ... ...
Postures of the standing and seated calf-raise exercises and operating
ranges of each triceps surae muscle on the normalized force-length
curve during the exercises (Kinoshita et al., 2023). These were ob-
tained using the OpenSim Gait 2392 model (Delp et al., 2007), with the
knee joint 0° and 90° for the standing and seated conditions, respec-
tively, and the ankle joint angle ranging from 20° dorsiflexed to 30°
plantarflexed positions for both conditions. It can be clearly seen that
the lateral and medial gastrocnemius (LG and MG) operate at longer
muscle lengths in the standing than seated condition, while there is no
difference between the conditions in the soleus (SOL). . . . ... ..
Continuous glucose monitoring data during the postprandial phase of
both sedentary and postmeal exercise conditions after a standardized
meal in the same individual. Figure has been adapted from (Erickson
etal.,2017b). . . . . ..
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2.4

2.5

2.6

Variablility in BG responses to different forms of exercise in people
(Riddell et al., 2017). BG responses to different types of exercise in
individuals with type 1 diabetes show substantial variation. The ar-
rows and shaded areas illustrate this variability. Typically, aerobic ex-
ercise leads to a drop in blood glucose levels, while anaerobic exercise
causes an increase. Mixed activities tend to result in stable glucose lev-
els. However, individual responses vary based on several factors, such
as exercise duration and intensity, baseline BG levels, fitness, insulin
and glucagon concentrations, other counter-regulatory hormones in the
bloodstream, and the individual’s nutritional state. . . . . . . . . . ..
Biosignals and sensing locations (Khan et al., 2016). (a) Wearable
medical devices use various body locations to measure biosignals. For
example, blood pressure and surface electromyography (SEMG) are
typically measured on the arm (red dot). The wrist (green dot) is a ver-
satile spot, capturing signals like temperature, heart rate, pulse oxy-
genation, bioelectrical, and motion data. The chest (orange dot) can
also detect temperature, heart rate, and respiration. The leg (yellow
dot) primarily captures bioelectrical and motion signals. Electrochem-
ical sensing, such as from sweat or tears (black dot), can be conducted
at various body parts. Other sites, like the finger, earlobe, or forehead,
are suitable for pulse oxygenation. The focus here is on non-intrusive
measurement sites. (b) Biosignals and their related categories.

Various types of HR monitoring tools (Hahnen et al., 2020). (a) Bodi-
Metrics Performance Monitor tricoder. Vital signs are measured by
placing the right index finger on the plethysmography sensor located
in the upper right corner beneath the flap. (b) Everlast smartwatch.
Vital signs are measured by the electrodes and a photoplethysmogra-
phy sensor located at the back plate. (c) Polar verity sense. Vital signs
are measured by the electrodes and a photoplethysmography sensor

located at the back plate. . . . . . . ... ... .. ... .. ... ..
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3.1

3.2

3.3

3.4

3.5

3.6

Various types of CGM sensors (Blum, 2018). (a) Freestyle Libre 2.
The sensor measures interstitial glucose levels by inserting a small fil-
ament just beneath the skin, providing real-time glucose readings for
up to 14 days without the need for fingerstick calibrations. (b) Decom
G7. This device offers continuous glucose monitoring with a discreet
sensor applied on the skin, transmitting glucose data every 5 minutes

toaconnecteddevice. . . . . . . ...

ECG sensing system. Monitoring and analysis system of ECG sensor
usedinthisresearch. . . . . ... . ... ... .. L oL
Sensor & sensor attachment drawing. (a) Sensor and patch used in the
research. (b) Sensor attachment location. . . . . . . ... .. ... ..
Sequence and combination of upper body exercises and lower body
exercises. Each lower body exercise proceeded with a combination of
4 upper body exercises(shown in (g)). (a) to (f) shows a sequence in
the following order: SS, KU, RF, CC, AI180,FE . . . . ... ... ..
Trend graphs showing dot product levels over 3 minutes for both upper-
body-based exercise combinations. . . . . ... ... L.
An example of HR data acquisition process used for the analysis. The
blue line represents the raw HR data, while the red line is the smoothed
HR data, obtained by applying a moving average to reduce fluctuations
in the raw signal. Each vertical black line marks specific time intervals
at 10 sec, 20 sec, 30 sec, 40 sec, 50 sec, 60 sec, and 3 min. At each
marked interval, HR data was calculated by averaging the moving av-
erage HR over a 10-second window before and after the respective time
POINL. . . . o o e e e e e
Heatmap representation of the difference between maximum HR and
resting HR for various exercise combinations at the 60-second mark.
The x-axis represents different upper body exercises, while the y-axis
shows different lower body exercises. The color intensity indicates
the magnitude of the HR difference, with warmer colors represent-
ing greater increases in HR relative to resting levels. The No-op on

the x-axis represents the exclusion of upper body movement, while the

No-op on the y-axis represents the exclusion of lower body movement.
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3.7

3.8

3.9

Time-series comparison of HR responses during various upper and
lower body exercise combinations. The x-axis represents HR measure-
ments for upper body exercises while the y-axis is fixed with the HR
observed during the combination of a specific lower body exercise with
the exclusion of an upper body exercise. No-op represents the exclu-
sion of upper body movement. The subplots correspond to different
durations of exercise: (a) 10 sec, (b) 20 sec, (c) 30 sec, (d) 40 sec, (e)
50sec, (f) 60 sec. . . . . . . . . ..
Visualization of the HR vectors derived from combinations of upper
and lower body exercises over different time intervals. The HR vec-
tors are plotted for each upper body exercise paired with two differ-
ent lower body exercises. The x-axis represents the HR of the upper
body exercise, and the y-axis represents the level of HR for the lower
body exercise. Subplots (a) to (d) correspond to combinations of the
‘SS’ lower body exercise with the following upper body exercises in
sequence: (a) RF, (b) CC, (c) A180, and (d) FE. Subplots (e) to (h)
represent the same upper body exercises in the same order but paired
with the ‘KU’ lower body exercise. The different colored arrows in-
dicate the HR changes over time, with each arrow corresponding to
different time points (10s, 20s, 30s, 40s, 50s, 60s). Also, the last arrow
corresponds to Ground Truth which is a baseline for the dot product. .
Normalized representation of HR vectors from Figure 3.8, depicting
the relationship between upper and lower body exercises. The x-axis
and y-axis represent the normalized HR values for upper and lower
body exercises, respectively, over time. Each vector corresponds to a
specific time point, showing how HR changes relative to the maximum
HR for each exercise combination. Subplots (a) to (d) correspond to
the ‘SS’ lower body exercise paired with the following upper body
exercises in sequence: (a) RFE, (b) CC, (c¢) A180, and (d) FE. Subplots
(e) to (h) represent the same upper body exercises paired with the ‘KU’
lower body exercise. The normalization allows a clearer comparison of
HR change patterns between different exercise combinations by scal-

ing HR values betweenOand 1. . . . ... ... ... ... .....
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3.10 Comparison between vector magnitudes and actual HR data over time

3.11

3.12

3.13

3.14

for different exercise combinations. The x-axis represents time inter-
vals (10s, 20s, 30s, 40s, 50s, 60s), while the y-axis shows the values of
vector magnitude (black line) and actual HR data (red line). Subplots
(a) to (d) correspond to the ‘SS’ lower body exercise paired with upper
body exercises in the sequence: (a) RF, (b) CC, (c) A180, and (d) FE.
Subplots (e) to (h) represent the same upper body exercises paired with
the ‘KU’ lower body exercise. . . . . . ... ... ... .. .....
Analysis of dot product comparisons between different upper body ex-
ercises paired with a sidestep and kneeup lower body exercises over
various time intervals. Subplots (a) to (d) represent the dot product
values for each upper body exercise paired with SS (blue bars) and
KU (orange bars), in sequence: (a) RF, (b) CC, (c) A180, and (d) FE.
Subplots (e) to (h) convert the data from (a) to (d) into line graphs to
illustrate the trends more clearly. . . . . . ... .. ... ... ....
Transposed time-series comparison of HR responses during various
upper and lower body exercise combinations. The x-axis represents
HR measurements for lower body exercises, while the y-axis is fixed
with the HR observed during the combination of a specific upper body
exercise with the exclusion of a lower body exercise. No-op represents
the exclusion of lower body movement. Each subplot corresponds to a
different exercise duration: (a) 10 sec, (b) 20 sec, (c¢) 30 sec, (d) 40 sec,
(e)50secand (f)60sec. . . . . . . ...
Comparison of HR responses at the 40-second mark for different par-
ticipants. Subplots (a)-(e) represent the plots for all participants, based
on the figure shown for a single participant in Figure 3.7(d). Subplots
(f)-(j) represent the plots for all participants, based on the figure shown
for a single participant in Figure 3.12(d). For (a)-(e) No-op represents
the exclusion of upper body movement, and for (f)-(j) No-op represents
the exclusion of lower body movement. . . . . . ... ... .....
Dot product trends for different subjects at each 10-second interval for

varying upper and lower body exercise combinations. Subplots of each

horizontal line represent the same participants as shown in Figure 3.11.
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3.16

3.17

3.18

4.1

4.2

Trend graphs showing dot product values for different subjects over
time intervals at each 10-second mark. Two pairs (SS and KU) of ver-
tical subplots are in a same participant order as Figure 3.14. . . . . . .
Average slope values of dot product trends for all subjects based on
Figure 3.14. Subplots (a)-(d) correspond to the absolute slope values
for the subject’s average dot product trend graph of different exercise
combinations. . . . . . . ... Lo
Average slope values of dot product trends for all subjects based on
Figure 3.15. Subplots (a), and (b) illustrate the absolute slope values
for the subject’s average dot product trend graph of different exercise
combinations. . . . . . . . ...
Partial order representation of all exercises shown in Figure 3.6, nor-
malized as the mean across all participants. The diagram illustrates the
relative relationships and transition probabilities between different ex-
ercise combinations, with edge weights representing the normalized
average values of HR difference. No-op means movement exclusion

of upper(for y-axis) or lower body(for x-axis) exercise. . . . ... ..

Sequence of exercises used in research. (a) Sequence of ASO. (b) Se-
quence of JG. (c) Sequence of LAE. (d) Sequence of RW. (e) Sequence
of SR. (f) Sequence of SM. (g) Sequence of ST. (h) Sequence of ARP.
(1) Sequence of CC. (j) Sequenceof JJ, . . . . . .. ... ... ....
Overview of exercise analysis framework. (a) Separation of combined
exercises into upper and lower body components, enabling the sorting
of unique HR levels and exploring diverse movement combinations.
(b) Creation of new exercise combinations by pairing different upper
and lower body movements, facilitating tailored routines with identifi-
able HR levels. . . . .. .. .. ... ... ... .. ...



4.3 An example heart rate heatmap of 10 exercises and its correspoing
upper and lower body exercise. Heatmap represents the difference be-
tween maximum HR and resting HR for various exercise combina-
tions. The x-axis represents different upper body exercises, while the
y-axis shows different lower body exercises. The color intensity indi-
cates the magnitude of the HR difference, with warmer colors repre-
senting greater increases in HR relative to resting levels. Each shows
the values of a different subject. The No-op on the x-axis represents
the exclusion of upper body movement, while the No-op on the y-axis
represents the exclusion of lower body movement. . . . . . . . .. ..

4.4  Average HR difference across different exercise combinations for mul-
tiple participants. (a) Upper-body exercises with no lower body move-
ments. (b) Lower-body exercises with no upper body movements. (c)

Combined upper and lower body exercises. Exercise names in paren-

theses indicate their paired combination during full aerobic movements.

4.5 Comparison of HR differences across exercises. (a) HR difference for
upper-body exercises without lower body movements from Figure 4(a).
(b) HR differences for combinations of the SS lower-body exercise
(from Chapter 3) and all upper-body exercises. . . . . . . . ... ...
4.6 Average HR difference results for combinations of 5 upper-body exer-
cises with the SH lower-body exercise across different participants. (a)
Average intensity of upper-body exercises with no lower body move-
ments. (b) The average intensity of upper-body exercises combined
with SH for the lower body. (c) and (d) each is an identical plot to (a)
and (d) but of asingle subject. . . . . ... ... ... L.
4.7 Image comparison between “Close” and “Far” upper body exercise.
(a) Exercise motion with “Close” variation (b) Exercise motion with
“Far” variation. . . . . . . .. .. ..o
4.8 HR comparison between “Close” and “Far” variations of the SAS ex-
ercise. (a) Average across all participants, with error bars for “Far”. (b)

Results of the participants from Figure 6(c) and 6(d). . . . .. .. ..
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4.9

4.10

4.11

4.12

Visualization of HR differences using the vector-based method for all
exercise combinations listed in Figure 4.3. Each point represents the
HR level of an individual upper or lower body exercise. Exercises with
the same upper body movement but paired with different lower body
movements are connected by lines of the same color. . . . .. .. ..
Heatmaps of HR responses across exercise combinations for all par-
ticipants. (a) Upper body exercises clustered with varying lower body
combinations, showing stronger lower body exercises leading to higher
HR levels. (b) Lower body exercises clustered with different upper
body combinations, highlighting a greater impact of lower body vari-
ability on HR levels. In (a) No-op represents the exclusion of lower
body movement and in (b) No-op represents the exclusion of upper
body movement.. . . . . .. ... L
Heatmaps illustrating the intensity comparison between five upper-
body (rows) and five lower-body (columns) exercises. (a) Activity load
is calculated as the difference between post-exercise heart rate and rest-
ing heart rate. (b) Mean RR intervals(ms) difference between resting
and exercise phases. (c) Ratio of rMSSD values in resting and exercise
phases. (d) Ratio of pNN50 values in resting and exercise phases. The
No-op on the x-axis represents the exclusion of upper body movement,
while the No-op on the y-axis represents the exclusion of lower body
MOVEMENL. . . .« . v v v v v et e e e e e e e e e e e
Correlation analysis between the HR-based intensity metric from the
proposed method (Figure 4.12a) and various HRV metrics: mean RR
interval (meanRR), rMSSD, and pNN50 (Figure 4.12b—d). (a) bar plot
showing the correlation of different HRV metrics, (b) linear regression
fit and correlation for each factor. The results highlight a strong corre-
lation with meanRR (0.87), moderate correlation with rMSSD (0.64),
and weaker correlation with pNN50 (0.38). . . . . .. .. ... ...
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4.14

4.15

An example heart rate heatmap representing 120 exercises, showcas-
ing all exercise combinations analyzed in Section 4.3. The heatmap
illustrates the difference between maximum HR and resting HR across
various combinations. The x-axis represents different upper body exer-
cises, and the y-axis shows different lower body exercises. Color inten-
sity indicates the magnitude of the HR difference, with warmer colors
representing greater increases relative to resting levels. Each heatmap
corresponds to a different subject. The No-op on the x-axis represents
the exclusion of upper body movement, while the No-op on the y-axis
represents the exclusion of lower body movement. . . . . . . . .. ..
Heatmap comparison of actual and predicted data across 30 exercises
for all participants. (a) Averaged actual data of 30 exercises across all
participants. (b) Normalized average of the actual data for all partic-
ipants. (c) Predicted data generated using the actual data in (a). (d)
Normalized average of the predicted data for all participants. The No-
op on the x-axis represents the exclusion of upper body movement,
while the No-op on the y-axis represents the exclusion of lower body
MOVEMENL. . . . o . v v vt v et e e e e e e e e e e e e
Heatmap showing the differences between predicted data and actual
exercise results. (a) The average difference between predicted and ac-
tual data across all participants (accuracy: 95%). (b) The normalized
average difference between predicted and actual data across all partic-
ipants (accuracy: 97%). Red represents over estimated value and blue
represents under estimated value. The No-op on the x-axis represents
the exclusion of upper body movement, while the No-op on the y-axis

represents the exclusion of lower body movement. . . . . . . . .. ..
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4.16

4.17

4.18

5.1

Average partial order representation of all exercises across participants,
focusing on the quality aspect. This figure illustrates the partial order of
upper body movements by maintaining a fixed lower body posture, en-
abling the analysis of variations in upper body actions. The diagram il-
lustrates the relative relationships and transition probabilities between
different exercise combinations, with edge weights representing the
normalized average values of HR difference. For the broken partial or-
ders, adjacent exercise arrows were not drawn. 10 original exercises
are highlighted. The Noop on the x-axis represents the exclusion of
upper body movement, while the Noop on the y-axis represents the
exclusion of lower body movement. . . . . . ... ... ... ....
Average partial order representation of all exercises across participants,
focusing on the quality aspect. This figure illustrates the partial order of
lower body movements by maintaining a fixed upper body posture, en-
abling the analysis of variations in lower body actions. The diagram il-
lustrates the relative relationships and transition probabilities between
different exercise combinations, with edge weights representing the
normalized average values of HR difference. 10 original exercises are
highlighted. The No-op on the x-axis represents the exclusion of upper
body movement, while the Noop on the y-axis represents the exclusion
of lower body movement. . . . . . .. . ... ... ... ... ..
Quantitative representation of the average partial order across all exer-
cises for participants. Based on the partial orders in Figure 4.16 (nu-
merical exercise labels) and Figure 4.17 (alphabetical exercise labels),
this figure indicates the number of participants who followed the par-
tial order for each exercise combination. Yellow arrows indicate if the
partial order was followed over 50% of the participants, if not the
arrows were colored pink. 10 original exercises are highlighted. The
Noop on the x-axis represents the exclusion of upper body movement,
while the Noop on the y-axis represents the exclusion of lower body

MOVEMENL. . . . . . . . . o i e e e e e e e e e e e e e e e e e e

Blood glucose and heart rate monitoring system. Monitoring and anal-

ysis system of blood glucose and heart rate sensor used in this research. 86
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5.2

5.3

54

5.5

5.6

Blood glucose monitoring sensor. The sensor filament is 0.4 millime-
ters thick and inserted 5 millimeters under the skin surface. Using the
filament blood glucose levels are continuously measured through in-
terstitial fluid in subcutaneous fat. . . . . . .. ... ..o
Sensor attachment drawing (a) Anterior view. (b) Posterior view. In
order to minimize behavioral restrictions, a BG sensor was attached to
the left upper arm muscle of the right hand grip standard, and a Polar
HR sensor, which is relatively easy to attach, was worn on the right
hand side of the right hand grip standard. . . . . . . . ... ... ...
Categorized behaviors. Analysis of categorized behavior(different state
of body, different types of intakes) with HR over time and Blood glu-
COSE OVEI LIME. . . . v v v v v e et e e e e e e e e e
Changes in HR during transitions between different activities. (a) HR
variations during fasting state transitions, showing the impact of dif-
ferent events such as eating, walking (short-term and long-term), and
meetings on HR. (b) HR variations during postprandial (after eating)
state transitions, illustrating how HR changes as a result of the same
events as in the fasting state. Each arrow represents the change in the
average HR leverage between the respective activities, with the values
below indicating the number of data points supporting the change and
the direction of the data (+ for increase, - for decrease). . . . . . . . .
Changes in BG during transitions between different activities. (a) HR
variations during fasting state transitions, showing the impact of dif-
ferent events such as eating, walking (short-term and long-term), and
meetings on HR. (b) HR variations during postprandial (after eating)
state transitions, illustrating how HR changes as a result of the same
events as in the fasting state. Each arrow represents the change in the
average HR leverage between the respective activities, with the values
below indicating the number of data points supporting the change and

the direction of the data (+ for increase, - for decrease). . . . . . . ..
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5.7

5.8

59

BG level trends with different time intervals. This figure illustrates the
fluctuations in blood glucose levels over the course of a day, repre-
sented by step-like changes along the timeline. The x-axis shows the
time of day, while the y-axis indicates the BG level. The labels rep-
resent different intervals or periods throughout the day, where ‘F’ de-
notes fasting periods, ‘T’ represents postprandial (after eating) inter-
vals, and ‘B’ refers to beverage consumption intervals. The red color
indicates periods of increasing BG, while the blue indicates decreasing
BG levels. Green-colored labels mark fasting intervals. . . . . . . ..
Decision tree illustrating the classification of BG trends based on var-
ious conditions, including current BG status, time intervals, and event
type. The tree shows how these factors influence BG fluctuations, with
each node leading to a specific outcome such as a weak or strong in-
crease or decrease in BG. The percentages at each outcome represent
the accuracy of the classification in the dataset. . . . . . ... .. ..
Decision tree for determining current HR levels based on factors such
as BG status, time intervals, and event type. The tree highlights how
meal intake status, activity intensity, and physical stability influence
HR levels, with each outcome categorized as stable, high, or very high.

Percentages represent the classification accuracy. . . . .. .. .. ..
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5.10

5.11

5.12

Resting HR and BG correlation analysis (data acquisition). (a) to (f)
depict the raw HR and BG data collected throughout the day during
an experiment focused on stabilizing HR at intervals to evaluate the
relationship between resting HR and BG. The blue line represents the
raw BG data, the black line represents the raw HR data, and the yel-
low line connects the midpoints between the moving average and the
envelope of the HR data. The yellow background patches indicate rest
events (non-HR increasing), while the green background patches rep-
resent non-rest events (HR-increasing). The red dots represent actual
HR points measured after 5-10 minutes of stabilization at approxi-
mately 15-minute intervals. The cyan dots are the corresponding points
from the yellow prediction line at the same times as the red dots. Sub-
plots (b) and (e) show the correlation between red dots and their cor-
responding BG values. Subplots (c) and (f) show the correlation be-
tween cyan dots and their corresponding BG values. Subplots (g) and
(h) show a correlation of all the red or cyan dots from the data. . . . .
Resting HR and BG correlation analysis (data acquisition) of different
subjects. (a) to (f) depict the raw HR and BG data collected throughout
the day during an experiment focused on stabilizing HR at intervals to
evaluate the relationship between resting HR and BG. Subplots (b) and
(e) show the correlation between red dots and their corresponding BG
values. Subplots (¢) and (f) show the correlation between cyan dots and
their corresponding BG values. . . . . . ... ... ... ... .. ..
Correlation analysis of resting HR and BG during everyday activi-
ties.(a), (b), (c) Daily HR and BG measurements without controlled
stabilization experiments. The blue line represents BG data, the black
line shows raw HR data, and the yellow line represents the midpoint
between the moving average and the envelope of the HR data. The
yellow background patches indicate rest events (non-HR increasing),
while the green background patches represent non-rest events (HR-
increasing). (d), (e), (f) Correlation between the HR midpoints and
corresponding BG values for the same time points as marked by the

red dots. (g), (h), (i) Correlation of all predicted midpoints. . . . . . .
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Decision tree illustrating the estimation of BG status based on HR lev-
els. The tree integrates concepts from Figure 5.8 (BG dynamics), Fig-
ure 5.9 (HR level decision-making), and Figures 5.10, 5.11, and 5.12
(correlation analysis of resting HR and BG). . . . . . ... ... ...
HR based BG estimation Graph. (a) and (c) Raw HR data with the red
line representing the smoothed HR data. (b) and (d) Corresponding raw
BG data (candlestick format) alongside the interpolated BG estimation
(red line) derived using the decision tree in Figure 5.13. (a) and (b), (¢),
and (d) each corresponds to the same participant. . . . . . .. .. ..
BG response to exercise at different points of the first postprandial
peak. (a) No exercise was conducted. (b) Exercise during the rising
phase after lunch and dinner. (c) Exercise during the falling phase after
lunch and dinner. (d) Exercise during the rising phase after lunch and
the falling phase after dinner. (e) Exercise during the falling phase after
lunch and the rising phase after dinner. The green and yellow regions
represent rest and postprandial periods, respectively, with the red lines
indicating the exercise time. After lunch, walking and aerobic exercise
after dinner were performed. The red area represents the time of the
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BG Response of different subjects to exercise at different exercise
points of the first postprandial peak. (a),(b) No exercise conducted.
(¢),(d) Exercise during the rising phase after lunch and dinner. (e),(f)
Exercise during the falling phase after lunch and dinner. Subplots in

each vertical line are from the same subject. Walking exercises were

performed after meals. The red area represents the time of the exercise.

Bar graphs showing the blood glucose (BG) metrics under different BG
trend conditions: No exercise, Increase, and Decrease. (a) Displays the
integral BG values during exercise periods after BG stabilization. (b)
Represents the maximum BG peaks observed after meals. Error bars
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[lustration of daily events and their cumulative effect on HR over time.
The x-axis represents the timeline, with the bottom box at each point
indicating the current event. The y-axis represents how long the influ-
ence of past events lingers. Events are labeled as follows: S.W (short-
term walk), R (rest), I (ingestion), L.W (long-term walk), and C (car-
dio). The color intensity corresponds to the strength of the event’s im-
pact, with darker colors indicating stronger effects. Red tones indicate
an increase in HR, while blue tones indicate a decrease. Arrows trace
how previous events continue to influence HR over time, showing the
cumulative effect of both past and current events on HR fluctuations at
eachpointintheday. . . .. ... ... ... ... .. ........
Illustration of daily events and their cumulative influence on BGmover
time. The structure mirrors the HR diagram: the x-axis is the timeline
with the bottom box representing the current event, while the y-axis
reflects the lingering influence of previous events. Events are labeled
similarly: S.W (short-term walk), R (rest), I (ingestion), L.W (long-
term walk), and C (cardio). The color scheme follows the same pattern,
with red representing an increase in BG and blue indicating a decrease.
Arrows illustrate how past events continue to impact current BG levels,
demonstrating the combined influence of both past and present events

on BG changes throughouttheday. . . . . . ... ... ........
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Abstract

This study investigates the interaction between heart rate (HR) and exercise diffi-
culty, with a focus on combined upper and lower body movements commonly used
in high-intensity interval training (HIIT) and aerobic workouts. Using a novel vector-
based analysis, the research demonstrates that HR responses to combined movements
are proportional to the difficulty of each component, rather than being additive, en-
abling precise classification of exercise intensity. These findings provide a systematic
framework for designing tailored exercise programs based on specific HR responses.
Building on this, the study highlights the significant influence of blood glucose (BG)
dynamics on HR measurements, showing that postprandial states lead to greater HR
variability compared to fasting conditions. To address this, a novel HR-based BG es-
timation method was introduced, utilizing decision tree models to predict BG levels
non-invasively, offering a practical solution for metabolic monitoring without the need
for direct BG measurements. This integration of BG variability into HR analysis em-
phasizes the importance of considering both metabolic and cardiovascular dynamics to
optimize exercise assessments. Furthermore, the dominant role of lower body move-
ments in driving HR levels was reinforced, while upper body exercises were found to
significantly influence HR when paired with lower-intensity lower body movements.
Together, these findings offer valuable insights for developing personalized exercise
protocols that account for metabolic and cardiovascular interactions, contributing to

advancements in fitness and health management for diverse populations.

Key words : HR analysis, Blood Glucose Analysis, Exercise Segmentation,

Vector-Based movement analysis, Activity Load , HR-BG Interaction
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Chapter 1
Introduction

Interest in health and medical care is increasing rapidly around the world. As a result,
the growth of the digital healthcare industry is accelerating, and to support this, di-
agnostic tools and technologies capable of monitoring various information on health
conditions are essential. As various smart wearable devices are released on the mar-
ket due to the development of IT technology, personalized customized treatment and
health care suggestions are possible by measuring the user’s biometric signal through
various sensors. Smart wearable devices are implemented with the latest technologies
such as artificial intelligence, big data, and IOT, and using this, it is possible to provide
customized data. However, in order for these services to be provided more valuable, it
is necessary to collect accurate and reliable data by applying different processing meth-
ods according to the user’s physical condition. If research and technology development
continue for this, personalized health care services provided through smart wearable
devices will continue to develop and grow(Topol, 2015; Lu et al., 2020).

Smart wearable devices that consumers can easily use on a daily basis generally
provide biometric signal data collection functions such as heart rate, exercise amount,
and sleep state (Patel et al., 2012). Through this, various application services are pro-
vided in the digital healthcare industry, and these smart wearable devices have recently
been able to grasp the type and condition of exercise performed by users using various
sensors such as inertial navigation devices and GPS in addition to biometric signals. It
even provides various services to increase safety and efficiency by detecting a user’s

sudden impact and providing feedback to the user (Haghi et al., 2017).
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1.1 Role of Heart Rate and Blood Glucose in Physio-

logical and Health Conditions

The Role of Heart Rate and Blood Glucose in Physiological and Health Conditions
Heart rate (HR) and blood glucose (BG) are two fundamental biomarkers that reflect
the body’s physiological state and are closely linked to overall health. HR, which mea-
sures the number of heartbeats per minute, serves as a primary indicator of cardiovas-
cular function. It is influenced by various factors such as physical activity, stress, and
overall fitness. Monitoring HR provides valuable insights into an individual’s cardio-
vascular response to different stimuli, including exercise and psychological stress.

On the other hand, blood glucose is a key marker of metabolic health, indicating
the concentration of glucose in the bloodstream. BG levels fluctuate in response to
food intake, physical activity, and stress, with proper regulation being essential for
maintaining energy balance and preventing metabolic disorders. For individuals with
conditions such as diabetes, monitoring BG is particularly critical for managing health.

The interaction between HR and BG is complex but important. Physical activ-
ity, for example, increases the body’s energy demand, prompting the release of glu-
cose into the bloodstream, which in turn affects both HR and BG levels. Additionally,
stress—whether physical or mental—can elevate both HR and BG, highlighting the
integrated nature of the cardiovascular and metabolic systems.

Technological advances in wearable devices have made it possible to monitor HR
and BG continuously. Devices such as heart rate monitors and continuous glucose
monitors (CGMs) allow real-time tracking of these biomarkers, offering deeper in-
sights into how daily activities, stressors, and lifestyle choices affect overall health.
This continuous data can be used to analyze patterns and predict trends, which is es-
pecially valuable in preventing chronic conditions such as diabetes and cardiovascular
disease.

Research exploring the relationship between HR and BG has shown that these
biomarkers react sensitively to various events such as exercise, eating, and resting(Frampton
etal., 2021). By studying how these factors influence HR and BG, it is possible to gain
a better understanding of how the body responds to everyday activities and to develop
personalized health interventions. Predictive models based on HR and BG data may
also provide early warnings of potential health issues, allowing for more proactive

health management.
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1.2 Motivation and Objective

Advances in health monitoring technologies have opened new avenues for understand-
ing physiological responses during exercise. However, the nuanced interplay between
upper and lower body movements and their combined effects on HR remains underex-
plored. Additionally, while HR is widely used to assess exercise intensity, its potential
to predict exercise difficulty and support tailored exercise protocols requires further
investigation. This dissertation aims to address these gaps by examining the distinct
contributions of upper and lower body movements to HR dynamics and developing
a framework for integrating these insights into real-world applications, such as high-
intensity interval training (HIIT) and aerobic exercises.

The objective of this research is to create a comprehensive HR analytical frame-
work that leverages the proportional relationship between HR responses and the dif-
ficulty of individual exercise components. By classifying and quantifying exercise in-
tensity based on the interplay of upper and lower body contributions, this study aims to
enable precise customization of exercise programs. The findings have the potential to
inform the design of personalized fitness regimens, including programs for individuals
with physical limitations or specific fitness goals.

In addition to exercise classification, this research highlights the impact of physio-
logical states, such as BG variability, on HR responses. By addressing how postpran-
dial and fasting states influence HR stability, the study seeks to optimize the timing
and selection of exercises for improved cardiovascular and metabolic outcomes. This
dual focus on exercise dynamics and health monitoring offers a unified approach to

advancing personalized fitness and health management systems.

1.3 Organization of Dissertation

The organization of this dissertation is as follows. Chapter 2 provides background in-
formation on HR and BG monitoring, as well as an overview of wearable devices and
their role in health management. Chapter 3 examines the cardiovascular response of
upper and lower body exercises to focus on how lower and upper body exercises inter-
act to induce HR responses. In Chapter 4, the dynamic relationship between HR and
BG levels is examined by continuously monitoring participants in different conditions,
such as exercise and rest, to identify correlations. Chapter 5 focuses on predicting exer-

cise difficulty in dynamic movements, like aerobics, using HR data. It assesses whether
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HR metrics from static exercises can accurately predict real-time responses in more
complex activities. Finally, Chapter 6 offers a detailed summary of the dissertation,
highlighting the main conclusions from the findings. It also discusses future research

directions and potential improvements to further develop the proposed approach.



Chapter 2
Background

In the near past, the growing interest in health and wellness has led to significant
advancements in digital healthcare technologies. Among these innovations, wearable
devices have emerged as essential tools for continuously monitoring various physio-
logical signals, such as heart rate (HR) and blood glucose (BG). These devices are
increasingly integrated into everyday life, offering personalized insights into fitness,
metabolic health, and overall well-being.

The ability to track HR and BG in real time has opened new possibilities for health
management, particularly in exercise optimization and chronic disease prevention. By
providing users with immediate feedback on their physiological responses to physical
activity and other lifestyle factors, wearable technologies contribute to more informed
health decisions and proactive care. As the role of continuous monitoring grows, it is
critical to understand the physiological underpinnings of HR and BG, their interac-
tion during different activities, and how the data they generate can be leveraged for
personalized health interventions.

This chapter provides an overview of the physiological significance of HR and
BG, their role in health monitoring, and the existing research on their combined use in
personal fitness and healthcare applications. It sets the foundation for the study’s in-
vestigation into the relationship between HR and BG during exercise and the potential

to predict health outcomes using real-time data from wearable devices.

2.1 Role of Heart Rate (HR) in Health and Exercise

HR is one of the most widely used physiological markers for assessing overall health

and fitness. It provides not only an immediate measure of cardiovascular activity but
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also a window into how the body responds to various stimuli, including physical exer-
tion, emotional stress, and recovery. More than just a count of heartbeats per minute,
HR is a reflection of the autonomic nervous system’s regulation of bodily functions,
encompassing both sympathetic and parasympathetic activities. This makes HR an in-
valuable tool in various fields of health management—from optimizing athletic perfor-
mance to monitoring and preventing cardiovascular diseases. A deeper understanding
of how HR behaves in different contexts allows for more tailored and effective inter-

ventions that promote long-term well-being and fitness.

2.1.1 Heart Rate as a Key Health Indicator

Heart rate serves as a critical measure of cardiovascular efficiency, with the ability to
reflect an individual’s overall health status. In its resting state, HR typically falls within
arange of 60-100 beats per minute (bpm) for most adults, with lower resting heart rates
often associated with better cardiovascular fitness. However, persistent elevations in
resting HR can signal an increased risk for cardiovascular diseases and even mortality,
underscoring its significance as a vital health indicator (Cooney et al., 2010).

In addition to static measures like resting heart rate, heart rate variability (HRV)
plays a pivotal role in evaluating health. HRV, which refers to the variations in time be-
tween successive heartbeats, provides insight into the balance between the sympathetic
(fight-or-flight) and parasympathetic (rest-and-digest) branches of the autonomic ner-
vous system. A higher HRV generally reflects better adaptability and recovery, while
reduced HRV has been linked to increased stress levels and a heightened risk for car-
diovascular events. Monitoring HRV offers a more nuanced view of an individual’s
cardiovascular and autonomic health, making it an important component in both clini-

cal and personal health assessments (Tsuji et al., 1996).

2.1.2 Heart Rate in Exercise and Fitness

Heart rate is a dynamic marker that responds directly to the intensity of physical ex-
ertion, making it an invaluable tool in exercise monitoring. During physical activity,
HR increases to supply muscles with the oxygen they need for sustained performance.
Monitoring HR allows individuals to adjust the intensity of their workouts based on
their fitness goals, ensuring they stay within optimal target heart rate zones. These
zones are typically calculated as a percentage of maximum heart rate (MHR), which

varies by age and individual fitness level. For moderate-intensity exercise, HR gen-
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erally hovers around 50-70% of MHR, while vigorous activities push HR into the
70-85% range (Tanaka et al., 2001).

As exercise continues, the heart rate reaches a steady state in aerobic activities,
reflecting the body’s balance between oxygen consumption and energy output. This
steady state is crucial for endurance training, as it indicates that the body can maintain
prolonged activity without overly taxing cardiovascular reserves. In contrast, anaer-
obic activities like high-intensity interval training (HIIT) create rapid fluctuations in
heart rate, often pushing it closer to maximum capacity. These fluctuations stimulate
cardiovascular adaptations that can improve both heart efficiency and metabolic health
over time (Weston et al., 2014).

The ability to monitor heart rate in real-time during workouts enables athletes and
fitness enthusiasts to fine-tune their exercise regimens. By ensuring they stay within
their target zones, individuals can optimize fat-burning, improve aerobic capacity, or

enhance cardiovascular strength depending on their specific goals.

2.1.3 Clinical and Everyday Applications of Heart Rate Monitoring

While heart rate monitoring is integral to fitness, its applications extend far beyond
athletic performance. In clinical settings, HR plays a crucial role in managing patients
with cardiovascular diseases, particularly during rehabilitation following events such
as heart attacks or surgeries. Continuous HR monitoring helps clinicians ensure that
patients are engaging in safe levels of physical activity while reducing the risk of ad-
verse cardiac events during recovery. By keeping patients within a controlled heart rate
range, healthcare providers can facilitate a safer, more effective rehabilitation process
that promotes long-term heart health.

In everyday life, wearable devices like smartwatches and fitness trackers have rev-
olutionized how people monitor their heart rate. These devices provide real-time data
on HR, allowing individuals to track their heart’s response to daily activities, stress,
and recovery. For many, this continuous monitoring fosters a proactive approach to
managing both physical fitness and emotional well-being. Wearable technologies have
demonstrated impressive accuracy in HR tracking, making them accessible tools for
personal health management (Shcherbina et al., 2017). Users can now receive immedi-
ate feedback on their physical and emotional states, enabling more informed decisions
about exercise intensity, sleep patterns, and stress reduction.

Ultimately, heart rate monitoring—whether in clinical settings or through everyday
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Figure 2.1: Symmetrical upper limb movement demonstration of a healthy subject with
the corresponding trajectories of the arm in the frontal (i), transversal (ii) and sagittal
(iii) plane (Slajpah et al., 2023). Black line represents the position of the dominant hand

and red line represents the position of the non-dominant hand.

wearable devices—provides a wealth of information that can be used to enhance both
individual and population health outcomes. As technology continues to evolve, the
integration of HR data with other biometric signals promises even greater opportunities
for personalized health interventions, disease prevention, and the promotion of overall

well-being.

2.2 Upper and Lower Body Exercise Segmentation and

Gesture Analysis

Understanding how upper and lower body movements differ during exercise is es-
sential for accurately analyzing HR and BG responses. Recent studies have focused
on segmenting these movements to better comprehend their distinct physiological im-
pacts, which provides valuable insights for optimizing exercise routines and health

interventions.
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2.2.1 Analysis of Upper Body Movements

Upper body exercises often involve complex, multi-joint movements, requiring an un-
derstanding of muscle coordination and activation patterns. Slajpah et al. (2023) an-
alyzed upper-limb movements using both time-based and path-based segmentation,
demonstrating how wearable sensors, particularly inertial measurement units (IMUs),
can capture the dynamic nature of these movements (Slajpah et al., 2023). This study
highlighted the difference between unimanual (single-hand) and bimanual (two-hand)
tasks, showing that upper body movements require advanced segmentation techniques
to capture variations in intensity, direction, and coordination accurately.

In another study, Hug et al. (2021) demonstrated that muscles from the same upper
limb group (e.g., triceps surae) do not always share common activation patterns dur-
ing exercise, which suggests that different upper-body exercises may require distinct
analytical approaches (Hug et al., 2021). This finding underlines the importance of
detailed gesture analysis when examining upper body movements, as even seemingly

similar exercises may engage muscles differently, resulting in unique HR responses.

2.2.2 Analysis of Lower Body Movements

The lower body is often involved in exercises that generate significant cardiovascular
responses due to the involvement of larger muscle groups. Ema et al. (2016) investi-
gated the unique activation of the quadriceps femoris during both single- and multi-
joint exercises, emphasizing that the type of exercise (e.g., squats vs. leg presses) leads
to different patterns of muscle engagement and metabolic demand (Ema et al., 2016).
Understanding these differences is crucial for analyzing how lower body exercises in-
fluence HR, especially when comparing exercises of varying intensities.

Kinoshita et al. (2023) further explored lower body exercise segmentation by com-
paring the hypertrophic effects of standing versus seated calf-raise training (Kinoshita
et al., 2023). Their findings demonstrated that exercise position significantly affects
muscle activation patterns and metabolic responses, suggesting that exercise posture

should be considered when analyzing HR and BG responses.

2.2.3 Comparative Studies of Upper vs. Lower Body Exercise

When comparing upper and lower body exercises, distinct physiological and metabolic

responses emerge. Maclnnis et al. (2017) conducted a study using unilateral exercise
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Figure 2.2: Postures of the standing and seated calf-raise exercises and operating
ranges of each triceps surae muscle on the normalized force—length curve during the
exercises (Kinoshita et al., 2023). These were obtained using the OpenSim Gait 2392
model (Delp et al., 2007), with the knee joint 0° and 90° for the standing and seated
conditions, respectively, and the ankle joint angle ranging from 20 ° dorsiflexed to 30°
plantarflexed positions for both conditions. It can be clearly seen that the lateral and
medial gastrocnemius (LG and MG) operate at longer muscle lengths in the standing
than seated condition, while there is no difference between the conditions in the soleus
(SOL).

models and found that upper and lower limb exercises induced different patterns of
skeletal muscle activation, which resulted in varied HR responses (Maclnnis et al.,
2017). This finding aligns with the concept that upper and lower body movements elicit

different cardiovascular and metabolic demands, making it important to differentiate
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these exercises when analyzing their impact on HR and BG.

Additionally, a systematic review by Kassiano et al. (2023) analyzed how differ-
ent exercise types, including straight-leg versus bent-leg calf raises, influence muscle
swelling in the triceps surae. They found that bent-leg exercises elicited greater muscle
swelling and metabolic activity than straight-leg exercises, providing further evidence
that subtle variations in exercise type and technique can lead to different physiological

responses (Kassiano et al., 2023).

2.3 Blood Glucose and Its Importance in Metabolic Health

Blood glucose is a vital marker of metabolic health and plays a central role in maintain-
ing the body’s energy balance. Glucose serves as the primary source of fuel for cells,
particularly in the brain and muscles, making its regulation crucial for overall health.
The body’s ability to maintain stable blood glucose levels, a process known as glucose
homeostasis, is fundamental to preventing metabolic disorders. Any disruption in this
balance whether through dietary changes, physical activity, or stress can significantly
affect an individual’s metabolic health, making blood glucose monitoring essential for

both healthy individuals and those with conditions like diabetes.

2.3.1 Blood Glucose Regulation

The body maintains glucose homeostasis through a complex system involving the pan-
creas, liver, and various hormones. When BG levels rise after a meal, the pancreas
secretes insulin, which facilitates the uptake of glucose into cells for energy use or
storage. Conversely, during fasting or periods of low glucose availability, the hormone
glucagon prompts the liver to release stored glucose, ensuring a continuous supply of
energy (Jiang and Zhang, 2003). This regulatory system keeps blood glucose levels
within a narrow range, which is crucial for normal cellular function.

Fluctuations in BG levels occur in response to food intake, stress, and physical
activity. While transient increases after eating are normal, chronic elevations in BG
levels, as seen in conditions like type 2 diabetes, can lead to long-term damage to
the body’s tissues and organs. The consequences of poor glucose regulation include
increased risks for cardiovascular disease, nerve damage, and kidney dysfunction (Fu-
jimoto, 2000). Therefore, maintaining stable BG levels is a key factor in long-term

health, and disruptions in this balance can have serious implications.
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Figure 2.3: Continuous glucose monitoring data during the postprandial phase of both
sedentary and postmeal exercise conditions after a standardized meal in the same
individual. Figure has been adapted from (Erickson et al., 2017b).

2.3.2 Impact of Physical Activity on Blood Glucose Levels

Physical activity plays a significant role in regulating blood glucose levels by improv-
ing insulin sensitivity and facilitating glucose uptake by muscles. During exercise,
muscle contractions increase the demand for energy, prompting cells to take up glu-
cose more efficiently, independent of insulin. This not only helps lower blood glucose
levels during and after exercise but also improves overall glucose metabolism (Hawley
and Lessard, 2008).

For individuals with metabolic disorders like diabetes, physical activity becomes
even more critical in managing blood glucose. Exercise can prevent or mitigate dan-
gerous fluctuations in blood glucose levels—hyperglycemia (high blood glucose) and
hypoglycemia (low blood glucose)—that can occur due to insulin resistance or im-
paired insulin production. Aerobic exercises, such as walking and swimming, are par-
ticularly effective in lowering blood glucose levels over time, while resistance training

can enhance insulin sensitivity and promote muscle glucose uptake (Colberg et al.,
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2010). Studies also show that post-meal exercise can significantly reduce postprandial
BG levels, especially when initiated 15-30 minutes after eating (Erickson et al., 2017a;
Pahra et al., 2017).

However, individuals with diabetes must carefully monitor their blood glucose lev-
els before, during, and after exercise to prevent adverse events like hypoglycemia,
which can occur if glucose is rapidly depleted without proper adjustments to medica-
tion or diet. Regular blood glucose monitoring is, therefore, an integral part of exercise
management for both diabetic and non-diabetic populations (Engeroff et al., 2023).

This approach highlights the importance of personalized exercise timing, especially
in preventing postprandial glucose spikes through strategic exercise initiation soon af-
ter meals (Hawley and Lessard, 2008; Colberg et al., 2010; Erickson et al., 2017a).

2.3.3 Blood Glucose Monitoring for Health Management

For both healthy individuals and those managing diabetes, continuous blood glucose
monitoring (CGM) offers a more comprehensive understanding of the body’s metabolic
responses to lifestyle choices. Traditional BG monitoring methods, such as finger-prick
tests, provide only snapshots of glucose levels at specific times. In contrast, CGM sys-
tems track glucose levels in real-time, offering continuous data that can reveal trends
and fluctuations throughout the day (Friedman et al., 2023).

CGM devices use sensors placed under the skin to measure glucose in interstitial
fluid. These systems allow users to monitor their glucose levels via connected devices,
enabling more immediate adjustments to diet, physical activity, and medication. The
availability of real-time data is particularly beneficial for individuals with diabetes,
as it helps prevent extreme glucose fluctuations and promotes tighter glucose control.
Studies have shown that CGM systems can improve glycemic control, reduce hypo-
glycemic events, and enhance overall quality of life for people with diabetes (Battelino
et al., 2019).

For non-diabetic individuals, BG monitoring can still provide valuable insights
into how different foods, activities, and stressors affect their metabolic health. Some
wearables now integrate CGM technology, allowing users to track their glucose levels
alongside other physiological data such as HR and physical activity, offering a more

holistic view of health.
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2.4 Interaction Between Heart Rate and Blood Glucose

The relationship between HR and BG is a complex but essential aspect of understand-
ing the body’s response to physical activity, stress, and metabolic health. These two
biomarkers, often considered separately, are intricately linked through physiological
processes, particularly during exercise and recovery. Monitoring both HR and BG si-
multaneously offers a more comprehensive picture of an individual’s overall health,

enabling better personalization of fitness and health management strategies.

2.4.1 Physiological Link Between HR and BG

During physical activity, the body’s demand for energy increases, leading to a cascade
of physiological responses. As the muscles require more energy to sustain exercise,
the body begins to draw on glucose as a primary fuel source. This increased glucose
utilization is accompanied by a corresponding rise in heart rate, which accelerates to
supply oxygen and nutrients, including glucose, to the working muscles (Holloszy
and Booth, 1976). The interaction between HR and BG is particularly evident during
prolonged or high-intensity exercise, where glucose demand surges and the heart works
harder to meet the metabolic needs of the body.

Glucose uptake by muscles during exercise can occur both through insulin-dependent
and insulin-independent pathways. The latter is particularly important during exercise,
as it enables glucose to enter muscle cells without the need for insulin, ensuring a
rapid supply of energy even in insulin-resistant states (Goodyear and Kahn, 1998).
This mechanism helps explain why BG levels tend to decrease during moderate-to-
vigorous physical activity, as glucose is shuttled into muscle cells to fuel continued
exertion.

Beyond exercise, the physiological connection between HR and BG is also influ-
enced by other factors such as stress and rest. During stress, the body releases hor-
mones like adrenaline and cortisol, which can cause an increase in HR while simulta-
neously raising BG levels to provide the energy needed for the fight-or-flight response.
Conversely, during rest or recovery periods, both HR and BG typically decrease as the
body shifts into a state of restoration and energy conservation (Sharma et al., 2022).
This dynamic interplay highlights how HR and BG can offer complementary insights

into an individual’s physiological state, whether during activity or periods of rest.
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Figure 2.4: Variablility in BG responses to different forms of exercise in people (Riddell
et al., 2017). BG responses to different types of exercise in individuals with type 1 dia-
betes show substantial variation. The arrows and shaded areas illustrate this variabil-
ity. Typically, aerobic exercise leads to a drop in blood glucose levels, while anaerobic
exercise causes an increase. Mixed activities tend to result in stable glucose levels.
However, individual responses vary based on several factors, such as exercise duration
and intensity, baseline BG levels, fitness, insulin and glucagon concentrations, other

counter-regulatory hormones in the bloodstream, and the individual’s nutritional state.

2.4.2 Research on HR and BG Monitoring

Recent studies have begun to explore the benefits of monitoring HR and BG together,
particularly in the context of exercise and recovery. Research suggests that analyzing
both biomarkers can provide a more holistic view of an individual’s metabolic and
cardiovascular responses, allowing for the development of tailored interventions. For
example, a study by Yardley et al. (2013) examined how physical activity affects blood
glucose levels in individuals with type 1 diabetes. The researchers found that HR and
BG were closely linked during exercise, with moderate-intensity activity leading to

significant reductions in BG alongside increased HR (Colberg et al., 2015). Monitoring
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both HR and BG allowed for more precise adjustments in insulin dosing and activity
levels to prevent hypoglycemia during and after exercise.

Furthermore, studies in people with type 2 diabetes have shown that simultaneous
monitoring of HR and BG can improve exercise interventions by optimizing the timing
and intensity of workouts. Riddell and Perkins (2009) highlighted that understanding
the interaction between these two biomarkers can help individuals with diabetes man-
age their condition more effectively, particularly in preventing BG fluctuations that
could lead to either hyperglycemia or hypoglycemia during physical activity (Riddell
and Perkins, 2009).

Wearable technologies have made it easier to continuously monitor HR and BG
in real-time. CGM systems, often paired with HR tracking devices, allow users to see
how their bodies respond to different types of exercise or stress. This real-time feed-
back enables individuals to make more informed decisions about their health, whether
adjusting their exercise intensity or making nutritional changes to support stable blood
glucose levels. Studies using wearable CGMs have shown that combining HR and BG
data can significantly enhance personalized health management, particularly for those
with metabolic disorders like diabetes (Battelino et al., 2019; Dehghani Zahedani et al.,
2021).

By leveraging both HR and BG data, healthcare professionals and individuals can
develop more comprehensive health interventions that take into account the dynamic
relationship between cardiovascular and metabolic health. This dual-monitoring ap-
proach can also help predict physiological responses to future stressors or activities,

making it possible to intervene before adverse health outcomes occur.

2.5 Technological Advances and Their Role in Health

Monitoring

The rapid progress in wearable technology has transformed the field of health moni-
toring by offering continuous, real-time data collection for key physiological metrics
such as HR and BG. These wearable devices, which have gained widespread popu-
larity, are not only tools for fitness tracking but have become integral to personalized
health management. With advanced data analysis and machine learning, these tech-

nologies are paving the way for more accurate, individualized health insights.

16



Chapter 2. Background

B"C 2.1, Temperature /\—\ 2.5. Pulse Oxygenation
@ Chest

o)
2.2. Heart Rate % 2.6. Blood Glucose

2.3. Respiration .*_*_*_ Bioelectronic
Rate

z
2.4. Blood Pressure ‘A Motion

LD +

(a) (b)

Figure 2.5: Biosignals and sensing locations (Khan et al., 2016). (a) Wearable medical
devices use various body locations to measure biosignals. For example, blood pres-
sure and surface electromyography (sEMG) are typically measured on the arm (red
dot). The wrist (green dot) is a versatile spot, capturing signals like temperature, heart
rate, pulse oxygenation, bioelectrical, and motion data. The chest (orange dot) can also
detect temperature, heart rate, and respiration. The leg (yellow dot) primarily captures
bioelectrical and motion signals. Electrochemical sensing, such as from sweat or tears
(black dot), can be conducted at various body parts. Other sites, like the finger, earlobe,
or forehead, are suitable for pulse oxygenation. The focus here is on non-intrusive mea-

surement sites. (b) Biosignals and their related categories.

2.5.1 Wearables as Tools for Health Data

Wearable devices like smartwatches and fitness trackers are now widely used to mon-
itor health data, including HR and BG. Devices such as the Apple Watch, Fitbit, and
Garmin have incorporated sensors that enable the real-time monitoring of vital signs,
allowing users to track their health around the clock. In particular, CGM systems like
Abbott’s Freestyle Libre 2 or Dexcom G7 have revolutionized diabetes management
by providing a comprehensive view of glucose fluctuations throughout the day (Moser
et al., 2010; Zheng et al., 2020). These CGM systems, often integrated with HR moni-
tors, allow individuals to see how their blood sugar responds to activities like exercise,
eating, and sleep, making them valuable tools for maintaining metabolic control.
Wearable technology goes beyond fitness, now providing critical insights into ev-
eryday health. For example, users can monitor HR to assess cardiovascular perfor-
mance and receive notifications of irregular heartbeats or elevated heart rates, offering

early detection of potential issues like arrhythmias (Cheung et al., 2018). Simultane-
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Figure 2.6: Various types of HR monitoring tools (Hahnen et al., 2020). (a) BodiMet-
rics Performance Monitor tricoder. Vital signs are measured by placing the right index
finger on the plethysmography sensor located in the upper right corner beneath the
flap. (b) Everlast smartwatch. Vital signs are measured by the electrodes and a photo-
plethysmography sensor located at the back plate. (c) Polar verity sense. Vital signs are
measured by the electrodes and a photoplethysmography sensor located at the back

plate.
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Figure 2.7: Various types of CGM sensors (Blum, 2018). (a) Freestyle Libre 2. The
sensor measures interstitial glucose levels by inserting a small filament just beneath
the skin, providing real-time glucose readings for up to 14 days without the need for
fingerstick calibrations. (b) Decom G7. This device offers continuous glucose monitoring
with a discreet sensor applied on the skin, transmitting glucose data every 5 minutes to

a connected device.

ously, continuous BG monitoring offers users a comprehensive understanding of how
their lifestyle choices—such as diet and activity—affect their glucose levels, providing
actionable insights to manage conditions like diabetes more effectively. As these de-
vices become more sophisticated, their potential for enhancing personalized healthcare

continues to expand(Schwartz et al., 2018).
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2.5.2 Data Interpretation and Personalized Health

The vast amounts of data collected from wearables offer a new frontier in personalized
health management. The integration of HR and BG data, for example, allows health-
care providers and users to gain a clearer understanding of their health trends. HR data
reveals insights into cardiovascular health and exercise intensity, while BG data sheds
light on metabolic responses to food, stress, and physical activity (Riddell et al., 2017).
When analyzed together, these metrics offer a more complete picture of an individual’s
health, helping tailor fitness programs, optimize diets, and prevent the onset of chronic
conditions.

Data from wearable devices can also help predict potential health risks. For in-
stance, abnormal HR patterns combined with fluctuating BG levels may signal poor
cardiovascular fitness or the early stages of insulin resistance. Wearable technology
equipped with Al-driven analytics can assess this data and generate personalized health
insights, improving decision-making for both individuals and healthcare providers. By
continuously monitoring these markers, wearables can alert users to potential risks, en-
abling them to take proactive steps to maintain their health. Recent studies have shown
that using both HR and BG data can significantly improve outcomes for patients with
type 1 and type 2 diabetes, as well as those aiming to enhance their fitness levels (Bar-
bara and Grobelna, 2022; DeBoer et al., 2017).

Furthermore, advancements in machine learning allow for predictive health mod-
els, which help forecast how users’ behaviors, such as their exercise or eating habits,
will affect their health. These models can help individuals avoid hyperglycemic or hy-
poglycemic events during exercise or adjust their workout intensity based on their car-
diovascular response (Yang and Gao, 2019; Adams and Nsugbe, 2021). For example,
by analyzing how BG levels fluctuate in response to certain types of physical activity,
users can develop more effective exercise routines that are safe and aligned with their
metabolic needs.

In summary, the rise of wearable technology has given users and healthcare profes-
sionals unprecedented access to continuous HR and BG data. The ability to track and
interpret these metrics in real-time allows for more personalized, data-driven health in-
terventions, ultimately enhancing fitness management, chronic disease prevention, and

overall health outcomes.
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2.6 Current Gaps and Research Directions

2.6.1 Research Gaps

While advancements in wearable technology and continuous monitoring have signif-
icantly enhanced personalized health management, there remain several gaps in re-
search, particularly in the integration of HR and BG data during exercise. Many studies
focus on these metrics separately, but few investigate how HR and BG interact during
varying exercise types, such as upper and lower body workouts, or dynamic activities
like aerobics. This lack of understanding leaves a gap in optimizing fitness programs
that consider both cardiovascular and metabolic responses.

Furthermore, although CGM has been transformative for diabetes management,
it remains underutilized in non-diabetic populations to explore the interplay of BG
and HR in general fitness contexts. Existing wearable devices primarily provide real-
time data but lack sophisticated pattern recognition algorithms capable of predicting
physiological responses during different types of physical exertion. This is particularly
critical for individuals managing chronic conditions or those participating in HIIT,
where fluctuations in BG and HR can significantly impact performance and health
outcomes (de Oliveira Teles et al., 2022; Hong et al., 2018).

Additionally, most research into predictive models of BG primarily addresses type
1 or type 2 diabetes but does not focus on how these models can be applied to healthy
populations or in scenarios involving complex physical activities. The challenge lies
in designing models that can integrate HR and BG data to provide early warnings for
metabolic or cardiovascular risks, especially during unpredictable exercises or high-

stress environments (Nahiduzzaman et al., 2020; Lee and Lee, 2020).

2.6.2 Future Directions in Personalized Health Monitoring

Future developments in personalized health monitoring will likely involve the deeper
integration of HR and BG data, enhanced by machine learning and artificial intel-
ligence. As data collection from wearables becomes more sophisticated, predictive
models can be refined to offer real-time insights tailored to the individual. For ex-
ample, wearable devices that monitor multiple parameters—such as heart rate, BG,
oxygen saturation, and physical activity—could provide highly specific feedback to
users, predicting how their bodies will respond to different types of physical exertion.

This would be particularly beneficial for users engaging in high-intensity exercise or
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those with metabolic conditions (Haghi et al., 2017; Kusmakar et al., 2018).

In addition to personalized fitness programs, the future of health monitoring could
include early detection systems that flag potential health issues before symptoms man-
ifest. Continuous monitoring of HR and BG could identify subtle trends that indicate
the early onset of conditions like insulin resistance or cardiovascular strain. This would
allow users to make lifestyle adjustments proactively, reducing the likelihood of more
serious complications. With the use of advanced data analytics, wearable devices may
also provide healthcare providers with comprehensive datasets to inform more person-
alized treatment plans, moving beyond reactive care to preventive health management
(Khan et al., 2016; Hong et al., 2018).

As more research delves into the relationship between HR, BG, and exercise diffi-
culty, the development of comprehensive predictive models will enable a broader range
of users to benefit from wearable technologies—not only those managing chronic dis-
eases but also athletes and fitness enthusiasts seeking to optimize performance and
health outcomes. Ultimately, wearable technology will become an even more power-
ful tool for personalized health, bridging the gap between real-time monitoring and

long-term disease prevention.

2.7 Summary of Chapter 2

This chapter provides a comprehensive overview of the background and context nec-
essary to understand the integration of HR and BG monitoring in the field of person-
alized health care and exercise management. It starts by outlining the significance of
HR and BG as essential biomarkers for assessing cardiovascular and metabolic health,
respectively. Wearable devices are highlighted as key tools in collecting real-time data,
particularly through technologies like CGM and heart rate monitors (HRMs).

The chapter discusses how HR and BG interact physiologically during physical
activities, as both biomarkers respond dynamically to exercise, stress, and rest. This
interaction is critical for understanding the body’s metabolic demands and optimizing
health outcomes. It also covers how the data collected by wearables can be interpreted
to develop personalized health programs, prevent chronic conditions, and improve fit-
ness routines.

However, despite the advances in wearable technologies, current research gaps re-
main, especially regarding the integration of HR and BG data in predicting exercise

outcomes and understanding how different types of exercise affect these biomarkers.
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Chapter 2 closes by identifying potential future directions in personalized health mon-
itoring, emphasizing the role of machine learning and predictive models in offering
real-time insights and early warnings for metabolic or cardiovascular issues. This lays
the foundation for exploring new methodologies that leverage HR and BG data to en-

hance both fitness and health management strategies.
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HR Modeling Using HR Analysis of

Multiple Exercise

Understanding heart rate (HR) responses to physical activity is essential for advancing
exercise physiology, health monitoring, and personalized training. This study investi-
gates HR dynamics during combined upper and lower body exercises, exploring the
interactions between cardiovascular and muscular systems to better evaluate activity
load and individual variability.

Traditional metrics, such as peak HR or resting HR differences, often fall short of
capturing the complex and dynamic nature of exercise-induced changes. To address
this, we propose a vector-based approach that leverages HR data to analyze intensity
through vector magnitudes, dot product calculations, and partial order analysis. This
method reveals the consistency and variability of HR responses across exercise com-
binations and participants, offering novel insights into exercise physiology.

Key findings include the identification of the 40-second rule, where HR patterns
stabilize, and the consistent influence of lower body movements in amplifying HR
responses, even when paired with static upper body exercises. Partial order analy-
sis further highlighted predictable transition patterns between exercise combinations,
demonstrating that the relative intensity of upper and lower body movements is pre-
served. Similarity assessments supported these findings by validating the robustness of
partial orders across participants while identifying unique physiological responses.

By integrating advanced vectorization techniques and partial order analysis, this
study provides a comprehensive framework for evaluating activity load. These findings
contribute to a deeper understanding of exercise-induced cardiovascular responses,

paving the way for more efficient and personalized training protocols that adapt to
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individual response patterns and exercise characteristics. This chapter’s contents are

being prepared for submission to a journal (Yoon and Kim, 2025b).

3.1 Methods

3.1.1 Subjects

All participants were provided with detailed information regarding the study’s objec-
tives and gave their informed consent by signing a consent form prior to participating
in any experimental procedures. Additionally, all researchers involved in this study
completed online research ethics education before the study commenced. The study
was conducted according to the protocol approved by the Institutional Review Board
(IRB) of Yonsei University, the affiliated institution (Registration number: 7001988-
202410-HR-2376-04).

Participants were selected based on specific inclusion and exclusion criteria. The
inclusion criteria were as follows: 1) Participants needed to be able to wear a sensor
on the left side of their chest; 2) They had to be free of mobility issues, not reliant
on walking aids, and capable of visiting the research facility; 3) Participants had to be
aged between 20 and 35 years; 4) They needed to be willing to participate voluntarily.

The exclusion criteria were: 1) Individuals with severe communication impair-
ments, such as those resulting from cognitive disabilities or aphasia; 2) Those with
serious cardiovascular, cardiopulmonary, or other significant internal medical condi-
tions; 3) Individuals with a history of musculoskeletal or neurological surgeries or
diseases; 4) Anyone deemed unsuitable for participation by the researcher.

The demographic and physical characteristics of the participants, including sex,

age, height, weight, and BMI, are summarized in Table 3.1 below.

3.1.2 Experiment
3.1.2.1 Experimentation Platform

In the study, ECG data was collected using the Solmitech RE:FIT patch SHC-US, a
mobile holter electrocardiograph. This ECG experimental tool consists of six chan-
nels with 250 SPS and a filter range of 0.5Hz to 40Hz. It is a simplified ECG module
compared to the traditional 12-lead method commonly used in clinical settings. This

module is clinically approved and capable of recording electrocardiograms by attach-
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Table 3.1: Characteristics of the subjects. (SD, standard Deviation)

Characteristic Values
Sex (male/female) 4/1
Age (mean+ SD) 25.4 £ 1.14 [years]
Height (mean+ SD) 175.46 £ 8.01 [cm]
Weight (mean+ SD) 71.6 £16.28 [kg]
BMI (mean+ SD) 23.12 + 4.15 [kg/m?]

Note: BMI denotes body mass index.

ECG device

| | l |
| W —_— y

Figure 3.1: ECG sensing system. Monitoring and analysis system of ECG sensor used

Mobile device

in this research.

ing electrodes to specific areas on the body surface. It detects the action potentials
generated when the myocardium is activated and wirelessly transmits the measured
data to a mobile device (figure 3.1). The module is typically worn on the chest in a
patch form to measure the ECG.

For the measurements in this study, electrodes were attached to pre-determined posi-
tions on the body surface, as identified by the researcher. The placement locations are
shown in Figure 3.2 (b). The data measured using the equipment shown in Figure 3.2
(a) was transmitted to a mobile device. The study was conducted based on the data
stored on the mobile device.

The utilization of these advanced tools and technologies ensured accurate and reli-
able data collection, enhancing the credibility and applicability of the study’s findings
(Salman et al., 2012). The integration of state-of-the-art equipment and software re-
flects the commitment to producing high-quality research with practical implications

for personalized rehabilitation and exercise interventions (Gupta and Saxena, 2012).
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(b)

Figure 3.2: Sensor & sensor attachment drawing. (a) Sensor and patch used in the

research. (b) Sensor attachment location.

3.1.2.2 Heart rate difference before and after eating

During the study, control of resting HR was very important. When the resting heart
rate was not stable, the maximum heart rate showed a completely different random
tendency from the existing criterion. Due to the increase in HR caused by blood transfer
to the digestive system after meals, a comparison experiment between before and after

meals has proceeded.

3.1.3 Experimental Protocol

The experimental protocol for Chapter 3 was designed based on insights gained from
several pilot studies that aimed to establish optimal exercise combinations, intensities,

and measurement techniques for HR analysis. The primary goal was to investigate HR
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Table 3.2: Exercises Used in Research

Number Abbreviation | Original Exercise Name
No-op No Operation (exclusion of either upper or lower body movement)
ex1(upper) | RF Reversefly
ex3(upper) | CC Cross Crunch
ex4(upper) | A180 Arm Full Extend with 180-degree Low Spread
ex5(upper) | FE Full Lateral Extend
ex1(lower) | SS Sidestep
ex2(lower) | KU Kneeup

responses across different exercise types, ensuring precise and consistent measure-

ments by incorporating strict control over exercise execution and resting conditions.

3.1.3.1 Exercise Selection and Combinations

The pilot studies guided the selection of exercise combinations that would provide a
comprehensive spectrum of HR responses. Initially, a variety of upper and lower body
exercises were considered, but through repeated testing, the final selection was nar-
rowed down to five upper body exercises (No-op, Reverse Fly (RF), Cross Crunch
(CC), Arm Full Extend 180 Angle Low Spread (A180), and Full Lateral Extend (FE))
and three lower body exercises (No-op, Sidestep (SS), and Kneeup (KU)). These exer-
cises were chosen based on their ability to elicit distinct HR responses and to represent
a range of exercise intensities.

The main experiment involved conducting exercise sessions for all combinations of
the selected upper and lower body exercises, resulting in 14 unique exercise combina-
tions, excluding the combination of exclusion of both upper and lower body movement.
These combinations, detailed in Table 3.2, provided a comprehensive analysis of HR
responses during upper and lower body exercise interactions. Every exercise was per-
formed at a uniform pace of 60 BPM to maintain consistency across sessions, ensuring

that variations in HR were due solely to activity load and not speed.

3.1.3.2 Experimental Structure and Data Collection

Each exercise session was divided into two distinct phases: a 1-minute resting phase
followed by a 1-minute exercise phase. The resting phase was crucial for establishing a

baseline HR, allowing for accurate comparisons between exercises. During this phase,
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Figure 3.3: Sequence and combination of upper body exercises and lower body exer-
cises. Each lower body exercise proceeded with a combination of 4 upper body exer-
cises(shown in (g)). (a) to (f) shows a sequence in the following order: SS, KU, RF, CC,
A180, FE
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participants maintained a stationary position to capture an accurate resting HR, which
served as the reference point for subsequent HR analysis.

The exercise phase involved performing the designated upper and lower body move-
ments simultaneously for 1 minute. The 60 BPM rhythm was used to synchronize
movements across all participants, ensuring consistency in activity load and cadence.
This rhythmic control was critical, as any deviation could influence the HR response,
thus affecting the reliability of the data.

The HR sensor was carefully positioned to minimize motion-related noise and
ensure precise HR monitoring throughout the study. As detailed in the experimental
setup, the sensor was strategically placed at locations that optimized data accuracy,

capturing clean and consistent HR signals across all exercise combinations.

3.1.3.3 Considerations for Resting Heart Rate and Exercise Control

One of the key findings from the pilot studies was the significant role of controlling
the resting HR before starting the exercise phase. Any instability in the resting HR led
to unpredictable fluctuations in the maximum HR observed during the exercise, which
complicated the accurate assessment of activity load. Therefore, careful measures were
implemented to ensure that each participant commenced every exercise session with a
stabilized resting HR.

Additionally, the pilot study explored an extended exercise phase lasting up to 3
minutes, with a 1-minute resting phase preceding it. This was conducted to determine
the optimal duration needed to capture meaningful HR changes. Through this analy-
sis, it was found that participants were unable to sustain a consistent HR pattern or
maintain a steady dot product trend beyond the first minute of exercise. As illustrated
in Figure 3.4, which depicts dot product trends from 10 seconds to 180 seconds, HR
fluctuations became more pronounced over time. This inconsistency in maintaining a
steady dot product trend reflects challenges participants faced in sustaining consistent
exercise loads, likely due to factors such as increased fatigue or difficulty maintaining
the exercise movement.

Ultimately, these fluctuations highlighted the importance of choosing a 60-second
exercise duration for the main study. This duration allowed the capture of the most
representative and consistent HR response patterns, ensuring that the observed data
truly reflected the activity load without being influenced by the participant’s fatigue or

difficulties in maintaining the exercise load over extended periods.
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Figure 3.4: Trend graphs showing dot product levels over 3 minutes for both upper-

body-based exercise combinations.

3.1.3.4 Managing Physical Fatigue and Data Quality

To ensure data quality and manage physical fatigue, mandatory 10-minute rest intervals
were enforced between each exercise combination. This allowed participants’ HR to
return to baseline levels, ensuring that each exercise session began under comparable
conditions. This rest period was essential for maintaining consistency and reducing the
risk of accumulated fatigue affecting HR responses.

Additionally, the experiment protocol accounted for potential influences from fac-
tors such as food intake. It was observed that postprandial (after eating) increases in
HR could interfere with baseline measurements. Therefore, comparisons of HR before
and after meals were conducted to account for these variations, ensuring that the data

collected accurately reflected the physiological impact of the exercises themselves.
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Figure 3.5: An example of HR data acquisition process used for the analysis. The blue
line represents the raw HR data, while the red line is the smoothed HR data, obtained by
applying a moving average to reduce fluctuations in the raw signal. Each vertical black
line marks specific time intervals at 10 sec, 20 sec, 30 sec, 40 sec, 50 sec, 60 sec,
and 3 min. At each marked interval, HR data was calculated by averaging the moving

average HR over a 10-second window before and after the respective time point.

3.1.3.5 Refining the Analysis: Insights from Pilot Studies

The pilot studies played a crucial role in highlighting the need for precise exercise con-
trol to ensure consistent and reliable HR patterns. It became evident that HR responses
were significantly more stable and predictable when exercises were performed under
controlled and consistent loads, emphasizing the importance of maintaining movement
cadence and resting HR stabilization. This insight was pivotal in shaping the main ex-
perimental design, ensuring that each exercise was executed with the necessary preci-
sion to yield accurate HR data.

Furthermore, establishing the integrity of the collected HR data was essential for
the vector-based analysis. As demonstrated in Figure 3.5, the HR readings consistently
exhibited a monotonic increase throughout the exercise duration, confirming the au-
thenticity and reliability of the data. This continuous upward trend aligns with the
physiological understanding that HR naturally rises with sustained physical exertion.
Such confirmation provides more than just technical assurance; it serves as a foun-
dation of trust in the data, allowing for a deeper exploration of intricate patterns and
interactions in subsequent analyses. This stable and representative dataset sets the stage
for the vector-based approach, ensuring that any deviations observed are genuinely re-

flective of exercise characteristics rather than anomalies.
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3.1.4 Data Analysis
3.1.4.1 Data Preprocessing

Robust data preprocessing was imperative for the ECG signals due to their susceptibil-
ity to biological and mechanical noise (Gupta et al., 2021). To ensure the reliability of
subsequent analyses, a meticulous preprocessing pipeline was implemented (Tejedor
et al., 2019). The raw ECG signal underwent a 60Hz Notch filter to eliminate power
noise, a common interference arising from electrical systems. Subsequently, both high-
pass and lowpass filters were applied to analyze signals, focusing on the bandpass fre-
quencies of 10Hz to 30Hz. These steps ensured the extraction of accurate HR data,
devoid of undesirable noise artifacts (Flandrin et al., 2003). The implementation of
these preprocessing steps fortified the quality and reliability of the data, establishing a
robust foundation for the subsequent analysis of the HR signals during the experimen-

tal exercises.

3.1.4.2 Analysis in HR from ECG data

In ECG, the R-peak represents the apex of the QRS complex (Manikandan and Danda-
pat, 2012; Shaik and Ramakrishna, 2015), signifying the ventricular depolarization of
the heart(Kligfield and Lauer, 2006). The RR interval, the temporal span between two
consecutive R-peaks, serves as a pivotal parameter for HR calculation(Park and Lee,
2017). After preprocessing, R-peak points were identified, and the HR(Achten and
Jeukendrup, 2003; Shaik and Ramakrishna, 2015) was computed using the equation:

60
HRyupjoct = == 3.1
sub ject RRinterval scC ( )

3.1.4.3 activity load Calculation

To assess activity load in this study, the difference between the heart rate during ex-
ercise (HReyercise) and the resting heart rate (HR,.s) was utilized. This simplified ap-
proach builds upon the widely recognized Karvonen formula, which is commonly used
for activity load estimation through heart rate measurements (She et al., 2015). The
Karvonen formula is expressed as:

HRexercise = HRyest

Intensity% = 3.2)
Y THRypas — HRyex

While the Karvonen formula incorporates both the maximum heart rate (HR;,x)

and the resting heart rate (HR,.y) to normalize intensity levels, this study adopts a
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modified version that simplifies the calculation by omitting the denominator. The ac-

tivity load is therefore calculated as:

Intensity — HRexercise - HRres[ (3.3)

This adaptation was made to focus on intra-individual comparisons of activity load
based on heart rate variations induced by upper and lower body movements. By simpli-
fying the calculation, the study aims to highlight relative intensity differences between
exercise types within each participant, rather than across participants. This approach
provides a straightforward yet effective metric for analyzing the dynamics of combined

upper and lower body exercises.

3.2 Vector Representation and Plotting of Data

The data is represented as a matrix D with dimensions (o, 3), where o € {1,2,...,m}
represents different lower exercise levels (y-axis), and B € {1,2,...,n} represents up-
per exercise HR data (x-axis). Each dimensions was set m = 3, n = 5. The data matrix
is defined as:

D={dyp|aec{l,2,....m},Be{l,2,...,n}}. (3.4)

When the upper body is fixed and lower body values are used as the x-axis for calcu-
lations, the matrix D is transposed to ensure consistency in the computation process.

The dat matrix is defined as: The data matrix is defined as:
D = {dﬁﬂ IBe{l1,2,...,n},a€{1,2,...,m}}. 3.5

Each column of D is plotted against corresponding o-values. The x-axis values for

the B-th column are given by:

xp=dgp, Pe€{1,2,...,n}. (3.6)
The y-axis values are extracted from the first column (f = 1) as:

Yo =da1, o€{l,2,....m}. (3.7
Thus, each plot line is represented as:

Lineg = {(xg,Ya) | € € {1,2,...,m}}. (3.8)
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Each data point is represented as a vector v, g defined by:

Vap = [x“’B] , (3.9)
Yo,
Where:
Xo.p =dop—dip, Yop=dal- (3.10)

The magnitude Ay g of each vector is computed as:

Aag = IVapll = /2G5 + Yo p 3.11)

Each vector is normalized to have unit magnitude:

Xop

N Aq
Vop= | vep |- (3.12)

Awp

The angle 64 g of each vector is calculated as:

0.5 = tan~! (y“—ﬁ> . (3.13)

Xo,B

This angle is adjusted relative to the initial vector (vy,1) to compute the refined degree:
Refined Degree, g = 043 — 61,1 (3.14)
The dot product between a vector vq g and the initial vector vy ; is computed as:
Dot Producty g = Aéjﬁ -Ai ; -cos(Refined Degree, g). (3.15)
Using normalized vectors, the dot product is simplified as:
Normalized Dot Producty g = Vo5 V1,1 (3.16)
The set of all vectors can be defined as:

V= {vop|oe{1,2,...,m},pe{1,2,...,n}}. (3.17)

3.3 Results

3.3.1 Transforming HR Data into Vectors: A New Perspective on

Exercise Analysis
3.3.1.1 Visualizing activity load with Vectorization

Traditionally, activity load has been quantified by looking at metrics like the maxi-

mum HR or the difference between maximum HR and resting HR (Figure 3.6). While
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Figure 3.6: Heatmap representation of the difference between maximum HR and resting
HR for various exercise combinations at the 60-second mark. The x-axis represents
different upper body exercises, while the y-axis shows different lower body exercises.
The color intensity indicates the magnitude of the HR difference, with warmer colors
representing greater increases in HR relative to resting levels. The No-op on the x-
axis represents the exclusion of upper body movement, while the No-op on the y-axis

represents the exclusion of lower body movement.

effective to an extent, these conventional metrics often fail to capture the dynamic
and multi-dimensional nature of physical activity. In this study, we introduced a novel
approach by converting HR data into vector forms, offering a fresh perspective on un-
derstanding activity load.

To overcome the limitations of conventional HR metrics, we transformed HR data
into vector forms, allowing for a multi-dimensional representation of activity load.
Figure 3.6 provides an initial comparison using a traditional colormap, showing the
differences between maximum HR and resting HR for various exercise combinations.
Warmer colors indicate more significant HR differences, suggesting higher intensity.
While this approach offers a straightforward visualization, it lacks the ability to capture
the nuanced shifts in activity load over time.

Moving beyond this traditional representation, Figure 3.7 introduces the vector-
based method (based on equations 3.4, 3.6 to 3.8), where each exercise combination is
represented as a distinct vector path over time intervals. By plotting HR values from
upper and lower body exercises, we observed that vector paths provide a clearer dis-
tinction between exercise intensities. For example, at the 40-second mark in Figure

3.7, the vectors show a more pronounced separation between exercises, indicating that
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Figure 3.7: Time-series comparison of HR responses during various upper and lower
body exercise combinations. The x-axis represents HR measurements for upper body
exercises while the y-axis is fixed with the HR observed during the combination of a
specific lower body exercise with the exclusion of an upper body exercise. No-op rep-
resents the exclusion of upper body movement. The subplots correspond to different
durations of exercise: (a) 10 sec, (b) 20 sec, (c) 30 sec, (d) 40 sec, (e) 50 sec, (f) 60

SecC.

this method effectively captures intensity differences that become more apparent over
time. This finding aligns with our earlier assertion that exercise trends can be efficiently
captured within 40 seconds, making it an optimal interval for assessing activity load.
In Figure 3.8, the HR vectors are further refined, demonstrating how each vector
progresses over different time intervals (based on equations 3.9 and 3.10). This pro-
cess enables the visualization of how exercises with similar intensities exhibit similar
vector trajectories, thus providing an intuitive understanding of exercise similarity and
difficulty. This vector representation serves as a foundation for subsequent dot product
analysis, where these vectors are used to quantify the degree of similarity or difference

between exercises.
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Figure 3.8: Visualization of the HR vectors derived from combinations of upper and
lower body exercises over different time intervals. The HR vectors are plotted for each
upper body exercise paired with two different lower body exercises. The x-axis repre-
sents the HR of the upper body exercise, and the y-axis represents the level of HR
for the lower body exercise. Subplots (a) to (d) correspond to combinations of the ‘SS’
lower body exercise with the following upper body exercises in sequence: (a) RF, (b)
CC, (c) A180, and (d) FE. Subplots (e) to (h) represent the same upper body exercises
in the same order but paired with the ‘KU’ lower body exercise. The different colored
arrows indicate the HR changes over time, with each arrow corresponding to different
time points (10s, 20s, 30s, 40s, 50s, 60s). Also, the last arrow corresponds to Ground

Truth which is a baseline for the dot product.

3.3.1.2 Normalizing HR Vectors and Establishing Ground Truth

Figure 3.9 showcases the normalized representation of the HR vectors from Figure 3.8
(based on equations 3.11 and 3.12). By normalizing the vectors, we ensure that activity
load comparisons are not skewed by the absolute values of HR, but rather reflect the
relative intensity patterns across different exercises. This normalization process makes
it possible to observe how different exercise combinations converge or diverge in terms
of their intensity profiles, providing a more accurate comparison.

In Figure 3.10, the comparison between vector magnitudes and actual HR data re-
veals a similarity in the trends (based on equation 3.11). This similarity underscores
the validity of the vector-based method in capturing activity load patterns. The mag-

nitude of a vector directly correlates with the overall HR response, confirming that
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Figure 3.9: Normalized representation of HR vectors from Figure 3.8, depicting the
relationship between upper and lower body exercises. The x-axis and y-axis represent
the normalized HR values for upper and lower body exercises, respectively, over time.
Each vector corresponds to a specific time point, showing how HR changes relative to
the maximum HR for each exercise combination. Subplots (a) to (d) correspond to the
‘SS’ lower body exercise paired with the following upper body exercises in sequence:
(a) RF, (b) CC, (c) A180, and (d) FE. Subplots (e) to (h) represent the same upper body
exercises paired with the ‘KU’ lower body exercise. The normalization allows a clearer
comparison of HR change patterns between different exercise combinations by scaling

HR values between 0 and 1.

our vectorization approach effectively represents the intensity and effort involved in
each exercise combination. This insight not only reinforces the accuracy of the vector
method but also demonstrates that this approach is capable of capturing the essential

aspects of activity load that traditional HR metrics might overlook.

3.3.2 Exploring the 40-Second Rule: A Key Insight into Activity
Load

3.3.2.1 Dot Product Analysis and Consistent Intensity Trends

One of the most significant findings in this study is the identification of the 40-second
rule, which suggests that activity load patterns stabilize around the 40-second mark,
regardless of exercise type or combination. Figure 3.11 provides a detailed analysis of

dot product comparisons between different upper body exercises paired with a sidestep
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Figure 3.10: Comparison between vector magnitudes and actual HR data over time
for different exercise combinations. The x-axis represents time intervals (10s, 20s, 30s,
40s, 50s, 60s), while the y-axis shows the values of vector magnitude (black line) and
actual HR data (red line). Subplots (a) to (d) correspond to the ‘SS’ lower body exercise
paired with upper body exercises in the sequence: (a) RF, (b) CC, (c) A180, and (d) FE.
Subplots (e) to (h) represent the same upper body exercises paired with the ‘KU’ lower

body exercise.

and kneeup lower body exercise over various time intervals (based on equations 3.13 to
3.16). The dot product values show a clear trend, where after 40 seconds, the intensity
levels across different exercise combinations become more consistent. Same analysis is
done with the transposed data sets, for where upper body values are fixed and the lower
body valuse are used as the x-axis for calculations (shown in Figure 3.12) (based on
equations 3.5, 3.9 and 3.10). This observation supports the idea that prolonged exercise
durations may not be necessary to gauge intensity accurately, making the 40-second
interval an efficient measure for exercise assessment.

Furthermore, Figure 3.14 (a) to (d) (based on equation 3.16), which focuses on
upper-body-based exercise combinations, confirms this finding. By observing the dot
product trends, we see that the patterns begin to stabilize around the 40-second mark,
indicating that this interval is sufficient to capture the exercise’s full impact. This con-
sistency not only validates the 40-second rule but also highlights its potential for prac-
tical applications in exercise protocol design, particularly for individuals who may
struggle with longer exercise durations.

To further explore the robustness of the 40-second rule, we extended the dot prod-
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Figure 3.11: Analysis of dot product comparisons between different upper body exer-
cises paired with a sidestep and kneeup lower body exercises over various time inter-
vals. Subplots (a) to (d) represent the dot product values for each upper body exercise
paired with SS (blue bars) and KU (orange bars), in sequence: (a) RF, (b) CC, (c) A180,
and (d) FE. Subplots (e) to (h) convert the data from (a) to (d) into line graphs to illus-

trate the trends more clearly.

uct analysis to multiple participants, as shown in Figures 3.14 and 3.15. These figures
illustrate the HR responses at the 40-second mark for different individuals, with sub-
plots representing both upper and lower body exercise combinations. Despite varia-
tions in individual physiological responses, the dot product trends consistently align
with the 40-second rule, indicating a universal pattern in how activity load is reflected
in HR data.

Figure 3.15, which examines lower body fixed combinations, reveals similar find-
ings. Across different participants, the trend graphs show that the dot product values
stabilize around the 40-second mark, further reinforcing the idea that this interval is
a reliable measure of activity load (based on equations 3.5, 3.15). This consistency
across individuals suggests that the 40-second rule can be broadly applied, making it a

valuable tool for activity load assessment in diverse populations.
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Figure 3.12: Transposed time-series comparison of HR responses during various upper
and lower body exercise combinations. The x-axis represents HR measurements for
lower body exercises, while the y-axis is fixed with the HR observed during the com-
bination of a specific upper body exercise with the exclusion of a lower body exercise.
No-op represents the exclusion of lower body movement. Each subplot corresponds to
a different exercise duration: (a) 10 sec, (b) 20 sec, (c) 30 sec, (d) 40 sec, (e) 50 sec

and (f) 60 sec.

3.3.3 Analysis of Exercise Characteristics Through Pattern Recog-
nition

In this section, we analyze the characteristics of different exercises by examining the

pattern trends from the figures, particularly focusing on the upper and lower body

contributions to HR changes. Through the analysis of Figures 3.14 to 3.16, we can

observe distinct patterns in how different exercises influence the HR response, allowing

us to better understand the intensity and difficulty of each exercise.

3.3.3.1 Identifying activity load Patterns

One of the key observations from Figure 3.13 is the distinct shape patterns in the HR
responses at the 40-second mark for different participants(based on equations 3.5 to

3.9). Specifically, an upward-bending shape, resembling an ‘I, indicates that lower
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Figure 3.13: Comparison of HR responses at the 40-second mark for different partici-
pants. Subplots (a)-(e) represent the plots for all participants, based on the figure shown
for a single participant in Figure 3.7(d). Subplots (f)-(j) represent the plots for all partic-
ipants, based on the figure shown for a single participant in Figure 3.12(d). For (a)-(e)
No-op represents the exclusion of upper body movement, and for (f)-(j) No-op repre-

sents the exclusion of lower body movement.
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Figure 3.14: Dot product trends for different subjects at each 10-second interval for
varying upper and lower body exercise combinations. Subplots of each horizontal line
represent the same participants as shown in Figure 3.11.

body exercises, such as KU, have a greater influence on HR changes compared to SS.
Conversely, a downward-bending shape, resembling a ‘J’, suggests that upper body
exercises contribute more significantly to HR changes, as observed in the comparison

between KU and SS.
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For example, when comparing RF and FE exercises, we observe that FE exer-
cises, which are more challenging based on HR response rates, show more downward-
bending shapes, indicating stronger upper body involvement. In contrast, RF exercises
exhibit more upward-bending shapes, suggesting a greater contribution from the lower
body. This pattern recognition approach allows us to visualize and compare the relative

difficulty of each exercise based on HR response patterns.

3.3.3.2 Dot Product Analysis for Exercise Comparison

Further analysis of the dot product values in Figure 3.14 allows us to quantify the con-
tributions of the upper and lower body exercises to HR changes over time (based on
equation 3.16). A lower dot product value indicates that the x-axis (upper body HR
values) is larger, meaning that the lower body has less influence on HR. On the other
hand, a higher dot product value suggests that the y-axis (lower body HR values) is
larger, signifying a greater impact from the lower body. This provides a deeper under-
standing of how specific exercises contribute to HR changes throughout the exercise
session.

By analyzing these patterns, we can identify which exercises have a dominant in-
fluence on HR at different time intervals. For example, as observed in Figure 3.14,
exercises like FE show a higher dot product, indicating a stronger contribution from
the upper body, while exercises like KU demonstrate a greater influence from the lower
body. This analytical approach is valuable for assessing the characteristics of individ-
ual exercises, helping to design more targeted training regimens that focus on either

upper or lower body engagement.

3.3.3.3 Influence of Exercise Duration on Upper and Lower Body Contributions

The same pattern recognition can be applied to the upper-body-fixed graphs in Figure
3.15, where we observe how different lower body exercises influence HR. In these
graphs, a lower dot product value suggests that the x-axis (lower body HR values)
is larger, meaning that the upper body has less influence. Conversely, a higher dot
product value indicates that the upper body is more dominant in affecting HR changes.
This provides a complementary perspective to the lower-body-fixed graphs in Figure
3.14, offering a more complete analysis of how upper and lower body exercises interact
during the session.

By comparing the lower-body-fixed graphs (Figure 3.14) and the upper-body-fixed
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same participant order as Figure 3.14.

graphs (Figure 3.15), we can better understand the temporal influence of each muscle
group on HR responses. This comparative analysis allows us to analyze which exer-

cises have a more significant impact on HR at different time points, providing useful
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Time intervals

@

insights for activity load analysis and training program development.
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Figure 3.16: Average slope values of dot product trends for all subjects based on Figure
3.14. Subplots (a)-(d) correspond to the absolute slope values for the subject’s average

dot product trend graph of different exercise combinations.

3.3.3.4 Practical Applications of Pattern-Based Analysis

The ability to identify these patterns and quantify the contributions of upper and lower
body exercises using vector and dot product analysis provides a powerful tool for an-
alyzing exercise characteristics. This method can be applied to assess how different
exercises influence cardiovascular effort over time, offering valuable insights for exer-
cise program design. By recognizing which exercises induce greater HR fluctuations
and which remain more stable, practitioners can tailor training regimens to suit in-
dividual needs, ensuring that participants are engaging in exercises that match their

cardiovascular capacity and fitness goals.
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Figure 3.17: Average slope values of dot product trends for all subjects based on Figure
3.15. Subplots (a), and (b) illustrate the absolute slope values for the subject’s average

dot product trend graph of different exercise combinations.

3.3.4 Deciphering Exercise Characteristics Through Slope Analy-
sis
3.3.4.1 Understanding the Influence of Exercise Difficulty on HR Fluctuations

The slope analysis presented in Figures 3.16 and 3.17 provides additional insights into
how exercise difficulty influences HR responses over time. In Figure 3.16, the absolute
slope values of the dot product trends indicate that exercises with higher difficulty ex-
hibit less fluctuation in HR responses (based on equation 3.16). This finding suggests
that as the load of an exercise increases, the HR response becomes more stable, result-
ing in a smoother trend. For example, the KU exercise, known to be more challenging,
displayed lower slope values compared to the simpler SS exercise, which exhibited
greater fluctuations.

This observation has practical implications, as it suggests that more challenging
exercises induce a more consistent cardiovascular response, making them suitable for
assessing endurance and sustained effort. Conversely, exercises with higher HR fluctu-
ation may indicate that the participant is not fully adapted to the exercise load, making
them less efficient for intensity assessment.

In contrast, Figure 3.17 shows that upper body exercises do not exhibit the same
clear relationship between slope values and intensity levels (based on equation 3.5 and
3.16). This suggests that upper body movements have a less significant impact on HR

fluctuations compared to lower body exercises. However, this observation is still valu-
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able, as it highlights the importance of selecting exercises that produce consistent HR
responses when designing training programs. For example, exercises like “arm180,”
which exhibit inconsistent load effects, may be less suitable for intensity assessment,

as they do not provide a reliable measure of cardiovascular effort.

3.3.5 Exercise Segmentation Possibility

(©)

Figure 3.18: Partial order representation of all exercises shown in Figure 3.6, normal-
ized as the mean across all participants. The diagram illustrates the relative relation-
ships and transition probabilities between different exercise combinations, with edge
weights representing the normalized average values of HR difference. No-op means

movement exclusion of upper(for y-axis) or lower body(for x-axis) exercise.

The segmentation of exercise combinations was explored by analyzing the partial
order of heart rate (HR) responses across different movement patterns. To validate
whether consistent partial orders exist both within and across participants, two dis-
tinct analyses were conducted using Figure 3.18 and Table 3.3. Figure 3.18 provides
a visual representation of the average partial order across all participants for exercise
combinations. Each node represents a specific combination of upper and lower body

movements, and the edges indicate the normalized mean transition probabilities de-

48



Chapter 3. HR Modeling Using HR Analysis of Multiple Exercise

Table 3.3: Similarity of the subjects. Value was calculated using cosine similarity

Similarity
Subject 1 2 3 4 5
rowl & row2 | 0.83 | 0.91 | 0.99 | 0.88 | 0.97
rowl & row3 | 0.47 | 0.90 | 0.89 | 0.82 | 0.98
coll & col2 | 0.93 | 0.99 | 0.96 | 0.99 | 0.99
coll & col3 | 0.96 | 0.99 | 0.99 | 0.99 | 0.98
coll & col4 | 098 | 0.94 | 0.99 | 0.83 | 0.99
coll & col5 | 1.00 | 0.94 | 0.98 | 0.85 | 0.93

rived from HR differences. This figure confirms that participants, on average, exhibit
a consistent partial order when performing exercise combinations. For instance, the
transitions from “No-Op(exclusion of lower body movement) x Upper Body” to com-
binations involving lower body movements follow predictable pathways, suggesting
that lower body movements consistently modulate HR responses even when paired
with static upper body exercises. The overall structure of the partial order highlights
the dynamic interplay between upper and lower body movements. For example, tran-
sitions involving “KU” (knee-up) consistently rank higher in HR response compared
to static or less intensive lower body movements. This reinforces the hypothesis that
partial order can be preserved when combining exercises with varying upper and lower
body contributions.

Table 3.3 extends the analysis to individual participants, focusing on whether the
partial order is preserved in more granular scenarios. Rows and columns correspond
to arrays of HR responses from specific exercise combinations as described in Figure
3.6. Row 1 represents “No-Op(exclusion of lower body movement) x Upper Body”
combinations, serving as the baseline, while Rows 2 and 3 represent upper body move-
ments combined with lower body exercises. The cosine similarity values indicate how
well the partial order is maintained when upper body exercises are paired with lower
body movements. Across most participants, high similarity values (e.g., 0.83 to 0.99)
suggest robust maintenance of the partial order. However, Participant 1 shows a sig-
nificant deviation (0.47) in the similarity between Row 1 and Row 3. This deviation is
attributed to the combination of “CC” (cross-crunch) with “KU” (knee-up), where the
lower body movement appears to reduce the intensity of the upper body action. This

unique physiological response highlights the interplay of exercise characteristics and
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individual movement strategies. Column 1 represents “No-Op(exclusion of upper body
movement) X Lower Body” combinations, serving as the baseline, while Columns 2 to
5 represent lower body movements paired with different upper body exercises. High
similarity values (e.g., 0.83 to 1.00) confirm that partial order is generally preserved
when lower body exercises are combined with upper body movements. For Partici-
pant 3, the near-perfect similarity values across all columns underscore consistent HR
response patterns, regardless of exercise combinations.

The combination of visual analysis (Figure 3.18) and quantitative assessment (Ta-
ble 3.3) demonstrates the feasibility of exercise segmentation based on HR response
patterns. While the average partial order is robust across participants, individual-level
deviations, such as those observed in Participant 1, underscore the importance of per-
sonalized exercise profiling. The results suggest that HR-based segmentation can ef-
fectively differentiate between exercise intensities and combinations. Furthermore, the
use of cosine similarity to evaluate partial order maintenance provides a nuanced ap-
proach to assessing not only the sequence but also the magnitude of HR differences
between movements. This level of detail can inform personalized fitness programs and
adaptive training protocols by identifying individual-specific tendencies, such as the
influence of lower body movements on upper body intensity. Overall, the analyses
confirm that exercise segmentation based on HR responses is not only viable but also
reveals critical insights into the interaction between upper and lower body exercises.
Future studies could further refine these findings by incorporating additional metrics,

such as recovery time and perceived exertion, to enhance the segmentation framework.

3.4 Discussion

This study effectively demonstrated the utility of a vector-based approach in capturing
heart rate (HR) responses during combined upper and lower body exercises, offering
a comprehensive analysis beyond traditional HR metrics. By employing vectorization
and dot product analysis, the activity load was visualized and quantified in a multi-
dimensional manner. A pivotal finding, the 40-second rule, revealed that activity load
patterns stabilize around this mark, challenging the conventional reliance on longer
durations to gauge intensity accurately. This discovery is particularly valuable for de-
signing efficient exercise protocols, especially for individuals with limited exercise
capacity.

The study also introduced the analysis of partial orders in HR responses, as repre-
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sented in Figure 3.18, revealing consistent transitions and relationships among exercise
combinations across participants. The visualization of these transitions highlighted that
lower body movements, such as knee-ups (KU), consistently produced higher HR re-
sponses compared to static or less intensive lower body movements, even when paired
with upper body exercises. This finding underscores the dynamic interplay between up-
per and lower body contributions, emphasizing that their relative intensities are main-
tained in combined exercises.

Furthermore, Table 3.3 validated the robustness of these partial orders at an indi-
vidual level using cosine similarity, demonstrating high similarity across participants
while identifying unique physiological deviations, such as those seen in Participant
1. These variations provided additional insights into how individual movement strate-
gies and physiological responses influence overall HR patterns. This layered analysis
reinforces the potential of HR-based segmentation to differentiate between exercise
intensities and combinations, while simultaneously paving the way for personalized
exercise profiling.

Additionally, slope analyses from Figures 3.16 and 3.17 highlighted that more de-
manding exercises exhibit consistent HR responses over time, offering an objective
method to distinguish exercise difficulty. These findings, combined with the partial
order maintenance across exercises, further validate the adaptability and precision of
the proposed method in capturing dynamic HR responses. Overall, the integration of
vector-based metrics with partial order analysis provides a versatile framework for un-

derstanding and optimizing exercise protocols tailored to individual needs.

3.5 Conclusion

This study introduced a novel vector-based approach to analyzing HR responses during
combined upper and lower body exercises, providing a dynamic and accurate method
for assessing activity load. By transforming HR data into vectors and analyzing their
dot products, we identified activity load trends with greater precision, with the 40-
second rule emerging as a key metric for understanding stabilization patterns in HR
responses.

The addition of partial order analysis further enhanced this framework, revealing
consistent relationships among exercise combinations while identifying individual-
specific deviations. This insight offers practical applications for personalizing exer-

cise protocols based on unique movement strategies and physiological tendencies. The
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ability to maintain partial orders across exercises, coupled with high inter-participant
consistency in cosine similarity, highlights the robustness of the method in differenti-
ating activity load and combinations.

These findings hold significant implications for designing shorter and more effi-
cient exercise protocols, particularly for individuals unable to sustain longer durations.
By uncovering the contributions of upper and lower body movements to overall in-
tensity, the vector-based approach offers valuable applications in both training and
rehabilitation settings. Future research could incorporate additional physiological met-
rics, such as recovery time and perceived exertion, to further deepen our understanding
of exercise impacts on the human body. This framework represents a promising step

toward more personalized, effective, and efficient exercise programs.

3.6 Summary of Chapter 3

Chapter 3 presented a novel vector-based approach to evaluating activity load through
HR analysis during combined upper and lower body exercises. Traditional methods,
such as maximum HR or simple differences, proved limited in capturing the dynamic
and multidimensional nature of activity load. To address these shortcomings, vector-
ization and dot product analysis were employed, offering a more comprehensive un-
derstanding of exercise patterns.

A significant finding was the identification of the 40-second rule, demonstrating
that activity load trends stabilize around this point, challenging the need for longer du-
rations to assess intensity accurately. This insight provides a practical basis for design-
ing efficient exercise assessments, particularly for individuals with limited capacity for
prolonged activity.

Additionally, partial order analysis was introduced to explore HR response patterns
among exercise combinations, as shown in Figure 3.18. The visualization revealed con-
sistent transitions across exercises, particularly the influence of lower body movements
like knee-ups, which modulate HR responses even when paired with static upper body
exercises. Table 3.3 supported these findings, confirming the robustness of partial or-
ders across participants while highlighting individual physiological variations.

These findings emphasize the adaptability of the vector-based approach across in-
dividuals, offering a reliable and personalized tool for assessing activity load. By inte-
grating vectorization, dot product analysis, and partial order representation, this chap-

ter advances our understanding of exercise-induced cardiovascular responses and pro-
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vides practical applications for designing tailored and effective exercise programs.

53



Chapter 4

HR Modeling through Split up Analysis

of Exercise Sequence

This chapter delves into the intricate relationship between upper and lower body move-
ments in shaping heart rate (HR) responses during combined exercises. It highlights
that activity load arises from dynamic interactions between these components, rather
than being a simple additive sum of their individual effects. This insight is especially
significant for high-intensity interval training (HIIT) and aerobic workouts, where
rapid transitions between combined movements necessitate a sophisticated framework
for assessing exercise difficulty.

Building upon previous findings, the study emphasizes the proportional relation-
ships between upper and lower body contributions, offering a systematic method for
predicting activity load. Using the foundational exclusion of upper or lower body ex-
ercises as a baseline, the chapter introduces a robust prediction model based on partial
order preservation. This approach leverages vector-based methodologies, such as dot
product calculations and normalized HR responses, to estimate and classify the diffi-
culty of diverse exercise combinations with high accuracy.

The findings underscore the feasibility of predicting activity load through relative
rankings rather than absolute HR values, with lower body movements demonstrating
superior consistency in preserving partial order. This framework provides a reliable and
scalable tool for designing personalized exercise routines, enabling tailored protocols
for various fitness levels, rehabilitation programs, age-specific needs, and optimized
HIIT sessions.

By bridging theoretical HR analysis with practical applications, this chapter es-

tablishes a foundation for understanding and predicting exercise difficulty, advancing
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both research and real-world fitness program design. This chapter’s contents are being

prepared for submission to a journal (Yoon and Kim, 2025a).

4.1 Methods

4.1.1 Subjects

We recruited ten adult male participants for this study. Each individual was thoroughly
informed about the purpose of the study and provided their consent by signing a con-
sent form prior to engaging in any experimental activities. Furthermore, all researchers
involved in this project completed online research ethics training before the exper-
iments began. The study protocol received approval from the Institutional Review
Board (IRB) of Yonsei University, the institution overseeing this research (Registra-
tion number: 7001988-202410-HR-2376-04).

Participants were selected based on specific inclusion and exclusion criteria. The
inclusion criteria were: 1) The ability to wear a sensor on both upper arms; 2) No mo-
bility impairments or reliance on assistive walking devices, and the capability to attend
the research facility; 3) An age range of 20 to 35 years; 4) A voluntary willingness to
participate.

Exclusion criteria were: 1) Individuals with significant communication difficulties,
such as those due to cognitive impairments or aphasia; 2) Those with severe cardiovas-
cular, cardiopulmonary, or other major internal medical conditions; 3) Individuals with
a history of surgeries or conditions related to musculoskeletal or neurological issues;
4) Participants deemed unsuitable for the study by the researcher.

The participants’ demographic and physical characteristics, including sex, age,

height, weight, and BMI, are presented in Table 4.1 below.

4.1.2 Experiment
4.1.2.1 Experimentation Platform

In the study, ECG data was collected using the Solmitech RE:FIT patch SHC-US, a
mobile holter electrocardiograph. This ECG experimental tool consists of six chan-
nels with 250 SPS and a filter range of 0.5Hz to 40Hz. It is a simplified ECG module
compared to the traditional 12-lead method commonly used in clinical settings. This

module is clinically approved and capable of recording electrocardiograms by attach-
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Table 4.1: Characteristics of the subjects. (SD, standard Deviation)

Characteristic Values
Sex (male/female) 7/3
Age (meant SD) 27.4 £ 3.56 [years]
Height (mean+ SD) 172.46 £ 8.29 [cm]
Weight (mean+ SD) 66.8 £ 15.75 [kg]
BMI (mean+ SD) 22.38 + 4.02 [kg/m?]

Note: BMI denotes body mass index.

ing electrodes to specific areas on the body surface. It detects the action potentials
generated when the myocardium is activated and wirelessly transmits the measured
data to a mobile device (figure 1). The module is typically worn on the chest in a patch
form to measure the ECG.

The utilization of these advanced tools and technologies ensured accurate and reli-
able data collection, enhancing the credibility and applicability of the study’s findings
(Salman et al., 2012). The integration of state-of-the-art equipment and software re-
flects the commitment to producing high-quality research with practical implications

for personalized rehabilitation and exercise interventions (Gupta and Saxena, 2012).

4.1.2.2 Experimental Protocol

The experimental protocol for Chapter 4 builds upon the findings and methodologies
established in Chapter 3, with a particular focus on analyzing the difficulty of HIIT
(high-intensity interval training) and aerobic exercises. The goal was to assess the HR
responses to both upper and lower body movements, separately and in combination,
thereby identifying patterns in activity load across various configurations.

From a pool of commonly used HIIT exercises (19 upper-body and 16 lower-body
movements), as listed in Table 4.2, ten upper-body and ten lower-body exercises were
carefully selected for this study. The selection process considered three primary cri-
teria: (1) clear differentiation in HR response between movements, (2) feasibility for
participants to perform accurately, and (3) representation of various exercise intensi-
ties. These selected exercises covered a range of intensities and allowed for a compre-
hensive analysis of HR responses.

The final set of exercises, as outlined in Table 4.3, included both separated and

combined movements to comprehensively analyze the HR responses. Due to time con-
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Table 4.2: Existing representative HIIT exercises

Upper body Lower body Upper body Lower body
1 | Wrist shake off | Step side 11 | Alt superman punch | Shuffle
2 | Walk swing Step front 12 | Hammering Side hop
3 | Fold reverse fly | Calf raise 13 | Lateral swing Quater squat
4 | Sheating Jog in place 14 | Upper punch Frontkick
5 | Superman row | Lunge 15 | Elbow twist Squat
6 | Rowing swing | Extended Lunge | 16 | Arm full extend Skater
7 | Interlock twist | Step back 17 Two hand overhead

kneetouch

8 | Reversefly Kneeup 18 | Angel fly
9 | Front punch Rotate side step | 19 | Full lateral extend
10 | Long pull Small hop kick

straints, it was not feasible to complete all possible 11x11 combinations of upper and
lower body exercises. Instead, a structured approach was adopted to ensure meaningful
insights. First, each upper and lower body exercise was conducted individually pair-
ing it with a “No-operation” to establish baseline HR responses. Second, to evaluate
the contributions of upper body exercises, all upper body movements were paired with
the lower body exercise “Side Hop” (SH), a moderate-intensity movement, allowing
a focused analysis of upper body influence. Third, the original combined movements
were performed to reflect realistic exercise scenarios. Lastly, the full 5x5 grid of up-
per and lower body combinations was completed to ensure clear differentiation among
exercises. This strategy allowed for a practical yet comprehensive evaluation of the in-
terplay between upper and lower body movements and their respective effects on HR
responses.

The experimental protocol was implemented to explore the interaction between
upper and lower body movements. As shown in Figure 4.1, exercises were performed
with precise timing and controlled intensity to ensure consistency across participants.
For example, upper-body exercises such as “Reverse Fly” (RF) were combined with
lower-body movements like “Side Hop” (SH), providing insights into how these com-

binations influence overall HR response.
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Table 4.3: Exercises used in research

Number | Exercise Type | Seperated Exercise Name | Combined Exercise Name

Upper Wrist shake off(WSO)

1 - Arm leg shake off(ASO)
Lower Small hop kick(SHK)
Upper Walk swing(WS

2 PP - gWs) Jogging(JG)
Lower Jog in place(JIP)
Upper Fold reversefly(FRF)

3 - Leg arm extend(LAE)
Lower Calf raise(CR)
Upper Rowing swing(RWS

4 PP £ &l ) Rowing(RW)
Lower Step back(SB)
Upper Reversefly(RF)

5 Quater squat reversefly(SR)
Lower Quater squat(QS)
Upper Alt superman punch(ASP

6 PP P - P ( ) Superman(SM)
Lower Buttkick(BK)
Upper Skater arm swing(SAS

7 PP - el ) Skater(ST)
Lower Skater leg swing(SLS)
Upper Upper punch(UP

8 PP PP p (UP) Arm reach punch(ARP)
Lower Rotate side step(RS)
Upper Elbow twist(ET)

9 Cross Crunch(CC)
Lower Kneeup(KU)
Upper Angel fly(AF

10 PP - gel fly(AF) Jumping Jack(JJ)
Lower Side hop(SH)

4.1.3 Data Analysis

4.1.31

Data Preprocessing

Robust data preprocessing was imperative for the ECG signals due to their susceptibil-

ity to biological and mechanical noise (Gupta et al., 2021). To ensure the reliability of

subsequent analyses, a meticulous preprocessing pipeline was implemented (Tejedor

et al., 2019). The raw ECG signal underwent a 60Hz Notch filter to eliminate power

noise, a common interference arising from electrical systems. Subsequently, both high-

pass and lowpass filters were applied to analyze signals, focusing on the bandpass fre-

quencies of 10Hz to 30Hz. These steps ensured the extraction of accurate HR data,

devoid of undesirable noise artifacts (Flandrin et al., 2003). The implementation of
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Front View Side View

(© (d)

® @

Figure 4.1: Sequence of exercises used in research. (a) Sequence of ASO. (b) Se-
quence of JG. (c) Sequence of LAE. (d) Sequence of RW. (e) Sequence of SR. (f)
Sequence of SM. (g) Sequence of ST. (h) Sequence of ARP. (i) Sequence of CC. (j)

Sequence of JJ,

these preprocessing steps fortified the quality and reliability of the data, establishing a

robust foundation for the subsequent analysis of the HR signals during the experimen-

59



Chapter 4. HR Modeling through Split up Analysis of Exercise Sequence
tal exercises.

4.1.3.2 Analysis in HR from ECG data

In this section, the analysis of heart rate (HR) derived from electrocardiogram (ECQG)
data is presented, building upon the methodology outlined in (Yoon and Kim, 2025b).
The HR is calculated using the RR interval, which represents the time between two
consecutive R-peaks in the ECG signal, as described in former research (Achten and
Jeukendrup, 2003; Shaik and Ramakrishna, 2015). The equation for HR computation
is expressed as follows:

60

HRsub ject = ————sec
subjec RRinterval

(4.1)

For activity load assessment, the simplified method introduced in chapter 3 (Yoon
and Kim, 2025b) was adopted. This method calculates intensity as the difference be-

tween HR during exercise and resting HR, expressed as:
Intensity = HReyercise — HR est 4.2)

This adaptation, differing from the traditional Karvonen formula, focuses on intra-
individual comparisons of intensity, enabling the analysis of relative differences across
exercise types within each participant. By leveraging the methodological foundation
established in (Yoon and Kim, 2025b), this section extends the analysis to broader
applications of HR monitoring in exercise contexts.

The data is represented as a matrix D with dimensions (o, ), wherea € {1,2,..., 11}
represents different lower exercise levels (y-axis), and B € {1,2,...,11} represents up-

per exercise HR data (x-axis). The data matrix is defined as:
D= {de loee {1,2,...,11},B e {1,2,...,11}}. 4.3)

When the lower body is fixed and used as the x-axis for calculations, the matrix D is
transposed to ensure consistency in the computation process.
Each column of D is plotted against corresponding o-values. The x-axis values for

the B-th column are given by:

xg=dgp, PBe{1,2,...,11}. (4.4)
The y-axis values are extracted from the first column (f = 1) as:

Yo =dgo1, oe€{l,2,... 11} 4.5)
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Thus, each plot line is represented as:

Lineg = {(xg, o) | ¢ € {1,2,...,11}}. (4.6)

AmeanRR = meanRReyercise — meanRR e, “4.7)

where meanRR is the average time interval (in milliseconds) between consecutive R-
wave peaks in the ECG signal.
MSSDexercise

Rati = 4.8
allorMsSD TMSSD e ) (4.8)

where rMSSD is the root mean square of successive differences between adjacent RR

intervals, indicating parasympathetic nervous system activity.

pNN5 Oexercise
P exercise 4.9
pNN50,., (4.9)

rest

RatiOPNN5() =

where pNNS5O0 is the percentage of consecutive RR intervals differing by more than 50
ms.

The correlation between the proposed HR)y,g metric and HRV-based metrics is
defined as:

—, (4.10)

4.2 Results

The results of this study demonstrate that the intensity of combined upper and lower
body exercises is not a simple additive function of each component’s HR impact. In-
stead, the HR response reflects a proportional relationship to the individual intensities
of upper and lower body movements. This nuanced interaction provides insights into
how movement combinations in HIIT or aerobic workouts can be strategically de-

signed to achieve specific intensities and tailored physiological outcomes.

4.2.1 Dominance of Lower Body Movements

Figure 4.4 highlights the HR difference in various exercise combinations, with com-
bined upper and lower body movements displayed in plot Figure 4.4 (c). A noticeable
trend across these plots is the strong influence of lower body exercises. Specifically,

the HR difference in the combined movements closely mirrors the trends observed in
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Sorting unique HR level by upper and lower body exercise

’ Upper body

Exercise
Separation
Combined ‘
Exercise
Lower body
Exercise
(@)
\! ' ‘ ‘
’ Upper body Different New
Exercise Lower body combination

Exercise
Separation ‘

New motions with .ﬁ -3
identified heart rate level ! :
Combined \ o 4
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Lower body Different New
Exercise Upper body combination
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(b)

Figure 4.2: Overview of exercise analysis framework. (a) Separation of combined exer-

cises into upper and lower body components, enabling the sorting of unique HR levels

and exploring diverse movement combinations. (b) Creation of new exercise combina-

tions by pairing different upper and lower body movements, facilitating tailored routines

with identifiable HR levels.
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the lower body-only exercises shown in Figure 4.4 (b). This suggests that the lower
body component exerts a disproportionately strong effect on HR during aerobic or
HIIT movements. For instance, movements involving more intense lower body exer-
cises such as SH or QS consistently result in larger HR differences, regardless of the
upper body exercise being performed.

This observation implies that the cardiovascular demands of the lower body exer-
cises dominate when combined with upper body movements. In practical applications,
such as designing HIIT or aerobic training programs, this suggests that the choice of
lower body exercise is critical in modulating overall activity load. However, the data
also raises the question: how significant is the influence of upper body movements

when paired with lower-intensity lower body exercises?

4.2.2 The Influence of Upper Body Movements

To investigate the role of upper body movements, we look to Figure 4.5, where the
SS, a relatively low-intensity lower body exercise, is combined with different upper
body movements. The results in the plot (b) demonstrate that although the SS exercise
does not induce a significant HR increase on its own, combining it with upper body
movements leads to noticeable differences in HR values. However, the rank of upper
body exercises remains largely consistent, reinforcing that the lower body dominates
when the overall intensity is driven by leg movements.

Interestingly, in the case of the upper body movements combined with SS, we ob-
serve that the HR values increase but without dramatic reordering of the exercise ranks.
This suggests that while the lower body component may set a baseline for cardiovas-
cular demand, upper body movements still contribute to HR increases. Therefore, the
influence of upper body movements becomes more evident when combined with less
intense lower body exercises.

Figure 4.6 delves into the interaction between upper and lower body contributions
by analyzing combinations with the moderately demanding SH exercise. The pattern
observed here differs from the previously analyzed SS combinations. While SS combi-
nations showed a subdued influence on upper body movements due to the low intensity
of the lower body exercise, SH introduces a moderate cardiovascular demand, allow-
ing upper body movements to play a more complementary role. This highlights that,
under moderate-intensity conditions, the contributions of upper body exercises to HR

differences become more pronounced.
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Figure 4.3: An example heart rate heatmap of 10 exercises and its correspoing upper
and lower body exercise. Heatmap represents the difference between maximum HR
and resting HR for various exercise combinations. The x-axis represents different up-
per body exercises, while the y-axis shows different lower body exercises. The color
intensity indicates the magnitude of the HR difference, with warmer colors representing
greater increases in HR relative to resting levels. Each shows the values of a different
subject. The No-op on the x-axis represents the exclusion of upper body movement,
while the No-op on the y-axis represents the exclusion of lower body movement.

In this context, upper body movements such as SAS and ET demonstrate consis-
tently higher HR differences when paired with SH. These findings suggest that certain
upper body movements, characterized by greater biomechanical complexity or muscu-
lar demands, such as bending or intricate motion patterns, can amplify HR responses
when combined with moderately intense lower body exercises like SH.

Interestingly, the AF exercise displays a relatively lower HR difference when paired
with SH, despite involving arm swings. This could be attributed to the biomechanical
assistance provided by the jumping motion in SH, which may reduce the effort re-
quired for the upward arm movement in AF, thereby lowering the overall cardiovascu-

lar strain. This observation underscores the importance of understanding how specific
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Figure 4.4: Average HR difference across different exercise combinations for multiple
participants. (a) Upper-body exercises with no lower body movements. (b) Lower-body
exercises with no upper body movements. (c) Combined upper and lower body ex-

ercises. Exercise names in parentheses indicate their paired combination during full

aerobic movements.
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Figure 4.5: Comparison of HR differences across exercises. (a) HR difference for upper-
body exercises without lower body movements from Figure 4(a). (b) HR differences
for combinations of the SS lower-body exercise (from Chapter 3) and all upper-body

exercises.

biomechanical interactions between upper and lower body movements influence HR

responses during combined exercises.
By focusing on SH, a movement with moderate cardiovascular impact, Figure 4.6

reinforces the idea that the interplay between upper and lower body movements is
dynamic. Upper body exercises can significantly influence HR responses, especially
when the lower body component does not overwhelmingly dominate the cardiovascular
workload. This finding complements the earlier results and highlights the nuanced role

of upper body intensity in shaping the overall exercise difficulty.
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Figure 4.6: Average HR difference results for combinations of 5 upper-body exercises
with the SH lower-body exercise across different participants. (a) Average intensity
of upper-body exercises with no lower body movements. (b) The average intensity of
upper-body exercises combined with SH for the lower body. (c) and (d) each is an iden-

tical plot to (a) and (d) but of a single subject.

4.2.3 Importance of Maintaining Motion Accuracy

The results highlighted in Figure 4.6(c) revealed an anomaly in the HR level of a spe-
cific participant during the isolated SAS exercise, showing significantly lower values
compared to other participants. Upon further investigation, it was discovered that this
participant performed the SAS movement with their arms positioned closer to their
body than other participants, deviating from the intended motion.

To validate the impact of this deviation, additional experiments were conducted
where participants were instructed to perform the SAS exercise both in a “Close” vari-
ation, with arms closer to the torso, and a “Far” variation, with arms extended farther

away from the body. The results, illustrated in Figure 4.8, showed that the “Far” varia-
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Figure 4.7: Image comparison between “Close” and “Far” upper body exercise. (a) Ex-

ercise motion with “Close” variation (b) Exercise motion with “Far” variation.
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Figure 4.8: HR comparison between “Close” and “Far” variations of the SAS exercise.

(a) Average across all participants, with error bars for “Far”. (b) Results of the partici-

pants from Figure 6(c) and 6(d).

tion not only elicited a higher HR response but also aligned more closely with the HR

levels intended for the SAS movement. This finding underscores the influence of even

subtle deviations in exercise form on physiological responses.

These results emphasize the critical importance of maintaining motion accuracy in
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Figure 4.9: Visualization of HR differences using the vector-based method for all exer-
cise combinations listed in Figure 4.3. Each point represents the HR level of an individ-
ual upper or lower body exercise. Exercises with the same upper body movement but
paired with different lower body movements are connected by lines of the same color.

exercise studies. Small variations in movement execution, often perceived as insignifi-
cant, can lead to measurable differences in HR due to the biomechanical and muscular
demands they impose. Ensuring participants adhere to consistent and standardized mo-
tion patterns is therefore vital for reliable data collection and accurate interpretation of

activity load.

4.2.4 Hierarchy and Differentiation in Activity Load Levels

The interplay between upper and lower body exercises is inherently complex, particu-
larly in the context of differentiating activity load. Figures 4.9 (based on equations 4.3
to 4.6), and 4.10 collectively highlight how HR data can uncover subtle yet meaning-
ful distinctions in exercise difficulty, providing a deeper understanding of movement
combinations and their cardiovascular impact.

Figure 4.9 illustrates the intricate relationship between upper and lower body con-
tributions by visualizing HR levels for all exercise combinations. Each line connects
exercises that share the same upper body movement, linking them to various lower
body movements. The consistent downward trend across these lines reaffirms the dom-
inant role of lower body exercises in driving the overall HR response. However, this

visualization also highlights the influence of upper body exercises on the HR gradient,
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Figure 4.10: Heatmaps of HR responses across exercise combinations for all partici-
pants. (a) Upper body exercises clustered with varying lower body combinations, show-
ing stronger lower body exercises leading to higher HR levels. (b) Lower body exercises
clustered with different upper body combinations, highlighting a greater impact of lower
body variability on HR levels. In (a) No-op represents the exclusion of lower body move-

ment and in (b) No-op represents the exclusion of upper body movement.

particularly when combined with moderate-intensity lower body movements.

Additionally, while the lines do not perfectly separate each exercise, they exhibit
a discernible pattern of differentiation. The exercises collectively follow a downward-
right trajectory, showing a structured increase in intensity as new combinations are
formed. This indicates that newly combined exercises align with the linear progression
of intensity seen in isolated upper and lower body movements. This structured pattern
underscores the dynamic yet predictable interaction between upper and lower body
exercises in determining overall HR levels.

Moving into Figure 4.10, the clustering heatmaps provide additional insights by
focusing on participant-specific responses. In Figure 4.10(a), the clustering of upper
body movements across participants shows that while lower body variations signifi-
cantly shift the HR level within the same upper body cluster, upper body movements
still maintain distinguishable clusters. This suggests that upper body exercises, despite
contributing less overall to HR differences, retain their influence within specific com-
binations. Conversely, Figure 4.10(b) demonstrates the linear impact of lower body
movements. The HR levels increase predictably as lower body intensity grows, even
when combined with various upper body exercises. This pattern underlines the foun-

dational role of lower body movements in dictating overall exercise difficulty, though
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it also shows that subtle variations in HR due to upper body changes are consistent
across participants.

These findings collectively emphasize the nuanced relationship between upper and
lower body contributions to activity load. While lower body movements generally
dominate HR responses, upper body movements provide critical refinements, partic-
ularly in combinations where lower body intensity is moderate or consistent. This re-
inforces the potential of HR-based analysis to quantify and rank activity load, even

when subtle differences exist.

4.2.5 Comparison of Activity Load Evaluation Methods

To evaluate the reliability of the proposed method for assessing activity load, which
relies on the difference between heart rate at the end of exercise and resting heart rate
(HRexercise — HRrest), and to explore whether alternative metrics could also classify
activity load, a validation was conducted using HRV metrics derived from (Seiler et al.,
2007). By comparing exercise intensities classified through HRexercise — HRrest With
those derived from HRV-based metrics, the aim was twofold: to establish the robustness
of the proposed method and to determine if movement difficulty, as reflected in HR
changes, aligns with broader physiological indicators.

Figure 4.11 (based on equations 4.7 to 4.9) illustrates the comparison of upper-
body and lower-body exercises across multiple metrics. The proposed HRexercise —
HR.st method (Figure 4.11a) provides a straightforward yet effective representation
of activity load. Meanwhile, HRV-derived metrics—mean RR intervals (Figure 4.11b),
rMSSD (Figure 4.11c¢), and pNN50 (Figure 4.11d)—offer additional insights into the
physiological responses associated with different movements. Importantly, these met-
rics reveal the ability to differentiate movement intensities not just through HR but
through broader autonomic nervous system dynamics.

Figure 4.12 (based on equation 4.10) quantitatively highlights the correlation be-
tween the proposed method and HRV metrics. Unsurprisingly, mean RR intervals ex-
hibit the strongest correlation (r = 0.87), as HR and RR intervals are inversely re-
lated and closely tied. The high correlation supports the idea that HRexercise — H Rrest
effectively captures the same physiological patterns reflected in mean RR intervals.
Similarly, rMSSD shows a moderate correlation (r = 0.64), suggesting that HR-based
movement classification aligns well with parasympathetic activity changes, reinforcing

the reliability of HR as an indicator of activity load.
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Figure 4.11: Heatmaps illustrating the intensity comparison between five upper-body
(rows) and five lower-body (columns) exercises. (a) Activity load is calculated as the
difference between post-exercise heart rate and resting heart rate. (b) Mean RR inter-
vals(ms) difference between resting and exercise phases. (c) Ratio of rMSSD values in
resting and exercise phases. (d) Ratio of pPNN50 values in resting and exercise phases.
The No-op on the x-axis represents the exclusion of upper body movement, while the

No-op on the y-axis represents the exclusion of lower body movement.

Interestingly, pNN5O0 displays a much weaker correlation (r = 0.38) with the pro-
posed method, raising questions about its utility as a universal indicator of activity
load. However, upon closer examination of Figure 4.11d, pNN50 appears to capture
meaningful trends within lower-body exercises, which are typically more demanding
and influential in determining overall intensity. This aligns with observations in earlier
sections, where lower-body movements were found to play a dominant role in driv-
ing physiological responses. Within upper-body exercises, however, pPNN50 shows less

differentiation, potentially due to the smaller physiological impact of these movements
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Figure 4.12: Correlation analysis between the HR-based intensity metric from the pro-
posed method (Figure 4.12a) and various HRV metrics: mean RR interval (meanRR),
rMSSD, and pNN50 (Figure 4.12b—d). (a) bar plot showing the correlation of different
HRV metrics, (b) linear regression fit and correlation for each factor. The results high-
light a strong correlation with meanRR (0.87), moderate correlation with rMSSD (0.64),
and weaker correlation with pNN50 (0.38).

on autonomic nervous system balance.

The results suggest that while HRexercise — HRrest provides a reliable and practical
measure of activity load, HRV metrics like mean RR intervals and rMSSD can further
validate this approach, offering complementary perspectives on movement difficulty.
Moreover, the nuanced behavior of pNN50 underscores the importance of consider-
ing movement-specific characteristics when interpreting HRV metrics, particularly for
lower-body exercises, where pNN50 seems more reflective of intensity changes.

In conclusion, the strong alignment between HR-based classifications and HRV
metrics reinforces the reliability of the proposed method. Additionally, the ability of
HRV metrics to capture intensity differences, especially in lower-body movements,
highlights the physiological basis of exercise difficulty classification, extending the ap-
plicability of this approach beyond simple HR measurements. This multidimensional
validation not only strengthens the credibility of HRqxercise — HRrest @S an intensity
metric but also underscores its potential for broader applications in movement analysis

and classification.
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Figure 4.13: An example heart rate heatmap representing 120 exercises, showcasing
all exercise combinations analyzed in Section 4.3. The heatmap illustrates the differ-
ence between maximum HR and resting HR across various combinations. The x-axis
represents different upper body exercises, and the y-axis shows different lower body ex-
ercises. Color intensity indicates the magnitude of the HR difference, with warmer colors
representing greater increases relative to resting levels. Each heatmap corresponds to
a different subject. The No-op on the x-axis represents the exclusion of upper body
movement, while the No-op on the y-axis represents the exclusion of lower body move-

ment.

Table 4.4: Average Deviation of All Participants

Participant Subl | Sub2 | Sub3 | Sub4 | Sub5 | Sub6 | Sub7 | Sub8 | Sub9 | Subl0
Avg Deviation | 0.34 | 1.36 | -.102 | 0.98 | 3.74 | -0.66 | 0.76 | 2.42 | 1.04 | 1.27

4.3 Activity Load Prediction From the Representative

Exercise to the Whole Exercise Combinations

Predicting the difficulty levels of exercise combinations derived from ten selected

movements builds upon the findings of Chapter 3. The earlier discovery that partial
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Figure 4.14: Heatmap comparison of actual and predicted data across 30 exercises
for all participants. (a) Averaged actual data of 30 exercises across all participants. (b)
Normalized average of the actual data for all participants. (c) Predicted data generated
using the actual data in (a). (d) Normalized average of the predicted data for all par-
ticipants. The No-op on the x-axis represents the exclusion of upper body movement,

while the No-op on the y-axis represents the exclusion of lower body movement.

order relationships are preserved even when exercises are separated into upper and
lower body movements serves as the foundation for this analysis. By isolating these
movements into “Noop” (exclusion of upper or lower body movements) combination
exercises, a total of 30 individual exercises were conducted, providing the baseline data
necessary for further predictions.

Figure 4.14 (a) and (b) present the averaged and normalized average data across
participants for these foundational exercises. Using these results, predictions were ex-
tended to the remaining 90 exercise combinations. The methodology involved calcu-

lating heart rate (HR) intensity differences between the Noop combination exercises
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Figure 4.15: Heatmap showing the differences between predicted data and actual ex-
ercise results. (a) The average difference between predicted and actual data across all
participants (accuracy: 95%). (b) The normalized average difference between predicted
and actual data across all participants (accuracy: 97%). Red represents over estimated
value and blue represents under estimated value. The No-op on the x-axis represents
the exclusion of upper body movement, while the No-op on the y-axis represents the

exclusion of lower body movement.

(exclusion of upper or lower body exercise) and existing movements for each row and
column of the heatmap. These differences were scaled proportionally based on the
distances between exercises, enabling the estimation of HR intensities for the remain-
ing combinations. The final predicted intensity values were computed by averaging
the row- and column-based predictions. Figure 4.14 (c) and (d) display the averaged
predictions and normalized averages for these estimates.

To validate these predictions, the ground truth data for all 90 additional combi-
nations were collected through participant trials. The accuracy of the predictions was
evaluated by comparing the differences in averages between predicted and actual ex-
ercise intensities. Table 4.4 summarizes the average deviations across all participants,
indicating minimal overall deviations. Figure 4.15 (a) and (b) further illustrate these
comparisons, showing that for most combinations, HR differences remained within an
acceptable range of approximately 5, with only a few outliers exceeding this range
(accuracy of 95%).

An essential aspect of this analysis involved assessing the preservation of partial
order across participants. Figure 4.16 focuses on the partial order of upper body move-

ments while maintaining a fixed lower body posture, revealing that the overall flow
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Figure 4.16: Average partial order representation of all exercises across participants, fo-
cusing on the quality aspect. This figure illustrates the partial order of upper body move-
ments by maintaining a fixed lower body posture, enabling the analysis of variations
in upper body actions. The diagram illustrates the relative relationships and transition
probabilities between different exercise combinations, with edge weights representing
the normalized average values of HR difference. For the broken partial orders, adjacent
exercise arrows were not drawn. 10 original exercises are highlighted. The Noop on the
x-axis represents the exclusion of upper body movement, while the Noop on the y-axis

represents the exclusion of lower body movement.

of the partial order was largely preserved despite occasional minor disruptions. These
disruptions, represented by unconnected arrows, were infrequent and did not compro-
mise the general structure of the order. In contrast, Figure 4.17 examines the partial
order for lower body movements while fixing upper body postures. Remarkably, the
lower body exercises exhibited complete preservation of the partial order, suggesting a
greater consistency in distinguishing lower body exercise intensities compared to upper
body movements. This contrast underscores the robustness of lower body movements
in maintaining partial order and highlights their relative clarity in intensity differentia-
tion.

A deeper analysis was conducted to investigate exercises with significant devia-
tions in Figure 4.15 (five combinations identified) and cases where partial order was
disrupted in Figure 4.18 (where fewer than 50% of participants adhered to the order).
Comparing the individual data of all participants revealed that only the combination of
“ASP” and “SHK” failed to satisfy both quantitative (number of participants maintain-

ing partial order) and qualitative (high HR deviation) criteria. Among six participants
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Figure 4.17: Average partial order representation of all exercises across participants, fo-
cusing on the quality aspect. This figure illustrates the partial order of lower body move-
ments by maintaining a fixed upper body posture, enabling the analysis of variations
in lower body actions. The diagram illustrates the relative relationships and transition
probabilities between different exercise combinations, with edge weights representing
the normalized average values of HR difference. 10 original exercises are highlighted.
The No-op on the x-axis represents the exclusion of upper body movement, while the

Noop on the y-axis represents the exclusion of lower body movement.
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Figure 4.18: Quantitative representation of the average partial order across all exercises
for participants. Based on the partial orders in Figure 4.16 (numerical exercise labels)
and Figure 4.17 (alphabetical exercise labels), this figure indicates the number of par-
ticipants who followed the partial order for each exercise combination. Yellow arrows
indicate if the partial order was followed over 50% of the participants, if not the arrows
were colored pink. 10 original exercises are highlighted. The Noop on the x-axis repre-
sents the exclusion of upper body movement, while the Noop on the y-axis represents

the exclusion of lower body movement.

who did not maintain partial order for this combination, the normalized HR difference
(Figure 4.16) was -0.21 (overall average: 0.09). After removing the two most signifi-
cant outliers, this value improved to -0.075, a negligible difference. A closer inspection
of these outliers’ performance highlighted motion-related issues during the exercise,

emphasizing the importance of accurate execution for maintaining order.

78



Chapter 4. HR Modeling through Split up Analysis of Exercise Sequence

For the remaining four exercises, although partial order was disrupted, the devi-
ations were minor, reflecting natural variations in activity load rather than significant
inconsistencies. This suggests that these exercises shared similar activity loads, leading
to slight overlaps in HR intensities without undermining their order-based rankings.

A deeper analysis was conducted to investigate the distances where partial order
was disrupted, as indicated by unconnected arrows in Figure 4.16. The average distance
between all nodes in Figure 4.16 (measured as the vector length of the arrows) was
0.1 £0.7, while the average distance for disrupted partial orders (e.g., where exercise
3 was mistakenly ranked below exercise 4) was —0.06 £ 0.02. If the partial order were
intact, the average distance would shift to approximately 0.16, suggesting that these
disruptions occurred within the range of adjacent exercises. This finding aligns with
the interpretation that such errors reflect natural variations in activity load rather than
significant inconsistencies, as the errors remain within a narrow HR difference range.

Further analysis of HR values for disrupted partial orders revealed whether the
lower-difficulty exercise (e.g., exercise 3) was performed more strenuously than ex-
pected, or the higher-difficulty exercise (e.g., exercise 4) was performed less stren-
uously. Comparisons with exercises preceding and following the disrupted segment
showed that participants tended to overexert on the lower-difficulty exercise in 65% of
cases, underexert on the higher-difficulty exercise in 28% of cases, and perform incon-
sistently on both exercises in 7% of cases. These results underscore the importance of
accurate motion execution to maintain partial order consistency.

Analysis of HR data in cases where partial order was disrupted revealed that the
actual HR differences in most cases were minimal, with an average of —3.15 + 3.33.
This supports the notion that disruptions typically occur between exercises of adjacent
difficulty levels, reflecting natural variations. However, specific combinations, such as
the lower-body movement “JIP” paired with upper-body movements “WS” and “FRF”
(=3.37£3.94), and the lower-body movement “SB” paired with upper-body move-
ments “RWS” and “RF” (—3.81 4+3.58), showed outlier-like tendencies for one par-
ticipant. For these combinations, HR differences of -10 and -10.58, respectively, were
observed, indicating that the participant exerted more effort on an easier exercise and
less effort on a harder one. This participant was identified as having little prior ex-
ercise experience and was unaccustomed to maintaining proper guided movements,
likely contributing to these outlier values.

From Figure 4.15’s heatmap, overestimated values (red regions) predominantly

contributed to deviations, indicating participants performed these exercises more eas-
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ily than predicted. For example, the combination of “AF” and “SHK” had a prediction
error of 10.53, which reduced to 5.91 after removing a significant outlier, highlighting
the impact of individual participant variability. This pattern suggests that inaccuracies
in estimating difficulty arise when baseline data are limited to proximal exercises with
substantial variability. As such, future studies should aim to diversify the foundational
exercise set to improve estimation accuracy.

Interestingly, exercises disrupting partial order in Figure 4.18 also exhibited high
error rates in Figure 4.15, further linking motion consistency with partial order preser-
vation. For instance, when participants deviated from predicted partial orders, their HR
data revealed irregularities stemming from motion inconsistencies or execution errors.
These findings emphasize the feasibility of using partial order frameworks to identify
and address discrepancies in activity load estimation, enabling more robust predictions.

The preservation of partial order across exercises implies that while absolute in-
tensity values may pose challenges, relative rankings based on partial order provide a
reliable framework for estimating exercise difficulty. Figure 4.18 quantitatively evalu-
ates partial order maintenance across all exercise combinations, showing the proportion
of participants who adhered to the partial order for each combination. The majority of
combinations demonstrated consistent partial order adherence, with only a few devia-
tions observed. These deviations often corresponded to the exercises identified in Fig-
ure 4.15 as having higher HR differences, further emphasizing the connection between
motion consistency and partial order preservation.

By leveraging the concept of partial order preservation, this approach offers a ro-
bust mechanism for predicting exercise difficulty through relative rankings rather than
absolute intensity values. While refinements may be necessary for specific exercises
to improve consistency, the findings demonstrate the feasibility and effectiveness of
using partial order as a guiding principle for understanding and predicting activity
load across diverse combinations. Additionally, the analysis suggests that partial order
disruptions are more likely to occur in exercises with closely matched difficulty levels,
reflecting natural variations in activity load. The insights gained from these disruptions
can guide refinements in methodology and ensure more robust predictions for future

studies.
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4.4 Discussion

This chapter extends the understanding of exercise difficulty prediction by exploring
how the interplay between upper and lower body movements defines HR responses
during exercise. The findings emphasize that the difficulty of combined movements
cannot be reduced to a simple additive sum of their components (e.g., upper + lower =
sum of HR effects). Instead, the results demonstrate that relative intensities and inter-
actions between the upper and lower body modulate the overall difficulty.

Building upon the insights from Chapter 3, the concept of partial order preservation
was pivotal in this analysis. Figures 4.14 (c) and (d) illustrate the predicted HR intensity
levels for exercise combinations derived using proportional differences between Noop
exercises and existing movements. These predictions, validated against ground truth
data for 90 additional combinations, showed high accuracy with minimal deviations,
as reflected in Table 4.4 and Figure 4.15. This accuracy highlights the feasibility of
using relative rankings to systematically predict activity load.

The preservation of partial order, as demonstrated in Figures 4.16 and 4.17, under-
scores its robustness as a framework for understanding exercise difficulty. While minor
disruptions in partial order were observed for upper body movements, lower body exer-
cises maintained complete order consistency. These findings reveal the distinctiveness
of lower body movement intensities and their ability to sustain clear differentiation.
Moreover, Figure 4.18 quantitatively reinforces the reliability of partial order preserva-
tion across participants, showcasing its potential as a foundation for predicting exercise
difficulty.

Figures 4.9 and 4.10 from earlier analysis further support this conclusion by high-
lighting the hierarchical nature of HR responses and the nuanced contributions of both
upper and lower body movements. Lower body exercises consistently dominated over-
all intensity levels, while upper body exercises introduced subtle variations that refined
the combined response. The clustering analysis in Figure 4.10 demonstrated how sys-
tematic relationships between movements enable the prediction of activity load.

Interestingly, the exercises that disrupted partial order correlated strongly with
those showing higher HR deviations in Figure 4.15. These deviations are linked to
inconsistencies in motion execution among participants, as discussed in the “Impor-
tance of Maintaining Motion Accuracy” section. Such findings suggest that exercises
with less consistent execution require stricter motion control protocols to enhance pre-

dictability and reliability.
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By leveraging the proportional HR relationships and partial order framework, ex-
ercise programs can be tailored to diverse needs. This approach ensures inclusivity,

safety, and effectiveness across varying fitness levels and goals.

4.5 Conclusion

This chapter establishes a scientific foundation for understanding and designing com-
bined exercises based on proportional HR contributions and partial order preservation.
The findings challenge the simplistic assumption that combined movement difficulty
is merely the sum of its components. Instead, the proportional relationships revealed in
this analysis demonstrate that relative intensities and systematic interactions between
upper and lower body movements modulate overall exercise difficulty.

By isolating upper and lower body movements into Noop combinations, this study
developed a robust framework for predicting the difficulty of diverse exercise pairings.
The validation of predictions against actual data revealed strong alignment, with mini-
mal deviations, as highlighted in Table 4.4 and Figure 4.15. The preservation of partial
order across participants, as demonstrated in Figures 4.16 and 4.17, underscores the
reliability of this approach. Lower body movements, in particular, exhibited complete
order consistency, reinforcing their distinctiveness and predictability compared to up-
per body exercises.

The practical implications of these findings are significant. By understanding the
proportional contributions of upper and lower body movements, exercise programs can
be systematically designed to meet diverse needs. For instance, low-impact protocols
can be developed for individuals with physical limitations, age-appropriate routines
can be designed for children or older adults, and HIIT workouts can be optimized to
balance cardiovascular demands. This framework ensures both accessibility and effec-
tiveness, paving the way for more inclusive and tailored fitness programming.

In conclusion, this chapter provides a comprehensive analysis of the interplay be-
tween upper and lower body movements, offering a scientifically grounded approach
to predicting exercise difficulty. Focusing on relative rankings and partial order preser-
vation, it establishes a foundation for designing personalized exercise protocols that

are both effective and accessible to diverse populations.

82



Chapter 4. HR Modeling through Split up Analysis of Exercise Sequence

4.6 Summary of Chapter 4

Chapter 4 explored the prediction of exercise difficulty through the lens of propor-
tional relationships and partial order preservation. By isolating upper and lower body
movements into Noop combinations, the analysis provided a baseline for predicting
the HR intensities of diverse exercise pairings. Figures 4.14 (a) and (b) detailed the
averaged and normalized foundational data, while Figures 4.14 (c) and (d) showcased
the predicted intensities for the remaining combinations, derived using a proportional
difference methodology.

Validation of these predictions against actual exercise data revealed strong align-
ment, with minimal deviations, as highlighted in Table 4.4 and Figure 4.15. These
results demonstrate the reliability of this predictive approach, particularly when sup-
ported by the concept of partial order preservation. Figures 4.16 and 4.17 illustrated
how partial order was maintained across most combinations, with lower body move-
ments displaying complete consistency. This finding emphasizes the distinctiveness
and predictability of lower body exercises compared to upper body movements.

Figure 4.18 quantitatively examined the adherence to partial order across partici-
pants, revealing a strong trend of consistency despite minor individual variations. Ex-
ercises that deviated from partial order were identified as those with less motion con-
sistency, reinforcing the need for refined motion control in certain cases. By leveraging
these insights, this chapter provides a scientifically grounded framework for predicting
exercise difficulty through relative rankings and partial order preservation.

These findings have significant practical implications. By understanding the pro-
portional contributions of upper and lower body movements, exercise programs can be
systematically designed to meet diverse needs. The framework enables the develop-
ment of tailored protocols for injury recovery, age-appropriate routines, and optimized
HIIT workouts, ensuring both accessibility and effectiveness. Chapter 4 thus offers a
comprehensive approach to predicting and designing exercises, advancing the under-

standing of HR responses and exercise difficulty.
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Chapter 5

Predicting Heart Rate and Blood

Glucose Trends from Daily Activities

The intricate relationship between heart rate (HR) and blood glucose (BG) is critical in
understanding physiological regulation, health monitoring, and disease management.
With the increasing prevalence of conditions like diabetes and cardiovascular diseases,
exploring the dynamic interplay between HR and BG during daily activities and dietary
intake has become essential for maintaining physiological stability.

Motivated by prior research (Yoon and Kim, 2025b; Yoon and Kim, 2025a) that
highlighted the significant influence of meal status on resting HR, this study expands
the focus to BG fluctuations and their predictive capability for HR stability. Addition-
ally, it explores the potential for using HR patterns to approximate BG levels, demon-
strating a novel bidirectional predictive framework. These insights not only enhance
our understanding of metabolic and cardiovascular interactions but also pave the way
for more controlled HR experiments that account for BG-induced variability, ensuring
greater accuracy and consistency in experimental outcomes.

This study leverages technologies, including the Polar Verity Sense and FreeStyle
Libre systems, to collect continuous, real-time data on HR and BG during partici-
pants’ typical daily routines. By integrating dietary and activity logs, the data captures
natural lifestyle patterns, reflecting realistic physiological responses. Statistical tech-
niques such as cross-correlation analysis and similarity functions were used to analyze
temporal alignments and variability between HR and BG, revealing patterns of syn-
chronization influenced by dietary and activity-related changes.

The findings highlight the predictive potential of BG for resting HR stability and

HR for approximating BG levels, emphasizing the necessity of incorporating BG vari-
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ability into HR-focused research. By bridging the gap between metabolic regulation
and cardiovascular responses, this study provides a comprehensive framework for de-
signing more robust and interpretable methodologies. This paper’s contents are being

prepared for submission to a journal (Yoon and Kim, 2025c).

5.1 Methods

5.1.1 Subjects

We recruited five adult male participants for this study. Each individual was thoroughly
informed about the purpose of the study and provided their consent by signing a con-
sent form prior to engaging in any experimental activities. Furthermore, all researchers
involved in this project completed online research ethics training before the exper-
iments began. The study protocol received approval from the Institutional Review
Board (IRB) of Yonsei University, the institution overseeing this research (Registra-
tion number: 7001988-202410-HR-2376-04).

Participants were selected based on specific inclusion and exclusion criteria. The
inclusion criteria were: 1) The ability to wear a sensor on both upper arms; 2) No mo-
bility impairments or reliance on assistive walking devices, and the capability to attend
the research facility; 3) An age range of 20 to 35 years; 4) A voluntary willingness to
participate.

Exclusion criteria were: 1) Individuals with significant communication difficulties,
such as those due to cognitive impairments or aphasia; 2) Those with severe cardiovas-
cular, cardiopulmonary, or other major internal medical conditions; 3) Individuals with
a history of surgeries or conditions related to musculoskeletal or neurological issues;
4) Participants deemed unsuitable for the study by the researcher.

The participants’ demographic and physical characteristics, including sex, age,

height, weight, and BMI, are presented in Table 5.1 below.

5.1.2 Experiment
5.1.2.1 Experimentation Platform

In the study, HR data was collected using the Polar Verity Sense, an Optical Heart Rate
Sensor. This HR experimental tool consists of six channel LEDs with 1 SPS(samples

per second). It was worn on participants’ non-dominant forearms to minimize inter-
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Table 5.1: Characteristics of the subjects. (SD, standard Deviation)

Characteristic Values
Sex (male/female) 4/1
Age (mean+ SD) 25.4 £ 1.14 [years]
Height (mean+ SD) 175.46 £ 8.01 [cm]
Weight (mean+ SD) 71.6 £16.28 [kg]
BMI (mean+ SD) 23.12 + 4.15 [kg/m?]

Note: BMI denotes body mass index.

ference, with calibration and setup conducted as per manufacturer guidelines. HR data
was continuously recorded via the Polar Flow app, ensuring real-time monitoring and
post-session data export for analysis. Data cleaning, segmentation, and statistical meth-
ods were applied to examine heart rate variability and other metrics. Validation was
achieved by comparing readings with a standard HR monitor, confirming the sensor’s

reliability for continuous heart rate monitoring in a research setting.

Blood
glucose
device
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Figure 5.1: Blood glucose and heart rate monitoring system. Monitoring and analysis

system of blood glucose and heart rate sensor used in this research.

For the blood glucose data, FreeStyle Libre Flash Glucose Monitoring System was
used. Participants wore the sensor on the back of their upper arms, following the man-
ufacturer’s application guidelines to ensure proper adhesion and accurate readings.
The system provided real-time glucose data, which was continuously monitored and
logged via the FreeStyle LibreLink app. Post-session, the data was exported for anal-
ysis, involving data cleaning, segmentation, and statistical methods to assess glucose

variability and trends. To validate accuracy, glucose readings from the FreeStyle Li-
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bre were compared with traditional blood glucose meter measurements, confirming
the system’s reliability for continuous glucose monitoring in a research setting. MAT-
LAB2021b was used for data analysis, allowing for a comprehensive investigation of

the recorded bioelectric signals (Khan et al., 2012; Ravariu, 2011).
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Figure 5.2: Blood glucose monitoring sensor. The sensor filament is 0.4 millimeters
thick and inserted 5 millimeters under the skin surface. Using the filament blood glucose

levels are continuously measured through interstitial fluid in subcutaneous fat.

The utilization of these advanced tools and technologies ensured accurate and reli-
able data collection, enhancing the credibility and applicability of the study’s findings
(Salman et al., 2012). The integration of state-of-the-art equipment and software re-
flects the commitment to producing high-quality research with practical implications

for personalized rehabilitation and exercise interventions (Gupta and Saxena, 2012).

5.1.2.2 Experimental Protocol

This study aimed to investigate the relationship between HR and BG levels, observing
how these parameters change in response to various daily activities and dietary intake.
Three participants were monitored over a period of three days during their working
hours, using the Polar Verity Sense for HR monitoring and the FreeStyle Libre Flash
Glucose Monitoring System for BG tracking.

Participants were instructed to carry out their usual daily routines without any spe-
cific restrictions, ensuring the data reflected typical lifestyle patterns. However, they
were asked to log any notable changes in activity or dietary intake, such as transition-
ing from sitting to walking or consuming food or beverages. This logging was crucial
for correlating specific activities and intake with fluctuations in HR and BG levels.

The monitoring involved continuous real-time data collection, which was subse-
quently analyzed to understand the interrelationship between HR and BG, their vari-
ability, and the impact of different activities and dietary intake. Furthermore, the study

aimed to identify any time-phase differences between changes in BG and HR.
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Figure 5.3: Sensor attachment drawing (a) Anterior view. (b) Posterior view. In order
to minimize behavioral restrictions, a BG sensor was attached to the left upper arm
muscle of the right hand grip standard, and a Polar HR sensor, which is relatively easy
to attach, was worn on the right hand side of the right hand grip standard.

5.1.2.3 Methodology

Three healthy adults participated in the study, providing informed consent and be-
ing briefed on the objectives and procedures. The selection criteria included the ab-
sence of chronic health conditions and an active lifestyle. Continuous HR monitoring
was performed using the Polar Verity Sense, worn on the non-dominant forearm, with
data logged in real-time via the Polar Flow app. BG levels were monitored using the
FreeStyle Libre Flash Glucose Monitoring System, applied to the back of the upper
arm, with data logged in real-time using the FreeStyle LibreLink app. The participants
were equipped with the devices and an initial baseline measurement for HR and BG

levels was taken. Over three working days, continuous monitoring was conducted dur-
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ing working hours, with participants maintaining their usual activities and logging any
notable changes such as physical activity or food intake.

Data from both sensors were synchronized with their respective apps and later ex-
ported for analysis. Raw data were cleaned to remove artifacts, segmented based on
logged activities and dietary intake, and analyzed using statistical methods to exam-
ine variability, trends, and correlations between HR and BG levels. Pearson correla-
tion coefficients determined the strength and direction of relationships, while cross-
correlation analysis identified any lag or lead times between changes in HR and BG
levels. This experimental design facilitated a comprehensive analysis of the dynamic
relationship between HR and BG levels in a real-world setting, providing valuable
insights into how daily activities and dietary intake influence these physiological pa-

rameters.

5.1.2.4 Analysis of Categorized Behaviors

Based on the experiment results, behaviors were categorized into distinct groups re-
flecting various activities, dietary intake, and physiological states. Physical activities
were classified into exercise, resting (including sleep or napping), and walking, each
eliciting specific responses in HR and BG levels. Exercise led to significant increases
in HR, while BG levels may fluctuate depending on exercise intensity. Resting states
were associated with lower HR and relatively stable BG levels. Transitional move-
ments, such as walking to the bathroom or lunch, induced minor elevations in HR
compared to resting, with variable effects on BG levels. Dietary intake was categorized
into different consumption (e.g., beverage or meal), with potential HR elevations due
to sugar content and variable impacts on BG levels. Additionally, postprandial states,
following meal consumption, resulted in BG increases as the body metabolized car-
bohydrates, potentially influencing HR responses. This comprehensive categorization
enables a nuanced understanding of the complex relationships between behaviors and

physiological parameters, facilitating targeted interventions for health optimization.

5.1.3 Data Analysis
5.1.3.1 Analysis in HR and Blood Glucose data

In electrocardiography (ECG), the R-peak represents the apex of the QRS complex(Manikandan
and Dandapat, 2012; Shaik and Ramakrishna, 2015), signifying the ventricular de-
polarization of the heart(Kligfield and Lauer, 2006). The RR interval, the temporal
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Figure 5.4: Categorized behaviors. Analysis of categorized behavior(different state of

body, different types of intakes) with HR over time and Blood glucose over time.

span between two consecutive R-peaks, serves as a pivotal parameter for HR calcu-
lation(Park and Lee, 2017). After preprocessing, R-peak points were identified, and
the HR(Achten and Jeukendrup, 2003; Shaik and Ramakrishna, 2015) was computed
using the formula:

60

HRupioct = = 5.1
subject RRuzerval e ( )

This HR data, when contextualized with resting and maximum heart rates, facili-
tated the calculation of exercise intensity for each subject. Normalizing the exercise
intensity using the subject’s individual resting and maximum HR provided a rela-
tive measure, crucial for classifying the subject’s status during each exercise(Goldberg
et al., 1988).

To compare and analyze the signals of blood sugar and HR, the similarity of the two
normalized signals is obtained through the formula below using MSE (mean squared

error), an extended concept of correlation coefficient, and Euclidean distance.

(o)

Cross correlation = (f x g)[n] £ Y, fxlmlglm+n] (5.2)

m=—oo

similarity = o x normalizedCorrelation + 3 x normalizedMse (5.3)
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o is the weight assigned to the correlation coefficient. [ is the weight assigned to the
MSE. Normalized correlation is the correlation coefficient normalized to the range [0,

1]. normalizedMse is the mean squared error normalized to the range [0, 1].

5.2 Results

5.2.1 Estimating trends of Heart rate and Blood glucose of inter-

action between events

The dynamic responses of HR and blood glucose BG across different daily activ-
ities in both fasting and postprandial states reveal important insights into how the
body manages physical exertion and metabolic demands. Figure 5.5 illustrates the HR
changes, while Figure 5.6 presents the BG fluctuations, capturing transitions such as
eating, walking, resting, and engaging in cognitively demanding activities like meet-
ings. These figures provide a detailed view of the body’s cardiovascular and metabolic
responses under varying conditions, helping us to understand the coupled nature of HR

and BG during daily activities.

5.2.1.1 Fasting State: A Controlled Energy Management System

In the fasting state (Figures 5.5a and 5.6a), both HR and BG exhibit relatively stable
changes, reflecting the body’s effort to conserve energy and maintain glucose home-
ostasis in the absence of food intake. For HR, transitions from more active states, like
long-term walking, to resting (-5.6+1.8 bpm) showed a clear decrease, suggesting that
the cardiovascular system downregulates rapidly to conserve energy. Conversely, the
transition from rest to long-term walking (+6.7+£7.7 bpm) resulted in an increase in
HR, indicative of the body’s readiness to meet physical demands even when fasting.
Similarly, BG levels in the fasting state remained largely unchanged across various
transitions. For example, the minimal BG change observed between eating and long-
term walking (+0.3+4.4 mg/dL) suggests that, without recent food intake, the body is
more reliant on non-glucose energy reserves, such as fat. The tight control over BG,
especially during transitions to resting states, like moving from long-term walking to
rest (+0.33+2.46 mg/dL), underscores the body’s prioritization of glucose homeostasis

during fasting.
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Figure 5.5: Changes in HR during transitions between different activities. (a) HR vari-
ations during fasting state transitions, showing the impact of different events such as
eating, walking (short-term and long-term), and meetings on HR. (b) HR variations dur-
ing postprandial (after eating) state transitions, illustrating how HR changes as a result
of the same events as in the fasting state. Each arrow represents the change in the
average HR leverage between the respective activities, with the values below indicating
the number of data points supporting the change and the direction of the data (+ for

increase, - for decrease).

The relatively stable nature of both HR and BG in the fasting state reflects a syn-
chronized regulatory response, where the cardiovascular and metabolic systems work
together to conserve energy and maintain physiological balance. Even during transi-
tions between cognitively demanding tasks, such as meetings or experiments, HR and
BG showed only slight changes, further supporting the notion of a well-controlled

physiological state during fasting.

92



Chapter 5. Predicting Heart Rate and Blood Glucose Trends from Daily Activities

Experiment Meeting
(Fasting) 058(i002) 32(i29) (Fasting)
S 0.33(0.0) 3(17)
Q2 (+3)3
(+5,-6)/11 -1.21(£2.2) (Fasting) 0.96(+2.0)
(+2,-2)4 (+1-2)/3
Long-term walk 0.33(+2.46) 0.02(%1.9)
(Fasting)

(+5’ _5)/10 (+3, -1)/4
Long-term walk Short-term walk
(Fasting) (Fasting)
()

(Postprandial) +'1 j3 ‘/4 D 44(+143 (Postprandial)
- ( , )
Postprandial
o ) -2.59(i3\ 0.38(x7.9)
(+1,-4)/5 (+2,-3)/5
(+11)/11 1.97( (Postprandial)

o -0.25(27.1)
(+8,-2)/10 PR
Long-term walk . -5.68(+9.7)
(Postprandial) 1.87(£8.9)

- (+2, -5)/7

(+3, -4)/7
Long-term walk Short-term walk
(Postprandial) (Postprandial)
(b)

Figure 5.6: Changes in BG during transitions between different activities. (a) HR vari-
ations during fasting state transitions, showing the impact of different events such as
eating, walking (short-term and long-term), and meetings on HR. (b) HR variations dur-
ing postprandial (after eating) state transitions, illustrating how HR changes as a result
of the same events as in the fasting state. Each arrow represents the change in the
average HR leverage between the respective activities, with the values below indicating
the number of data points supporting the change and the direction of the data (+ for

increase, - for decrease).

5.2.1.2 Postprandial State: Elevated Physiological Activity

In contrast, the postprandial state (Figures 5.5b and 5.6b) presents a much more dy-
namic response in both HR and BG, driven by the dual demands of digestion and phys-
ical activity. For instance, transitioning from eating to long-term walking produced a
sharp increase in both HR (+8.3+6.6 bpm) and BG (+9.94+5.4 mg/dL), reflecting the
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body’s need to supply glucose for digestion and physical exertion simultaneously.

Following periods of activity, such as moving from long-term walking to rest, both
HR (-5.0+4.9 bpm) and BG (-5.68+9.7 mg/dL) exhibited significant decreases, indicat-
ing that the body is rapidly utilizing or storing glucose as part of the recovery process.
This coordinated downregulation in both cardiovascular and metabolic activity demon-
strates the body’s integrated response to managing energy during postprandial recovery
phases.

In the postprandial state, even low-intensity activities like short-term walking or
engaging in meetings led to moderate changes in both HR and BG. The ongoing
metabolic activity related to digestion creates an environment where even minor ex-
ertion can cause noticeable fluctuations in these physiological parameters. The larger
range of variation in both HR and BG compared to the fasting state highlights the

body’s increased metabolic flexibility after eating.

5.2.1.3 Integrated Analysis: Cardiovascular-Metabolic Coupling

When analyzed together, the HR and BG data from fasting and postprandial states re-
veal key insights into how the cardiovascular and metabolic systems operate in tandem
under varying conditions. In the fasting state, the body maintains a tightly controlled
environment, with minimal fluctuations in both HR and BG. This suggests that dur-
ing fasting, energy conservation and homeostasis are the primary goals, with the body
limiting unnecessary energy expenditure.

In contrast, the postprandial state is characterized by more pronounced changes in
both HR and BG, reflecting the body’s need to balance digestion with physical exer-
tion. The simultaneous rise in HR and BG following eating and activity suggests that
the body actively mobilizes energy to meet these demands, while the sharp decreases
during rest indicate a coordinated recovery process. The alignment of these physiolog-
ical responses underscores the intricate connection between cardiovascular function
and metabolic regulation, particularly in how they jointly respond to daily activities
under different nutritional states.

These findings demonstrate the importance of considering both metabolic context
and physical activity when analyzing HR and BG variability, as the body’s responses

are not isolated but rather part of a broader, integrated physiological system.
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5.2.2 Estimating trends of Blood glucose in diverse conditions

BG regulation is a complex process influenced by numerous factors, including metabolic
state, physical activity, and food or beverage intake. Understanding how these factors
shape BG trends is essential for interpreting physiological responses in real-world set-
tings. In this section, we utilize decision tree analysis, supported by Table 5.2, to ex-

plore BG fluctuations under various conditions.

5.2.2.1 Candle Chart Analysis and Underlying Data Patterns

Figure 5.7 presents candle charts showing BG and HR fluctuations throughout the day
at S-minute intervals. Red sections signify rising BG or HR, while blue sections indi-
cate decreasing values. Maximum and minimum lines further enhance each candle’s
visual depiction. These charts capture key BG fluctuations, especially during meal and
beverage consumption periods.

The postprandial period exhibits the sharpest BG fluctuations, with a marked in-
crease followed by a gradual decline. This is reflected in the odd-numbered T intervals
(T1, T3) of the candle charts, which denote rising BG levels after food intake, while
the even-numbered T intervals (T2, T4) show BG falling as digestion proceeds. Sim-
ilarly, beverage intake patterns align with B intervals, with B1 and B3 representing
BG increases and B2 and B4 signifying declines. These visual trends were used to
construct both Table 5.2 and the decision tree, making these fluctuations the basis for

classification.

5.2.2.2 Decision Tree Overview and Key Factors

The decision tree, illustrated in Figure 5.8, provides a structured framework to classify
and predict BG trends based on a set of physiological conditions. The tree sequen-
tially considers important metrics such as the fasting state, the current BG status, and
whether an event like food or beverage consumption has occurred. This stepwise struc-
ture mirrors how the body’s physiological systems respond to varying conditions.

The fasting state emerges as the most critical factor in predicting BG fluctuations.
The tree begins by distinguishing between fasting (F1, F2 intervals) and non-fasting
periods. This reflects the biological significance of fasting, where the absence of recent
nutrient intake leads to relatively stable or lower BG levels. In contrast, non-fasting
periods exhibit larger fluctuations due to the body’s active processing of glucose from

food or drink. The prominent placement of the fasting state at the top of the decision
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Figure 5.7: BG level trends with different time intervals. This figure illustrates the fluctua-
tions in blood glucose levels over the course of a day, represented by step-like changes
along the timeline. The x-axis shows the time of day, while the y-axis indicates the
BG level. The labels represent different intervals or periods throughout the day, where
‘F’ denotes fasting periods, ‘T’ represents postprandial (after eating) intervals, and ‘B’
refers to beverage consumption intervals. The red color indicates periods of increasing
BG, while the blue indicates decreasing BG levels. Green-colored labels mark fasting

intervals.

tree emphasizes its importance as a primary determinant of BG behavior.

Another fascinating observation from the decision tree is that, just as the body
strives to regulate heart rate toward a stable resting HR, it similarly aims to stabilize
BG levels. This is evident from the decision tree’s second key factor: current BG sta-
tus. When the current BG level is lower than the stable baseline, the tree predicts an
increase in BG, while higher-than-normal levels lead to decreases. This natural bal-
ancing mechanism aligns with the body’s effort to maintain homeostasis, illustrating a
fundamental principle of BG regulation.

Following these primary factors, the decision tree branches further into more spe-
cific conditions related to food and beverage intake. The third layer of classification
considers events, particularly food and beverage consumption, and the corresponding
post-consumption intervals. For example, the tree predicts that immediately after con-
suming a meal, there will be a strong or weak increase in BG, depending on the type
of event and interval. This reflects the metabolic surge as the body processes nutrients,
with intervals like T1 and B1 showing the strongest increases.

Interestingly, despite physical activity being commonly associated with BG regu-
lation, the decision tree does not emphasize activity-related events (such as walking or

exercise) as primary predictors. While exercise is known to aid in stabilizing BG levels,

96



Chapter 5. Predicting Heart Rate and Blood Glucose Trends from Daily Activities

Peak zone status

Increase zone(T,B odd) or
Decrease zone(T,B even)| Decrease and
Increase zone and Fasting zone Fasting zone

(TB od?/ \(T‘,B even, F)

Peak zone of beverage Current BG
consumption status compare

Second peak increase of to stable BG
beverage consumption(B3) Lower, Stable or
or other increase peak Upper

\Upper
[ Peak zone of beverage }

consumption
Second increase )
peak of All other increase

beverage(B3) zone(T odd, B1)

strong
increase(75%)

Figure 5.8: Decision tree illustrating the classification of BG trends based on various

Second peak decrease of
beverage consumption(B4)
or other decrease peak

Second decrea7 All other decrease

eak of
bev‘:)rage(B4) zone(T even, B2)

maintained weak Strong
(78%) decrease(70%) decrease(88%)

Lower

conditions, including current BG status, time intervals, and event type. The tree shows
how these factors influence BG fluctuations, with each node leading to a specific out-
come such as a weak or strong increase or decrease in BG. The percentages at each

outcome represent the accuracy of the classification in the dataset.

its effect appears less significant in the overall picture compared to post-meal insulin
responses and other physiological processes that dominate the body’s glucose regula-
tion mechanisms after eating. This suggests that the body’s internal processes related to
nutrient metabolism and hormonal responses (e.g., insulin release, and glucagon regu-
lation) play a much more pivotal role in BG fluctuations than exercise itself. This aligns
with the established understanding that the body prioritizes managing the postprandial
glucose surge through insulin-mediated pathways rather than relying on physical ac-

tivity as the primary modulator.

5.2.2.3 Decision Tree Results and Interpretation

The decision tree provides valuable insights into how BG levels respond under differ-
ent physiological states, influenced by beverage consumption patterns, fasting status,
and current BG levels. When the interval corresponds to an increase zone (T, B odd)
and a second increase peak of beverage consumption (B3), the tree predicts a weak in-
crease in BG with a certainty of 100%. This suggests that during these conditions, the
body’s glucose levels rise in a controlled manner, likely due to the timing of beverage
absorption and its impact on glucose metabolism.

In other increase zones (T odd, B1), the tree predicts a strong increase in BG (75%),
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Figure 5.9: Decision tree for determining current HR levels based on factors such as BG
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status, time intervals, and event type. The tree highlights how meal intake status, activity
intensity, and physical stability influence HR levels, with each outcome categorized as

stable, high, or very high. Percentages represent the classification accuracy.

indicating that in most post-consumption scenarios, the body experiences a significant
glucose rise as it absorbs nutrients from recent intake. This highlights how the timing of
consumption influences the rate at which glucose enters the bloodstream, particularly
in response to food and beverages.

When the fasting zone is in effect (T, B even, F) and the current BG status is com-
pared to stable BG levels, various outcomes emerge based on the body’s glucose status.
If the BG status is lower, the tree predicts a weak increase (80%), suggesting that dur-
ing fasting periods, the body attempts to stabilize glucose levels, likely through glu-
coneogenesis or other compensatory mechanisms to avoid hypoglycemia. If the BG
status is stable, the prediction shows that glucose levels are maintained (78%), reflect-
ing the body’s effective glucose regulation during fasting. However, if the BG status
is upper, the prediction depends on the type of consumption peak. For the second de-
crease peak of beverage consumption (B4), the tree forecasts a weak decrease (70%),
indicating that even in the presence of prior glucose elevation, the body can lower BG
levels moderately. In contrast, for all other decrease zones (T even, B2), the tree pre-
dicts a strong decrease (88%), reflecting the body’s capacity to bring down glucose
levels effectively after meals, likely driven by insulin response and metabolic regula-

tion.
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Table 5.2: Explanation of key metrics used in the decision tree analysis for classifying
blood glucose (BG) trends.

Metrics Explanations & Remarks

Current BG Status | Current blood glucose level compare to fasting stable blood
glucose level. Classified into three types: Lower, stable, and

upper.
Interval F refers to the fasting state, with F1 representing fasting

blood glucose in the morning and F2 representing the fast-
ing state after digestion has occurred, typically in the after-
noon or evening. T indicates the postprandial blood glucose
fluctuation periods, where odd-numbered T intervals (T1,
T3, etc.) represent rising blood glucose levels, and even-
numbered T intervals (T2, T4, etc.) represent falling blood
glucose levels. B denotes the blood glucose fluctuation pe-
riods following beverage intake, with odd-numbered B in-
tervals (B1, B3, etc.) signifying rising glucose levels and
even-numbered B intervals (B2, B4, etc.) indicating falling

glucose levels.

Event Represents various physiological and activity states. Events
during the experiment are divided into those that cause a
rise in heart rate (Walk, Aerobic exercise) and those that do

not significantly affect heart rate (Rest, Eating, Beverage,

Meeting).

In non-fasting conditions (T, B odd), if the BG status is upper and the event in-
volves a second increase peak of beverage consumption (B3), the tree predicts a strong
increase in BG (100%), highlighting that beverages, especially those rich in sugars or
carbohydrates, cause a rapid and significant rise in glucose levels. This rapid rise can
be attributed to the quick absorption of liquid calories compared to solid foods. Con-
versely, for other decrease zones (T even, B2), the tree predicts a strong decrease in
BG (88%), underscoring the body’s natural ability to lower BG after food consump-
tion, aligning with postprandial insulin activity.

Additionally, it is commonly assumed that HR is determined solely by the current

event. However, further decision tree analysis of the same dataset used in Figure 5.8,
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incorporating HR data, Figure 5.9 reveals that HR levels can also vary depending on
meal status and the stability of current blood glucose levels, in addition to the influence
of the ongoing event.

Overall, the decision tree emphasizes how both fasting and post-consumption pe-
riods play crucial roles in glucose regulation. The results demonstrate that beverage
consumption, particularly during non-fasting intervals, leads to more pronounced glu-
cose increases, whereas fasting intervals, along with the body’s insulin responses, are

effective in moderating or reducing glucose levels.

5.2.2.4 Importance of the Decision Tree

The decision tree serves as the core analytical tool in this study, providing a clear, step-
by-step model to interpret BG behavior under various conditions. The factors at the top
of the tree, such as fasting state and current BG levels, are the most influential in de-
termining BG outcomes. The tree’s sequential nature reflects the body’s physiological
processes, where the largest impact on BG comes from metabolic factors rather than
external stimuli like physical activity.

Each decision point in the tree is grounded in physiological principles, starting with
the most crucial factor—whether the subject is in a fasting state. The subsequent differ-
entiation by current BG status further reinforces the body’s tendency to seek balance,
as lower BG levels naturally trend upwards, and higher BG levels trend downward. By
the time the tree evaluates food and beverage events, much of the BG trajectory has
already been determined by these initial physiological conditions.

In conclusion, this decision tree not only summarizes data but also reflects the hier-
archical importance of physiological processes in BG regulation. It demonstrates that
while physical activity does play a role, the body’s immediate priority after meals is
glucose management via insulin and other metabolic processes. These findings high-
light the importance of context when evaluating BG variability and reinforce the de-
cision tree as an essential tool for understanding how various conditions shape BG

responses.

5.2.3 The Effect of Meal Status on the resting heart rate

The relationship between meal status and resting HR is crucial for understanding how
metabolic demands affect cardiovascular behavior. Resting HR, a marker of cardiovas-

cular efficiency, is influenced by multiple factors, including food intake, as the body’s
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physiological systems respond to the absorption and digestion of nutrients. This sec-
tion explores how meal status, reflected by BG fluctuations, correlates with resting HR

and how these interactions manifest in both controlled and everyday settings.

5.2.3.1 Controlled Resting HR Experiments

In our initial controlled experiments, participants’ HR was carefully stabilized at regu-
lar intervals throughout the day to isolate the relationship between resting HR and BG.
Figure 5.10 presents the results of these controlled sessions, where HR was measured
after 5-10 minutes of rest, approximately every 15 minutes. By examining both raw HR
data and the midpoints(HR estimation points) between moving average and envelope
lines, we sought to identify consistent resting HR points that could reliably correlate
with BG levels.

The correlation between BG and these stabilized HR points is depicted in Figure
5.10. The analysis reveals moderate to strong correlations across all days, with cor-
relation coefficients ranging from 0.7228 to 0.79668 for actual resting HR points and
slightly lower but comparable values for midpoints (0.61895 to 0.72892). These find-
ings suggest a direct relationship between resting HR and BG during controlled periods
of rest, where meal status directly influences BG levels, and in turn, resting HR. This
confirms that the body’s effort to metabolize glucose after meals leads to measurable
variations in resting HR, aligning with existing literature that indicates postprandial
metabolic activity increases cardiovascular workload.

Interestingly, during fasting intervals (F1 and F2), the stabilization of both BG and
HR was more apparent. The correlation during these intervals was notably stronger,
implying that without the immediate metabolic demand from food intake, the body
maintains more efficient HR regulation. The data reflect that after meals, the metabolic
demand alters the homeostasis of resting HR as the body responds to glucose absorp-

tion and insulin action.

5.2.3.2 HR and BG Correlation in Everyday Activities

To further validate these findings in a more naturalistic setting, we applied the same
methodology to everyday activity data without the controlled stabilization sessions,
as illustrated in Figure 5.11. Unlike the controlled experiment, where the relationship
between HR and BG could be precisely measured, these data capture typical daily fluc-

tuations in HR and BG, marked by different types of events. Rest events, represented
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Figure 5.10: Resting HR and BG correlation analysis (data acquisition). (a) to (f) depict
the raw HR and BG data collected throughout the day during an experiment focused on
stabilizing HR at intervals to evaluate the relationship between resting HR and BG. The
blue line represents the raw BG data, the black line represents the raw HR data, and
the yellow line connects the midpoints between the moving average and the envelope of
the HR data. The yellow background patches indicate rest events (non-HR increasing),
while the green background patches represent non-rest events (HR-increasing). The
red dots represent actual HR points measured after 5-10 minutes of stabilization at
approximately 15-minute intervals. The cyan dots are the corresponding points from
the yellow prediction line at the same times as the red dots. Subplots (b) and (e) show
the correlation between red dots and their corresponding BG values. Subplots (c) and
(f) show the correlation between cyan dots and their corresponding BG values. Subplots

(9) and (h) show a correlation of all the red or cyan dots from the data.

102



Chapter 5. Predicting Heart Rate and Blood Glucose Trends from Daily Activities

|—Corr Coef = 0.79036)| | * Corr Coef = 0.83883)]

-

\S]

o
-
\S]
o

(Glucose Level)
S
o

BG (Glucose Level)
S
o

\

PP - @ : 80—
12:00 16:00 20:00 00:00 50 60 70 80 50 60 70 80
Time HR (Resting Points) HR (Midpoints)

(a) (b) ()

o —Corr Coef = 0.65031)] g [ Corr Coef = 0.72798)|
@120 @120

(0] (0]

(%] (%]

o o

S 100 S 100

] S

(O] J O]

; : ; @ 80 . @ 80 .
12:00 16:00 20:00 50 60 70 80 50 60 70 80
Time HR (Resting Points) HR (Midpoints)
) (e) ()

Figure 5.11: Resting HR and BG correlation analysis (data acquisition) of different sub-
jects. (a) to (f) depict the raw HR and BG data collected throughout the day during an
experiment focused on stabilizing HR at intervals to evaluate the relationship between
resting HR and BG. Subplots (b) and (e) show the correlation between red dots and
their corresponding BG values. Subplots (¢) and (f) show the correlation between cyan

dots and their corresponding BG values.

by the yellow background patches, indicate periods where participants were engaged
in activities that did not significantly increase HR, while green patches mark periods
of higher physical exertion.

The data presented in Figures 5.12(a)-(i) show that even in less controlled envi-
ronments, a meaningful relationship between HR and BG persists, particularly during
rest events. The yellow line, representing the midpoint between moving average and
envelope, and the red dots (representing minimum HR points during rest events) align
well with periods of stable BG levels. This suggests that even without strict stabiliza-
tion, the body continues to regulate HR in a manner closely tied to metabolic activity,
particularly during post-meal periods.

Correlation analysis from these natural settings, as shown in Figures 5.12(d)-(1),
supports this connection, with coefficients ranging from 0.69554 to 0.72679. The stronger
correlations observed during rest periods, especially following meals, reinforce the

idea that the body prioritizes cardiovascular stability in response to food intake. The
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Figure 5.12: Correlation analysis of resting HR and BG during everyday activities.(a),
(b), (c) Daily HR and BG measurements without controlled stabilization experiments.
The blue line represents BG data, the black line shows raw HR data, and the yellow
line represents the midpoint between the moving average and the envelope of the HR
data. The yellow background patches indicate rest events (non-HR increasing), while
the green background patches represent non-rest events (HR-increasing). (d), (e), (f)
Correlation between the HR midpoints and corresponding BG values for the same time

points as marked by the red dots. (g), (h), (i) Correlation of all predicted midpoints.

consistent correlations found between midpoints and BG levels, despite the absence of

controlled resting periods, emphasize the robustness of the relationship between meal

status and resting HR.
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5.2.3.3 Interpretation and Broader Implications

The results from both controlled and everyday settings underline the significant impact
of meal status on resting HR. Postprandial increases in BG, as the body absorbs and
processes nutrients, create an observable rise in resting HR, which is most pronounced
in the hours following food intake. This suggests that metabolic demands exert a mea-
surable load on the cardiovascular system, even during periods of relative physical
inactivity.

Conversely, during fasting or periods without significant food intake, resting HR
remains more stable, and closely aligned with the body’s baseline metabolic require-
ments. This more stable state is likely a reflection of reduced insulin activity and a
lesser demand for glucose regulation, allowing the cardiovascular system to operate
more efficiently.

Moreover, the correlation coefficients found in both controlled and uncontrolled
settings provide key insights into the underlying physiological processes. The moderate-
to-strong correlations indicate that the body’s regulatory mechanisms between metabolic
demand (as measured by BG) and cardiovascular output (as reflected by HR) are tightly
coupled. The body’s natural oscillation between energy absorption and metabolic bal-
ance is directly mirrored in HR fluctuations, highlighting how interconnected these

systems are.

5.2.3.4 Blood Glucose Estimation based on Heart Rates

The relationship between HR and BG presents an intriguing opportunity for estimating
BG trends using HR data. By employing the decision tree model illustrated in Figure
5.13, this study explored how HR data, contextualized by activity levels and physio-
logical states, could estimate BG levels. This method provides a practical solution for
long-term BG monitoring, especially in scenarios where continuous glucose monitor-
ing is unavailable.

The decision tree classified BG levels based on HR states (stable or high) and
activity involvement. For high HR levels without activity, the tree identified an 88%
probability of elevated BG levels, reflecting a physiological stress response rather than
activity-induced HR elevation. Conversely, during high HR with activity, the probabil-
ity of elevated BG decreased to 66%, indicating the reduced likelihood of BG elevation
due to the exertion-driven HR increase. In contrast, when HR levels were stable, BG

levels were likely to remain stable at a 69% probability in non-active states but showed
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( HR level )
Current HR state

Stable HR High HR
[ Activity ] [ Activity ]
Physically active or not Physically active or not
Not Active Active Not Active Active
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Figure 5.13: Decision tree illustrating the estimation of BG status based on HR lev-

els. The tree integrates concepts from Figure 5.8 (BG dynamics), Figure 5.9 (HR level
decision-making), and Figures 5.10, 5.11, and 5.12 (correlation analysis of resting HR
and BG).

reduced stability (52%) during activity, suggesting even mild exertion could destabilize
BG regulation.

The HR-based BG estimation results showed varying degrees of alignment with
raw BG data. In Figure 5.14(b), the estimated BG curve for Participant 1 captured the
long-term rising and falling trends but exhibited misalignment in specific peak timings
and magnitudes. Such discrepancies highlight the complexity of BG regulation, where
individual metabolic responses and external factors influence short-term BG dynam-
ics. On the other hand, for Participant 2 (Figure 5.14(d)), the estimated curve closely
matched the raw BG data in both magnitude and timing, demonstrating the model’s
ability to effectively capture BG fluctuations when physiological patterns are more
predictable.

The findings underscore the potential of HR-based BG estimation in providing
non-invasive insights into BG trends. However, certain limitations were evident. The
method showed reduced precision in capturing peak alignment for Participant 1, sug-
gesting that factors like dietary variations, stress, and individual metabolic differences
play a role in BG dynamics and may need to be integrated into future models. Ad-
ditionally, while spline interpolation ensured a smooth estimation curve, it may have
introduced artifacts that obscured finer details in the raw data.

Despite these challenges, the overall trends—such as BG decreases during rest
periods or increases during stress responses—were captured effectively. For example,

the alignment of long-term trends in Figure 5.14(b) and the close fit in Figure 5.14(d)
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Figure 5.14: HR based BG estimation Graph. (a) and (c) Raw HR data with the red
line representing the smoothed HR data. (b) and (d) Corresponding raw BG data (can-
dlestick format) alongside the interpolated BG estimation (red line) derived using the
decision tree in Figure 5.13. (a) and (b), (c), and (d) each corresponds to the same

participant.

suggest that the method could reliably inform users about broader BG patterns.

This study’s findings emphasize the broader role of HR variability and activity
context in BG estimation. While HR alone cannot capture every nuance of BG dy-
namics, its integration with decision tree-based modeling provides a robust framework
for estimating BG trends. The decision tree’s emphasis on activity status and HR lev-
els highlights the complex interplay between cardiovascular and metabolic responses.
For example, the model’s differentiation between high HR with and without activity
reflects its ability to adapt to physiological and behavioral contexts, making it particu-
larly relevant for personalized health monitoring.

In summary, HR-based BG estimation demonstrates promise as a tool for non-

107



Chapter 5. Predicting Heart Rate and Blood Glucose Trends from Daily Activities

invasive monitoring of BG levels, particularly for long-term trend analysis. While the
model shows variability in its precision across individuals, it effectively captures the
general patterns of BG dynamics. Future iterations of this approach could benefit from
incorporating additional contextual factors such as dietary intake, stress levels, and en-
vironmental conditions to improve accuracy and expand its applicability across diverse

populations.

5.2.3.5 Further Considerations for Exercise Experiments

These findings also have implications for future studies, particularly those involving
physical activity or exercise testing. As we have shown, meal status and fasting play
critical roles in determining resting HR stability. Therefore, in exercise experiments,
it is essential to carefully control for fasting conditions. If the participant’s meal sta-
tus is not accounted for, the results could reflect postprandial HR fluctuations rather
than those caused by the exercise itself. Fasting may help achieve a baseline HR more
representative of true cardiovascular response, thus avoiding confounding variables in-
troduced by metabolic demands related to food intake.

In conclusion, the effect of meal status on resting HR is evident across both con-
trolled and everyday scenarios. Postprandial increases in metabolic demand lead to el-
evated resting HR, a reflection of the cardiovascular system’s role in managing glucose
metabolism. These findings underscore the importance of considering meal timing and
nutritional intake when evaluating resting HR patterns, especially in metabolic or car-
diovascular studies. Additionally, the robustness of the HR-BG relationship, even in
everyday conditions, offers valuable insights into how the body maintains homeostasis

in response to routine activities.

5.2.4 Influence of Exercise Timing on Postprandial Blood Glucose

Dynamics

Managing postprandial BG levels is critical for maintaining metabolic health, particu-
larly in individuals at risk for insulin resistance or type 2 diabetes. While the general
recommendation to exercise for reducing BG is well-established, the precise timing of
exercise relative to meal consumption and BG fluctuations can play a pivotal role in de-
termining the effectiveness of the intervention. In this study, we explored how exercise
performed at different phases of the first BG peak after a meal influences postprandial

glucose dynamics, as summarized in Figure 5.17 and Tables 5.3 and 5.4.
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Figure 5.15: BG response to exercise at different points of the first postprandial peak.
(a) No exercise was conducted. (b) Exercise during the rising phase after lunch and
dinner. (c) Exercise during the falling phase after lunch and dinner. (d) Exercise during
the rising phase after lunch and the falling phase after dinner. (e) Exercise during the
falling phase after lunch and the rising phase after dinner. The green and yellow regions
represent rest and postprandial periods, respectively, with the red lines indicating the

exercise time. After lunch, walking and aerobic exercise after dinner were performed.

The red area represents the time of the exercise.
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Table 5.3: Integral Blood Glucose Values after Exercise.

Integral Value (lunch) | Integral Value (dinner)
(mg/dL) (mg/dL)
Exercise point(1st peak) | Increase | Decrease | Increase | Decrease
No exercise 3313 5022

Increase, Increase 2564 3095
Decrease, Decrease 5077 6341
Increase, Decrease 3832 6412
Decrease, Increase 4819 7537

Table 5.4: Maximum Blood Glucose Values after Exercise.

Max Value (lunch) | Max Value (dinner)
(mg/dL) (mg/dL)
Exercise point(1st peak) | Increase | Decrease | Increase | Decrease
No exercise 121 156
Increase, Increase 113 152
Decrease, Decrease 132 183
Increase, Decrease 127 203
Decrease, Increase 156 159

To ensure consistency, participants consumed identical meals on each day, and any
non-exercise activities were minimized during periods where BG was elevated due to
food intake. Despite efforts to control these variables, it is important to note that daily
BG fluctuations may still vary due to natural physiological differences. Nevertheless,
the patterns observed when comparing exercise timing offer valuable insights.

The first clear observation from Figure 5.15 is that exercise exerts a noticeable in-
fluence on BG levels, with exercise during both the rising and falling phases of the first
postprandial peak leading to distinct effects. In the rising phase, exercise dampened
the peak BG levels, with the magnitude of the first peak noticeably reduced compared
to when no exercise was performed (Figure 5.15(a)). In fact, in some cases, BG be-
gan to decline during exercise, even though it would have typically continued rising
if left uninterrupted. On the other hand, when exercise was performed during the de-
creasing phase of the BG curve, we observed an amplified decline in BG, with the rate

of decrease being much more pronounced than during a non-exercise scenario. This
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Table 5.5: Integral Blood Glucose Values of Different Subjects after Exercise.

Integral Value (lunch) | Integral Value (dinner)
(mg/dL - min) (mg/dL - min)
Exercise point(1st peak) | Increase | Decrease | Increase | Decrease
No exercise 3255 3011
Increase, Increase 2208 2875
Decrease, Decrease 1538 4081
No exercise 3707 5612
Increase, Increase 670 4659
Decrease, Decrease 1711 4863

Table 5.6: Maximum Blood Glucose of different subjects Values after Exercise.

Max Value (lunch) | Max Value (dinner)
(mg/dL - min) (mg/dL - min)
Exercise point(1st peak) | Increase | Decrease | Increase | Decrease
No exercise 130 108
Increase, Increase 113 115
Decrease, Decrease 115 127
No exercise 111 151
Increase, Increase 96 150
Decrease, Decrease 142 155
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Figure 5.17: Bar graphs showing the blood glucose (BG) metrics under different BG
trend conditions: No exercise, Increase, and Decrease. (a) Displays the integral BG
values during exercise periods after BG stabilization. (b) Represents the maximum BG

peaks observed after meals. Error bars indicate standard deviations.

confirms the widely accepted understanding that exercise contributes to BG reduction,
but it also reveals that the timing of exercise can have different outcomes on post-meal
glucose management.

One important aspect of evaluating exercise effectiveness lies in how we measure
these changes. For exercise during the rising phase, the integral values, which represent
the total BG exposure over time, serve as a reliable metric. As seen in Table 5.3, exer-
cising during the rising phase consistently results in lower integral values, suggesting
that this timing minimizes overall BG load. This provides a clear, quantitative method
for assessing the impact of exercise on BG during this phase.

However, for exercise performed during the decreasing phase, integral values alone
may not fully capture the extent of the BG reduction. In these cases, it is more useful to
evaluate the shape of the BG curve itself. For instance, if we observe Figure 5.15(c) and
(d), where exercise was conducted during the falling phase after dinner, the BG patterns
reveal more subtle yet important changes. Both show a rapid return to baseline after
the first major peak, with subsequent smaller peaks being significantly blunted or even
absent. In contrast, without exercise, the BG curve typically shows a slower decline
and may exhibit additional minor peaks as the body continues to process the meal. The
quicker return to baseline in the exercise scenarios, accompanied by the absence of
secondary peaks, indicates that the exercise not only accelerated BG reduction but also

stabilized levels more effectively.
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This distinction between rising and falling phases highlights that while integral
values are an effective metric for quantifying total BG load during rising phases, the
shape of the BG curve offers a more nuanced evaluation of the exercise’s effectiveness
during decreasing phases. In these cases, the reduction in the magnitude of subsequent
peaks and the speed of return to baseline can be key indicators of success.

Delving deeper into the data, we can quantify these effects using the integral values
(total BG load) shown in Table 5.5. Interestingly, the integral values are consistently
lower when exercise is performed during the rising phase compared to other phases,
indicating that engaging in exercise during the initial postprandial increase may be
the most effective in minimizing overall BG exposure. The act of exercising during
this phase seems to preemptively blunt the BG spike, reducing the total glycemic load
over time. In contrast, exercising during the decreasing phase still contributes to BG
reduction but does not appear to reduce the overall glycemic load as significantly. This
suggests that targeting the rising BG phase may be a more strategic intervention point
for individuals aiming to minimize postprandial BG spikes.

Moreover, Table 5.6, which focuses on maximum BG values, further supports this
finding. The highest BG spikes were consistently lower when exercise was performed
during the rising phase, particularly when comparing more intense activities like run-
ning to walking. Running appears to have a stronger effect on attenuating the peak BG
levels, offering an even greater reduction in the magnitude of BG spikes compared to
walking. However, while running may be more effective at lowering the peak, it is im-
portant to note that the overall reduction in BG (as reflected by the integral values in
Table 5.5) does not vary as drastically between running and walking. This suggests that
while running may offer an added benefit in terms of reducing peak BG, walking re-
mains an effective and more accessible form of exercise for lowering total postprandial
BG levels, especially in the context of the rising phase.

From a practical perspective, this analysis highlights that exercising during the ris-
ing phase of postprandial BG offers the most benefits, particularly in reducing overall
BG load and preventing sharp spikes. However, it is also clear that the intensity of the
exercise—whether running or walking—plays a role in modulating these effects. Run-
ning during the rising phase may be ideal for those who are physically able and aiming
to aggressively manage BG spikes. However, for individuals who may be constrained
by physical limitations or concerns about digestion during more intense exercise, walk-

ing during the same phase appears to be a highly effective alternative.
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5.2.5 Estimating trends of Heart rate and Blood glucose by history

of events

Understanding how past events influence present physiological metrics like HR and
BG is crucial for developing accurate models of human metabolism and cardiovascular
function. In this section, we propose a methodology for evaluating the lingering effects
of past events on current HR and BG levels using a time-history-based visualization
approach.

Figure 5.18 (for HR) and Figure 5.19 (for BG) display daily event histories and
their cumulative effects over time. Both figures share a common structure, with the x-
axis representing time and the bottom box at each time point denoting the current event.
The y-axis tracks how long the effects of past events continue to influence the present,
and the color intensity indicates the strength of the impact (red for increases, blue for
decreases). This methodology provides a clear, visual way to assess how different types

of events affect HR and BG, both immediately and over time.

5.2.5.1 Key Observations: Heart Rate Trends

As shown in Figure 5.18, HR changes exhibit more localized and transient effects. The
impact of an event, such as exercise (cardio or walking), tends to dissipate relatively
quickly once the event concludes. Resting events (R) typically result in a rapid stabi-
lization of HR, demonstrating how the cardiovascular system seeks equilibrium shortly
after a stimulus ceases. This suggests that HR, driven by the autonomic nervous sys-
tem, responds promptly to physical activity and returns to baseline within a shorter
time frame.

Furthermore, the influence of past events on current HR levels diminishes signifi-
cantly within a short period. Even strenuous events such as long-term walking (L.W)
or cardio (C) show a steep decline in their impact as time progresses. This indicates
that while HR responds strongly to physical activity, its residual effects do not persist
for long after the activity ends. The body seems to focus on real-time cardiovascular

demands rather than maintaining a prolonged response to earlier events.

5.2.5.2 Key Observations: Blood Glucose Trends

In contrast, Figure 5.19 reveals that BG levels are influenced by events over a much
longer time scale. The most striking feature is the prolonged impact of ingestion events

(I). When food is consumed, BG levels spike sharply, as expected, but unlike HR, this
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Figure 5.18: lllustration of daily events and their cumulative effect on HR over time. The

x-axis represents the timeline, with the bottom box at each point indicating the current

event. The y-axis represents how long the influence of past events lingers. Events are

labeled as follows: S.W (short-term walk), R (rest), | (ingestion), L.W (long-term walk),

and C (cardio). The color intensity corresponds to the strength of the event’s impact,

with darker colors indicating stronger effects. Red tones indicate an increase in HR,

while blue tones indicate a decrease. Arrows trace how previous events continue to

influence HR over time, showing the cumulative effect of both past and current events

on HR fluctuations at each point in the day.
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Figure 5.19: lllustration of daily events and their cumulative influence on BGmover time.

The structure mirrors the HR diagram: the x-axis is the timeline with the bottom box rep-

resenting the current event, while the y-axis reflects the lingering influence of previous

events. Events are labeled similarly: S.W (short-term walk), R (rest), | (ingestion), LW

(long-term walk), and C (cardio). The color scheme follows the same pattern, with red

representing an increase in BG and blue indicating a decrease. Arrows illustrate how

past events continue to impact current BG levels, demonstrating the combined influence

of both past and present events on BG changes throughout the day.

117



Chapter 5. Predicting Heart Rate and Blood Glucose Trends from Daily Activities

effect does not dissipate quickly. Instead, the effect of food ingestion lingers, gradually
tapering off over a longer period. Even hours after the ingestion, BG levels remain
elevated or continue to adjust, often blending into the effects of subsequent events.
This prolonged influence of ingestion on BG is particularly important. It reflects the
slower and more complex metabolic processes involved in glucose absorption, insulin
response, and overall metabolic regulation. Unlike HR, which can stabilize quickly
after an event, BG levels often require extended periods to normalize, especially after
meals. The data also suggest that BG regulation depends on the cumulative impact of
past and present events. For instance, an exercise event that follows a meal (C or L.W
after I) does not immediately return BG to baseline; instead, it results in a gradual

blending of the two effects, with exercise moderating the elevated BG levels over time.

5.2.5.3 Implications for HR and BG Modelling

The contrasting behaviors of HR and BG, as observed in these history-based visualiza-
tions, have important implications for how these physiological parameters should be
modeled. The transient nature of HR’s response to events suggests that HR data is best
analyzed in short, localized time windows, where immediate reactions to stimuli can
be captured. In contrast, BG trends require a more integrative approach that accounts
for the prolonged influence of past events, particularly after food intake.

This methodology offers a clear framework for evaluating HR and BG dynamics
in various contexts. For HR, real-time monitoring can provide meaningful insights,
as the body’s response to exercise, rest, or other activities is almost immediate and
short-lived. However, for BG, the analysis must take a broader time horizon into ac-
count, factoring in both current and historical events. This is particularly relevant for
ingestion-related activities, which have long-lasting effects on BG levels that persist

well after the initial spike, affecting future events and their metabolic outcomes.

5.2.5.4 Further Methodological Considerations

One of the major strengths of this approach is that it visually and analytically distin-
guishes the temporal effects of events on HR and BG. The methodology highlights how
HR’s real-time response is largely driven by present conditions, while BG exhibits a
slower, more drawn-out response. This suggests that HR-based models should focus on
short-term responses, while BG models must incorporate historical data and anticipate

delayed responses, especially in post-meal periods.
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The visualization technique also simplifies the process of identifying cumulative
effects. In practice, this allows researchers to better estimate the real-time physiological
state by understanding how long prior events, such as exercise or meals, continue to
affect a subject. For example, if a research study is evaluating the impact of physical
activity on metabolic health, it is important to account for the fact that HR quickly

stabilizes, while BG requires longer to adjust, particularly after food consumption.

5.2.5.5 Broader Implications

These findings carry important implications for both experimental design and real-
world applications. In exercise studies, it may be critical to monitor fasting states or
control for meal timing, as past meals may continue to influence BG levels long after
HR has stabilized. If this is not considered, the lingering metabolic effects of a meal
could confound the interpretation of exercise-induced changes in BG. By considering
the differential responses of HR and BG to past events, researchers can create more
accurate models that account for both immediate and delayed physiological reactions.

Additionally, this methodology can be extended to various health monitoring appli-
cations, where the history of activities needs to be taken into account. For instance, in
continuous glucose monitoring (CGM) or exercise tracking, users could benefit from
tools that factor in not just current activity but also the residual impact of earlier events.
This approach could help personalize health interventions, providing more accurate in-

sights into an individual’s real-time metabolic and cardiovascular states.

5.3 Discussion

This chapter explores the intricate relationships between HR and BG, delving into
event-driven interactions, meal status, and historical effects to provide a comprehen-
sive understanding of their dynamic interplay. The findings not only underscore the
integrated nature of cardiovascular and metabolic systems but also highlight key dis-
tinctions in their responses to various physiological conditions and events.

When examining the relationship between HR and BG during event-driven inter-
actions, a clear dichotomy emerges. HR reacts rapidly to physical activities such as
walking or exercise, reflecting the cardiovascular system’s role in meeting immediate
metabolic demands. In contrast, BG levels, particularly following food intake, exhibit a

more gradual and sustained response due to the slower processes of digestion, insulin
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release, and glucose uptake. This highlights the body’s dual mechanisms for energy
management: one fast-acting and the other prolonged.

The analysis of BG trends under varying conditions revealed the enduring impact
of food ingestion on BG fluctuations. Postprandial BG spikes not only persisted long
after the initial increase but also blended into subsequent events, emphasizing the im-
portance of considering both immediate and historical events in BG analysis. The pro-
longed fluctuations in BG highlight the metabolic complexity of glucose regulation,
offering critical insights for studies focused on diabetes management and metabolic
health.

Meal status was also shown to significantly influence resting HR. Postprandial pe-
riods were characterized by elevated HR levels, reflecting the cardiovascular workload
associated with metabolic demands of digestion and nutrient absorption. In contrast,
fasting periods exhibited more stable HR patterns. These findings emphasize the need
to account for meal status when studying resting HR, especially in exercise physiology
research where postprandial HR variability could mask the effects of physical activity.

The addition of history-based event analysis provided a deeper understanding of the
lingering effects of past events on both HR and BG. HR trends were primarily driven
by real-time stimuli with minimal influence from past events, whereas BG displayed
a longer temporal lag. Ingestion events, in particular, continued to shape BG levels
long after their occurrence, demonstrating the need to incorporate both immediate and
historical data when modeling BG trends. Conversely, HR analysis can largely focus
on real-time responses.

Building on these findings, the section on Blood Glucose Estimation Based on
Heart Rate introduced an innovative method for estimating BG levels using HR data.
By leveraging the decision tree from Figure 4.13, BG levels were inferred based on HR
states and activity levels, offering a contextual understanding of how HR variations re-
flect metabolic conditions. For example, high HR levels in the absence of physical ac-
tivity were associated with elevated BG, likely due to metabolic factors driving the HR
increase. Conversely, when high HR levels occurred during physical activity, BG esti-
mation reflected the reduced likelihood of elevated BG, as the HR changes were more
likely attributed to exertion. Similarly, stable HR states showed differing BG patterns
depending on the presence or absence of activity, illustrating the nuanced relationship
between HR, activity, and BG.

The results of this HR-based BG estimation were visualized in Figure 4.14, where

interpolated BG estimation curves captured the overall trends in raw BG data, partic-
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ularly in long-term patterns. Although some discrepancies were noted, such as in (b),
where timing and magnitude occasionally diverged, the general alignment between the
estimated and raw BG data demonstrates the potential of this approach for capturing
broader BG fluctuations in daily life. This method highlights the feasibility of using
HR as a non-invasive proxy for BG estimation, especially for long-term monitoring
and trend analysis.

Overall, this chapter reveals a fundamental distinction: HR 1is highly sensitive to
immediate stimuli, stabilizing quickly after events, while BG regulation is a slower,
more sustained process shaped significantly by historical and postprandial factors. In-
tegrating these findings, the use of HR as a proxy for BG estimation offers promising
applications in health monitoring, particularly for scenarios where continuous BG mea-
surement is not feasible. By bridging the gap between cardiovascular and metabolic
research, these insights pave the way for more holistic approaches to studying energy

management and physiological responses.

5.4 Conclusion

This chapter explored the multifaceted relationship between HR and BG across vary-
ing conditions, focusing on event-driven interactions, meal status, and historical event
influences. A key insight was the importance of maintaining a stable baseline during
exercise experiments, particularly those involving HR analysis. Through Chapters 3
and 4, it became evident that meal status significantly affects resting HR, underscoring
the need for controlled conditions when designing HR-related studies. This realiza-
tion prompted a deeper investigation into BG variability, as understanding when and
how BG levels fluctuate provides critical context for ensuring consistent experimental
conditions.

The findings also introduced the novel concept of estimating BG using HR data. By
leveraging the relationship between HR states and activity levels, this chapter demon-
strated the potential for HR-based BG estimation, offering a non-invasive approach
to understanding metabolic dynamics. This innovation holds promise for developing
systems capable of approximating BG levels without the need for direct invasive mea-
surements, broadening accessibility to metabolic monitoring in everyday life.

Additionally, the contrasting temporal dynamics of HR and BG were highlighted.
HR responds rapidly to immediate stimuli and stabilizes quickly, whereas BG trends

are slower, with lasting effects influenced by past events, particularly food intake. This
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distinction emphasizes the importance of integrating both real-time and historical data
when analyzing BG trends or conducting physiological studies.

By combining these insights, this chapter lays the groundwork for a more holistic
approach to physiological monitoring. Beyond improving the accuracy of HR-related
exercise studies, the integration of BG variability and HR-based BG estimation opens
possibilities for personalized exercise program design. This approach can provide in-
dividuals with tailored insights into their metabolic and cardiovascular responses, en-

hancing both health outcomes and the effectiveness of fitness regimens.

5.5 Summary of Chapter 5

Chapter 5 examined the interplay between HR and BG from multiple perspectives,
including event-driven changes, the impact of meal status, and historical event effects.
A significant finding was that meal status plays a critical role in influencing resting HR,
with postprandial periods marked by elevated HR levels due to metabolic demands. In
contrast, fasting periods showed more stable HR patterns, highlighting the need to
control meal timing in studies involving resting HR or exercise physiology.

The analysis also revealed that while HR primarily reflects real-time events, BG
regulation is slower and influenced by both immediate and past events. Postprandial
BG levels exhibit prolonged fluctuations, blending into subsequent events and demon-
strating the importance of historical data in understanding BG trends. Ingestion events,
in particular, were shown to have lasting effects on BG levels long after their occur-
rence, contrasting with HR’s more immediate and transient responses.

This chapter introduced the innovative concept of HR-based BG estimation, lever-
aging decision tree analysis to infer BG levels from HR data. This approach represents
a step toward non-invasive BG monitoring systems, offering a practical solution for
approximating BG levels in real-world settings without direct invasive measurements.
The interpolated BG estimation curves demonstrated strong potential for capturing
long-term trends, though minor discrepancies highlighted the need for further refine-
ment.

Integrating these findings, the chapter underscores the broader implications of HR
and BG dynamics for personalized health monitoring. By providing insights into when
and how BG levels fluctuate, as well as demonstrating the feasibility of HR-based BG
estimation, this chapter offers a foundation for tailoring exercise programs to individual

metabolic and cardiovascular responses. Together, these contributions pave the way for
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a more precise and holistic approach to physiological research and health management.
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Chapter 6
Conclusions

This study has provided valuable insights into the interaction between HR and BG
levels during various activities, and the distinct contributions of upper and lower body
exercises in driving HR variations during combined movements. By employing a novel
vector-based HR analysis and detailed examination of HR-BG trends, this research of-
fers important findings relevant to HIIT, aerobic exercises, and metabolic health man-

agement.

6.1 Visualizing Exercise Intensity and the 40-Second

Rule

Chapter 3 introduced a novel vector-based approach for analyzing HR data, allowing
for a multidimensional representation of exercise intensity that surpasses traditional
metrics such as maximum HR. This method revealed that different combinations of
upper and lower body exercises generate distinct HR trajectories, captured effectively
through vectorization. The identification of the 40-second rule, which shows that HR
trends stabilize around 40 seconds of exercise, stands out as a critical discovery. This
finding was consistent across multiple participants and exercise types, making it an
optimal interval for assessing exercise intensity.

The practical implications of the 40-second rule extend to exercise protocol de-
sign, particularly for HIIT and aerobic programs, where short, intense intervals are
common. The vector-based method, in turn, provides a robust framework for differen-
tiating between exercise intensities, helping trainers and athletes fine-tune workouts to

meet cardiovascular and metabolic goals more efficiently.
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6.2 Exercise Intensity and the Role of Upper and Lower

Body Movements

Chapter 4 explored the integration of upper and lower body exercises to evaluate their
combined impact on HR responses, particularly in the context of HIIT and aerobic
exercise routines. The analysis revealed that while the HR levels of upper and lower
body exercises are not purely additive (e.g., 1+1 # 2), they are proportionally related
to the intensity of each component, allowing for predictable patterns in HR outcomes.

Lower body exercises consistently emerged as dominant drivers of HR responses
due to their engagement of larger muscle groups and higher cardiovascular demands.
However, upper body movements also contributed to HR variation, particularly when
paired with lower-intensity lower body exercises. This highlights the interplay between
upper and lower body contributions, where each component can influence overall ex-
ercise intensity depending on the combination and context.

These findings underline the potential for constructing exercise routines that target
specific HR levels by strategically combining upper and lower body movements. By
understanding the proportional contributions of each movement, trainers and practi-
tioners can design tailored programs to achieve desired intensities, accommodate indi-
vidual needs, and optimize exercise efficacy. This approach opens avenues for creating
adaptive, personalized workout protocols for various populations, including those re-

quiring rehabilitative or low-impact exercise plans.

6.3 Interactions Between Heart Rate and Blood Glucose

Chapter 5 examined the intricate relationship between HR and BG under various phys-
iological conditions, particularly focusing on fasting and postprandial states. The find-
ings revealed that in the fasting state, HR and BG were relatively stable, reflecting bal-
anced metabolic demand. In contrast, the postprandial state was marked by significant
fluctuations in both HR and BG, driven by the dual demands of digestion and phys-
ical activity. These observations underscore the critical influence of meal timing and
nutritional context on physiological responses, as the body operates under distinctly
different mechanisms depending on fasting or post-meal conditions.

One of the key insights from this chapter was the realization of the critical role
meal status plays in maintaining stable baseline conditions, especially for exercise ex-

periments involving HR. During the studies in Chapters 3 and 4, it became evident that
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meal status significantly impacts resting HR, which is essential for consistent experi-
mental outcomes. This recognition led to a deeper exploration of BG variability, aiming
to identify patterns of BG fluctuations to better control and standardize experimental
conditions for HR-focused exercise studies.

Furthermore, the chapter introduced the novel concept of estimating BG using HR
data. By leveraging decision tree models and correlating HR dynamics with BG fluctu-
ations, the study presented a potential framework for non-invasive BG estimation. This
approach proposes a pathway to approximate BG levels without the need for direct
invasive measurements, opening possibilities for practical and accessible metabolic
monitoring systems.

Integrating these findings, this chapter highlights the potential to not only enhance
the accuracy of HR-related experiments but also to provide actionable insights for
personalized exercise program design. By understanding the timing of BG fluctuations
and developing HR-based BG estimation methods, this chapter offers a foundation for
creating individualized health and fitness strategies that align with both metabolic and

cardiovascular needs.

6.4 Future works

While this study has provided valuable insights into the interaction between heart rate
and blood glucose during exercise and daily activities, several areas remain open for
further exploration. Future research could focus on expanding the findings to different
populations, such as individuals with metabolic conditions or cardiovascular disorders,
to determine whether the observed trends hold universally or require adjustments. Ad-
ditionally, incorporating more advanced monitoring technologies that track other phys-
iological metrics like respiratory rate or muscle oxygenation could further enhance our
understanding of the body’s response to physical activity. Long-term studies would
also be beneficial to observe how heart rate and blood glucose trends evolve over ex-
tended periods, shedding light on adaptive responses to consistent training or lifestyle
changes. Investigating the effects of various exercise modalities, beyond just high-
intensity interval training and aerobic exercises, would also broaden the applicability
of these findings. Furthermore, exploring how different meal compositions affect post-
prandial exercise outcomes could provide more targeted recommendations for man-
aging blood glucose levels. Finally, the development of real-time feedback systems,

which integrate heart rate and blood glucose data, could enable personalized exercise
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regimens that optimize cardiovascular and metabolic health outcomes.

6.5 Final Remarks

This study has provided a comprehensive framework for understanding the interplay
between HR responses and exercise dynamics, particularly the roles of upper and lower
body movements in shaping overall exercise intensity. By leveraging the vector-based
HR analysis, HR changes with upper and lower body combinations, and insights into
HR-BG interactions, this research highlights the potential to develop more accurate
methods for assessing exercise difficulty and tailoring fitness programs to individual
needs. The findings emphasize that HR responses are not only influenced by the inten-
sity of the movements but also by the specific combination of upper and lower body
exercises.

The practical implications of this research extend to designing personalized ex-
ercise protocols, optimizing cardiovascular and metabolic outcomes, and developing
health monitoring systems for diverse populations. As future studies delve deeper into
these interactions, incorporating diverse demographics, advanced wearable technolo-
gies, and longitudinal assessments will be crucial. Moreover, applying these findings
to real-world scenarios—such as adaptive training programs and real-time feedback
systems—can pave the way for significant advancements in fitness and health manage-

ment.
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