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Neuroarchitecture

Built Environment - Neuroarchitecture - Public and Individual Health

investigates the effects

of architecture on the

human brain through
biomarkers

Antonia Sattler
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Why is this relevant?

Built Environment
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Why is this relevant?

people spend
up to 90 %

of their time
indoors
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Why is this relevant?

resourcal
limitations

in the built
environment
(space in cities
and natural
resources)
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Why is this relevant?

Built Environment Public and Individual Health

people spend up to 90 % of their
time indoors

resourcal limitations in the built |'|

environment %”D

Valentine, C. (2023). Architectural allostatic overloading: exploring a connection between architectural form and allostatic overloading. International Journal of Environmental Research and Public Health, 20(9), 5637 ) _Antonla Sattler

Piao, X., Xie, J., & Managi, S. (2024). Continuous worsening of population emotional stress globally: Universality and variations. BMC Public Health, 24(1), 3576. https://doi.org/10.1186/s12889-024-20961-4 BU ||d | ng TeCh nO|Ogy
T U D e I f't Valentine, C. (2023). Architectural Allostatic Overloading: Exploring a Connection between Architectural Form and Allostatic Overloading. International Journal of Environmental Research and Public Health, 20(9), 5637.

https://doi.org/10.3390/ijerph20095637 2025



Master's Thesis 9

Why is this relevant?

widespread

rise in chronic Time trends in the emotional stress in 165 nations
stress

0.39
which can
lead to a 0.37
range of short-

and long- 0.35
term health
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Why is this relevant?

Built Environment Public and Individual Health

p.eopl.e spend up to 90 % of their Y widespread rise in chronic stress /l'\_
time indoors ]

resourcal limitations in the built |'||-| which can lead to a range of &
environment %”D shozt:- and long-term health 30
conditions
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Longterm Vision

physical stressors, isolation,
high workload, etc.

non-
Stressors architectural ~ physiological counteracts architectural
. stress reaction adaption
—— architectural ——
% confinement, no %
7 windows/natural light, 5
O etc. S
° = o
| | o
potential potential 3
sensory adaption of adaption of
system senses allostasis
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State of the Research

4 N

indoor environmental quality (acoustic, air,
temperature and light) as cause of negative

health effects
N Y,

4 )

healing architecture (supporting physical
recovery) and post-stress recovery

- J

4 )

architectural features/shapes as acute stress-
cause

- J
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Bluyssen, P. M. (2019). The need for understanding the indoor environmental factors and its effects on occupants through an integrated analysis. IOP Conference Series: Materials Science and Engineering, 609(2),
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State of the Research Research Gaps
/
indoor environmental quality (acoustic, air,
temperature and light) as cause of negative
: health effects = longterm health consequences of architecture
K [

. . . . = architecture as countermeasure (= decrease
healing architecture (supporting physical of relative biomarker-change during stressor
recovery) and post-stress recovery exposure)

\
- = in alignment with functionality and limited
resources
architectural features/shapes as acute stress-
cause
\
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Research Gaps

challenges are amplified in extreme environments:

1 stressor alignment with 1 limited
exposure functionality

resources
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Challenges in their Investigation

In cross-sectional research:

individual
biomarker-
baselines
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Challenges in their Investigation

In cross-sectional research:

individual influence of
biomarker- confounding
baselines variables
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Challenges in their Investigation

In cross-sectional research:

individual influence of reliable

biomarker- confounding transient

baselines variables stressor
simulation
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Research Questions

1. How can neuroarchitecture be used in the investigation and application of visual quality as countermeasure to
stressors in alignment with functional requirements of architecture in extreme environments?

1.1 How can dynamic biomarkers and their inter-individuality in combination with stress be investigated in cross-
sectional design studies?

1.2 How can computational analysis be used to manage cause-effect ambiguity resulting from the dynamic nature
of biomarkers for an increasement of result reliability?

1.3 How can the findings be further developed in longitudinal research and applied in extreme environments?
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Research Framework

v Contribution to Research Content

« Countermeasure investigation
of CCT through transient

Master Thesis Contribution

Contribution to Research Methodology

Methods development for
cross-sectional vs

RESEARCH FRAMEWORK TTTTTTTToTo Methodology stressor simulation longitudinal research
. : CCT/HRV ! e * Individual per-person analysis « Computational analysis
< ! STUDY . Verification . : . : . o
L5 ! , functional integration of focusing on individual
o = : : > results in extreme preferences and the isolation
U : .
%o ! COMP. . environments of effects
25 : ANALYSIS ;
el e e
= 4
o o o . . (-
Cross-sectional a. Longitudinal Research in Controlled Environments o
' '« Correlated colour temperature e Mental arithmetic test (MAT) MCDA, BMEM (participant and ; 35 3
''« 2 experiments per person, « Heart rate variability inter-particiant level) ! = =
i each 40 min T c
_________________________________________________________________________________________________________________________________ Z
e Several VQ parameters and their e Other stressor simulations Reinforcement learning for real-time
interplay e Several biomarkers adaption
e higher number of experiment runs/longer
durations “
e Controlled environment e Stressor simulations Evaluation efficiency 2
e High level of adaptability for different e Personal VQ according to biomarkers Study reproducability/ comparability I
VQ parameters Application prototypes/training data .g
0
. o
Infrastructure/Study Conduction Stressor Simulation/Data Collection Data Analysis/Application
Longitudinal/Applied Research in Real-life Environments Application in Extreme Environments
« Limitations in infrastructure « Limitations of the architectural environment
* Multiple persons (group dynamic) * * Generalizability to diverse group
« User acceptability of wearable sensors * Influence on circadian rhtythm
+ Realtime adaption of VQ features « Psychological and physiological changes (specific stressors)
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Research Framework Applied
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Research Framework Applied to CCT and HRV
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Study Outcome

Data Analysis E
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Colour Correlated Temperature (CCT)

4 Antonia Sattler
Building Technology
I U D e I ft Durmus, D. (2022). Correlated color temperature: Use and limitations. Lighting Research & Technology, 54(4), 363-375. 2025
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25

Colour Correlated Temperature (CCT)

Colour Correlated Temperature(CCT)

» colour appearance of a light source
(one-dimensional from warm to cold)

* ~ T000K to ~12000K

520

6000 K 2700 K

part of IEQ as well as architectural
design feature

Antonia Sattler
Building Technology

I U D e I ft Durmus, D. (2022). Correlated color temperature: Use and limitations. Lighting Research & Technology, 54(4), 363-375. 2025
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Heart Rate Variability (HRV)

754 ms 828 ms 845 ms 730 ms 715 ms
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Heart Rate Variability (HRV)

* HRV: variation in time between successive heartbeats (time-domain measures, frequency-domain measures, non-linear
measures)
* indicator for the adaptability of the autonomic nervous system

754 ms 828 ms 845 ms 730 ms 715 ms

Antonia Sattler

Building Technology
I U D e I ft Kleiger, R. E., Stein, P. K., & Bigger Jr., J. T. (2005). Heart Rate Variability: Measurement and Clinical Utility. Annals of Noninvasive Electrocardiology, 10(1), 88-101. https://doi.org/10.1111/j.1542-474X.2005.10101.x 2025
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Heart Rate Variability (HRV)

* HRV: variation in time between successive heartbeats (time-domain measures, frequency-domain measures, non-linear
measures)

* indicator for the adaptability of the autonomic nervous system

Spectral Features 764 ms 828 ms 845 ms 730 ms 715 ms Statistical Features

» High Frequency: 0.15-0.40 Hz « SDSD: Standard Deviation of

Successive Differences
* Low Frequency: 0.04-0.15 Hz

* RMSSD: Root Mean Square of
* LF/HF: ratio between them Successive Differences

* pnn50: % of successive NN
intervals that differ by more
than 50 ms

Antonia Sattler

Building Technology
I U D e I ft Kleiger, R. E., Stein, P. K., & Bigger Jr., J. T. (2005). Heart Rate Variability: Measurement and Clinical Utility. Annals of Noninvasive Electrocardiology, 10(1), 88-101. https://doi.org/10.1111/j.1542-474X.2005.10101.x 2025
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Infrastructure

Lighting Lab - TU Eindhoven
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Infrastructure

Lighting Lab - TU Eindhoven

llluminance: 1000 Ix (vertically measured on table height) = recommended
for high-precision work (ISO 8995 / CIE S 008 and EN 12464-1)

CCT: 6000 K (blue) and 2700 K (yellow)
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Stressor Simulation

Space Medicine

+ Head-Down Tilt Bed Rest

» Lower Body Positive
Pressure

* Dry Immersion

Extended Reality
* VR, MR, AR

» Physical Mock-ups

Fernandez-Gonzalo, R., Deane, C. S., & Bailey, D. M. (2024). Experimental bed rest as a model to investigate mechanisms of, and countermeasures against, microgravity and disease-free inactivity. Experimental Physio-

Psychology

* Trier Social Stress Test
(TSST)

« Maastricht Acute Stress
Test (MAST)

« Mannheim
Multicomponent Stress
Test (MMST)

* Cold Pressor Test (CPT)

 Mental Arithmetic Test
(MAT)

logy, 109(5), 647-649. https://doi.org/10.1113/EP091795

I U D e I f.t Navasiolava, N. M., Custaud, M.-A., Tomilovskaya, E. S., Larina, I. M., Mano, T., Gauquelin-Koch, G., Gharib, C., & Kozlovskaya, I. B. (2011). Long-term dry immersion: Review and prospects. European Journal of Applied Physiology, 111(7), 1235-

1260. https://doi.org/10.1007/s00421-010-1750-x
Neuroscience. (2025, January 1). https://dictionary.cambridge.org/dictionary/english/neuroscience

Xie, L., Liu, B., Wang, X., Mei, M., Li, M., Yu, X., & Zhang, J. (2017). Effects of different stresses on cardiac autonomic control and cardiovascular coupling. Journal of Applied Physiology, 122(3), 435-445. https://doi.org/10.1152/japplphysiol.00245.2016
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Stressor Simulation

Space Medicine i Psychology ) Feasibility + HRV Effect

* Head-Down Tilt Bed Rest : » Trier Social Stress Test —
: (TSST)

* Lower Body Positive :
Pressure : » Maastricht Acute Stress —

: Test (MAST)
. * Dry Immersion :
e ; * Mannheim —
........................................... Multicomponent Stress

Extended Reality Test (MMST)

VR, MR, AR » Cold Pressor Test (CPT) —

+ Physical Mock-ups .| *Mental Arithmetic Test | —=
3 (MAT)

6 Fernandez-Gonzalo, R., Deane, C. S., & Bailey, D. M. (2024). Experimental bed rest as a model to investigate mechanisms of, and countermeasures against, microgravity and disease-free inactivity. Experimental Physio- Antonia Sattler
logy, 109(5), 647-649. https://doi.org/10.1113/EP091795 A
Navasiolava, N. M., Custaud, M.-A., Tomilovskaya, E. S., Larina, I. M., Mano, T., Gauquelin-Koch, G., Gharib, C., & Kozlovskaya, I. B. (2011). Long-term dry immersion: Review and prospects. European Journal of Applied Physiology, 111(7), 1235- B ul | d I ng TeCh no | Ogy
e 1260. https://doi.org/10.1007/s00421-010-1750-x 202 5
Neuroscience. (2025, January 1). https://dictionary.cambridge.org/dictionary/english/neuroscience
Xie, L., Liu, B., Wang, X., Mei, M., Li, M., Yu, X., & Zhang, J. (2017). Effects of different stresses on cardiac autonomic control and cardiovascular coupling. Journal of Applied Physiology, 122(3), 435-445. https://doi.org/10.1152/japplphysiol.00245.2016
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Stressor Simulation

. Space Medicine

r Psychology

» Head-Down Tilt Bed Rest » Trier Social Stress Test

. » Lower Body Positive

Pressure

. * Dry Immersion

(TSST)

« Maastricht Acute Stress
Test (MAST)

................ .5  Mannheim

Multicomponent Stress

. Extended Reality Test (MMST)

.+ VR, MR, AR

* Cold Pressor Test (CPT)

+ Physical Mock-ups * Mental Arithmetic Test

o]
TUDelft

(MAT)

34

Feasibility + HRV Effect

Sympathetic activation, reduced vagal tone and
—— parasympathetic withdrawal, decrease in baroreflex
sensitivity

Fernandez-Gonzalo, R., Deane, C. S., & Bailey, D. M. (2024). Experimental bed rest as a model to investigate mechanisms of, and countermeasures against, microgravity and disease-free inactivity. Experimental Physio- Antonia Sattler

logy, 109(5), 647-649. https://doi.org/10.1113/EP091795

Navasiolava, N. M., Custaud, M.-A., Tomilovskaya, E. S., Larina, I. M., Mano, T., Gauquelin-Koch, G., Gharib, C., & Kozlovskaya, I. B. (2011). Long-term dry immersion: Review and prospects. European Journal of Applied Physiology, 111(7), 1235-

1260. https://doi.org/10.1007/s00421-010-1750-x
Neuroscience. (2025, January 1). https://dictionary.cambridge.org/dictionary/english/neuroscience

Building Technology
2025

Xie, L., Liu, B., Wang, X., Mei, M., Li, M., Yu, X., & Zhang, J. (2017). Effects of different stresses on cardiac autonomic control and cardiovascular coupling. Journal of Applied Physiology, 122(3), 435-445. https://doi.org/10.1152/japplphysiol.00245.2016
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Study Conduction

35

» 8 participants, 3 women and 5 men (23.6 + 2.6 years old)

* per time of day (4): 4 experiments (2 per CCT)

MAT 1 MAT 2 :
* both CCTs equally often 1st and 2nd order for each time of day
baseline stress recovery
10 min 10 min 20 min

o]
TUDelft

Questionnaire
about Perceived
Stress/Workload

Antonia Sattler
Building Technology
2025



Master's Thesis 36

Data Collection

Electrocardiogramm (ECG) with Heart Rate Variability
three electrodes

(Biopac Systems from BioNomadix)
Statistical Features

* RMSSD: higher values indicate higher vagal activity (rest state)

» pnn50: higher values indicate higher variability (rest state)

Spectral Features
* High Frequency: strong parasympathetic control

» LF/HF: balance between sympathetic and parasympathetic
nervous system activity (simplified)

(; Antonia Sattler
Building Technology
I U D e I ft Kleiger, R. E., Stein, P. K., & Bigger Jr., J. T. (2005). Heart Rate Variability: Measurement and Clinical Utility. Annals of Noninvasive Electrocardiology, 10(1), 88-101. https://doi.org/10.1111/j.1542-474X.2005.10101.x 2025
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Data Collection

Heart Rate
Variability
(HRV)

Electrocardiogram
,‘ Antonia Sattler
Pedersen, H. S., Christensen, K. S., Prior, A., & Christensen, K. B. (2024). The dimensionality of the Perceived Stress Scale: The presence of opposing items is a source of measurement error. Journal of Affective Disor- B |d Tech |
ders, 344, 485-494. https://doi.org/10.1016/j.jad.2023.10.109 uliaing recnhnology
e t Shahid, A., Wilkinson, K., Marcu, S., & Shapiro, C. M. (2011). State-Trait Anxiety Inventory (STAI). In A. Shahid, K. Wilkinson, S. Marcu, & C. M. Shapiro (Eds.), STOP, THAT and One Hundred Other Sleep Scales (pp. 367- 2025
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Data Collection
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Limitations

General

 small number of
participants

 per time of day (4): 4

experiments (2 per
CCT)

]
TUDelft

Biomarker - HRV

e short-term
measurements (2 x)

 potentially influenced
by factors outside the
researcher’s control

Stressor Simulation

» psychological tests
leave room for subtle
execution differences

* individual reactions to
that type of task
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* influence of CCT on
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* baseline-HRV recorded
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Research Framework Applied on CCT and HRV
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Research Framework Applied on CCT and HRV
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9 1 6500|baseline lOI 28,58 28,57 5,99 175,47| 741,3752 0,19 4,23 5,17 0,70 0,58 0,43 |Definitely evening type
9 6500|baseline 31,57592 218,816
9 1 6500|stress lOI 50,71 50,71 26,33 546,90 2312,92 0,19 4,23 6,30 0,70 0,58 0,43 |Definitely evening type
9 6500|stress 54,08867 685,4696
9 1 6500 |recovery QOI 62,50 62,50 40,30 823,65| 1418,912 0,37 1,72 6,71 0,70 0,58 0,43 |Definitely evening type
9 6500 |recovery 47,0244 421,1096
9 2 2700|baseline 0] 4162 41,62 19,31]  474,33| 1287568 0,27| 2,71] 6,16 0,66 0,38 0,43 | Definitely evening type
. s e = 9 2700|baseline 21,88554 115,04
= 6500|baseline 72,34245 2921,744 . i S 9 2 2700]stress 10] 5535 55,35 3333| 639,73| 1913,832 0,25 2,99 6,46 0,66 0,38 0,43 | Definitely evening type
11 1 6500 |stress 10| 51,30 51,30 15,77 1407,38| 2933,512 0,32 2,08 7,25 0,44 0,76 0,28|Definitely evening type |astigmatism 9 2700 |stress 52.926 552 636
= 6500} stress 60,83895 | 1756.8% - — — — . — 9 2 2700 recovery 20 43.80 43,80 2783 372,40 849,776 0,30 2,28 5,92 0,66 0,38 0,43 | Definitely evening type
11 1 6500 |recovery 20| 102,15 102,15 67,86| 5837,01| 1943,088 0,75 0,33 8,67 0,44 0,76 0,28 |Definitely evening type |astigmatism _— - . P 2700 lrecovers 34.51453 2751455
e 8900 jrecovery 25,4062 ot 6 o . 210.33 5 1 2700 r:-_o.‘t'ﬂ 1] 6286|6086  2653]  75585] 662,934 0,53 0,90 6.63 0,53 0,22 0,44|Definitely evening ty
11 2 2700|baseline 10] 68,66 68,66 35,19] 2347,30| 3066,832 0,43 1,31 7,76 0,74 0,72 0,28| Definitely evening type |astigmatism 2700 11 2 -0.03 : /W0baseline 2,80 : : 799, £ : - b, : . L7 |UeTinitely evening ype
= B P - 9 2700|baseline 45,0748 491,5888
o 2700|baseline 12,3879% 2007,192 2700 17 1-0.35 9 1 2700]st 10]  4673]  46,73]  19,15] 356,84 858,088 0,29 2.40 5,88 0,53 0.22 0,44 Definitely evening ty
11 2 2700|stress 10] 6631 6631  26,14] 1920,26] 5362,888 0,26 2,79 7,56 0,74 0,72 0,28| Definitely evening type |astigmatism : : 7U0|stress L : - 320, : = : : : : o | UeTinely eVening ype
11 2700[stress 70,72023 1944,008 2700 15 20.35 & 2700|stress 66,60363 471,9688
1 2| 2700[recovery 20 9665 9664 49,70 442502] 4299216 051 097 840 0,74 0,72 0,26 Definitely evening type |astigmatism 2700 17 2 -0.07 S : 2700 jrecovery 20l 83271 8327] 14.95] 504520 993176 0.3 L7 2,22 = - 0.44|Definitely evening type
11 2700[recovery 110,1419 6391,704 2700 15 1.04 9 2700|recovery 38,93014 389,5768
. 00|baseline ( 40,4 0, 17, 487,21 ) 0,6( 0.44|Definitely evening type
11 1 2700|baseline 1]  s51,79]  s1,79]  2953]  917,34] 4705792 0,16 5,13 6,62 0,76 0,12 0,29| Definitely evening type |myopia, astigmatism el & 6500|baseline 0] 4042 40,42 10,53| 347,56] 487,2088 0,42 1,40 5,85 0,60 0,08 0,44 |Definitely evening type
11 2700|baseline 4512403 798.0144 2700 9 1-0.26 9 6500 |baseline 20,20623 132,5656
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i 2700 |recovery =0 B04E 2008.563 6500 11 1-0.32 9 6500 |recovery 26,96345 177,7216
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11 6500|baseline 34,85637 4192656 6500 15 1-0.02 L 6500|baseline 72,94245 2921,744 — :
11 2 6500 |stress ] 4475 44,75 25,89 730,51 3124456 0,19 4,28 6,59 0,25 0,18 0,29|Definitely evening type |myopia, astigmatism ) ) 11 1 5500|stress 10] 51,30 51,30 15,77| 1407,38| 2933,512 0,32 2,08 7,25 0,44 0,76 0,28|Definitely evening type
11 6500 stress 13,18281 704,706 6500 17 1-03 11 6500|stress 60,83895 1756,896
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11 6500[recovery 56,62193 1211,512 £500 g 2 0.46 L 6500|recovery 85,40626 3991,464 _— :
15 1] 6500|baseline 10] 41,25] 4125]  11,68] 464,15] 2461312 0,16 5,30 6,14 0,54 0,62 0,50|Definitely evening type |myopia 6500 11 2 0.79 L e 2700|baseline 10] 6866 68,66 35,19 2347,30] 3066,832 043 1,31 7,76 0,74 0,72 0.28|Definitely evening type
15 6500|baseline 29,61619 267,2904 o = 2700]baseline 72,38795 2507,192
15 1 6500|stress 0] 40,32 40,32 17,25 556,29| 5034,392 0,10 9,05 6,32 0,54 0,62 0,50|Definitely evening type |myopia 1 2 2700 |stress 10] 66,31 66,31 26,14| 1920,26| 5362,888 0,26 2,79 7,56 0,74 0,72 0,28 |Definitely evening type
5 6500 stress 3836092 514.48 11 2700[stress 70,72023 1944,008
15 1 6500 recovery 20]  50.0[ 50.10[ 2500[ 663.65] 6281808 0,10 9,47 6,50 0,54 0,62 0,50|Definitely evening type |myopia o - 2700|recovery 20| 9665 96,64 49.70] 4425.02] 4299,216 0,51 0,97 8,40 0,74 0,72 0.28|Definitely evening type
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15 2 2700|baseline 10| 38,28 38,28 15,06 516,48| 730,5576 0,41 141 6,25 0,39 0,46 0,50|Definitely evening type |myopia
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15 2700(stress 58,89471 1127.992 11 2 baseline 10 25,08 25,07, 1017,544 0,19 4,36 5,45) 0,25 0,18 0,29|Definitely evening type | myopia, astigmatism 1 l 60,63895| 1756,89%
S . . 11 6500|baseline 34,85637 11 1 20 10215] 102.15]  67.86] 5837.01] 1943,088 0.75 0.33 8,67, 044 0.76 0,28|Definitely evening type _|astigmatism
15 2 2700(recovery 20| 44,19 44,18 22,25 650,36) 3233,12 0,17 4,97 6,48 0,39 0,46 0,50|Definitely evening type |myopia i1 2 s 10] 434 75| 2475 3124,456 0,19 4728 6,59 0,25 0,18 0,29|Definitely evening type_|myopia, astigmatism 1 8540626 3991464
- — - - 11 1318081 3 1 2 65,66] 6866 3519 2347,30] 3066832 043 131 7,76 0.74] 0.72 0.28|Definitely evening ype _|astigmatism
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15 1 2700 |baseline 10] 4657 46,57 30,88| 1421,10| 1668,664 0,46 1,17 7.26 0,58 0,36 0,60 Definitely evening type | myopia 1 5662193 - T T T == - - - o
15 2700 |haseline 4399437 1n14,2 ia ! 1o - 6"1‘ ig 4,25 2461,312 0,16 530 6.14 054 062 0,50|Definitely evening type {myopia 11 2 20| 96.65] 9664  49.70] 442502 4299216 0,51 0.97) 8.40 0.74] 0.72 0,28| Definitely evening type |astigmatism
. 9,616 1 1101419 6391704
iJ 1 0,10 9,05 6,32 0.54 062 0,50} Definitely evening type {myopia 11 1 0] 5079] 5179|2953 917,34 4705,7%2 0,16 513 6,82 0.75 0,12
2 1 45,12403| 798,0144
15 1 3| 6261808 0.10 9.47 .50 0.54 062 0.,50| Definitely evening type |myopia 11 1 10 5359 5359 37,61] 1020,84] 2626528 027 2.77 6,93 0.76 0,12
15 11 50,09676 773,0456
1; 2 8| 730,5576 041 141 6,25 0,39 046 0,50|Definitely evening type |myopia 1 1 ZUI 62,19 38,92 1544 35| 3719,296 029 241 7,34 0,76 0,12]
- 11 1428,368
myopia 1 2 LUI ,08 25,07 4,56 1017,544 0,19 4,36 5,45) 0.25 0,18]
11 34,85637| 419,2656
1 2 10 44.75) 44,75 25,89 730,51 3124456 0,19 4.28] 6,59 0.25 0,18]
o ~r —_r 11 I 43,18281 704,7064|
6500|recovery 28,6614 514,9576 I 11 2 20] 5969|5969 36,86 1407.05| 3805568 027 2.70) 725 0,25) 0,18 0,29]Definitely evening type |myopia, astigmatism
P P—— . = o . = Teg a5s Py nET T YT N EA P B =_|myopia 11 / 56,62193 1211,512
1 2 ! 33 bc oEl ne 13' '32'29 '32'29 49'85 1388 '8'3 f8'3.35'38 :I'b"l 3.5f .".2"-1 3."-1." 3'54 3 DE n suen ng 15 1 6500 |baseline LUI 41,25 4125 11,68 464,15| 2461312 0,16 5,30 6,14 0,54 0,62] 0,50|Definitely evening type |myopia
2700|baseline 58,58854 1263,528 15 6500|baseline : 2961619 267,2904
15 1 6500 |stress 10 40,32/ 40,32 17,25 556,29| 5034,392 0,10 9,05 6,32 0,54 0,62] 0,50|Definitely evening type |myopia
1 2700 |stress 1-.'J| 40,86 40,86 21,35 764,37] 938,336 045 1,23 6,64 047 0,54 0,53 |Definitely evening type 5 myopia 15 38,3609 514,48 ' '
7 7. 7 007 15 5 50. . . 663.6: 808 . 47 6.5 B 6 50| Definitely > [myopia
2 ."33 Shees 41353 J‘S 53 ! 33 ."2 15 2 746,2024 0,46 1,18 6,45 0.6. 022 0,60|Definitely even e |myopia t; ! ZUI 39 S;Z;Z 2L 20 430, ;552 mell 210 L - o 2ot 2000 ! 2
1 2700 |recovery 2-.'J| 50,14 50,14 33,62 576,22| 736,7288 0,54 0,84 6,78 0,47 0,54 0,53|Definitely evening type  |none 15 . : 15 2 10] 8828 3828 1506] 516.48] 7305576 041 141 62 0.39 046 0,50[Defin e |myopia
- S 15 2 589,0544 0,34 1,93 5,72 0,62 0,22 0,60|Definitely evening myopia 15 3740046 509,6952
2700|recovery 59,61682 1410,552 15 15 2 10 51,70  51,70] 23,66  869,35] 496,152 0,15 5,74 6.77 0,39 0,46] 0,50) type |myopia
2| 6500|baseline 1]  asa2] 4542 2810]  634,10] 2482872 0,72 0,39 6,45 0,40 0,26 0,53|Definitely evening type _|none  — T T I B o B B - T N ) N T N R R Y. B e |mrepie
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El 58 5885 5 sel 46,57| 46,57 30,688 421, 666,664 A6 7| 726 58| ,36] 6 e |myopia
2| 6500[stress 10]  3266] 3266 1123 297,73] 669,0176 031 272 5,70 0,40 0,26 0,53| Definitely evening type |none T — - e [ — E - e e B TR e e e -
6500|stress 39,1201 281,608 - o )
2 6500 [recovery 2-.'J| 41,74 41,74 24.47 717,24| 538408 0,57 0,73 6,98 0,40 0,26 0,53 |Definitely evening type  |none
6500 [recovery 43,06589 1465,2
1 6500 |baseline 1-.'J| 46,49 46,49 25,31 1472,97| 1930,592 043 1,31 7,30 0,77 0,08 0,60 |Definitely evening type  |hyperopia P
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1 6500 |stress 1-.'J| 32,50 32,50 11,75 629,01] 1572712 0,29 2,50 6,44 0,77 0,08 0,60 |Definitely evening type  |hyperopia Z e %&£ P+l FTHE B L
6500stress 41,35163 1177,288 v [sC v Time 1=/ 0.000 sec [sc v|DekaT = wer [sc v |[Freq EEET sC v/ Bom R s v/ M e
1 6500|recovery 2-.'J| 54,92 54,92 40,44) 1899.42| 1007912 0,65 0,53 7,55 0,77 0,08 0,60|Definitely evening type |hyperopia
6500|recovery 45,63487 1253,296 Focus on:  none id| Bl o e
2 2700 |baseline 1-.'J| 47,18 47,18 30,73| 1297,94| 1090,432 0,54 0,84 7,19 0,26 0,12 0,60 |Definitely evening type  |hyperopia 00:00:00
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Data Preparation
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Data Analysis
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Data Overview

6/8 HRV-decrease during stress in both experiments

participants

1 18 HRV-increase during stress in both experiments

participants

1 18 RV-decrease during stress in the first experiment,
RV-increase in the second experiment

participants
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Data Overview
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Interpolated (_y / baseline)
Interpolated (_y / recovery)
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13
Time of Day

15
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47

wide range of
baseline- HRVs (but
consistent per person
in both experiments)

RMSSD fluctuations depending on the Time of Day and three phases (baseline, stress and recovery) in both CCTs (2700 K and 6000 K)

o]
TUDelft

Antonia Sattler
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Data Overview

Phase CCT Time of Day Order
2700 K 6000 K Morning | Afternoon | 1 2
RMSSD | baseline | 52.41 41.79 49.30 4490 51.90 42.30
[ms] + 11.01 + 15.68 + 18.51 + 8.82 + 14.61 + 12.86
stress 48.3 3745 48.84 36.92 43.01 42.75
+ 11.34 +11.10 + 12.67 + 8.81 + 9.26 + 15.28
recovery | 58.82 53.48 67.67 44.64 62.34 4997
+ 21.39 + 23.65 + 24.79 + 10.75 + 2142 + 22.06
PSW stress 0.55 0.54 0.59 0.50 0.60 049
[-] +0.18 +0.17 + 0.17 + 0.16 +0.13 +0.19
CP [] stress 0.36 0.35 0.38 0.33 041 0.30
+ 0.21 + 0.27 + 0.27 + 0.20 + 0.25 + 0.21

Summary of Iterative Subgroup Analysis for RMSSD, PSW and CP keeping two
out of the three categories constant, while comparing the two variables within

the remaining category

]
TUDelft

« PSW/CP largely uneffected

48

 tendency towards effects of three variables (CCT,

time of day, order)

* high standard deviations

Antonia Sattler
Building Technology
2025
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Individual-Level Analysis

Multi-Criteria Decision Analysis

* individual level
» feature level
* interpretation in the study context

RMSSD A STRESS RECOVERY -
RMSSD - 0.15 A _
PNN50 A STRESS RECOVERY {-0.48
PNN50 0.41
HF A STRESS RECOVERY
HF 0.14
HF/(LF+HF) A_STRESS RECOVERY -
HF/(LF+HF) - 0.09 RMSSD_A BL_STRESS A 0.62
PNN50 A BL_STRESS - 0.67
CP 0.20
HF_A BL_STRESS - 0.28
PSW-0.49
HF/(LF+HF) A BL STRESS -0.14-
0.4 -0.2 0.0 0.2 0.4

Score Contribution (Positive favors Yellow, Negative favors Blue) _0.4 —0.2 0.0 0.2 0.4 0.6
Score Contribution (Positive favors Yellow, Negative favors Blue)

HRYV Feature Comparison (incl. CP and PSW) during Stress HRYV Feature-Change Comparison between Phases

Antonia Sattler
Building Technology

4
TUDelft 2025



Master's Thesis -

Individual-Level Analysis

higher score in the absolute stress-HRV in yellow CCT

participants

4/8 total change-score - considering the change from baseline to stress and change
from stress to recovery - was more favourable in yellow CCT

participants —» no strong indication

5/8 perceived stress/workload lower in blue CCT

participants = N0 strong indication

Antonia Sattler
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Group-Level Analysis

Bayesian Linear Effects Models
RMSSD ~ CCT + ToD + Order

instead of p-value (likelihood of obtaining the observed data):

probability distribution
(with 94 % certainty the value lies between x and y)

-p effect of variable a, if b and c are already accounted for

(; Antonia Sattler
Building Technology
I U D e I ft Song, Y., Nathoo, F. S., & Masson, M. E. J. (2017). A Bayesian approach to the mixed-effects analysis of accuracy data in repeated-measures designs. Journal of Memory and Language, 96, 78-92. https://doi. 2025

org/10.1016/}.jml.2017.05.002
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Group-Level Results - Baseline

53.04 (o: 12.69)
®

+4.36
°

ToD [morning]-
46.69 (-6.35)
CCT [6000] o
44.53 (-8.51)
Order [2]1 o
Intercept |

52

94% HDI:

e clear effect of CCT (lower
RMSSD in blue CCT)

o clear effect of order
(lower RMSSD)

» potential effect of time of
day

* high residual standard
error

Posterior Estimate for Absolute RMSSD during Baseline (using CCT 2700 K, Order 1 and Afternoon as Time of Day as reference)

]
TUDelft
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Group-Level Results - Stress

ToD [morning]-

31.19 (-10.83)
CCT [6000]+ .

Order [2]]

Intercept-

41.78 (-0.24)
°

42.02 (o: 10.01)
®

+11.82
®

53

94% HDI:

e clear effect of CCT (lower
RMSSD in blue CCT)

* clear effect of time of
day (higher RMSSD in the
morning)

 unclear effect of order

* high residual standard
error

Posterior Estimate for Absolute RMSSD during Stress (using CCT 2700 K, Order 1 and Afternoon as Time of Day as reference)

]
TUDelft
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Group-Level Results - Recovery

| +23.06 94% HDI:
ToD [morning]- o
* clear effect of time of
day (higher RMSSD in the
morning)
CCT [6000]1 52.01 (.+4.52)
» potential effect of CCT
» potential effect of order
order [2]. 35.13 (-12.36) * very high residual
standard error
47.49 (g: 17.82)
Intercept- | . I

Posterior Estimate for Absolute RMSSD during Recovery (using CCT 2700 K, Order 1 and Afternoon as Time of Day as reference)

Antonia Sattler
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But what about stress-decrease and recovery-increase?

Antonia Sattler
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56

Group-Level Results - Rel. Change from Baseline to Stress

ToD [morning]-

CCT [6000]+

Order [2]]

InterceptH

-0.33 (-0.13)
°

-0.15 (+0.05)
°

-0.20 (o: 0.42)
@

+0.27
®

94% HDI:

* clear effect of time of
day (27 % higher RMSSD
change in the morning)

e clear effect of CCT (5 %
higher RMSSD change in
cold CCT)

e clear effect of order (13
% smaller RMSSD change
the second time)

* very high residual
standard error

Posterior Estimate for Relative RMSSD Change from Baseline to Stress (using CCT 2700 K, Order 1 and Afternoon as Time
of Day as reference)

]
TUDelft
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57

Group-Level Results - Rel. Change from Stress to Recovery

ToD [morning]-

CCT [6000]-

Order [2]]

Intercept-

-0.40 (-0.25)
®

-0.15 (o: 0.50)
@

+0.17
®

0.04 (+0.19)
°

94% HDI:

* clear effect of time of
day (17 % higher RMSSD
change in the morning)

e clear effect of CCT (19 %
higher RMSSD change in
cold CCT)

e clear effect of order (25
% smaller RMSSD change
the second time)

* very high residual
standard error

Posterior Estimate for Relative RMSSD Change from Stress to Recovery (using CCT 2700 K, Order 1 and Afternoon as Time

of Day as reference)

]
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Results - Summary

E

ffect Analysis «-------------oe

Aggregated Data

Absolute Phase Values

Countermeasure = relative decrease in

function not fulfilled

baseline-HRV drop
higher{stress-H RV _[ warm CCT } 5 % compared to

recovery-HRV

Post-Stress Support

19 % higher stress-to-

2700 K

~£ cold CCT }

recovery change

Factor

Stressor
Simulation

o]
TUDelft

6000 K

the probability distribution can be applied to the data of the individual

less severe stress-response the 2nd time

baseline-to-stress

Individual
Data

experiment

2

experiment

1

1.
2.

58

higher HRV in warm CCT

No clear countermeasure to
stress, (only 5% reduction)

. Higher relative increase in HRV

from stress to recovery in blue
CCT

. HRV responses to stress

test varied strongly between
individuals/time of day

(= original assumption:
comparing results per-person)

. Repeated exposure to the

same stress test reduced its
effectiveness (more influential
than CCT)

. With more data: probabilities

for variables' influence can be
used for individual data

Antonia Sattler
Building Technology
2025
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Result Interpretation

Influence of Time of Day
coincidental correlation between PSS score (perceived stress during the last month) and time of day of the experiment

Time of Day

higher HRV — in the morning —

diurnal HRV

— .
fluctuations

lower HRV ——in the afternoon

Antonia Sattler

Building Technology
I U D e I ft Immanuel, S., Teferra, M. N., Baumert, M., & Bidargaddi, N. (2023a). Heart Rate Variability for Evaluating Psychological Stress Changes in Healthy Adults: A Scoping Review. Neuropsychobiology, 82(4), 187-202. https:// 2025

doi.org/10.1159/000530376
Sammito, S., Sammito, W., & Bdckelmann, 1. (2016). The circadian rhythm of heart rate variability. Biological Rhythm Research, 47(5), 717-730. https://doi.org/10.1080/09291016.2016.1183887
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Result Interpretation

Influence of Time of Day
coincidental correlation between PSS score (perceived stress during the last month) and time of day of the experiment

PSS Time of Day

lower perceived
——stress in the last =— higher HRV — in the morning —

month

repeated stress can - diurnal HRV

lead to lower HRV — fluctuations

higher perceived

——stress in the last ~— lower HRV ——in the afternoon
month

Antonia Sattler

Building Technology
I U D e I ft Immanuel, S., Teferra, M. N., Baumert, M., & Bidargaddi, N. (2023a). Heart Rate Variability for Evaluating Psychological Stress Changes in Healthy Adults: A Scoping Review. Neuropsychobiology, 82(4), 187-202. https:// 2025

doi.org/10.1159/000530376
Sammito, S., Sammito, W., & Bockelmann, I. (2016). The circadian rhythm of heart rate variability. Biological Rhythm Research, 47(5), 717-730. https://doi.org/10.1080/09291016.2016.1183887
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Result Interpretation

Influence of Order

Order

HRV-decrease HRV-decrease

: ) —» |less pronounced
1st time 2" time P

6 Barthel, M.-C., Fricke, K., Muehlhan, M., Vogel, S., & Alexander, N. (2025). Habituation of the biological response to repeated psychosocial stress: A systematic review and meta-analysis. Neuroscience & Biobehavioral Antonia Satt|er
Reviews, 169, 105996. https://doi.org/10.1016/j.neubiorev.2024.105996 R
Boesch, M., Sefidan, S., Ehlert, U., Annen, H., Wyss, T., Steptoe, A., & La Marca, R. (2014). Mood and autonomic responses to repeated exposure to the Trier Social Stress Test for Groups (TSST-G). Psychoneuroendocri- Buildi ng Tech nology
I U D e I ft nology, 43, 41-51. https://doi.org/10.1016/j.psyneuen.2014.02.003 2025
Jénsson, P., Wallergard, M., Osterberg, K., Hansen, A. M., Johansson, G., & Karlson, B. (2010). Cardiovascular and cortisol reactivity and habituation to a virtual reality version of the Trier Social Stress Test: A pilot study.

Psychoneuroendocrinology, 35(9), 1397-1403. https://doi.org/10.1016/j.psyneuen.2010.04.003
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Result Interpretation

Influence of Order

more influental than
CCT - Order

HRV-decrease HRV-decrease
1st time 2" time

—— less pronounced

6 Barthel, M.-C., Fricke, K., Muehlhan, M., Vogel, S., & Alexander, N. (2025). Habituation of the biological response to repeated psychosocial stress: A systematic review and meta-analysis. Neuroscience & Biobehavioral Antonia Satt|er
Reviews, 169, 105996. https://doi.org/10.1016/j.neubiorev.2024.105996 R
Boesch, M., Sefidan, S., Ehlert, U., Annen, H., Wyss, T., Steptoe, A., & La Marca, R. (2014). Mood and autonomic responses to repeated exposure to the Trier Social Stress Test for Groups (TSST-G). Psychoneuroendocri- Bu ||d|ng Tech nology
I U D e I ft nology, 43, 41-51. https://doi.org/10.1016/j.psyneuen.2014.02.003 2025
Jénsson, P., Wallergard, M., Osterberg, K., Hansen, A. M., Johansson, G., & Karlson, B. (2010). Cardiovascular and cortisol reactivity and habituation to a virtual reality version of the Trier Social Stress Test: A pilot study.

Psychoneuroendocrinology, 35(9), 1397-1403. https://doi.org/10.1016/j.psyneuen.2010.04.003
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Result Interpretation

Influence of CCT

Antonia Sattler

6 Luo, X., Ru, T, Chen, Q., Li, Y., Chen, Y., & Zhou, G. (2022). Influence of daytime blue-enriched bright light on heart rate variability in healthy subjects. Chronobiology International, 39(6), 826-835. https://doi.org/10.108
0/07420528.2022.2040526 ilAdi
Blume, C., Garbazza, C., & Spitschan, M. (2019). Effects of light on human circadian rhythms, sleep and mood. Somnologie, 23(3), 147-156. https://doi.org/10.1007/s11818-019-00215-x Bui ld | ng Tec h no l Ogy
e Westerink, J., Krans, M., & Ouwerkerk, M. (Eds.). (2011). Sensing Emotions (Vol. 12). Springer Netherlands. https://doi.org/10.1007/978-90-481-3258-4 2 02 5

Petrowski, K., Buehrer, S., Niedling, M., & Schmalbach, B. (2021). The effects of light exposure on the cortisol stress response in human males. Stress, 24(1), 29-35. https://doi.org/10.1080/10253890.2020.1741543
Schifer, A., & Kratky, K. W. (2006). The Effect of Colored Illumination on Heart rate variability. Complementary Medicine Research, 13(3), 167-173. https://doi.org/10.1159/000092644
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Result Interpretation

Influence of CCT

CCT

Warm (2700 K)

higher absolute HRV

* interaction effects between illuminance and CCT
* positive contextual association with warm CCT
* reduced arousal/altertness compared to blue CCT

Luo, X., Ru, T., Chen, Q., Li, Y., Chen, Y., & Zhou, G. (2022). Influence of daytime blue-enriched bright light on heart rate variability in healthy subjects. Chronobiology International, 39(6), 826-835. https://doi.org/10.108 Antonia Sattler

0/07420528.2022.2040526 Building Technology

Blume, C., Garbazza, C., & Spitschan, M. (2019). Effects of light on human circadian rhythms, sleep and mood. Somnologie, 23(3), 147-156. https://doi.org/10.1007/s11818-019-00215-x
e Westerink, J., Krans, M., & Ouwerkerk, M. (Eds.). (2011). Sensing Emotions (Vol. 12). Springer Netherlands. https://doi.org/10.1007/978-90-481-3258-4 202 5
Petrowski, K., Buehrer, S., Niedling, M., & Schmalbach, B. (2021). The effects of light exposure on the cortisol stress response in human males. Stress, 24(1), 29-35. https://doi.org/10.1080/10253890.2020.1741543

Schifer, A., & Kratky, K. W. (2006). The Effect of Colored Illumination on Heart rate variability. Complementary Medicine Research, 13(3), 167-173. https://doi.org/10.1159/000092644
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Result Interpretation

Influence of CCT

CCT

Warm (2700 K)

higher absolute HRV stronger relative HRV-change (19 %)

* interaction effects between illuminance and CCT * recovery-change enhanced/accelerated in blue CCT

* positive contextual association with warm CCT
* reduced arousal/altertness compared to blue CCT

Luo, X., Ru, T., Chen, Q., Li, Y., Chen, Y., & Zhou, G. (2022). Influence of daytime blue-enriched bright light on heart rate variability in healthy subjects. Chronobiology International, 39(6), 826-835. https://doi.org/10.108 Antonia Sattler

0/07420528.2022.2040526 Building Technology

Blume, C., Garbazza, C., & Spitschan, M. (2019). Effects of light on human circadian rhythms, sleep and mood. Somnologie, 23(3), 147-156. https://doi.org/10.1007/s11818-019-00215-x
e Westerink, J., Krans, M., & Ouwerkerk, M. (Eds.). (2011). Sensing Emotions (Vol. 12). Springer Netherlands. https://doi.org/10.1007/978-90-481-3258-4 202 5
Petrowski, K., Buehrer, S., Niedling, M., & Schmalbach, B. (2021). The effects of light exposure on the cortisol stress response in human males. Stress, 24(1), 29-35. https://doi.org/10.1080/10253890.2020.1741543

Schifer, A., & Kratky, K. W. (2006). The Effect of Colored Illumination on Heart rate variability. Complementary Medicine Research, 13(3), 167-173. https://doi.org/10.1159/000092644
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What is still unanswered

Considerations for this study:

 neither meaningful for health of participants nor generalizable to wider usergroup (more data required)
» very high residual errors of models indicate uncertainty

]
TUDelft
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What is still unanswered

Considerations for this study:
 neither meaningful for health of participants nor generalizable to wider usergroup (more data required)
» very high residual errors of models indicate uncertainty

Open questions :

» can CCT act as countermeasure to stress (reliably proven and of significant size > 5%)?
* Can acute counteraction prevent longerm health effects?

]
TUDelft
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What is still unanswered

Considerations for this study:
 neither meaningful for health of participants nor generalizable to wider usergroup (more data required)
» very high residual errors of models indicate uncertainty

Open questions :
» can CCT act as countermeasure to stress (reliably proven and of significant size > 5%)?
* Can acute counteraction prevent longerm health effects?

Shortcomings of cross-sectional research:

* [imited data on biomarker reaction during stress

* uncomplete situational data

» uncomplete picture of past health/biomarker-baseline
» group dynamic/difference of preferences

Antonia Sattler
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What is still unanswered

Shortcomings of cross-sectional research:

* [imited data on biomarker reaction during stress

* uncomplete situational data

» uncomplete picture of past health/biomarker-baseline
» group dynamic/difference of preferences

Antonia Sattler
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Future Application

SRRRAARI
=~ TPV R
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Future Application

DATA INPUTS

SUB-SYSTEMS

Timeofday ---

Type of activity ---

Position (CV) ---
- CCT ---

Activity Detection System

-+ Illuminance ---

Environmental Data

- Light Distrib. --
CO2/Particles ---

_________

Environmental Sensors

Sound Lev./Freq. - - -

Air Temp./Flow ---

Thermal Image ---

RGB Image ---

Database

Current HRV ---

Current BP Realtime Biomarker Data

Wearable Sensors

VQ Influence on
BM during
baseline, stress,

_______

Training Data

_________

recovery

Pre-Application Study

Decision System

1
1
2

Adaption System

l

1
1
L
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
1
I etc. F--
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

______________________________________________________________________

Actuators (Light Sources)

o]
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———————

___________________________________________________

___________________________________________________

COMPUTATIONAL PROCESSING

Prioritization System

» Functionality Requirements

Distance between IDs

Circadian Requirements

- Similiarity between IDs

Task-specific Requirements

- Chronic Stress Level

Accessibility Requirements

General Requirements

________________________________________________________________________________________

Bayesian Reinforcement

Learning
Effect Trend
Analysis Analysis
State
Estimator

=== == == = == ==
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g

| HAB (International Habitation

Module)

0 |
I
s
| i |

o
I | |
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HE ]
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HALO (Habitation and
Logistics Outpost)
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Future Application

roup dynamic/difference of . .
SroUp &y uncomplete situational data

preferences
uncomplete picture of past limited data on biomarker
health/biomarker-baseline reaction during stress
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Future Application

uncomplete situational data

limited data on biomarker
reaction during stress

Antonia Sattler
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Future Application: Data Architecture

Camera Data
73
q ;r ' Z

}@\/ “ Position

:ﬁ¢ ® ) -i; . .
> Orientation
- Sy
§

CV and Depth Sensors

Spatial Light
Distribution

Geometry

Colours

Other Light
= Emission
& Points (e.g.
Screens)

Thermal Camera

Field of View

2 L
All

8l N~
._t.Lf’ ﬁ/&

—— Feature-per-Scene Fusion

— Sensor Data

HRV HRVE A
BP ::::;;:t><><:: BP \’*\t,/
Illuminance CCT (K)

(Lux)
HRV HRV
BP BP

addresses

Frequency Alignment

Temporal Alignment

Cco2 Particl
ntrat
HRV HRV
BP BP
Air Temperature Air Flow

HRV HRV

P N |

\/\/\/

Sound Level
(dB)

Fused Vector per ID

Multi-Sensor Data Fusion

o]
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Sound Frequency
(Hz)

Type of Activity

uncomplete situational data

limited data on biomarker
reaction during stress

74
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Future Application

roup dynamic/difference of . .
SroUp &y uncomplete situational data

preferences
uncomplete picture of past limited data on biomarker
health/biomarker-baseline reaction during stress
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Future Application

group dynamic/difference of
preferences

uncomplete picture of past
health/biomarker-baseline

Antonia Sattler
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Future Application: Biomarker-based Machine Learning

77

o , H i NI ﬁﬁ'ﬁﬁﬁjgf NVIVATA V@; AR PR ‘\ﬂﬁ \f \fﬂ ‘
& \/\' l‘\f L Pyl i\VMAV ﬂi Hi /\ “A |
group dynamic/difference of ‘ 1l | AR F\M/W\W/“ i |
references 1= o1 ! “ NASA J A !
P D1 : . . M\/\/‘WY\[\
addresses | |
- l > J
l
stress baseline stress change recovery change recovery
. short-term long-term short-term short-term short-term
uncomplete picture of past 1 | |
health/biomarker-baseline | prevents |
— acute stress <« - - -, s » chronic stress

Adaption

Prioritization across Group

Change in Adaption Rules

Biomarker Trend Analysis and State Estimator
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Future Application: Training Process

— Q Vectors

map input states to Q-values .
(value of action-state pair) __ Adaptive
System

Study Data - Training Dataset —

\_ J \__ J \_ J
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Challenges in their Investigation

In cross-sectional research:

individual influence of reliable

biomarker- confounding transient

baselines variables stressor
simulation
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Challenges in their Investigation

In cross-sectional research:

individual influence of reliable

biomarker- confounding transient

baselines variables stressor
simulation

two experiments
per person,
multi-criteria
decision analysis
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Challenges in their Investigation

In cross-sectional research:

individual influence of
biomarker- confounding
baselines variables
two experiments iterative group
per person, analysis,
multi-criteria Bayesian linear
decision analysis effects models
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Challenges in their Investigation

In cross-sectional research:

individual influence of
biomarker- confounding
baselines variables
two experiments iterative group
per person, analysis,
multi-criteria Bayesian linear
decision analysis effects models
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reliable
transient
stressor
simulation

psychological
stress test, order
effect analysis
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Outlook

Cross-sectional studies

» probability of effects resulting from confounding
variables can be used for individual analysis

* more experiments needed conflicting with use of same
stressor simulation

* integration of different vision impairments

Longitudinal studies

» can solve most identified challenges in cross-sectional
research

» confined environment (like research/space station)
provides ideal conditions for field research
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Simulation
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Data Collection
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APPLICATION

Immersion ‘
\ \ T e
oneVQ other IEQ parameter similiar physical inclusion of
' parameter environnmnent ~ resource
! atatime limitati
" 7~ ~
N optimized like on ISS optimized like on ISS inclusion of analogues
~— ~— social dynamic dry immersion
galvanic vestibular
3 stimulation
Level of ||
Physiological | i
Simulation [
\ \ > T
duration hours days weeks months {
' ‘ ~
time of day repetitions
h .
psychological stress
'\ acuracy physiological individual psychological ~tests
similiarity effectiveness similiarity real-life stressors
bedrest studies
Biomarkers
type cardiovascular biomarkers metabolic biomarkers
b neuroendocrine biomarkers neuroarchitectural
N studies using
it integration individual conditions countermeasure physiological wearable sensors in
§ impairments quantification changes due to daily life applications
or exposure
b adaptive VQ system
h using ML and
vQ wearables
Features ‘ {
i \ \ | T
} number/type transitions between settings evidence-based
t of features realtime adaption designs
interaction effects
Thesis Study physiological effect vs

functionality
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