EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

CSE5026: Introduction and
Frontiers of Cognitive Science

Yang Xu &% xuyang@sustech.edu.cn

Department of Computer Science and Engineering
Southern University of Science and Technology



\\ 2

Cognitive Science TARIRLZE

e Understanding how 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

* Als need to understand human mind
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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, 8:00 am, 1-2, =#{@Room 205
* Lab session: Tuesday, 10:20 am, 3-4, —Z{@Room 509

» Textbook (optional): {IAFORIZ Cognitive Science) SEETE, H[E
BlE=RARA K F MR,
* Online materials (optional):
- PRIBTITERT, EHaeRlE5ATEESLRE, IAKIEM.



http://www.intsci.ac.cn/znjx/rzjc/
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Prerequisite

* Knowledge and concepts
e CS303/CS311 Artificial Intelligence

* Paper reading and presentation skills

* Programming skills
e Python, Numpy, PyTorch

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

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

* 40%: Reading papers on research topics selected from the pool;
Complete two times of team presentation:
1 Classical paper and 1 Erontier paper.

e 20%: Final exam
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Lab Practice

* Graded: 5 times; Jupyter notebooks.

* Ungraded: every week

* What'’s practiced:
* Touch/play/operate the equipment
* Software usage; programming
* Data processing
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Paper Reading and Presentation

* Two presentation reports for each team.

* Pick two different topics from the current pool:
1 Classical paper and 1 Erontier paper

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



Team and Paper Pool

* Team size: 2-3
* Team up before the end of week 3

e Paper assignment by the class meeting of week 4
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Schedule (sample)

* 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 models and software libraries
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Schedule (sample)

* 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 IS
 EEG Equipment JXEB RIS




Historical Background

“Cognition”: 4T 1573 /& "cognoscere”
« 3 3 : The mental action or process of acquiring knowledge and
understanding through thought, experience, and the senses.

s B AR EE. Z2RRRE RE BRI R f A6 AL
/R A (GAIR) + 4= (40iR)

© MIPFGREL, 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

e Russian scientist Pavlov’s study on dogs BBE5 1%

« American psychologist J.B. Watson 5245, 1913

* Little Albert Experiment
* YTB link:

« 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

:'ﬂr] (FESEAERIED) &
LLb (P ERIED) '5§
5 (SAFRIED) HEL

B (TTFFRET) .
F&% 1¢%J,%&) SETHI, SHEEME (RRHRED) .
SEEE (FERE) . I Jtl:H]“Zi* =
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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 ERNERIFE RIS S M S-R,
- RIOEEN: DEFAE—RHEIN. WSERBRLEAITA.
(151 R1eQ)

 Game changer: The booming of Information Technology

* Information Processing Theory (20T 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 |
(1977) : 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

/ A . Cognition is a science of mind and intelligence
, L T YN * Perception
@ 5 e M emory

Education Neurosmence

* Thought & reasoning
* Learning
Artificial

* Language
Philosophy
intelligence

* Problem solving
@  Emotion
Anthropology Psychology * ...



https://en.wikipedia.org/wiki/Cognitive_science
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CogSci Research Methodology

* Internalism RIfEEN 5%

e 1. Reductionism IARE VW :

 BEMERRINGE, ARG ERAME RIS
o« HIETREIARANIRE: OINE—

« 5]: iR(G = M ARNEB%LE, 2R, ShA. Bk

- [ DIRREGEEYRIE, LIRS SR ——XI L,

LI

LT
gpus
/
2AF
&
LI
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CogSci Research Methodology
e Internalism RfEEN 5%

e 2. Functionalism IHEE=E W
SR IR ERIIIEE . OB E2BIRSIREZERIPT,
2ReRITE ED%EU&IEUEE, BB ARSI ERIIEN,

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.

. HHEHAH I ERA XSO SRS AR AT LS S AP 5)

e Source: Hilary Putnam on Functionalism

I 'I'



https://youtu.be/i0bky2ep_lI
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CogSci Research Methodology

* Internalism R{EFEN 5%
* 3. Introspectionism NEF N

e Psychologists: Wilhelm Maximilian Wundt (& EE-"3%F 1832-1920) and Edward
Titchener (Z1E4E-2KE4H 1867-1927)
c BT RAEAEMRERITERLEOREE REHASHE,
« BB S SR NERNTTRHI TSLIR AR,
- BYFEEIEEINEE, BRI ETISIEHISKE MREEBEIRLENRIETIAE.

- RRPRETUIRAERN, EXHREFENVEAROBARKT. BER. BRE=MER
TR, HEUtNEEFICRERE.

* Now we also ask LLMs to self-report ©

LI
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CogSci Research Methodology

e Internalism RfEEN 5%

e 4. Cognitivism TAREN. (1LIEZ) / Symbolism FF=5E N (ATLERE)

« (XX AYI: Herber Simon, Allen Newell, Marvin Minsky

- AR FHeen]LIHWNERNARISRE, BEIARYERMEBYETFERARRE,

mind = computer, cognition = information processing/internalization

B |

All kinds of intelligence = Physical symbolic computing system

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

Cons: XILEERIHT L EIA, A mechanical image of mind/cognition.
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CogSci Research Methodology

* Externalism IMEFE N Fi&
e 1. Behaviorism {7 AFEN
e J.B. Watson 517 AFEN, B.F. Skinner 4517 9E .,

- #1 t__MTEIL,\ BENERTITARBHN—ERE, IABRIZFAYERESRM
EOHEZF FAERIEN, AL TIBFE.
- HregNfastie: BFIESMHST Operant Conditioning, IEINXITTARYEISIE.

- HER TEIVOERNRERNX. BRIFIEM.,

I 'I'

LI
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CogSci Research Methodology

* Cognitive Context INFIEBIE 5%
e 1. Connectionism BX&5E
« (XX AYJ: David Rumelhart, James McClelland, Geoffrey Hinton.
- TEEE: DRI B RV TT A Z BEENEEY, IAFEREIEEN
L TTHITEEER.
s \AEEEFETHEMBEN ISR SEIRETMIIREIRS— —iSgE.
o FRZZMIZE neural networks, F1TfTUALIE parallel distributed processing.
o 5 FROHITRZERE, 8% FHTITE, Thee LTS EAME,
o SERIENARIAYPITEERALEL,
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Research Methods and Technology

e Brain-related Technology AfXfEHKXFZA
« ERZAREICSR single-unit recording
« IFE R HIENTIRSS/MEIHE 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—W—HL
_|0.1mv

10ms

Tms

Spikes/s

DOI:
2025 FA Introduction and Frontiers of Cognitive Science 27


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: IFEBF; emission: &Z51&; tomography: EiTiERZ/MTE
i

« JRIE:

o IEEBFE2AE LG YRR £

« BFERGIMHIRCRIRARESTHIARRN, RUERSEEAMAIMEP.

« B REECRERT, AT RCHRIR R A E X,

- (FHEAEEENENETERINFRIEREFEHE.

A E R AN ERAINA R K ESEKFRIEIR.




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

PET Examples

Isotopes used in PET scans

Isotope |'C [N |0 |BF |68Gy 64Cu | 52Mn | %5Co | 89zr 82Rp
Half- 20 10 2 110 67.81 12.7 175 | 78.4 1.3

. . | ] | 5.6 d - .
life min min min | min min h h h min

Coincidence
Processing Unit

Sinogram/
Listmode Data

Annihilation Image Reconstruction

2025 FA Introduction and Frontiers of Cognitive Science
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https://en.wikipedia.org/wiki/Positron_emission_tomography
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Source:

PET Examples

Whole-body PET
scan using 18F-FDG.

A static PET scan of
the human brain.

2025 FA Introduction and Frontiers of Cognitive Science 31


https://en.wikipedia.org/wiki/Positron_emission_tomography

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

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).
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PET for CogSci Research

DOI: 10.1017/s0033291797004856.

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

with PET {8 FHPETH 3B SIAKITIREZ [BIRVEEAF R

» ik IEBRSIEESARXERIFHIENBEINE FHITIES RFIEES.

(ERLERE &SI (PET) NEBEILAE (rCBF) , FE{EHH
,IIEE)JE’JTEho
5

- IEXETHPEIRABELE RS T, IMUBERRSZ CRRYEERINILARE (rCBF) 1EFRFIEN;

- IEXBIBET, FHRAVEHRILREERIEN, mEPEPRET, EUIRMNEIEH

RESEIAILRR AL, B ES S AR/ M AMIRTERT . inferior
Eg](-)l’:_:ta | \imi%ﬂ] HUEZ}__ yﬂﬂ] H'.H:D (5] IEI*D u% I]'|'EZ)E§\ }EE‘BE(JEUHU?%J:@ L\/L&EH—&—E/\J%%BH&_
N,

- IEXETHDEIFRAEE RS T, 1ESmBIEES S IRRIENRIEIRT. EaIRiRR. 0

2025 FA

RN ERRTRGEISIRRES. B, RiflmRIEGERYRSSEITEREESaRIRI.
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Electroencephalogram, EEG fXEEE]

* A technology that records the brain’s electrical activity

Placing electrodes (EB#)) on the
scalp (3kFZ) to detect and
measure the electrical signals
produced by the brain.

ELECTRODES |/ |

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

EEG READING
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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.

Fp,-

Fa=Aj

Ca—A

Pa—A

< >|I<

Source:
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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.



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:

2025 FA Introduction and Frontiers of Cognitive Science 37


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

* EEG for monitoring stages of sleep

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

* Rapid eye movement sleep (REMS PRIERENEREEAR) 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 - SIeep(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

2025 FA Introduction and Frontiers of Cognitive Science 38


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

" -J\ﬂ K\/.\ S \ N7 /i L\
. v J » Ly > -
W :
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:

2025 FA Introduction and Frontiers of Cognitive Science 39


https://doi.org/10.1126/science.7350657
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EEG for CogSci Research

e 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 ...”

2025 FA

higher <
dDTF o, g
= % . 2 B
(al
o) R S
EEG “R . e A,
. 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 (***).

Introduction and Frontiers of Cognitive Science 40
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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 st HEE g L g Lol ,//// — PW: 7-02 H 2eefe \.,’__ ~ 1

 Vegeq cheed

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

2025 FA Introduction and Frontiers of Cognitive Science 42



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-

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

i)

(AL R AT ROE )
«  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.

» KiNFERRL TR ERs |/ RZXEILGEREIN, MKRFSESMNEEHE.
- METEBMEEN S 2 EHITFE.

. fM{;‘ﬁ*ﬁd‘ﬁiﬂﬂﬁﬂkﬂﬁmﬁ%’tiﬁiﬁﬁﬁw‘%7 , BRI RS E X RI =%
=g,
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fMRI Technology

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

* 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

— @ Brain d>
. | Decoder

Models

-
Train =

Activity =

= _HE
ML 1 o
m : i
Brain Signal 2

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.

2025 FA Introduction and Frontiers of Cognitive Science 48


https://arxiv.org/html/2503.15978v1
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Common Research Design Paradigms

* 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

2025 FA Introduction and Frontiers of Cognitive Science 49
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Common Research Design Paradigms

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.
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Common Research Design Paradigms

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.

Can be used to measure the working memory capacity.

Source:
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Eye-tracking iRTER

Source:

A3 M LY

% SOUTHERN UNIVERSITY OF SCIENCE AND TECHNOLOGY

* 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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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

]

Estimate how long the visitor had
been away from the family,

Remember positions of people and
objects in the room.
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Future of Cognitive Science

e Artificial Intelligence AT &8¢

* LLM, Agents, Robots

* Brain Computer Interface Xt/
 Neuromorphic (Brain-inspired) Computing Z&SiXiT5&



