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What is this course about?

• It’s about learning how to analyze biomedical data.

• More precisely: it covers some of the essential notions needed to analyse time-
series and other multi-dimensional data, including 

- basic statistical concepts (e.g., mean, standard error, t-tests), 

- spectral methods (e.g., Fourier transform, high-pass/low-pass filters),

- linear methods (e.g., PCA, linear regression),

- non-linear methods (e.g., clustering, ICA, t-SNE, deep networks) 
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What are biomedical signals? Examples below:
• Bioelectric signals : EEG (brain), ECG (heart), EMG (muscles) electrical activity,…, using 

electrodes
• Biomagnetic signals : brain, heart, lungs magnetic activity 
• Bioimpedance signals : tissue composition, blood distribution using electrodes
• Bioacoustic signals : sounds from blood flow, lungs, digestive tract, joints, muscles using 

microphones, also – speech sound
• Biomechanical signals : blood pressure, limb acceleration, flow tension using diversity 

of sensors
• Biochemical signals : laboratory analysis of blood/tissue samples
• Biooptical signals : blood oxygenation, heart output using fiberoptic technology, heart 

rate from wrist device
• 'others' : observations made by nurse, annotations alarms, (self)assessments like levels 

of ‘pain’, ‘tiredness’ etc.
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Learning Objectives

After completing this course, you will:

• understand the fundamental linear and non-linear methods used for 
biomedical data analysis, and know how to explain them to a general 
audience.

• Given a question and biomedical measurement, you will know how to 
select and apply the suitable data analysis methods for this problem.

• have all the keys to avoid overinterpreting or misinterpreting the results of  
different analyses.
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Teaching team
• Lecturer: 

Stéphane Deny: stephane.deny@aalto.fi 
Brief bio: - PhD in Neuroscience at UPMC (France), 
        - Postdoc Neuro & ML at Stanford and Facebook AI
        - Asst. Prof. in Neuro and CS at Aalto since 2021
Second time teaching this course: 
=> feedback welcome about the lectures and exercise 
sessions!
https://presemo.aalto.fi/bda2023

• Teaching Assistants
Hyunkyung Choo: hyunkyung.choo@aalto.fi
Carlos Sevilla Salcedo: carlos.sevillasalcedo@aalto.fi

• Ask us your questions by e-mail (but not at the last minute)!
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Course Material

• Slides
- red mark on the slide : things to know
- orange mark on the slide : things to understand
- blue mark on the slide : examples, food for thought

• Exercises:
- Python notebooks containing exercises 
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Calendar
• 11 lectures from September to November

• 11 exercise sessions, in 2 groups: 
 - both groups on Mondays 10.15 – 12.00
 - Sign up on OpenCourse to one of these groups
 - You can work together or alone during exercise sessions, but everyone 
should upload the completed exercise.

• Oral Exam: Dec 12 - 13

Monday FridayTuesday Wednesday Thursday
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Grading – 5 credits
• Quizz at the beginning of most lectures (20% of the grade). Study the slides 

of the previous lecture before coming to class.

• Exercise sessions every week (50% of the grade), on the computer. Exercise 
notebooks will be posted online. You need to upload them completed 
according to the deadlines. 

• Oral examination (30%): During a 20-min examination, you will be asked to 
reason about a data analysis problem, select and apply the correct data 
analysis technique, and know how to explain this technique.

50% is a pass, 80% is an excellent grade
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Outline of the course

1. Mean, Standard Deviation, Standard Error, Confidence Intervals, T-
test

2. Fourier Transform, Wavelet Transforms, Spectrograms, High-pass, 
Low-pass filters

3. Principal Component Analysis / Singular Value Decomposition
4. Linear Regression / Logistic Regression
5. Clustering Methods
6. Non-linear Methods: Independant Component Analysis, t-Stochastic 

Neighbour Embedding, Random Forests, Deep Networks
7. Invited lecture from the biomedical industry
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- In what way(s) do you think these claims could be wrong or exaggerated?
- What steps would you take to verify these claims?



Checking the comments



Reading the abstract

The claims in the tweet are 
consistent with the claims of 
the abtract.



Accessing the study.



Result table



Definitions: mean

• Given a dataset of N measurements

• The mean of this dataset is given by:  

<latexit sha1_base64="qGN+2OPuRcCxKECApI/2fTio1EI=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAILkpISlE3QtGNK6lgL9CEMJlO26GTSZiZSEsouPFV3LhQxK0v4c63cdJmoa0/DHz85xzOnD+IGZXKtr+NpeWV1bX1wkZxc2t7Z9fc22/KKBGYNHDEItEOkCSMctJQVDHSjgVBYcBIKxheZ/XWAxGSRvxejWPihajPaY9ipLTlm4dteAnddOQ7ZTjyK2VoWVZGt+7EN0u2ZU8FF8HJoQRy1X3zy+1GOAkJV5ghKTuOHSsvRUJRzMik6CaSxAgPUZ90NHIUEuml0xsm8EQ7XdiLhH5cwan7eyJFoZTjMNCdIVIDOV/LzP9qnUT1LryU8jhRhOPZol7CoIpgFgjsUkGwYmMNCAuq/wrxAAmElY6tqENw5k9ehGbFcs6s6l21VLvK4yiAI3AMToEDzkEN3IA6aAAMHsEzeAVvxpPxYrwbH7PWJSOfOQB/ZHz+AHswlOE=</latexit>

X = {x1, x2, ..., xN}

<latexit sha1_base64="kp7E8nao/+2422AgbYcGJ7B4YBE="></latexit>

µ =
x1 + x2 + ...+ xN

N
=

1

N

NX

i=1

xi
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Definitions: variance and standard deviation

• Given a dataset of N measurements

• The mean is given by:  

• The variance is given by:

•  The standard deviation is given by: 

<latexit sha1_base64="qGN+2OPuRcCxKECApI/2fTio1EI=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAILkpISlE3QtGNK6lgL9CEMJlO26GTSZiZSEsouPFV3LhQxK0v4c63cdJmoa0/DHz85xzOnD+IGZXKtr+NpeWV1bX1wkZxc2t7Z9fc22/KKBGYNHDEItEOkCSMctJQVDHSjgVBYcBIKxheZ/XWAxGSRvxejWPihajPaY9ipLTlm4dteAnddOQ7ZTjyK2VoWVZGt+7EN0u2ZU8FF8HJoQRy1X3zy+1GOAkJV5ghKTuOHSsvRUJRzMik6CaSxAgPUZ90NHIUEuml0xsm8EQ7XdiLhH5cwan7eyJFoZTjMNCdIVIDOV/LzP9qnUT1LryU8jhRhOPZol7CoIpgFgjsUkGwYmMNCAuq/wrxAAmElY6tqENw5k9ehGbFcs6s6l21VLvK4yiAI3AMToEDzkEN3IA6aAAMHsEzeAVvxpPxYrwbH7PWJSOfOQB/ZHz+AHswlOE=</latexit>

X = {x1, x2, ..., xN}

<latexit sha1_base64="bTWnpkhjVN6ZiaIpId0jVxuqxSE="></latexit>

V ar(X) =
1

N

NX

i=1

(xi � µ)2

<latexit sha1_base64="+Z5fFKaB5aGm0KwFAuixl6OWlOE=">AAACDXicbVDLSsNAFJ34rPUVdelmsArioiRS1E2h6MZVqWAf0MQwmU7aoTNJmJmIJeQH3Pgrblwo4ta9O//GaZuFth64cDjnXu69x48Zlcqyvo2FxaXlldXCWnF9Y3Nr29zZbckoEZg0ccQi0fGRJIyGpKmoYqQTC4K4z0jbH16N/fY9EZJG4a0axcTlqB/SgGKktOSZhw5PYBU6gUA4tbO0nsET6MiEeymt2tldHT541DNLVtmaAM4TOyclkKPhmV9OL8IJJ6HCDEnZta1YuSkSimJGsqKTSBIjPER90tU0RJxIN518k8EjrfRgEAldoYIT9fdEiriUI+7rTo7UQM56Y/E/r5uo4MJNaRgnioR4uihIGFQRHEcDe1QQrNhIE4QF1bdCPEA6GKUDLOoQ7NmX50nrtGyflSs3lVLtMo+jAPbBATgGNjgHNXANGqAJMHgEz+AVvBlPxovxbnxMWxeMfGYP/IHx+QN695qT</latexit>

µ =
1

N
⇤

NX

i=1

xi
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The standard deviation describes the spread of the data around the mean. 

<latexit sha1_base64="SLXRQj7Mo+7J9meMHB8Yda8gXLM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahbsqMFHUjFN24rGAf0BlKJs20oUlmTDJCGQpu/BU3LhRx60+482/MtLPQ1gMXTs65l9x7gphRpR3n2yosLa+srhXXSxubW9s79u5eS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdJ357QciFY3EnR7HxOdoIGhIMdJG6tkHnqIDjiqdE3gJPXUvddpC0jwnpZ5ddqrOFHCRuDkpgxyNnv3l9SOccCI0ZkipruvE2k+R1BQzMil5iSIxwiM0IF1DBeJE+en0hgk8NkofhpE0JTScqr8nUsSVGvPAdHKkh2rey8T/vG6iwws/pSJONBF49lGYMKgjmAUC+1QSrNnYEIQlNbtCPEQSYW1iy0Jw509eJK3TqntWrd3WyvWrPI4iOARHoAJccA7q4AY0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A64ClkU=</latexit>

�(X) =
p

V ar(X)



Vizualisation of standard deviation
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A B

small large 

A and B have same mean
but different standard deviations.

<latexit sha1_base64="9W6W5mEAPHuoMKZo9Hi0v0h0Abk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBgTI3f</latexit>µ
<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>� <latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�



Definitions: standard error

• Given a dataset of N measurements

• The standard deviation is given by:

• The standard error (of the mean) is given by:  

<latexit sha1_base64="qGN+2OPuRcCxKECApI/2fTio1EI=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAILkpISlE3QtGNK6lgL9CEMJlO26GTSZiZSEsouPFV3LhQxK0v4c63cdJmoa0/DHz85xzOnD+IGZXKtr+NpeWV1bX1wkZxc2t7Z9fc22/KKBGYNHDEItEOkCSMctJQVDHSjgVBYcBIKxheZ/XWAxGSRvxejWPihajPaY9ipLTlm4dteAnddOQ7ZTjyK2VoWVZGt+7EN0u2ZU8FF8HJoQRy1X3zy+1GOAkJV5ghKTuOHSsvRUJRzMik6CaSxAgPUZ90NHIUEuml0xsm8EQ7XdiLhH5cwan7eyJFoZTjMNCdIVIDOV/LzP9qnUT1LryU8jhRhOPZol7CoIpgFgjsUkGwYmMNCAuq/wrxAAmElY6tqENw5k9ehGbFcs6s6l21VLvK4yiAI3AMToEDzkEN3IA6aAAMHsEzeAVvxpPxYrwbH7PWJSOfOQB/ZHz+AHswlOE=</latexit>

X = {x1, x2, ..., xN}
<latexit sha1_base64="VjPL4l81MccWFcRtFA0FLM3NWVU="></latexit>

�(X) =

vuut 1

N

NX

i=1

(xi � µ)2
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It describes the spread of the data around the mean. 

It describes how variable the mean would be, if the measurement was repeated many times. 

<latexit sha1_base64="6pSD3chqlRKH3qbsEeHwjp7Zmv4=">AAACCXicbZDLSsNAFIYn9VbrLerSzWAR6qYkUtSNUBTBlVS0F2hCmUwn7dDJJM5MhBKydeOruHGhiFvfwJ1v46TNQlt/GPj4zzmcOb8XMSqVZX0bhYXFpeWV4mppbX1jc8vc3mnJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xtdZPX2AxGShvxOjSPiBmjAqU8xUtrqmfD2Ep5BxxcIJ46kgwBVOoepxnuhkus0LfXMslW1JoLzYOdQBrkaPfPL6Yc4DghXmCEpu7YVKTdBQlHMSFpyYkkihEdoQLoaOQqIdJPJJSk80E4f+qHQjys4cX9PJCiQchx4ujNAaihna5n5X60bK//UTSiPYkU4ni7yYwZVCLNYYJ8KghUba0BYUP1XiIdIp6J0eFkI9uzJ89A6qtrH1dpNrVw/z+Mogj2wDyrABiegDq5AAzQBBo/gGbyCN+PJeDHejY9pa8HIZ3bBHxmfP069mX0=</latexit>

SE =
�(X)p

N
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<latexit sha1_base64="9W6W5mEAPHuoMKZo9Hi0v0h0Abk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBgTI3f</latexit>µThe whole population has true mean

The sampled population has mean
<latexit sha1_base64="4Hl6c3hqvKVRmUVD5JKQ2Ayu8hs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ic0oWy223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUkS8iQIl7ySaUxVK3g7HtzO//cS1EXH0gJOEB4oOIzEQjKKVHv0RxcxX6bRXrrhVdw6ySrycVCBHo1f+8vsxSxWPkElqTNdzEwwyqlEwyaclPzU8oWxMh7xraUQVN0E2P3hKzqzSJ4NY24qQzNXfExlVxkxUaDsVxZFZ9mbif143xcF1kIkoSZFHbLFokEqCMZl9T/pCc4ZyYgllWthbCRtRTRnajEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyB8/kDL1WQrA==</latexit>

µ̂

Now imagine repeating the measurement many times,
on random samples of the population:

Explanation of the standard error of the mean
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<latexit sha1_base64="9W6W5mEAPHuoMKZo9Hi0v0h0Abk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBgTI3f</latexit>µ
The sampled population has mean

<latexit sha1_base64="4Hl6c3hqvKVRmUVD5JKQ2Ayu8hs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ic0oWy223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUkS8iQIl7ySaUxVK3g7HtzO//cS1EXH0gJOEB4oOIzEQjKKVHv0RxcxX6bRXrrhVdw6ySrycVCBHo1f+8vsxSxWPkElqTNdzEwwyqlEwyaclPzU8oWxMh7xraUQVN0E2P3hKzqzSJ4NY24qQzNXfExlVxkxUaDsVxZFZ9mbif143xcF1kIkoSZFHbLFokEqCMZl9T/pCc4ZyYgllWthbCRtRTRnajEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBgYJneIU3RzsvzrvzsWgtOPnMMfyB8/kDL1WQrA==</latexit>

µ̂

The difference between true and estimated mean, 
normalized by the standard error,

 follows the Student’s t-distribution*:
  

<latexit sha1_base64="/+OAYaV2pXaS1AfB0IFG71w8T9k=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFcGOZkaJuhKIILivaC3SGkkkzbWiSGZKMUIZZuvFV3LhQxK2P4M63MdN2oa0/BD7+cw4n5w9iRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VJRKTBo5YJNsBUoRRQRqaakbasSSIB4y0guFVXm89EKloJO71KCY+R31BQ4qRNlbX3m/DC+iFEuHU4wk8ht4A6RyzLL27zkpdu+xUnLHgPLhTKIOp6l37y+tFOOFEaMyQUh3XibWfIqkpZiQreYkiMcJD1CcdgwJxovx0fEgGD43Tg2EkzRMajt3fEyniSo14YDo50gM1W8vN/2qdRIfnfkpFnGgi8GRRmDCoI5inAntUEqzZyADCkpq/QjxAJhVtsstDcGdPnofmScU9rVRvq+Xa5TSOItgDB+AIuOAM1MANqIMGwOARPINX8GY9WS/Wu/UxaS1Y05ld8EfW5w8Qm5jD</latexit>

X =
µ� µ̂

SE

<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

<latexit sha1_base64="/+OAYaV2pXaS1AfB0IFG71w8T9k=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFcGOZkaJuhKIILivaC3SGkkkzbWiSGZKMUIZZuvFV3LhQxK2P4M63MdN2oa0/BD7+cw4n5w9iRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VJRKTBo5YJNsBUoRRQRqaakbasSSIB4y0guFVXm89EKloJO71KCY+R31BQ4qRNlbX3m/DC+iFEuHU4wk8ht4A6RyzLL27zkpdu+xUnLHgPLhTKIOp6l37y+tFOOFEaMyQUh3XibWfIqkpZiQreYkiMcJD1CcdgwJxovx0fEgGD43Tg2EkzRMajt3fEyniSo14YDo50gM1W8vN/2qdRIfnfkpFnGgi8GRRmDCoI5inAntUEqzZyADCkpq/QjxAJhVtsstDcGdPnofmScU9rVRvq+Xa5TSOItgDB+AIuOAM1MANqIMGwOARPINX8GY9WS/Wu/UxaS1Y05ld8EfW5w8Qm5jD</latexit>

X =
µ� µ̂

SE

: degrees of freedom (N-1)

* See calculations in supplementary material

<latexit sha1_base64="8gJdlu9/MDm4reH0fdTMSel2cB0=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIqMuiG5cV7AM6Q8mkmTY0yYQko5axn+LGhSJu/RJ3/o2ZdhbaeuDC4Zx7ufeeSDKqjed9O6WV1bX1jfJmZWt7Z3fPre63dZIqTFo4YYnqRkgTRgVpGWoY6UpFEI8Y6UTj69zv3BOlaSLuzESSkKOhoDHFyFip71YDTYccwQBJqZJH6Ff6bs2rezPAZeIXpAYKNPvuVzBIcMqJMJghrXu+J02YIWUoZmRaCVJNJMJjNCQ9SwXiRIfZ7PQpPLbKAMaJsiUMnKm/JzLEtZ7wyHZyZEZ60cvF/7xeauLLMKNCpoYIPF8UpwyaBOY5wAFVBBs2sQRhRe2tEI+QQtjYtPIQ/MWXl0n7tO6f189uz2qNqyKOMjgER+AE+OACNMANaIIWwOABPINX8OY8OS/Ou/Mxby05xcwB+APn8wcTVpM8</latexit>

� ⇡ 1

Explanation of the standard error of the mean

The whole population has true mean
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Guiness had a blanket ban on publications.
So Gosset used his pen name Student.



Definition: confidence interval

• Given a dataset of N measurements

• A confidence interval is a range of value you can be xx% confident contains 
the true mean of the population. It is given by: 

• If N>10 and we are looking for the 95% confidence interval, 

<latexit sha1_base64="qGN+2OPuRcCxKECApI/2fTio1EI=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAILkpISlE3QtGNK6lgL9CEMJlO26GTSZiZSEsouPFV3LhQxK0v4c63cdJmoa0/DHz85xzOnD+IGZXKtr+NpeWV1bX1wkZxc2t7Z9fc22/KKBGYNHDEItEOkCSMctJQVDHSjgVBYcBIKxheZ/XWAxGSRvxejWPihajPaY9ipLTlm4dteAnddOQ7ZTjyK2VoWVZGt+7EN0u2ZU8FF8HJoQRy1X3zy+1GOAkJV5ghKTuOHSsvRUJRzMik6CaSxAgPUZ90NHIUEuml0xsm8EQ7XdiLhH5cwan7eyJFoZTjMNCdIVIDOV/LzP9qnUT1LryU8jhRhOPZol7CoIpgFgjsUkGwYmMNCAuq/wrxAAmElY6tqENw5k9ehGbFcs6s6l21VLvK4yiAI3AMToEDzkEN3IA6aAAMHsEzeAVvxpPxYrwbH7PWJSOfOQB/ZHz+AHswlOE=</latexit>

X = {x1, x2, ..., xN}
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<latexit sha1_base64="eYeOV5cjMQ4QHkYXGFYmgl+NDm8=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEESyJFHUjFIugG6loH9CEMJlO2qEzSZiZCCUUN/6KGxeKuPUr3Pk3TtsstPXAhcM593LvPX7MqFSW9W3k5uYXFpfyy4WV1bX1DXNzqyGjRGBSxxGLRMtHkjAakrqiipFWLAjiPiNNv18d+c0HIiSNwns1iInLUTekAcVIackzd6rX8Bw6PIFOzKHy0psjewgP4d2lZxatkjUGnCV2RoogQ80zv5xOhBNOQoUZkrJtW7FyUyQUxYwMC04iSYxwH3VJW9MQcSLddPzCEO5rpQODSOgKFRyrvydSxKUccF93cqR6ctobif957UQFZ25KwzhRJMSTRUHCoIrgKA/YoYJgxQaaICyovhXiHhIIK51aQYdgT788SxrHJfukVL4tFysXWRx5sAv2wAGwwSmogCtQA3WAwSN4Bq/gzXgyXox342PSmjOymW3wB8bnD26/lOc=</latexit>

CI = µ± tN�1 ⇤ SE

where              is a value that depends on the number of samples and 
the % confidence desired. 

<latexit sha1_base64="CPDB2BOiHhIJ58BEtRSqCvroTR8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRiyepYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWamEvuz/3Jr1S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m507IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzouJdVqoP1XLtJo+jAMdwAmfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0rTj5zBH/gfP4A1UmPQA==</latexit>

tN�1

<latexit sha1_base64="SqU6vx+ZJvHBZmA4JlP7l4QU0Uk=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgxjJTirosunElFewD2mHIpGkbmklCklHL2E9x40IRt36JO//GtJ2Fth64cDjnXu69J5KMauN5305uZXVtfSO/Wdja3tndc4v7TS0ShUkDCyZUO0KaMMpJw1DDSFsqguKIkVY0upr6rXuiNBX8zowlCWI04LRPMTJWCt2iCdObU38Cu0hKJR5hJXRLXtmbAS4TPyMlkKEeul/dnsBJTLjBDGnd8T1pghQpQzEjk0I30UQiPEID0rGUo5joIJ2dPoHHVunBvlC2uIEz9fdEimKtx3FkO2NkhnrRm4r/eZ3E9C+ClHKZGMLxfFE/YdAIOM0B9qgi2LCxJQgram+FeIgUwsamVbAh+IsvL5Nmpeyflau31VLtMosjDw7BETgBPjgHNXAN6qABMHgAz+AVvDlPzovz7nzMW3NONnMA/sD5/AERUJM9</latexit>

tN�1 ⇡ 2
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How to find           ? Use a Student t-distribution abacus

<latexit sha1_base64="CPDB2BOiHhIJ58BEtRSqCvroTR8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRiyepYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWamEvuz/3Jr1S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m507IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzouJdVqoP1XLtJo+jAMdwAmfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0rTj5zBH/gfP4A1UmPQA==</latexit>

tN�1

degrees of 
freedom
(N-1)

desired significance level

<latexit sha1_base64="CPDB2BOiHhIJ58BEtRSqCvroTR8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRiyepYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWamEvuz/3Jr1S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m507IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzouJdVqoP1XLtJo+jAMdwAmfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0rTj5zBH/gfP4A1UmPQA==</latexit>

tN�1

Student t-distribution
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Bessel 
correction
for an unbiased
estimation of
the standard 
deviation

Recap: standard deviation (SD), standard error of 
the mean (SE) and confidence interval (CI)



Definition: t-test

• A t-test is a statistical test to compare the means of two populations 
from their samples.
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population A population Bsample A sample B
error bars: 95% CI

sample A sample B



Definition: p-value
• The p-value is the probability that the difference in means observed would 

occur by chance. 
example: A p-value of 0.05 implies a chance of 95% that the difference observed is
statistically significant. 
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Student-t distribution



The different types of t-test
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• One-sample t-test: compares the mean of a sampled population to a predefined value. 
example: are trees in Finland taller than the (known) average tree size?

• Independent two-sample t-test: compares the means of two sampled populations. 
example: are pine trees taller than spruce trees on average?

• Paired two-sample t-test: compares the means of two conditions in which the same 
individuals participated. 
example: are pine trees taller in winter than in summer?

Fun fact: a paired two-sample test is technically just a one-sample t-test performed on the variable defined by 
the difference between the two conditions for each individual.



One-tailed vs. two-tailed t-test
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• one-tailed t-test:  use when you know in which direction to expect a difference
example: do students sleep less in class after a good night sleep?

• two-tailed t-test:  use when you don’t know in which direction to expect a difference
example: are pine trees taller or smaller than spruce trees on average? I don’t have a 
specific hypothesis.



How to calculate a t-test in practice?
• The t-test function exists in many programing languages 

(e.g., Excel, MATLAB, Python, R). 
•  You just need to choose the right t-test (one-tailed vs. two-tailed, one-

sample vs. two-sample, paired vs. unpaired) and feed your data 
samples to it.
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Correction for multiple comparisons
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Correction for multiple comparisons
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Note: there exists some less stringent correction, such as the false discovery rate (FDR)



Back to our example:

A p-value of 0.032 means: 
there is a probablility of 0.032 
that the difference observed 
(or a greater difference) would 
happen by chance.

In other words: 
1/0.032 = 31
Þon 31 random draws, 
such a difference would be observed
on expectation once.

The effect size is small compared to 
the standard deviation of the data!

Conlusion: small effect size, which is only mildly 
statistically significant on anxiety. But OK.



1/0.045 = 22

1/0.029 = 34

1/0.042 = 24

total number 
of comparisons:
27

Results (2)

Many comparisons with no correction applied to the statistical 
tests:
=> methodological flaw which might invalidate the findings



Food for thought
• Maybe cold showers are actually good for you! An invalid study does not 

necessarily invalidate the claims of the study.

• claims reported in the media are usually not completely false, but their 
importance or certainty can be exaggerated, either by the media or by 
the authors of the study themselves.

• “statistically significant” ≠ “the effect size is significant” (the effect can be 
tiny but statistically significant).



Next lecture

• Fourier Transform, Wavelet Transforms, Spectrograms, High-pass, 
Low-pass Filters

• Give feedback at https://presemo.aalto.fi/bda2023
Thank you.
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https://presemo.aalto.fi/bda2023


Sources

• https://en.wikipedia.org/wiki/Student%27s_t-distribution
• https://en.wikipedia.org/wiki/Student%27s_t-test
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https://en.wikipedia.org/wiki/Student%27s_t-distribution
https://en.wikipedia.org/wiki/Student%27s_t-test

