CSE5026: Introduction and
Frontiers of Cognitive Science

Yang Xu &%
Computational Linguistics and Consciousness Science (CLCS) Lab
Department of Computer Science and Engineering
Southern University of Science and Technology
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Cognitive Science TARIRLZE

* Understanding how human mind works is important to a broad range
of human activities.

- B OB TR SCE G EXREE, EAIRTUITAE

{ILLITY
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e Teachers need to understand how students’ mind
* Engineers need to understand users’ mind
* Decision makers need to understand people’s mind

 Al/Agents need to understand users’ mind



Learning Objectives

* Develop a comprehensive understanding of the theoretical
foundations, research questions, and methodologies of cognitive
science.

* Develop a vision and interest in relation to modern artificial
intelligence.

- £H T FINRIZFNIECEM. FEARAS. HRAE.
- 1EFXT A T BB BRI SRR GEHR S IET,
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Course Information

* Class meeting: Tuesday, 10:20 am, 3-4
* Lab session: Wednesday, 10:20 am, 3-4

* Optional Textbook: {IAEOFRLI= Cognitive Science) SEEE, F[E
RIERAKRZE TR
* Optional online materials:
- PRIRITEFRT, SRS ATERELE=E, INIET,



http://www.intsci.ac.cn/znjx/rzjc/
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Course website

e Slides and lab materials will be published and updated here.


https://clcs-sustech.github.io/zh/course/cse5026/
https://clcs-sustech.github.io/zh/course/cse5026/
https://clcs-sustech.github.io/zh/course/cse5026/
https://clcs-sustech.github.io/zh/course/cse5026/
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IRIERE QQ Group

* All course announcements will be made
in this group.

* Graded lab practices and group project
will be submitted to Blackboard.

,»ﬁ! CSE5026-CogSci-F...

B4, AR

| Yelo)



Prerequisite

* Knowledge and concepts
e CS303/CS311 Artificial Intelligence

* Paper reading and presentation skills

* Programming skills
e Python, Numpy, PyTorch

* Math and statistics
* Regression models and statistical tests
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Grading Policies

* 10%: Attendance (5% class + 5% lab)
* 30%: Graded lab practice

 All lab practices will be graded within a week’s time.
e 5 out of 15 will be placed higher weight (taking up to 25%)

* 20%: Paper reading and presentation
* 20%: Project

e 20%: Final exam
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Late Policy

* 20% percent off per calendar day

FA 2026 CSE5026 CogSci 8
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Paper Reading and Presentation

* One presentation report for each team.

* Pick one topic from the current pool.

e Everyone (including other teams) needs to read the materials before
the class.
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Group Project

* Topics:
e EEG data analysis for human face perception.
* Eye-movement patterns during reading activities.

* Other cognitive science-related topics in LLM studies.



Team

* Team size: 2-3.
 Team up before the end of week 3.
e Paper assignment by the class meeting of week 4.

* Project topic decided by week 8.
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Schedule Example

* Week 1: General introduction
* The birth and development of cognitive science.

Research contents (what).

Research methods and technologies (how).

Relationship between CogSci and Al.

Programming tools: Python and libraries.

Statistical libraries.
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Schedule Example

* Week 2: Neural Basics of Cognition
* Neuron: Basic composition, synaptic transmission, neurotransmitters.
- T BAHR, SRAMERE, MRIBR
* Resting membrane potential and action potential.
- BFRIREE S ERL
* Nervous system and cerebral cortex.
« Neuromorphic computing. ZSiX1TEIE
 EEG Equipment. fXEE IR E%
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What is CogSci?

* Historical Background

* Research Methodology (theoretical)

* Research Methods and Technology (practical)
* Tools; Experimental designs; Math and statistics.
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Historical Background

“Cognition”: 32T 1518 /& "cognoscere” :to learn, to recognize, to get to know.

« 3= 3. The mental action or process of acquiring knowledge and
understanding through thought, experience, and the senses.

s B AR EE. 2R RE PRI R fe A6 AL
/R A (GAIR) + 4= (40iR)

© MIPFGRIL, 25384 N 2 %R
Closely related to psychology

Psychology studies the process and traits of human minds

Processes: dynamic courses; Traits: static features
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Historical Background: Psychology

* It is difficult to discover "universal laws" in psychology
* Human body and mind are complex and adaptive to environment

* Even within the same environment, there are individual differences

» Different theories/schools (=£][K) of psychology to study complex
human behaviors:

* Behaviorism 1T AFEN, Gestalt f&TLIE

AT

e Information Processing Theory {58

4
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Historical Background: Behaviorism {7 AE N

e Behaviorism formula: Stimulus - Response (S-R) model
R = f(S)

* Response is the function of stimulus

* Russian scientist Pavlov’s study on dogs BBE5 &K

 American psychologist J.B. Watson £¢45, 1913

e Little Albert Experiment:

« American psychologist B.F. Skinner Ef£4R



https://www.youtube.com/watch?v=9hBfnXACsOI
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Little Albert Experiment s

e Albert: An 11 month old infant

@ B (AREERIED) HI, slERME (FTFREREY)

Sound => Fear (unconditioned reflex)

@ HE (PIERIE) SBIl EFFERIED) BRHIE,
SR (TFAFREY)

Mouse + sound => Fear (unconditioned reflex)

® B (FHRIE) H, shEdE (FERE) 3
EILAT R,

Mouse => Fear (conditioned)

7-L=_



https://zh.wikipedia.org/zh-cn/%E5%B0%8F%E8%89%BE%E4%BC%AF%E7%89%B9%E5%AE%9E%E9%AA%8C
https://zh.wikipedia.org/zh-cn/%E5%B0%8F%E8%89%BE%E4%BC%AF%E7%89%B9%E5%AE%9E%E9%AA%8C
https://zh.wikipedia.org/zh-cn/%E5%B0%8F%E8%89%BE%E4%BC%AF%E7%89%B9%E5%AE%9E%E9%AA%8C
https://zh.wikipedia.org/zh-cn/%E5%B0%8F%E8%89%BE%E4%BC%AF%E7%89%B9%E5%AE%9E%E9%AA%8C
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Historical Background: Gestalt f&T(1&

* Early 20t century, German psychologists Wertheimer, Koffka, Kohler.

* The whole of something is greater than the sum of its parts
* Principles: A B

B [ NTZEAN) ” '
* Emergence B2{N &/ BTN E
* Reification B4 ¢
e Multistability ZBZ314% C \ D (
* Invariance [BR 4% > T N mn

“r



https://zh.wikipedia.org/wiki/%E6%A0%BC%E5%BC%8F%E5%A1%94%E5%AD%A6%E6%B4%BE
https://zh.wikipedia.org/wiki/%E6%A0%BC%E5%BC%8F%E5%A1%94%E5%AD%A6%E6%B4%BE
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Emergence of Cognitive Science

* The limitations of Behaviorism
* J.B. Watson: —HJ/C IR ERNERITE RIS S S-R,
o LDEZAPE—RSCRY. WSERROMRELETARIITA.

The only definitive and tenable material in psychology is the behavior of the
organism

(151 R1eQ)
 Game changer: The booming of Information Technology
* Information Processing Theory (520 T IEiE:

* Human can be viewed as an information processing system

* Perception, memory, and thought can be viewed as information production,
reception and transmission.
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Information Processing Theory

e Information 8, Processing oL

* Human mind is similar to a computer -- information is processed in
stages, similar to how a computer takes in (input), stores (write), and

retrieves (read) information.

| Environmental Input |

. . . Sensory Input Maint
e Atkinson-Shiffrin memory model (sghts, sounds, etc) Halnreee |
(1968) : I .

—t Sensory Atenton Short Term <: Long Term

* Sensory memory /2 Vomory B> " yiorory ———>]  Memoy

* Short term memory %5HH ‘ ‘ ﬂ Lo iL
* Long term memory 1<HH Forgoten Forgoter Though
Decay or Interference
Displacement or Retrieval

Failure
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CogSci as a Discipline s

/ Ttk . Cognition is a science of mind and intelligence
, L T YN * Perception

* Memory

* Thought & reasoning
* Learning

* Language

Education Neurosmence

Artificial
intelligence

* Problem solving
D - ot
Anthropology Psychology e ...and more topics

Philosophy



https://en.wikipedia.org/wiki/Cognitive_science
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What is CogSci?

* Research Methodology (theoretical)
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CogSci Research Methodology

* Internalism RIfEENX 5%

e 1. Reductionism IRJRFEN.:

- SEMEMTEE, Al3%ARERMERFNThEE
Higher-level properties and functions can be reduced to lower-level properties
and functions.

- MEEERAIRAMERE: ONEG—
Mental processes can be reduced to brain processes: mind and brain are one.

« 5 BMER{S = IMABRS%, SR, SKE. Bk
Evidence: Brain injury = impacts human thought, consciousness, temperament,
and emotion.

o« [®IME: (OIFIRZBEEEYIREME (trans-material), YELARIS
——NI N,

LI

LI

I
LT

. YIRS EE

LT
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CogSci Research Methodology

e Internalism REEN 5%
e 2. Functionalism IHEEE W

s OIEERINIIEE . OERETIARSIEZ BRI,
Emphasizing the function of mental activity: the mind is the mediator between the organism
and the environment.

EEERITNRERNAR AR, RIBHARIIRIERYIERL,
The function of intelligence is problem-solving—that is, the organism's adaptation to the
environment.

Hilary Putnam (1977)

Mind (thinking) analogy to computer (computing)

Mental state must be explained using its functional relation with another state, just like computer
behavior cannot be explained by the underlying physics/chemistry, but rather the higher level programs.

THENA SR R R AR LU SRR

Source: Hilary Putnam on Functionalism



https://youtu.be/i0bky2ep_lI
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CogSci Research Methodology
e Internalism RfEEN 5%

* 3. Introspectionism NEF N

e Psychologists: Wilhelm Maximilian Wundt (&EE-"3%F 1832-1920) and Edward
Titchener (Z1E4E-2KE4N 1867-1927)

- BIYRAMHAESNERLFITRIRENAENER N EHEGHE,
To analyze the constituent elements of conscious experience and the laws of their
combination through the method of systematic introspection.
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CogSci Research Methodology

* Internalism R{EFEN 5%
* 3. Introspectionism NE&F N

* (continued) FOMEINSR DR ANERNTTEHITSERIAR.
To decompose psychological phenomena into basic elements for experiment.

- BFEAISERAEE, EXFIETRBEFHFEG MRSEESEIRAEHIEIIHATE.
Wundt pioneered the method of experimental introspection, requiring subjects to report the
immediate state of their conscious experience under strictly controlled conditions.

. SERGHRHENBAEEN, EXHREESRVENSSBIEN. BR. ER=H
EATTR, FREEVEREFICRERE.

Titchener proposed the principle of mechanical introspection, requiring researchers to
decompose complex mental phenomena into three basic elements—sensations, images, and
affections—and to record their intensity through standardized procedures.

* Now we also ask LLMs to self-report ©
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CogSci Research Methodology

e Internalism RfEEN 5%

e 4. Cognitivism TARIEN. (1LIEZ) / Symbolism FFS5E N (ATLEERE)

« (X AHD: Herber Simon, Allen Newell, Marvin Minsky

- EARE: FeeoJ LI HARERNARITRE, BEIARIREE4ETIE KRR,

Core idea: Intelligence can be explained by internal cognitive processes, that is,
the rational thinking processes of human beings.

mind = computer, cognition = information processing/internalization

All kinds of intelligence = Physical symbolic computing system

Pros: Considering both introspectionism and Behaviorism. Making it possible to
implement mind in computer experiments.

Cons: XIOEERIT (L IEIA, A mechanical image of mind/cognition.

FA 2026 CSE5026 CogSci 28
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CogSci Research Methodology

e Externalism yMEE N 7%

e 1. Behaviorism {7 AFEN

e J.B. Watson I5E17 /9 ) (classical behaviorism) B.F. Skinner BRI T E N
(Neobehaviorism),

 STRE BRI SR T ARSI —RIRE, ARSI OO
F EANEHEN, LU DTIBHSIE.
To solve the problem of unobservable mental concepts (like "hunger" or "anxiety"),

neobehaviorists argued that a term is only meaningful if it is defined by the exact
operations used to measure it.

L

* E.g., “hunger” as an internal feeling = "the state of an organism after 24 hours of food
deprivation.”

- BfEfNfastie: BIFMESR(HREY Operant Conditioning, IEANXIITHRYEMA ST,
« HEFR TEARDIBERIARERNX (meaning). BHY (purpose) FOaI#/1 (motivation),

FA 2026 CSE5026 CogSci 29
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CogSci Research Methodology

e Cognitive Context INRIBIE 5%

« Connectionism BXZ5F N

« (XX AYJ: David Rumelhart, James McClelland, Geoffrey Hinton.

- TREE: BARRINHETTAIY AERNERN, INNEERERR
L THITB B ER.
Core idea: Emphasizing the importance of connections between simple neuron-
like structures; cognition is the interaction of interconnected neurons.

« INKNIREFETHRENEMN SNSRI &G ABIRERS——ISTTE,
o FRZZMZE neural networks, F{THTTLALIE parallel distributed processing,
- FEig FRIFTESERE, A EFTITE, e LT ERAIE,
o BIANAFIRIREEZ{EHE Internal “wholeness” mechanism.
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What is CogSci?

* Research Methods and Technology (practical)
* Tools; Experimental designs; Math and statistics.
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Research Methods and Technology

e Brain-related Technology AfXfEHKXFZA
« ERZAREICSR Single-Unit Recording
- IFEBF &S EITESZ/WE3HE Positron Emission Tomography (PET)
o HHEYREK{% Magnetic Resonance Imaging (MRI)
o iXfZ4E Magneto-Encephalography (MEG)
* IXEE[E] Electroencephalogram (EEG)

-

« fXiFl#22[1 Brain Computer Interface

e Behavioral Studies 1T A3
* Stroop, N-back paradigms
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Single-unit recording BRZHiEICS=

 Single-unit recording is a neuroscientific technique used to measure the
electrical activity of individual neurons by inserting a microelectrode ({-{EER)

into the brain to detect action potentials _ ]

- PRI I=ONEIS W[\ W
_|0.1mv

10ms

Tms

Spikes/s

DOI:
FA 2026 CSE5026 CogSci 33


10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
10.4018/978-1-60960-021-1.ch006
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Single-unit recording BBZAf810 R

* Limitations
* Invasiveness: requires opening the skull to implant electrodes
* Limited scope: only records from a small number of neurons at a time

e Sampling bias: favor recording from larger neurons with larger
electrical signals
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Positron Emission Tomography (PET)

e Positron: IEFEB=: Emission: Z59/&; Tomography: EiriRes/WEE
J?EE
[EEEF R ARt Y R AR+

Positrons are particles emitted by certaln radloactive substances.

- BERGHERCHRINETTHIEA, RUEREEAKAIMESR.

A radiolabeled fluid is injected into the body, rapidly accumulating i |n the blood
vessels of the brain.

» BRI REBTKRERT, THEETERCRIRINRUER R EX,

 When specific cortical regions become active, the radiolabeled fluid swiftly shifts
toward the activated zones.

- FRAEEENENGTERANPRVIEEEF8{E., A scanning device is utilized to

measure t the quantity of positrons within the radioactive fluid.

SRR ANRAINAR XK EKFHIER. The scanned data is

converted into images representing the activation levels across different brain
regions.




Source: https://en.wikipedia.org/wiki/Positron emission tomography

PET Examples

Isotopes used in PET scans

[EfifZX |Isotope |'C [N [0 |®F |88ga |64Cu | %2Mn | %5Co |89zr 82Rp
Elﬁ_\_HH Half- 20 10 2 110 67.81 12.7 56 d 17.5 78.4 1.3
=R life min |min | min min | min h ' h hl48] min
Coincidence
Processing Unit
Sinogram/

Annihilation

FA 2026

Image Reconstruction

Listmode Data

CSE5026 CogSci

A3 M LY

SOUTHERN UNIVERSITY OF SCIENCE AND TECHNOLOGY
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https://en.wikipedia.org/wiki/Positron_emission_tomography

Source:

PET Examples

FA 2026

Whole-body PET scan
using 8F-FDG.

Fluorine-18 (*®F). Attached

to glucose to form FDG
(Fluorodeoxyglucose).

518 (1°F): SETEE
CEATURL FDG (A
SEEE) .

CSE5026 CogSci

A static PET scan of
the human brain.
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https://en.wikipedia.org/wiki/Positron_emission_tomography
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Positron Emission Tomography (PET)

* Pro: Pretty good spatial resolution (3~¥4 mm)

 Cons:

* Low temporal resolution: can measure brain activity within the
duration of about 60s; way longer than most cognitive processes.

* Indirect measurement of neural activities.

* Invasive technique: subject needs to be injected with a radioactive
isotope-labeled solution (BRI EREHR).




PET for CogSci Research

DOI: 10.1017/s0033291797004856.

* Baker et al., 1997, The interaction between mood and cognitive function studied

with PET (FRAPETIARIBE SIARITIEE 2 BIRIEE/ERE

» 305 IERIAETERIIEFREY (elation) FIHIERIEZE (depression) AT
TMUTIESRTHES. ERIERFASEESRE (PET) NESIPINILIAR
& (rCBF) , FHEIEAMEEIRIIEIT,
subjects performed a verbal fluency task under induced states of elation and
depression. Positron Emission Tomography (PET) was used to measure regional
cerebral blood flow (rCBF) as an index of neural activity.

« ZE8 Findings:
o EXETHIEIMMBEEIAET, MUBEES REVEERNILRE (rCBF) 9B RTIEN;
« FEHERIAET, IXMIPSMIBIERRTEZ[ER (prefrontal cortex) B ERINILRE =R
« BIHITE[E] (Anterior cingulate cortex) BLERYIEES EINERBE T EHIFRIN.

FA 2026 CSE5026 CogSci 39



/ 2 lektroan'sefolo gram /  encephalo- derived from Greek, meaning “brain”

Electroencephalogram, EEG fXEEE]

* A technology that records the brain’s electrical activity

Placing electrodes (EB#%) on the scalp (3L5Z)
to detect and measure the electrical signals

produced by the brain.

MWLMV WAV MW
MM AN MWAMANY M W
MWL VIS AMWAAINM Ity
PAMARCANAAAAIAMAVM MW
M VWAV AW
AN A VA AL T A AL
MWL WV IN VWAV MW
M LAV IA WAV M

ELECTRODES

Challenge: brain’s electrical activities are
noisy, making it hard to track the relevant
information processing procedures
activated by certain stimuli

EEG READING

FA 2026 CSE5026 CogSci 40
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EEG Technology

* EEG does not directly measure the voltage

* EEG uses the principle of differential amplification, or recording voltage
differences between different points using a pair of electrodes that compares one
active exploring electrode site with another neighboring or distant reference

electrode.

Source:

FA 2026 CSE5026 CogSci 41


https://www.ncbi.nlm.nih.gov/books/NBK390346/
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EEG and ERP

* Event Related Potentials (ERPs)

* ERPs are extracted from EEG recordings by averaging the brainwave
patterns associated with multiple presentations of the same event.

* This averaging process can filter out background noise and isolate the
brain's response to the specific event.
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EEG for CogSci Research

* First human EEG recording obtained by German physiologist Hans Berger in 1924

The upper tracing is EEG, and the lower is a 10 Hz timing signal.

Source:
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https://en.wikipedia.org/wiki/Electroencephalography
https://en.wikipedia.org/wiki/Electroencephalography
https://en.wikipedia.org/wiki/Electroencephalography

EEG for CogSci Research

Source: https://en.wikipedia.org/wiki/Rapid eye movement sleep

* EEG for monitoring stages of sleep

* Rapid eye movement sleep (REMS RIERENEREEAR) is a unique phase of sleep in
mammals (including humans) and birds.
* characterized by random rapid movement of the eyes and the propensity to dream vividly.

Hypnogram
yp g . Brief awakening
Awakening - Sleep(ggﬁt latency s “ |
REM sleep - I

NREM 1— L|_|J

NREM 2 —

NREM 3 - \ SWS (slow wave sleep) level

Midnight 01:30 03:00 05:00 06:30

EEG of sleep showing sleep cycles

FA 2026 CSE5026 CogSci 44


https://en.wikipedia.org/wiki/Rapid_eye_movement_sleep
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EEG for CogSci Research

* Event related potentials during reading - N400O

e Kutas and Hillyard, 1980: Unexpected ending of sentence elicits an N40O peaks in
EEG signals.

* N400: a negative-going deflection that peaks around 400 milliseconds post-
stimulus onset

/\/\ Wi T\ Al R A= NN s
. enes RS AS \ £ \ ) /i L\
. v J » Ly > -
AW :
A4 : \__/
"v’ ..' .

10 sec—

v "\P560
— XXXXX IT WAS HIS FIRST DAY AT WORK.
=== XXXXX HE SPREAD THE WARM BREAD WITH SOCKS.

o XXXXX SHE PUT ON HER HIGH  HEELED SHOES.

DOI:
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https://doi.org/10.1126/science.7350657

% SOUTHERN UNIVERSITY OF SCIENCE AND TECHNOLOGY

R
\g\ A3 MW L%

EEG for CogSci Research

* EEG study of LLM usage

* “Your Brain on ChatGPT: Accumulation of Cognitive Debt when Using an Al
Assistant for Essay Writing Task”, MIT Media Lab

e “.. LLM, Search Engine and Brain-only groups had significantly different neural
connectivity patterns, reflecting divergent cognitive strategies ...”

FA 2026

higher (s
dDTF o5l
2 S
2 53
S i

R
RS

udd

EEG RSN
. Alpha * N
Band

Figure 1. The dynamic Direct Transfer Function (dDTF) EEG analysis of Alpha Band for groups:
LLM, Search Engine, Brain-only, including p-values to show significance from moderately
significant (*) to highly significant (***).

CSE5026 CogSci 46



wa/ EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
IH 2

Magneto-Encephalography (MEG)

* MEG records the magnetic fields (#437) produced 'Y
by electrical currents occuring naturally in the brain, L

using sensitive magnetometers (B37iRNIZS).

* Arrays of SQUIDs (superconducting quantum
interference devices BB EFTFIZEE) are
currently the most common magnetometer

» MEG XS ERIRTNERES, BE/fKpxd
SRS

e Resolution: better than EEG

Source:
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https://en.wikipedia.org/wiki/Magnetoencephalography

MEG Technology s

* First measured by David Cohen in 1968 (without SQUID); first SQUID-measured in
1970s at MIT.

e aaas s jdf be /// i o bl s \-.. _
Tyt cloeid

First MEG measured with SQUID

Dr. Cohen's shielded room at » Picture token in 2009
MIT, in which first MEG was

measured with a SQUID

FA 2026 CSE5026 CogSci 48


https://en.wikipedia.org/wiki/Magnetoencephalography
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MEG Technology

* Pros:

* Directly measure brain activities. As a contrary, PET and fMRI only reflect the
changes in blood flow.

* Very good temporal resolution: millisecond level

* Cons:
* The magnetic signals emitted by the brain are on the order of a few femt-
teslas (1 fT = 107> T), shielding from external magnetic signals, including

the Earth‘s magnetic field (#B#43% microtesla 10> T), is necessary.
* Needs low temperature created by liquid nitrogen

Source:


https://en.wikipedia.org/wiki/Orders_of_magnitude_(magnetic_field)
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Magnetic Resonance Imaging (MRI)

* MRI: An imaging technique that generates detailed, high-resolution images of the
body’s internal structures.

* Basic principle: use the interaction between strong magnetic fields (3&f#3% 1.5-

3.07T), radiofrequency (RF) pulses (§J3ffk/%, 300kHz-300GHz EBR ),
and the atoms in human body -- specifically, hydrogen atoms (protons, SJR—F/

i)

(RO TRE )
«  Wiki:



https://www.bilibili.com/video/BV1di4y1y7au
https://en.wikipedia.org/wiki/Magnetic_resonance_imaging
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fMRI: Functional MRI

* A more sophisticated type of MRI that creates a dynamic record of metabolic
activities over time, which is exclusively focused on the brain.

« AINFEEMEITTHEE S Rz X MDREEIN, MR SESFEEE.
Localized neuronal activation in the brain triggers an increase in regional blood
flow, which delivers oxygen and glucose.

- MATEBMERNSERIERIIFE.

The amount of oxygen carried by hemoglobin affects its magnetic properties.

- IMRIBEH MBI IR SRR AER, B E RS EaRKE=

Sl

fMRI can detect changes in functional oxygen consumption within the brain,

clearly displaying three-dimensional images of high-activity regions.

Al
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fMRI Technology

* Pros:

e Safe: Non-invasive.
* High spatial resolution: 1-2 mm.

e Cons:
* Indirect measurement of neural activities.

* Low temporal resolution: a few seconds, insufficient to trace
cognitive activities.
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fMRI for CogSci Research .
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 Just et al. (1996): Brain activation increases with the linguistic complexity of the
sentences.
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https://doi.org/10.1126/science.274.5284.114
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fMRI and Al Research s

e Current Al approaches can decode brain signal measured by fMRI to some
degrees.

oSew

03pIA

Generate
Models

— @ Brain d>
. | Decoder

X9,

Train

Activity

o J]1L
Brain Signal

After the human body receives external stimuli, the brain generates signals in specific regions.
By decoding these brain signals and using generative models for reconstruction, the stimulus
signals received by the brain are restored.

Sound

punos
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https://arxiv.org/html/2503.15978v1
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Common Experimental Designs

* Stroop paradigm: Proposed by John R. Stroop in 1935, to study the interference
between two conflicting dimensions of a stimulus.

* Example: Participants need to name the ink color of a color word instead of
reading the word itself.

Task 1: Read the words, ignoring the colors:

ORANGE RED
PINK BLUE BLACK GREEN

Task 2: State the colors of the words, ignoring the actual text:

GREEN
PURPLE YELLOW BLUE
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Common Experimental Designs

Task 2 takes longer than Task 1 (in most cases)

e Because human processing of word content (reading the text) is fast and
automatic

While the processing of color requires more deliberate control

When the two conflict, the automatic processing (Task 1) will interfere the more
complex task (Task 2), causing delay in response time and higher error rates.



EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Common Experimental Designs

* N-back paradigm: Tasks to study working memory by requiring participants to
indicate if the current stimulus matches the one presented N trials earlier in a
sequence. First introduced by Wayne Kirchner in 1958.

* Example: Experimenter read the following list of letters to the test subject:

TLHCHOCQLCKLHCQTRRKCHR

* The subject is supposed to indicate the letters in red circles as they were read 3
steps earlier.

e Can be used to measure the working memory capacity.

Source:


https://en.wikipedia.org/wiki/N-back
https://en.wikipedia.org/wiki/N-back
https://en.wikipedia.org/wiki/N-back

Eye-tracking iRTER

Source:
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* Eye tracking: the process of measuring either the point of gaze (where one is
looking) or the motion of an eye relative to the head. An eye tracker is a device
for measuring eye positions and eye movement.
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An example of fixations (£ 1)
and saccades (12 41L) over text.
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Task given to a person
influences his/her eye
movement =
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Estimate material Greumstances
of the family

4 Remember the dlothes 5
Wor by the people.

Surmise what the family had
been doing before the arrival
of the unexpectod visitor.

3 mén. recordings

of the same
subject
. 5 v
Remember positions of people and Estimate how long the visitor had
objects in the room. been away from the family,
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https://en.wikipedia.org/wiki/Eye_tracking
https://en.wikipedia.org/wiki/Eye_tracking
https://en.wikipedia.org/wiki/Eye_tracking
https://en.wikipedia.org/wiki/Eye_tracking
https://en.wikipedia.org/wiki/Eye_tracking
https://en.wikipedia.org/wiki/Eye_tracking
https://en.wikipedia.org/wiki/Eye_tracking
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Math and Statistics for CogSci

e Data: Visualization and statistics
 Model
* Hypothesis Testing



Data Example
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* On each channel of a magnetoencephalogram (Xt [E]), we measure
the magnetic field in an MEG scanner in the absence of a subject in
order to characterize the background noise.

¥ 10

MEG Front Sensor Data

h & W N =2 O = N W &= ;
= | B T |

FA 2026

x10°

MEG data recorded during 14 min
X-axis: time 14x60% ~ 5x10* sec.

Y-axis: order of 10~ Tesla peak-to-peak.

Source: , Lecture 3.
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https://ocw.mit.edu/courses/9-07-statistics-for-brain-and-cognitive-science-fall-2016/
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MEG Data Visualized

* Histogram and boxplot.
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Five-Number Summary

* Five numbers:
* Medium = 50" percentile (Q2)
« 25t and 75 percentiles (Q1 and Q3)
* Minimum and maximum (QO and Q4)

* Interquartile range (IQR):

e Distance between 25t and
75% percentiles

 Whiskers:
e Extended to 1.5 or 3 times IQR

x 107"
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Gaussian Probability Model

* The shape of histogram indicates that a Gaussian
model can be used to describe the distribution
of data:

L e e e S T B P P

1 ( (x — u)2>
exp | —
oV 21 P 202

* f(x): probability density function;

flx) =

500 ¢

* mean u; variance a2.

PRt 114 | A0 ALRRAREMARAE R AR EEAL R AL REALRETRE AL AEREAF LA RRERAR 1T T

S5 4 3 2 - 0 1 4 5

[ ]
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Gaussian model of MEG data

 Assume in the MEG data, u = 0.0, 0 = 1.4x107 11,

* Interpreting o: the average deviation 0 et o A
from the mean that we expect to see. | ’

* Not surprised to see a random variable X: .|
Uu—o<X<u+o.

 Somewhat unusual to see: 200
X<u—2co0rX=pu+2o.

0 1 ...llhl“ll""
E eli o

3

ML

2 O 112 3 4 5
i : : -1
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Approximated Rules from Gaussian

* The “2/3 to 0.95 Rule”.

y 2
04 P(/,L—GSXSH+0)=O.67%§
N(0,1)
0.3+ Plu—2c<X<u+20)=095
0.24 P(u—3c<X<u+30)=0.997
-1.96 0.1+ 1.96
-2576 ¢ Encloses 95% of area under curvey, 2576
T_J ] == T T %’Z

|
-1 0 +1 +2 +3
| | n 1o =6827% ‘

pnt+lo =95.45%

nt3o =99.73%
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Hypothesis Testing

* Hypothesis Testing {21858

* Hypothesis: A statement (about a scientific question) in terms of a
proposed value of a parameter in a probability model.

* Hypothesis testing is a process of establishing proof of falsification.

* Two components:

* Null hypothesis Hy: A stated value of parameter which defines the
hypothesis that we want to reject.

* Alternative hypothesis H 4: A value (a set of values) different from
that in H,, defining the hypothesis we wish to establish.

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
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Analysis of MEG Sensor Bias

 Question: Could it be a bias in the MEG data?

* Assume we have a sample of data x; ... x,;, and each data point is
drawn from a Gaussian distribution x; € N (u, d?). We also assume
that u is unknown, and ¢ is known.

* If there is a bias, then u # 0:

* u > 0: positive bias; u < 0: negative bias.

* Null hypothesis Hy: 1 = 0

* Alternative hypothesis H,: u > O or Hy: u < 0
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Test the Hypothesis with a Statistic («xit#)

* A test statistic’s value will allow us to distinguish between the null and
alternative hypothesis.

X177 X0 o the statistic

* In the MEG case, we choose sample mean x = -

2
e Recallthatx ~ IV (,Ll, %) (Central Limit Theorem):

e Casel:If x > 0 orx < 0, then we are willing to conclude u # 0, i.e,,
reject the null hypothesis Hy.

* Case ll: If X is close to O, then we fail to reject H,,.
(we do not say we accept Hy because we do not reach a conclusion.)
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How correct are we to reject or not?

* In Case |, if we reject Hy, when it is true, then this is an error called
Type | error.

* Let a be the probability of making this type of error:
 « = P(rejecting Hy | Hyistrue) > a =P(x >c, | u = 0)

e a describes the likelihood of observing an x that is greater than some cut-off
value c,, under the conditionthat u = 0
* Because ¥ ~ V' (u, 0% /n), a can be derived:

X—U and we have 7z ~ ]\/‘(0,1), (go to next slide)

e Xx normalized to z =

o2 /n’

FA 2026 CSE5026 CogSci 69
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Type | Error

* (from previous slide) Then ¢ = P(x > ¢, | u = 0) is equivalent to:

ea=P(z>z_,), Wwhere z;__ is the quantile of the standard
Gaussian (normal) distribution.

N(0,1)
- a | 74
0.05 1.645
0.025 1.96 " Area to the right is called
0.01 2.326

. “critical region”

Z1—
FA 2026 CSE5026 CogSci 1-ca 70
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Example

1
/N

* MEG bias data: Assume we have 500 observations x; ... x,;, and the
standard deviation is 0 = 1.1x10 ! Tesla, and the sample mean is X
= 0.11x107 ! Tesla. Suppose we wish to test Hy: u = 0 against the
alternative hypothesis H,: u > 0 with a = 0.05.

Vn(x-0) _ +/500-(0.11) _

= — ~ 2.25

o

* Let’'s compute the z statistic: z =

* From the quantile table, we have z,_, = 7y 95 = 1.645

* Then z > z,_,, meaning that we can reject and conclude that there is
a positive bias in the MEG sensor.
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Example (cont.)

* We should also compute the p-value of z:
ep=P(Z >2z|Hyistrue) =1—-d(z) =1— d(2.25) = 0.012,

* which means the probability of obtaining a Z statistics that is equal to

or greater than z = \/ﬁ(j_o) = 2.25.

* p < a = 0.05 suggests that we can reject H, with fair confidence.
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On the other hand

* Case ll: If X is close to O, then we fail to reject H,,.

* If Hy is not true, i.e., H, is true and we fail to reject Hy, then this is
also an error -- Type Il error.

* Let 5 be the probability of this type of error:
* f = P(fail toreject Hy | Hy is true), H, is true means that u = py,

° — v — — X—UA Ca—UA —
B=Pk<cylu=uy) P(W<W) P(z < zg)

* In practice, we care about 1 — 3, which is the power of the test (goto
next slide)



Type |l Error

* f = P(fail to reject H, | H, is true)

Do not reject Ho Ca

Ho =0 Ha >0

FA 2026 CSE5026 CogSci 74
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Power of Test

* Power=1—f = P(reject Hy | H, is true)
* Power=P(X >c, | Ut = ly) = P(Z > Zﬁ)

* We should not carry out a test if the power is not at least > 0.8 for
important H,.

* Should never report a negative result (failing to reject Hy) without
reporting the power.
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Power and sample size calculation

* Given Ho: b = po, Hpt pt = pg > Uy

* We will have power = ® (\/ﬁmo_““‘l + Za), where @ is the cumulative

o)
distribution function (CDF) of N'(0,1).

» for detailed derivation.

* Then, power=1—8 = ® (\/ﬁlﬂo_“‘ql + Za) i

o)
Vnluo—pal Vnluo—pal
*Zi_pg = ~ tZy =21 p— 24 = . =Z1-pt2Z1_q
, 02(21_p+21_0)°
* Finally, n = (z1-p+71-a) ,where A = |uy — pyl.

A


https://clcs-sustech.github.io/course/cse5026/2026/readings/MIT9_07F16_lec12.pdf
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Power and sample size calculation

* Example: How large should n =7 be so that we are at least 80% sure
about the Hy: uy = 0.1x107 11 Tesla, with @ = 0.05?

« Answer: Apply Zg o5 = 1.645, z5 50 = 0.84, 0 = 1.1x107 1 to the a

2
0%(21-p+z1-q)

n = : ,
1.12(1.645+0.84)2
o = L1¢ )" ~ 748,
0.12

* Round up to n = 750 instead of the original 500.



How sample size affects power

n=16 n=25 n=36
Ho Hy
Ho Hy
Ho Ha
\ K /|
C C C
B =19.6% B =6.9% B =1.8%

FA 2026 CSE5026 CogSci
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Future of Cognitive Science

e Artificial Intelligence AT &8¢

* LLMs, Agents, Robots
 Neuromorphic (Brain-inspired) Computing Z&SiXiT5&

* Brain Computer Interface Xt/



