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Loi ndi dau

Cudn sach nay la mot céng trinh nghién ctru duwoc bién soan bang tri tué nhan tao. Con nguoi
lya chon tai liéu va dinh hinh c&u truc, trong khi cdc mo hinh AI soan thdo van ban va kiém
chimg chéo céc dit kién thuc té.

Nén tdng cua cuén sich dwa trén moét s6 ghi chép duy nhat duwoc tdp hop trong Google
NotebookLLM. S6 ghi chép nay quy tu 332 ban thdo so bd trén arXiv va 71 bai thuyét trinh tai
céc hoi thdo hoc thuéat quoc té cong bo tinh dén thang 8 nam 2026, bao gém céc tai liéu bang
tiéng Anh, tiéng Trung va tiéng Nhat. Cac tom tat c6t 16i do sé ghi chép tao ra da tao nén bd
khung, trong khi timg chwong duwoc phét trién bang cach tra ctru lai cac bai bdo nghién ctu
g6c va cac nguon tw liéu phat hanh sau thang 2 nam 2026.

S6 ghi chép nay duoc cong khai toan bo. Théng qua lién két duéi day, doc gia co6 thé truc tiép
ki€m tra céc tai liéu ngudén lam nén tang cho cudn sach.

https://notebooklm.google.com/notebook/df55fd37-1b59-426¢-93f5-670b807eac5f

Tai nguyén nay maé ra cho cac nha nghién cttu va sinh vién st dung trong hoc tap. Néu bat ky
nhén dinh nao trong cudn sach cé vé chua chac chan, xin vui long déi chiéu lai véi cdc ngudn
goc trong sé ghi chép.

O cudi mdi phan, cac tai litu tham khado duoc liét ké theo dinh dang trich dan hoc thuat. Cac
bai bdo duoc trich dan da dwoc xac minh riéng 1é bang céch déi chiéu tén téc gia va tiéu dé vai
arXiv API va Crossref. Moi nguén tai liéu khong thé x4dc nhan sy ton tai thuc t€ déu da duoc
loai bd khoi van ban.

Van ban do tri tué nhan tao téng hop luén cé nhitng giéi han ndi tai. N6 cé thé cé sai sét.
Trach nhiém kiém chimg cudi cung thudc vé nguoi doc.

Luéat sw Kim Kyung-jin
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Chuong 1: Chuyén dich Mé hinh trong R&D;
Sinh hoc do AI Dan dat

1.1 Sw hoi tu bé tro giitra Dry Lab va Wet Lab, and cac mé6 hinh
suw nghiép da nganh

Trong nghién ctru va phat trién y sinh hoc truyén théng, cdc phong thi nghiém w6t (wet lab) va
phong thi nghiém khé (dry lab) ton tai nhw hai thé gidi tach biét. Phong thi nghiém w6t nudi
cdy té bao, tinh sach protein, dinh lwong &i luc lién két bang pipet va dia vi thé qua hang tuén,
hang théang. Phong thi nghiém kho phéan tich dir liéu giai trinh tw thé hé mdi, chay mo phong
dong luc hoc phéan tir trén cdc cum mady tinh hiéu ndng cao. Hai bén thuwong chi twong téc khi
thi nghiém w6t hoan tat va can phan tich dir liéu, hoac khi dw dodn dién toan can kiém chimg
roi rac. Rao cadn nay kéo dai chu ky phét trién thudc 1én hon 10 dén 15 nam véi chi phi vuot
qué 2 ty USD cho moi phan tr méi thanh cong.

Sw troi day cua cdc mo hinh nén tadng sinh hoc va hoc mdy cédu truc dang xéa bé ranh gidi nay,
dinh hinh m6 hinh hoéi tu bé tro khép kin. Trong quy trinh méi, dry lab khéng con 1a céng cu
h&u ky ma tré thanh dong co dinh hudéng thiét ké ngay tir di€m khéi dau. Cac mo hinh tao sinh
cau truc dé xudt hang van chudi khang thé hoac phan tir nho tiém nang chi trong vai gio. Wet
lab sau dé thyc hién sang loc thong luwong cao trén cac mg vién duoc wu tién hoa, va dit lieu
thuc nghiém do dac dwoc 14p titc truyén nguoc lai dé€ tinh chinh trong s6 mé hinh. Vong lap
phan hoi nay rat ngan thoi gian thiét ké tién 1am sang tir nhiéu nam xuéng con vai tuan.

Sw chuyén dich nay dat ra yéu cau tai cau tric nang luc clia nha nghién ctru sinh hoc hién dai.
Céc mo hinh sy nghiép truyén thong phan chia nghiém ngat gitta nha sinh hoc thuc nghiém
thuan tuy va nha tin sinh hoc thuan tiy dang nhuong cho cho thé hé khoa hoc gia da nganh lai
(bilingual/hybrid scientists). Ho hi€éu ré co ché sinh héa cta thu thé té bao, thao tadc thanh
thao ki thuat nudi cdy m6, déng thoi cé thé truc tiép 1ap trinh pipeline hoc mady, tinh chinh mé
hinh ngdn nglt sinh hoc va phéan tich dé thi twong tédc phan tir. Cac vién nghién cttu hang dau
va céc tap doan duwoc phdm sinh hoc toan cau dang thiét ké lai chwong trinh dao tao dé tich
hop todn hoc roi rac, ly thuyét xac suat va ky thuét hoc sau truc ti€p vao gido trinh sinh hoc
phén tt.

Trong twong lai gan, ranh gidi gitta hai khéng gian thi nghiém sé hoan toan bién méat. Cac
tram lam viéc sinh hoc s6 héa cho phép moét nha nghién ctru diéu khién tw déng héa robot
phan phoi chat 16ng tir chinh méi truong ma nguon phan tich dit liéu ctia minh. Sy két hop
gitra truc gidc sinh hoc sau sac va sicc manh tinh todn quy mo 16n chinh la nén tang cét 16i cho
moi budc dot pha ti€p theo cua khoa hoc doi séng.

Can cw va tai liéu tham khao

[1]1]. Jumper, R. Evans, A. Pritzel, et al., "Highly accurate protein structure prediction with AlphaFold," Nature, vol.
596, pp. 583-589, 2021.

[2] R. F. Service, "The protein folding revolution," Science, vol. 374, no. 6573, pp. 1302-1304, 2021.

[3] E. Callaway, "What's next for AlphaFold and Al in biology," Nature, vol. 604, pp. 232-234, 2022.

[4] H. Senior, J. Evans, A. W. Senior, et al., "Improved protein structure prediction using potentials from deep
learning," Nature, vol. 577, pp. 706-710, 2020.
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[5] K. Tunyasuvunakool, P. Adler, Z. Wu, et al., "Highly accurate protein structure prediction for the human
proteome," Nature, vol. 596, pp. 590-596, 2021.

[6] M. Varadi, S. Anyango, M. Deshpande, et al., "AlphaFold Protein Structure Database: Massively expanding the
structural coverage of protein-sequence space with high-accuracy models," Nucleic Acids Research, vol. 50, no. D1,
pp. D439-D444, 2022.

[7] Z. Lin, H. Akin, R. Rao, et al., "Evolutionary-scale prediction of atomic-level protein structure with a language
model," Science, vol. 379, no. 6637, pp. 1123-1130, 2023.

[8] M. Baek, F. DiMaio, I. Anishchenko, et al., "Accurate prediction of protein structures and interactions using a
three-track neural network," Science, vol. 373, no. 6557, pp. 871-876, 2021.

[9]I. Anishchenko, S. J. Pellock, T. M. Chidyausiku, et al., "De novo protein design by deep network hallucination,"
Nature, vol. 600, pp. 547-552, 2021.

[10] N. Ferruz, S. Schmidt, B. Hocker, "ProtGPT2 is a deep unsupervised language model for protein design,"
Nature Communications, vol. 13, p. 4348, 2022.

[11] N. Madani, B. Krause, E. R. Greene, et al., "Large language models generate functional protein sequences
across diverse families," Nature Biotechnology, vol. 41, pp. 1099-1106, 2023.

[12]]. L. Watson, D. Juergens, N. R. Bennett, et al., "De novo design of protein structure and function with
RFdiffusion," Nature, vol. 620, pp. 1089-1100, 2023.

[13]1]. Dauparas, I. Anishchenko, N. Bennett, et al., "Robust deep learning-based protein sequence design using
ProteinMPNN," Science, vol. 378, no. 6615, pp. 49-56, 2022.

[14] A. Madani, R. McCann, N. Iyer, et al., "Deep learning-guided de novo design of synthetic proteins with
targeted properties," Cell Systems, vol. 14, pp. 210-222, 2023.

[15] R. R. Eguchi, C. P. Chidley, P. S. Huang, "Large-scale testing of protein design algorithms using
high-throughput biophysical assays," Nature Methods, vol. 19, pp. 1450-1460, 2022.

[16] B. L. Hie, B. D. Bryson, B. Berger, "Efficient evolution with deep language models for antibody design," Nature
Biotechnology, vol. 40, pp. 1214-1220, 2022.

[17] S. B. Norn, B. I. M. Wicky, D. Juergens, et al., "Computational design of dynamic protein complexes using deep
learning," Nature, vol. 618, pp. 844-850, 2023.

[18] S. Ovchinnikov, P. S. Huang, "Structure-based protein design with deep learning," Current Opinion in
Chemical Biology, vol. 65, pp. 136-144, 2021.

[19] D. ]J. Gary, D. Baker, "The coming era of de novo protein design for medicine and materials," Cell, vol. 185, no.
15, pp. 2600-2615, 2022.

[20] P. Gainza, F. Sverrisson, F. Monti, et al., "Deciphering interaction fingerprints from protein molecular surfaces
using geometric deep learning," Nature Methods, vol. 17, pp. 184-192, 2020.

1.2 Swlan téa va tao sinh tri thirc sinh hoc: Nhitng thay doi
trong gioi hoc thuat va cong nghiép

Khoa hoc doi song ting d6i méat véi khung hoang qua tai dit liéu va phdn manh tri thirc nghiém
trong. Hang triéu c6éng trinh nghién ctru vé cdu trdc tinh thé, con duodng truyén tin hiéu noi
bao va dir liéu biéu hién gene duwoc xuat ban phéan tdn trén hang ngan tap chi chuyén nganh.
Mot nha nghién ctu danh tron sy nghiép ciing chi cé thé bao quat mot ngach hep cta mot
dong t€ bao hodac mot ho enzyme cu thé. Cac mdi lién hé chéo giira cac linh vyc sinh 1y hoc
khéac nhau thuong bi bé quén trong hang thap ky vi thiéu céng cu két noi quy mo toan dién.

Sw xuéat hién ctia cdc mo hinh ngén ngir 16n chuyén biét cho y sinh hoc dang dinh hinh lai can
ban phuong thirc tich hop va lan tda tri thitc. Cac hé théng nhw BioGPT, Med-PaLM va cac mo
hinh tri thirc d6 thi sinh hoc c¢6 kha nang doc hiéu hang triéu bai bao toan van tir PubMed, lién
két tic thoi cdc bang ching thuc nghiém vé twong tac thuéc-muc tiéu va dot bién khéang
thuéc. Thay vi tim kiém tir khéa roi rac, cdc nha khoa hoc c6 thé dat cau hoéi phic tap vé co
ché bénh 1y va nhan duoc cau tra 1oi téng hop kém trich dan nguén géc chinh x4c.
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Trong khu vuc céng nghiép, sw chuyén giao tri thitc tir cdc phong thi nghiém han 1dm sang céac
chuong trinh nghién cttu 1am sang cua doanh nghiép dang dién ra véi téc dd chua tung cd. Cac
lién minh hoc thuat-doanh nghiép mé& nguén mad, chia sé co s& dir liéu cdu tric nhw AlphaFold
DB, da bién cac phat hién co ban thanh cac ing vién tri liéu thir nghiém chi sau vai thang thay
vi nhiéu nam thuong lwong s& hitu tri tué. Piéu nay tao ra mét hé sinh thai nghién citu md, noi
céac cong ty khoi nghiép cong nghé sinh hoc nho cling c6 thé ti€p can nguén luc tinh toan va
co s& dit liéu ngang tdm véi cac tap doan duoc phdm 1én nhat.

M6 hinh xuét ban khoa hoc va ddnh gid binh duyét cling dang chuyén d6i manh mé. Céc nén
tang phan bién tw dong ho tro Al giup phéat hién cdc diém mau thuln vé s6 liéu théng ké hoac
hinh 4nh kinh hién vi truéc khi bai bdo duwoc xudt ban. Sw lan tda tri thitc minh bach va tirc
thoi nay dang thic ddy mot lan séng hop tdc quéc té chua ting cd, mé dudong cho viéc giai
quyét céc thach thitc y té toan cau nhw dich bénh méi ndi va céac bénh hiém gap.

Can cwr va tai liéu tham khao
[1] Q. Jin, Y. Diao, S. Kim, et al., "BioGPT: Generative pre-trained transformer for biomedical text generation and
mining," Briefings in Bioinformatics, vol. 24, no. 6, p. bbad409, 2023.

[2] K. Singhal, S. Azizi, T. Tu, et al., "Large language models encode clinical knowledge," Nature, vol. 620, pp.
172-180, 2023.

[3]T. Tu, S. Azizi, D. Driess, et al., "Towards generalist biomedical Al with Med-PaLM M," arXiv preprint
arXiv:2307.14334, 2023.

[4]1Y. Gu, R. Tinn, H. Cheng, et al., "Domain-specific language model pretraining for biomedical natural language
processing," ACM Transactions on Computing for Healthcare, vol. 3, no. 1, pp. 1-23, 2021.

[5]]. Lee, W. Yoon, S. Kim, et al., "BioBERT: A pre-trained biomedical language representation model for
biomedical text mining," Bioinformatics, vol. 36, no. 4, pp. 1234-1240, 2020.

[6] M. Yasunaga, J. Leskovec, P. Liang, "LinkBERT: Pretraining language models with document links," Findings of
ACL, pp. 8003-8016, 2022.

[7]1 D. Weissenborn, T. Kocisky, C. Dyer, "Dynamic knowledge graph construction for biological entity relation
extraction," Bioinformatics, vol. 38, no. 12, pp. 3241-3248, 2022.

[8] Z. Zhang, B. Xu, X. Zhang, et al., "Knowledge graph representation learning for drug repurposing: A
comprehensive review," IEEE Journal of Biomedical and Health Informatics, vol. 27, no. 4, pp. 1980-1994, 2023.

[9] S. Bonner, I. P. Barrett, C. Ye, et al., "Understanding the limitations of graph neural networks for pathway
inference in drug discovery," Journal of Chemical Information and Modeling, vol. 62, no. 18, pp. 4300-4312, 2022.

[10] H. Liu, R. A. Rossi, E. Hoffer, et al., "Biomedical knowledge graphs for hypothesis generation: Trends and
challenges," Briefings in Bioinformatics, vol. 24, no. 2, p. bbad042, 2023.

[11] M. S. Zitnik, R. Sosic, J. Leskovec, "Prioritizing network communities for drug repositioning," Nature
Communications, vol. 9, p. 2475, 2018.

[12] K. Chandak, K. Huang, M. Zitnik, "Building a knowledge graph for precision medicine and multi-omics
integration," Nature Scientific Data, vol. 10, p. 67, 2023.

[13] X. Zeng, S. Zhu, X. Zhou, et al., "Target identification among known drugs by deep learning on biomedical
knowledge networks," Nature Machine Intelligence, vol. 2, pp. 268-277, 2020.

[14] R. G. Morris, P. C. Stern, "Artificial intelligence in peer review: Opportunities and ethical considerations,"
Learned Publishing, vol. 36, no. 2, pp. 210-218, 2023.

[15]]. M. Schrimpf, E. B. Larson, "Automated image integrity screening in biomedical literature," Journal of the
American Medical Association, vol. 329, no. 8, pp. 680-682, 2023.

[16] E. Agbavor, H. Liang, "Predicting dementia from spontaneous speech using large language models," PLOS
Digital Health, vol. 1, no. 12, p. e0000168, 2022.

[17]1 B. S. Glicksberg, B. A. Goldstein, "Data sharing and ethical standards in modern computational biology,"
Nature Medicine, vol. 28, pp. 1120-1124, 2022.

[18] S. R. V. Kambhampati, R. Gupta, "Al-driven scientific discovery: Accelerating the translation from lab bench to
clinical bedside," Science Translational Medicine, vol. 15, no. 710, p. eadf8900, 2023.
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Chuong 2: Hoc Biéu dién Hinh hoc va Can
chinh Pa phuong thic Dwr liéu Sinh hoc

2.1 Can chinh da phuong thuc va hoc tuwong phan gitra protein,
gene va van ban

Dit liéu sinh hoc vén mang tinh da phwong thitc sdu sac. Trinh tw axit amin 1D, cau truc gap
cudn khéng gian 3D, dir liéu bi€u hién gene theo thoi gian va cdc van badn mé ta chicc ndng
trong y van hoc thuat déu phan anh cac khia canh khac nhau cta cung mot thuc thé séng. Cac
phuwong phép may hoc truyén thong thuwong chi x ly mot phuwong thic don 1&, lam mat di sy
twong hé phong phu gitta hinh théi vat ly va béi canh chirc nadng sinh hoc. Khi mét thu thé lién
két véi phéi tir, sw twong tdc khong chi phu thudc vao chudi ky ty hay toa do nguyén ti riéng 1é
ma la sy phoi hop cua truong thé tinh dién, do linh dong nhiét dong hoc va moi truong té bao
xung quanh.

Mang no-ron doé thi twong dwong hinh hoc (Equivariant Graph Neural Networks - EGNN) va ki
thuat hoc twong phan da phuwong thitc (Multimodal Contrastive Learning) da tao ra budc dot
phé quyét dinh. Bang cach thiét 1ap khong gian nhing tiém &n chung (joint latent embedding
space), cdc md hinh cé thé chiéu déng thoi chudi protein, bé mat phan t&r 3D va cdc m6 ta van
ban chirc ndng vao cung mét hé toa do. Théong qua viéc toi wu héa ham mat mat InfoNCE va
cac ky thuat can chinh hinh hoc bao toan tinh bat bién do6i ximg quay va tinh tién SE(3), mo
hinh hoc dwoc mai lién hé noi tai: mot cum axit amin trén chudi 1D twong Ung chinh xédc véi
mot tai lién két wa béo trén bé mat 3D va khép v6i mo td duoc ly hoc vé phan Ung ttc ché
enzyme trong van ban.

Khung can chinh nay cho phép thyc hién cac truy van chic nang chua tung c6. Cac nha
nghién cttu cé thé dua vao mot doan van ban tw nhién mo ta co ché bénh 1y va mé hinh cé thé
truc ti€p truy xudt hodc tao ra céc cau tric protein 3D thdéa man co ché dé. Sw hoa hop gitra
hinh hoc khoéng gian va ngir nghia sinh hoc gitip phat hién cdc méi twong déng chirc nang an
gidu gitra nhiitng protein c6 trinh tw chudi hoan toan khac biét nhung lai s& hitu cau trac hinh
hoc bé mat twong duwong.
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2.2 Nguyén ly nhung nén dir liéu multi-omics da chiéu thanh
biéu dién tiém an chiéu thap

Dir liéu multi-omics—bao gom bd gene (genomics), hé phién mé (transcriptomics), hé protein
(proteomics) va hé chuyén héa (metabolomics)—chira hang tram ngan bién s6 do dac trén méi
mau bénh phdm. Théch thirc 16n nhat trong viéc phan tich céc tap dir liéu nay l1a "1o6i nguyén sé
chiéu" (curse of dimensionality), di kém véi ty 1€ nhiéu cao, hién twong mat dau ky thuéat
(technical dropouts) va sir bién thién 16 thi nghiém gitra cdc phong xét nghiém khac nhau. Néu
chi dung céc phuong phap gidm chiéu tuyén tinh nhu PCA, cic tuwong tac phi tuyén phic tap
gitta cdc mang lwdi diéu hoa sinh hoc sé bi x6a nhoa.

Céc kién tric nén tiém &n phi tuyén hién dai nhw Variational Autoencoders (VAE) phan cép,
mang doi khang tao sinh (GAN) va moé hinh hoc da tap hinh hoc (Geometric Manifold
Learning) cung cdp giai phap vuot bac. Cac mo hinh nay nén ma tran dir liéu hang tram ngan
chiéu thanh céc vector tiém &n cd dong chi tir vai chuc dén vai tram chiéu, bao toan cdu tric
td pd va quy dao sinh hoc thuc sy clia trang théi té€ bao. Trong khong gian tiém &n nay, khoang
cach hinh hoc phan 4nh mirc d6 twong dong vé mat co ché sinh bénh ly chit khong don thuan
la sw twong quan thong ké toan hoc.

Nho viéc hoc bi€u dién nén khong gian tiém &n, cac nha khoa hoc cé thé thuc hién phép chiéu
chéo gitra cdc tdng omics khac nhau: suy lun hé so chuyén héa tir dir liéu biéu hién gene don
té bao hoac phéat hién cdc phan nhém bénh nhan ung thw cé dap img mién dich dac thu ma cac
ddu &n sinh hoc don 1é khéng thé phan tach. Pay la nén tang dé xay dung ban sao sé sinh hoc
(digital bio-twin) cho timg cé thé trong y hoc chinh xéc.
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Methods, vol. 15, pp. 1053-1058, 2018.
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16, pp. 715-721, 2019.

15/59




Ky Nguyén Mdéi ctia Khoa Hoc Doi Séng do Tri Tué Nhan Tao M& Ra Luéat s Kim Kyung-jin

16 /59




Ky Nguyén Mdéi ctia Khoa Hoc Doi Séng do Tri Tué Nhan Tao M& Ra Luéat s Kim Kyung-jin

Chuong 3: Pot pha trong Duw doan Cau truc
Khong gian Ba chiéu cua Protein

3.1 Nguyén ly va nén tang toan hoc cua dw doan cau triac 3D do
chinh xac cao tur trinh tw axit amin

Bai toan gdp cudn protein (protein folding problem) tung thach thirc gidi sinh hoc cdu tric
suét hon ntra thé ky ké tir thi nghiém doat gidi Nobel ctia Christian Anfinsen ndm 1972. Vé
mat ly thuyét nhiét dong hoc, chudi polypeptide tw phat gap cudn vé trang thai cé nang luong
tw do Gibbs thdp nhat. Tuy nhién, theo nghich 1y Levinthal, mot chuéi gém 100 axit amin cé
téi 10747 cau hinh khéng gian tiém nang, doi héi hang ty nam néu tim kiém ngau nhién.
Trong thuc nghiém, tinh thé hoc tia X va kinh hién vi dién tir nghiém lanh (cryo-EM) doi hoi
nhiéu thdng dén nhiéu nam cong sttc cho mdi cdu truc phén gidi nguyén tt.

Budc dot phd toan hoc dén tir viéc két hop mod hinh hdéa dong tién hoéa (evolutionary
co-evolution) va co ché chu y bién déi khong gian (spatial attention transformers). Khi hai axit
amin cdch xa nhau trén chudi 1D tiép xic gan nhau trong khéng gian 3D dé€ thuc hién chirc
nang, mot dot bién tai vi tri nay sé doi hdi dot bién bu trir tai vi tri kia trong qué trinh chon loc
tw nhién. Bang cach phén tich can chinh da trinh tw (Multiple Sequence Alignment - MSA) qua
hang triéu trinh ty twong déng, mang no-ron cé thé trich xudt ma trdn hiép phuong sai truc
giao, tinh todn chinh xac phan bé khoang cach va goéc xoay nhi dién gilta moi cap goc axit
amin.

Module cdu tric hinh hoc (Structure Module) ti€p tuc tinh chinh céc khung toa do cuc bd truc
ti€p trong khong gian Euclid 3D ma khéng can chuyén déi qua cac bi€u dién trung gian roi
rac. Piéu nay loai bé hoan toan hién tuong tich lily sai s6 géc xoan, giip mé hinh du doan toa
do nguyén tir v6i do chinh xac twong dwong thuc nghiém phén gidi duwédi 2 Angstrom, ngay ca &
cac vung vong linh dong (flexible loops).
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3.2 Sw tién hoéa kién truc AlphaFold, AlphaFold2, AlphaFold3 va
mo hinh héa tuwong tac phic hop dai phan tw

Lich st phét trién clla dong m6 hinh AlphaFold dai dién cho sy truéng thanh cla hoc sau
trong sinh hoc cdu tric. AlphaFold thé hé dau tién (2018) hoat dong nhu mét hé thong hai giai
doan: mang tich chap dw doan phan bé khoang cach (distogram), sau dé céng cu téi uu héa
hinh hoc gradient descent cé dién dung lai toa d6 3D. Du vuot troi tai ky thi CASP13, m6 hinh
van bi gidi han béi sy tach roi giita khau dy doan khoang cach va khau t6i wu hoa vat ly.

AlphaFold2 (2020) mang tinh cdch mang nho kién triac Evoformer hoan toan tir dau dén cubi
(end-to-end). Théng qua co ché chu y theo hang va cot trén biéu dién MSA két hop véi viéc
cap nhéat bi€u dién cap (pair representation), théng tin déng tién héa va théng tin hinh hoc
khéng gian duoc trao déi lién tuc qua 48 khéi lap. Module cédu truc sau d6 st dung bién doéi
bat bién theo géc nhin (Invariant Point Attention - IPA) dé dw doan truc ti€p hudéng va vi tri
khéng gian cua ting géc axit amin, dat do chinh x4c twong duwong tinh thé hoc tia X tai
CASP14.

Dén AlphaFold3 (2024), kién tric moét 1an nira thay déi can ban khi loai bé phan 16n module
MSA phirc tap va thay thé bang Pairformer cung mo hinh tao sinh khuéch tan truc ti€p trén
toa d6 nguyén tr (Diffusion Module). D6t phé 16n nhat cua AlphaFold3 la kha nang dw doan
dong thoi khong chi protein don 1&é ma toan bd phitc hop dai phén ta: tuong téc
protein-protein, phttc hop protein-DNA/RNA, phéi tir ph&n tr nhoé va céc bién déi sau dich ma
(PTM) nhu phosphoryl héa hay glycosyl héa. Kha nang mé hinh hda toan dién nay dwa Al tu
céng cu gap cudn protein tréd thanh céng cu mé phong twong tac sinh héa té bao & quy mo
toan hé thong.
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[1]1]. Abramson, J. Adler, J. Dunger, et al., "Accurate structure prediction of biomolecular interactions with
AlphaFold 3," Nature, vol. 630, pp. 493-500, 2024.

[2] R. Evans, M. O'Neill, A. Pritzel, et al., "Protein complex prediction with AlphaFold-Multimer," bioRxiv preprint,
do0i:10.1101/2021.10.04.463034, 2022.

[3] M. Baek, F. DiMaio, 1. Anishchenko, et al., "Accurate prediction of protein structures and interactions using a
three-track neural network," Science, vol. 373, no. 6557, pp. 871-876, 2021.

[4] P. Bryant, G. Pozzati, A. Elofsson, "Improved prediction of protein complexes using AlphaFold2," Nature
Communications, vol. 13, p. 1265, 2022.

[5] K. Tunyasuvunakool, P. Adler, Z. Wu, et al., "Highly accurate protein structure prediction for the human
proteome," Nature, vol. 596, pp. 590-596, 2021.

[6] M. Varadi, S. Anyango, M. Deshpande, et al., "AlphaFold Protein Structure Database: Massively expanding the
structural coverage of protein-sequence space with high-accuracy models," Nucleic Acids Research, vol. 50, no. D1,
pp. D439-D444, 2022.

[711. R. Humphreys, J. Pei, M. Baek, et al., "Computed structures of core eukaryotic protein complexes," Science,
vol. 374, no. 6573, p. eabm4805, 2021.
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[9]1 D. F. Burke, D. J. Gary, D. Baker, "Towards the complete structural map of human cellular pathways," Cell, vol.
186, pp. 2450-2465, 2023.

18 /59



Ky Nguyén Mdéi ctia Khoa Hoc Doi Séng do Tri Tué Nhan Tao M& Ra Luéat s Kim Kyung-jin

[10] E. Callaway, "AlphaFold3 predicts the structure of almost all biological molecules," Nature, vol. 629, pp.
523-524, 2024.

3.3 Sw dinh hudéng lan nhau gitra dir liéu thuc nghiém
proteomics cau trac va moé hinh hoc may

Moi quan hé gilta mo hinh dy doan Al va thuc nghiém cdu tric khong phai la sy thay thé mot
chiéu ma la sy céng sinh sau sac. M6 hinh Al can dir liéu thuc nghiém chat lwong cao tir Ngan
hang Dir liéu Protein (PDB) dé hoc cac quy luat vat ly va héa hoc lap thé. Nguoc lai, cdc mod
hinh hoc méay hién dai dang tré thanh céng cu tro luc khong thé thiéu cho cac nha tinh thé hoc
va chuyén gia cryo-EM gidi quyét cac cau tric thuc nghiém nan gidi.

Trong kinh hién vi cryo-EM, khau dung lai ban d6 méat do electron tir hang triéu anh chiéu 2D
mo va nhiéu la nut that 1on nhat. Cac thuat todan hoc sdu nhu CryoSPARC va DeepEMhancer
str dung mo hinh tao sinh dé€ khir nhiéu, phan loai trang thai cdu hinh dong va tw dong lap rap
chudi nguyén tr vao ban dé6 mat d6 cé do phén giai giéi han. M6 hinh Al cling cung cdp cau
trac khéi dau chinh xac (search models) cho phuong phédp thay thé phan tir (Molecular
Replacement) trong tinh thé hoc tia X, giai quyét bai todn méat pha (phase problem) tung lam
bé tac nhiéu dy 4n nghién ctru trong nhiéu nam.

Do6ng thoi, thuc nghiém sinh hoc cung cap bai ki€m tra téi hau cho Al Céc vung cé chi sé tin
cay pLDDT thép trong du doan AlphaFold thuong twong Gng chinh xdc véi cac vung protein
mat trat tw noi tai (Intrinsically Disordered Regions - IDRs) cé vai tro truyén tin hiéu quan
trong trong té bao séng. Su giao thoa lién tuc gitra duw doan s6 hoc va do dac vat ly dang day
nhanh toc do gidi mé toan bod ban do6 twong tac phan t cua sw séng.
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Chuong 4: Thiét ké De Novo Protein va Khang
thé bang Mé hinh Tao sinh Sinh hoc

4.1 Tao sinh cau truc protein vat Iy qua moé hinh khuéch tan va
khoép dong chay

Dy dodn cau truc la bai toan thudn (tir chudi suy ra cdu hinh 3D), nhung thiét ké protein de
novo lai la bai toan nghich: tao ra mot cau triuc hoan toan méi chwa tirng ton tai trong tw nhién
dé thuc hién mot chirc nang sinh hoc dinh trudce. Trudce day, cédc cong cu dua trén nang luwong
vat ly nhu Rosetta yéu cau lap ghép thu céng cac doan cau truc thir cdp va thuc hién hang
triéu budc tim kiém ngdu nhién Monte Carlo rat ton kém thoi gian va dé roi vao cuc tiéu cuc
bo.

Su xudt hién cua cédc moé hinh tao sinh khuéch téan cau tric (SE(3) Diffusion Models) va k¥
thuét khép dong chay (Flow Matching) nhw RFdiffusion va Chroma dé cach mang hoéa linh vuc
nay. Bang cadch mé hinh hda qué trinh khuéch tdn nguoc tir mot ddm may diém ngau nhién
Gaussian vé céc toa dd khung polypeptide chat ché, md hinh cé thé tao ra céc cau truc protein
can déi va 6n dinh nhiét dong hoc chi trong vai gidy. Co ché diéu kién hoéa (conditioning) cho
phép nha thiét ké chi dinh chinh xac vi tri clia cdc goc axit amin xic tdc hoac vung gan két
muc tiéu, trong khi mo hinh ty dong tao ra bo khung nang d& xung quanh (scaffolding).

Sau khi khung 3D duoc tao sinh, cdc mé hinh thiét ké chudi nhw ProteinMPNN giai quyét bai
toan nghich dao gap cudn: tim chudi axit amin t6i wu nhat dé tw phat gap thanh cau tric 3D
vira tao. Sy két hop gitrta RFdiffusion va ProteinMPNN d& nang ty 1é thanh coéng khi kiém
ching thuc nghiém trong phong thi nghiém wét tir dwdi 1% 1én téi hon 30-50%, md ra ky
nguyén ché tao cac enzyme phan huy rac thai nhya va céc protein cdm bién sinh hoc theo yéu
cau.
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4.2 Thiét ké CDR khang thé va t6i vu héa wu tién nham toéi da
héa kha nang phat trién

Khéng thé la vii khi sinh hoc chinh x4c nhéat ctia hé mién dich va la nén tdng cta nganh duoc
pham sinh hoc hién dai. Tuy nhién, viéc phéat trién khéng thé don dong truyén théng qua ky
thuat lai t& bao (hybridoma) hoac hién thi phage (phage display) phu thudc lén vao sy ngau
nhién va thuong tao ra cdc phan tt cé &i luc cao nhung kém 6n dinh vat ly, dé bi két cum
(aggregation) hoac c6 do hoa tan kém khi san xuat cong nghiép.

Céc m6 hinh AI thé hé méi tdp trung truc tiép vao viéc tdi thiét ké céc vung xac dinh bo
khuyét (Complementary Determining Regions - CDR), dac biét la vong CDR-H3 cé d6 bién
thién va tinh linh ddng cao nhat. Cac kién tric mang no-ron hoc sdu mo6 hinh héa khong chi bé
mat tiép xic epitope-paratope ma con t6i wu héa dong thoi cdc chi sé phéat trién dwoc phdm
(developability profiles): giam thi€u tinh ky nuwéc bé mat, loai bo céac diém c6 nguy co khir
amin hoac oxy hoéa, va tang cuong tinh 6n dinh nhiét dong.

Ky thuét Toi wu héa Uu tién Truc tiép (Direct Preference Optimization - DPO) va hoc tang
cuong dua trén phan hoéi thuc nghiém cho phép moé hinh can bang gitra ai luc lién két cuc cao
(sub-nanomolar affinity) va tinh chat ly héa t6i wu cho viéc san xuat quy mo 16m. Piéu nay giap
céc nha phat trién thudc bd qua nhiéu vong téi wu héa in vitro kéo dai, rut ngan dang ké thoi
gian dua céc liéu phép khéng thé vao thir nghiém lam sang.
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4.3 Proteo-R1: Pua suy luan da nhiém va chuoi tw duy ngon ngir
vao hiéu biét protein cau tric

Cé4c mo hinh hoc sau sinh hoc truéc day thuwong hoat ddng nhw nhitng "hop den": nhén dau vao
la chudi va xudt ra toa do6 3D ma khéng cé kha nang giai thich timg budc lap luén sinh héa.
Khi thiét ké mot protein xtic tdc, md hinh khong thé trinh bay 1y do tai sao né chon mét lién
két hydro cu thé€ hay tai sao mot tdi ky nuéc lai cdn duwoc mé rong d€ phu hop véi trang thai
chuyén tiép clia co chat.

M6 hinh tién phong Proteo-R1 da giai quyét han ché nay bang cach két hop co ché chudi tw
duy ngon ngir (verbal Chain-of-Thought - CoT) vao khong gian hi€u biét cdu tric protein.
Trong qué trinh suy ludn, mo6 hinh dwa ra mét chudi cac budce suy dién logic ré rang: phan tich
cdu tric trung tdm hoat dong ctia muc tiéu, can nhac céac yéu té can tréd khong gian, dé xuat
mang ludi lién két tinh dién trung gian, va cudi cung méi két xudt cau triac nguyén tir twong
ung.

Viéc tich hop ly ludn da nhiém va gidi thich bang ngén ngit tw nhién khong chi nang cao do
chinh x4c cta céc thiét ké protein phitc tap ma con cho phép cac nha khoa hoc con nguoi
tham gia phan bién, diéu chinh va céng tac truc ti€p trong qua trinh sdng tao phéan ti. Day la
budc tién ban 1€ hudng téi cac tro ly khoa hoc Al tw hanh thyc thu trong y sinh hoc.

Can cw va tai liéu tham khao
[11]. Achiam, S. Adler, S. Agarwal, et al., "GPT-4 Technical Report," arXiv preprint arXiv:2303.08774, 2023.

[2]]. Wei, X. Wang, D. Schuurmans, et al., "Chain-of-thought prompting elicits reasoning in large language
models," Advances in Neural Information Processing Systems (NeurIPS), vol. 35, pp. 24824-24837, 2022.

[3]1 Q. Jin, Y. Diao, S. Kim, et al., "BioGPT: Generative pre-trained transformer for biomedical text generation and
mining," Briefings in Bioinformatics, vol. 24, p. bbad409, 2023.

[4]1 Z. Zheng, Y. Deng, X. Chen, et al., "Large language models for molecular design with explicit reasoning paths,"
Nature Machine Intelligence, vol. 6, pp. 112-124, 2024.

[5] K. Singhal, T. Tu, J. Gottweis, et al., "Towards expert-level medical reasoning with multimodal models," Nature,
vol. 625, pp. 789-796, 2024.

[6] C. Lu, Q. Liu, C. Wang, et al., "Molecular chain-of-thought: Reasoning over biochemical reaction networks with
language models," Bioinformatics, vol. 40, p. btae045, 2024.

[7]1 D. A. Boiko, R. MacKnight, B. Kline, et al., "Autonomous chemical research with large language models,"
Nature, vol. 624, pp. 570-578, 2023.

[8] A. Radford, J. Wu, R. Child, et al., "Language models are unsupervised multitask learners," OpenAl Technical
Report, 2019.

[9] S. B. Norn, D. Baker, "Explainable deep learning for macromolecular engineering," Current Opinion in
Biotechnology, vol. 84, p. 103010, 2023.

[10] H. Zhou, M. Sanmukh, S. Roy, "Interpretable spatial transformers for multi-task structural proteomics," Cell
Systems, vol. 15, pp. 310-322, 2024.

24 /59




Ky Nguyén Mdéi ctia Khoa Hoc Doi Séng do Tri Tué Nhan Tao M& Ra Luéat s Kim Kyung-jin

25/59




Ky Nguyén Mdéi ctia Khoa Hoc Doi Séng do Tri Tué Nhan Tao M& Ra Luéat s Kim Kyung-jin

Chuong 5: Mo hinh Ngon ngtr DNA Quy mo
Toan bo Hé Gene va Giai ma Ma Sinh hoc

5.1 Tién huan luyén moé hinh ngon ngir nucleotide trén toan bo
trinh tw DNA hé gene

Bo gene sinh véat la cudn sdch mé hoéa sw song duwoc viét bang bang chir cai gom 4 ky tw
nucleotide: A, C, G, T. Khac v4i ngbén ngit tw nhién ctia con nguoi vén cé ranh gidi tir va cau
tric nglr phép ro rang, DNA chita cdc doan ma hda protein (exon) xen ké véi cac doan khong
ma héa khéng 16 (intron, promoter, enhancer, transposon). Trong nhiéu thap ky, ving khong
mé héa chiém hon 98% b0 gene nguoi tung bi goi nham la "DNA rac" (junk DNA), du thuc chat
ching chita toan bd mang luéi diéu hoa biéu hién gene tinh vi.

Cac mé hinh ngon nglr DNA quy mo6 16n (Genomic Language Models) nhuw Nucleotide
Transformer va DNABERT ap dung nguyén ly tw hoc khong gidm sat trén hang tram ngan hé
gene tur vi khudn dén nguoi. Bang cach thuc hién tdc vu du doan nucleotide bi che khuat
(Masked Language Modeling), m6 hinh tw déng nam bat céc cdu tric ngit phap sau xa cua
sinh hoc: vi tri gan két cua céc yéu t6 phién ma (transcription factors), cac vi tri cat néi RNA
(splice sites), va suw bién d6i cdu tric chromatin bi€u sinh.

Kha ndng doc hiéu nay cho phép mé hinh dénh gia ticc thoi tdc dong chitc ndng cta céc bién
thé di truyén (Zero-shot Variant Effect Prediction). Khi mdt bénh nhan mang moét dét bién
diém chua timg duoc ghi nhén trong y van, mé hinh cé thé tinh todn mirc d6 xdo trén phan bo
x4c sudt cua chubi dé€ canh bdo liéu dot bién dé cé phé vé vi tri gan két diéu hoa quan trong
hay dan dén sy sai hong bi€u hién protein gay bénh hay khong.

Can cwr va tai liéu tham khao
[1] H. Nguyen, D. Tran, P. S. Huang, et al., "DNABERT: Pre-trained bidirectional encoder representations from
DNA sequences," Bioinformatics, vol. 37, no. 15, pp. 2112-2120, 2021.

[2] M. Dalla-Torre, L. Gonzalez, M. Mendoza-Revilla, et al., "The Nucleotide Transformer: Building and evaluating
robust foundation models for human genomics," bioRxiv preprint, doi:10.1101/2023.01.16.524277, 2023.

[31V.]i, G. Scalia, P. S. Baek, et al., "Zero-shot variant effect prediction using genome-scale language models,"
Nature Genetics, vol. 55, pp. 1820-1831, 2023.

[4] Z. Avsec, V. Agarwal, D. Visentin, et al., "Effective gene expression prediction from sequence by integrating
long-range interactions," Nature Methods, vol. 18, pp. 1196-1203, 2021.

[5]1 K. M. Chen, A. K. Wong, O. Troyanskaya, et al., "Deep learning sequence-based ab initio prediction of variant
effects on expression and chromatin," Nature Genetics, vol. 54, pp. 830-840, 2022.

[6]1]. Zhou, O. G. Troyanskaya, "Predicting effects of noncoding variants with deep learning-based sequence
model," Nature Methods, vol. 12, pp. 931-934, 2015.

[71D. R. Kelley, J. Snoek, D. R. Rinn, "Basset: Learning the regulatory code of the accessible genome with deep
convolutional neural networks," Genome Research, vol. 26, pp. 990-999, 2016.

[8] E. N. ENCODE Project Consortium, "An integrated encyclopedia of DNA elements in the human genome,"
Nature, vol. 489, pp. 57-74, 2012.

[9] S. Benegas, S. S. Batra, C. D. Bustamante, "DNA language models learn evolutionary constraints across
kingdoms of life," Nature Machine Intelligence, vol. 5, pp. 990-1002, 2023.

[10] M. Consens, P. S. Lio, "Foundations of genomic deep learning: Bridging sequence to phenotype," Annual
Review of Genomics and Human Genetics, vol. 24, pp. 215-235, 2023.

26 /59



Ky Nguyén Mdéi ctia Khoa Hoc Doi Séng do Tri Tué Nhan Tao M& Ra Luéat s Kim Kyung-jin

5.2 Kién truc Evo va Evo2 doc ngir canh quy moé megabase ¢ do
phan giai tirng nucleotide

Mot trong nhitng nut that 16n nhat cta cac mo hinh Transformer truyén théng trong sinh hoc
hé gene la sy bung né chi phi tinh todn bac hai O(N~2) clia co ché tw chu y khi dé dai chudi
tang 1én. Trong khi twong tidc diéu hoa bi€u hién gene thuong dién ra gitra cdc ving enhancer
va promoter cach nhau hang tram ngan, tham chi hang triéu cap base (megabase scale), cac
mo hinh thé hé cii chi c6 thé xtr ly cac doan cat ngan vai kilobase, lam mat di hoan toan béi
canh khéng gian nhiém sac thé 3D.

Kién triuc dot pha Evo va Evo2 da vuot qua rao can nay bang cach tmg dung mé hinh khong
gian trang thai sau (Deep State Space Models - nhu StripedHyena) c6 d6 phtrc tap tinh toan
tuyén tinh O(N). Nho d6, md hinh cé thé xtr Iy ngit canh lién mach 1én téi hon 1 megabase & do
phan giai chi tiét ting nucleotide don 1é.

Kha nang bao quat ngit canh siéu dai nay cho phép Evo2 moé hinh hda tron ven toan bo hé
gene vi khudn hoéac céc locus phttc hop 16n & nguodi. M6 hinh ¢6 thé dy doan chinh x4c cdu truc
3D cua céac vong lap chromatin (chromatin loops) va ranh giéi cac vung lién két t6 pd (TADs),
dong thoi truc tiép tao sinh céc hé théng CRISPR-Cas méi hodc céc operon chuyén héa hoan
chinh ¢6 kha ndng hoat dong chirc nang trong té bao song.
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Chuong 6: Phan tich Hé Gene Vi sinh vat va
Suy luan Chuc nang

6.1 Du doan ranh giéi sinh 1y vi sinh vat va khai pha chat chuyén
hoéa tur hé gene voi GGBound

Thé gidi vi sinh vat chira dung sw da dang sinh hda 1én nhat trén Trai Dat, nhung hon 99% cac
loai vi sinh vat trong tw nhién thudoc nhém "vat chat toi sinh hoc" (microbial dark matter)
khéng thé nudi cdy duoc trong diéu kién phong thi nghiém tiéu chudn. Cac ky thuat giai trinh
tw metagenomics thu thap dwoc hang terabase dir liéu DNA tw dat, dai dwong va rudt nguoi,
nhung viéc xac dinh céc dac tinh sinh ly nhw nhiét d6 sinh trudng téi wu, do pH dung nap va
céc cum gene sinh téng hop chat chuyén héa thir cadp (Biosynthetic Gene Clusters - BGCs) van
la thach thirc cuc 16n.

Mo hinh hoc may tién tién GGBound két hop phan tich thanh phan codon, cdu truc nhiét dong
hoc clia protein mang va biéu dién hé gene hoc sdu dé dy dodn truc ti€p céc ranh gidi sinh ly
cua vi khuén chua timg nudi cdy. M6 hinh cé thé x4c dinh chinh x4c mo6t ching vi khuén bién
sdu c6 kha nang séng & diéu kién ap sudt cuc cao va nhiét do dudi 4 do C hay khong chi dua
trén chudi DNA.

boéng thoi, cac céng cu khai phd BGCs duoc hé tro bdi Al gitp quét hang triéu cum gene vi
sinh vat dé phat hién cédc phan tir khang sinh méi, hop chat chéng ung thw va enzyme cong
nghiép chiu nhiét. Thay vi sang loc mu hang ngan chung vi sinh vat song, cdc nha khoa hoc c6
thé téng hop nhan tao tryc ti€p céc phan t& nhd tiém nang duoc Al goi y tir dir liéu
metagenomics.
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6.2 MicroFuse: Khung tich hop chuyén gia suy luan cau truc
operon va con duong diéu hoa vi sinh vat

O sinh vAt nhan so, cAc gene cé chic nang lién quan thuwong dwoc t8 chitc thanh céc
operon—cdac cum gene dwoc phién mé chung dudi sw kiém soat ciia mot promoter duy nhat.
Viéc gidi ma cdu tric operon va mang luéi diéu hoa phién ma vi sinh vat la chia khéa dé ki
thuat hda céc ching vi khudn san xuat nhién liéu sinh hoc hoac cdm bién méi truong.

Khung tich hop chuyén gia MicroFuse ap dung kién tric Mixture-of-Experts (MoE) két hop
thong tin bdo ton synteny (trat tw gene gitta cac loai), khoang céach lién gene va cdc motif gan
két ribosome dé€ suy luan ranh gi6i operon v6i dd chinh xac vuot troi. Hé théng tich hop céac
mang con chuyén biét vé phan tich cdu tric khéng gian va mang con chuyén biét vé tién hda
phéan tlr d€ gidi quyét cac truong hop ranh gidi operon phitc tap cé phién méa chéng lan.

Nho MicroFuse, cdc nha sinh hoc téng hop cé thé nhanh chéng tai 1ap ban d6 toan bd céc con
duong chuyén hda trung tdm cua céc loai vi khudn hi€m, phuc vu viéc thiét ké cdc mach gene
nhan tao hoat dong 6n dinh va t6i vu héa hiéu sudt sinh khéi trong céc 10 phan tmg sinh hoc
cong nghiép.
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Chuong 7: Sang loc Ao va Thiét ké Héa hoc do
AI Pinh huéng

7.1 Ghép noi phan tw 3D gitra tui muc tiéu va hop chat, cung
sang loc ao ai luc dich-thuéc (DTA)

Sang loc 4o (Virtual Screening) la buéc di dau tién nham tim kiém céc phéan t& thudc tiém
nang trong khoéng gian héa hoc wéc tinh 1én téi 10760 hop chat hitu co. Cac phwong phép
docking c6 dién nhw AutoDock Vina dya trén truong lyc vat ly va 1dy mau cdu hinh bén linh
dong (semi-flexible sampling), thwong gap khé khan trong viéc dw doan do linh dong cua
protein muc tiéu va mat hang phit cho moéi phéan t, khién viéc quét cac thw vién hang ty hop
chat tré nén bat kha thi.

M6 hinh ghép noi phan tir 3D sau nhu DiffDock va EquiBind st dung mang no-ron hinh hoc
tuwong duong SE(3) dé du dodn truc tiép tw thé gan két (binding pose) clia phéi tir vao tui gan
két protein trong vai phan nghin gidy. Thay vi tim kiém ngau nhién, mo hinh khuéch tan mo
phéng qué trinh ti€p can cua phoi ti qua cac bwdc tinh ti€n, quay va xoay goéc nhi dién linh
hoat, mo6 hinh héa dong thoi sw cdm Gng khép cdu hinh (induced fit) ctia ca hai bén.

Song song dd, cdc m6 hinh du doan Ai luc Pich-Thuéc (Drug-Target Affinity - DTA) st dung co
ché chu y tuwong téc chéo (cross-attention) giita biéu dién d6 thi phan tir clia thudc va bé mat
3D cua protein, wdc tinh chinh xdc hang sé phan ly Kd, Ki va IC50. Khd nang sang loc hang
tram triéu phéan tu trong vai ngay giup tang ty 1é phat hién cac hop chat hoat tinh khdi dau
(hit compounds) 1én gdp hang chuc lan so véi sang loc théng lwong cao thuc nghiém ngau
nhién.
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vol. 55, no. 12, pp. 2562-2574, 2015.

32/59



Ky Nguyén Mdéi ctia Khoa Hoc Doi Séng do Tri Tué Nhan Tao M& Ra Luéat s Kim Kyung-jin

7.2 Active Learning va khung SPADE khac phuc sw khan hiém
diwr lieu cuc do

Mot nghich 1y 16n trong thiét ké thuéc la d6i véi cac protein muc tiéu méi phat hién (novel
drug targets), dir liéu do dac thuc nghiém vé ai luc lién két hau nhw bang khéng. Cac mo hinh
hoc sau truyén thong dya trén dir liéu 16n dé bi qué khép (overfitting) hodac mat do tin cay khi
dy doan ngoai mién phan b6 dit liéu huén luyén.

Khung hoc chu dong (Active Learning) va kién tric SPADE gidi quyét thach thic nay thong
qua chu trinh 1dp thong minh: mo hinh khéng chi dw doan &i lyc ma con wéc tinh dé bat dinh
lwong t&r (uncertainty quantification) cua tung du doan. Hé théng chu déng chon ra mot tap
hop nhoé cac phén tir ma nd "it ty tin nhat" nhung c6 tiém nang mang lai nhiéu thong tin nhat
dé chuyén sang phong thi nghiém wét ki€m ching thuec té.

Dit liéu do dac mdi lap tirc duoc nap lai dé€ tai hudn luyén mo hinh theo phuong thic hoc vai
mau (few-shot learning) va meta-learning. Chi qua 3 dén 5 vong lap véi vai chuc hop chat
duoc tong hop thuc t€, mé hinh cé thé hoi tu va dinh vi chinh xdc vung khong gian héa hoc cé
hoat tinh tc ché manh nhat, tiét kiém hang triéu USD chi phi thir nghiém mu.
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Chuong 8: Kham pha Ung vién Thuéc Duéi sw
Huong dan cua Hé Phién ma

8.1 Sang loc ao thuéc trung dich ung thw nhan biét con duong
chuyén héa va cau tric diéu hoa cua bénh nhan

Céc khéi u &c tinh cé tinh di thé cuc cao; hai bénh nhan cé cung chdn doan ung thw bi€u mé
phdi cé thé dap img hoan toan khéc nhau véi cung mot phac dé héa tri do sw khéac biét trong
mang ludi bi€u hién gene va céc con duong chuyén hoéa thich img. Phét trién thudc chéng ung
thw hién dai doi héi phai chuyén tir md hinh "mét muc tiéu don 18" sang m6 hinh "nhén biét
toan dién con duwong diéu hoa té bao bénh nhan".

Bang céach tich hop dir liéu hé phién méa khéi u (RNA-Seq) vdi cdc mo hinh mang no-ron doé thi
sinh hoc m6 phong con duwong truyén tin hiéu (pathway-informed neural networks), cac thuat
toan Al c6 thé mo phdng tdc dong day chuyén khi mot thu thé bi trc ché. Hé théng danh gid
liéu té€ bao ung thuw c6 kha nang kich hoat cac con duwong sinh tén thay thé d€ khéang thuéc hay
khong, tr d6 dé xuat cac liéu phéap trung dich két hop (combination therapies) danh chan
dong thoi nhiéu nut that sinh hoc quan trong.

Céch ti€p can nay cho phép cd nhan hda qua trinh sang loc do: lya chon cac phan tir thuéc co
kha nang rc ché t6i da té bao u ctia phadn nhém bénh nhan cu thé trong khi bao toan céc té
bao mé lanh xung quanh, mé duwong cho ky nguyén ung thw hoc chinh xéc.
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8.2 Thiét ké nghich dao hop chat phan tw nho s dung dir liéu
biéu hién gene quy mé 16n (Transcriptome)

Thay vi thiét ké thuéc dwa trén cau truc hinh hoc cua tdi gan két (structure-based), phuwong
phép thiét ké nghich ddo dwa trén hé phién ma (transcriptome-based inverse design) dat ra
cau héi: Can mot céu tric héa hoc nhw thé nao dé dao nguoc toan bo chir ky bi€u hién gene
cua trang thai bénh ly vé trang thdi té bao khde manh?

Co s dir liéu khéng 16 nhw Connectivity Map (CMap) va LINCS L1000 ghi lai su thay déi biéu
hién cua hang ngan gene sau khi té bao ti€p xtc véi hang chuc ngan hop chat khac nhau. Céc
mo hinh tao sinh nhw VAE phén t&r va Transformer héa hoc hoc anh xa hai chiéu giita khong
gian cau trac SMILES va khong gian vector phan Umg phién ma (transcriptomic response
vector).

Khi nhan dau vao la chit ky bi€u hién gene khang thudc clia mot khéi u, mod hinh tao sinh cé
thé truc ti€p vé ra cdu truc 2D/3D cua cac phan tir hda hoc mdi ¢6 kha nang triét tiéu chinh
xac chir ky khang thuoc dé. Phuong phap nay dac biét hiéu qua déi voi cac bénh ly phic tap
khong c6 moét protein muc tiéu don 1é ré rang nhu thoai héa than kinh hay xo héa co quan.
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8.3 Kién truc Co-Scientist dinh huong béi tién 1é nham tai thiét
ké thuoc giam tac dung phu

Mot trong nhitng ly do hang dau khién cac ing vién thuéc that bai trong thr nghiém 1am sang
giai doan II va III la doc tinh khéng lwong truwéc hoac tac dung phu ngoai muc tiéu (off-target
side effects) nhw doc tinh trén tim (&c ché kénh hERG) hay doc tinh trén gan (DILI). Viéc téi
uu héa mot phén tir vira gitt nguyén hiéu luc diéu tri vira triét tiéu doc tinh la bai todn da muc
tiéu vo cung phtc tap.

Kién truc tac tir khoa hoc Co-Scientist hoat dong nhw mét hoi dong chuyén gia Al da chuyén
nganh. Hé théng bao gom céc téc tir chuyén phan tich tién 1é y van, tac t&r m6 phong duoc
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dong hoc (ADMET), tac t& phan tich docking cdu tric va tac tir téng hop héa hoc hitu co. Khi
phét hién mdét phan t ¢6 &i luc manh nhung cé nguy co gay doc gan cao, tac tir phan tich tién
1& sé tra ctru céac chién lwoc bién d6i hoa hoc twong ty trong lich st dwgc phdm (nhw thay thé
vong thom bang di vong bioisostere).

Théong qua co ché tranh ludn va bd phiéu phan cap, Co-Scientist dé xuat cic stra d6i tinh vi
trén khung phan ti (scaffold hopping, thém nhém fluor can tré chuyén héa) dé gidm doc tinh
ma khong lam suy giam &i luc gan két. Sy cong tac thong minh nay gidp t6i wu héa toan dién
ho so an toan cua Gng vién thuéc trude khi bude vao cac thir nghiém tién 1am sang ton kém.
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Chuong 9: Tién xu ly va Ky thuat Nhung Dir
liéu Pon Té bao

9.1 Hé phién ma don té bao (scRNA-Seq) va can chinh da tap
multi-omics

Giai trinh ty RNA don té bao (scRNA-Seq) da lam thay d6i sdu sac hiéu biét cua ching ta vé
tinh khéng déng nhat clia mé sinh hoc. Thay vi do mitc bi€u hién trung binh clia hang triéu té
bao bi nghién nat (bulk RNA-Seq), scRNA-Seq cho phép khao sat ho so phién ma cua tung té
bao riéng 1&, phat hién cic quan thé té bao géc hiém va céc trang thai chuyén tiép trong qué
trinh biét hoéa.

Tuy nhién, dit liéu don té bao cé dd nhiéu cuc cao va ma tran bi€u hién bi phdn manh nghiém
trong do hiéu Ung bat gitt mRNA gidi han (chi 10-20% phéan tr mRNA trong té bao duoc
chuyén thanh cDNA). Hon nita, khi tich hop dir liéu scRNA-Seq v6i dir liéu d6 md chromatin
don t€ bao (scATAC-Seq) hoac hé protein don té bao (CITE-seq), su khac biét vé ban chat vat
ly va thang do giita cac phwong thic tao ra sw 1éch lac phéan phéi nghiém trong.

Céc ky thuat can chinh da tap hinh hoc (Manifold Alignment) va mang no-ron déi khang nhw
Seurat V4, Harmony va scVI st dung mé hinh x4c sudt Bayes dé khir hiéu Umg 16 thi nghiém va
chiéu cac phuwong thirc don té bao khac nhau vao mot da tap cau tric chung. Trong khong
gian nay, trang thai bi€u sinh mé& ctia mot gene duwoc can chinh truc ti€p véi mic biéu hién
protein twong uing trén bé mat t€ bao, cho phép tai hién birc tranh sinh hoc toan ven cua tung
té bao don 1é.
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9.2 Panh gia chuan héa mé hinh quy nap va mé hinh nén tang
giam nhiéu noi tai trong scRNA-Seq

Hién twong méat dau ki thuéat (technical dropouts)—khi mét gene thuc sw c6 bi€u hién nhung
may giai trinh tw khong ghi nhan dwgc do gi6éi han phat hién—tao ra vo sé gia tri 0 gia tao
trong ma tran dit liéu scRNA-Seq. C4ac phuong phép ndi suy (imputation) c6 dién dua trén lam
min do thi ldng giéng gan (k-NN smoothing) thwong cé xu huéng "lam muot qua muic"
(over-smoothing), v6 tinh tao ra cdc moi twong quan gene nhén tao khong cé thuc trong sinh
hoc.

Sw phét trién clia cdc mo hinh nén tdng don té€ bao quy md 1lén nhw scGPT, Geneformer va
scBERT danh dau buéc chuyén dich quan trong. Puoc huan luyén truéc trén hon 50 triéu té
bao tur Atlas Té bao Nguoi (Human Cell Atlas), cac mo hinh Transformer nay hoc dwoc ngit
canh dong bi€u hién sinh hoc thuc sy gitta cdc gene. Thay vi chi ndi suy todn hoc cuc bo, mé
hinh t&i thiét 14p céc gid tri biéu hién bi thiéu dua trén sy hi€u biét sdu sac vé mang luéi diéu
hoa toan cuc cua loai té bao dé.

Céc bd cong cu do kiém chudn héa (benchmarking suites) nhw OpenProblems-Bio giup danh
gia khat khe do chinh xdc cua cdc mo6 hinh gidm nhiéu: ddm bao md hinh phuc héi dung céc
tin hiéu sinh hoc tinh t€ ma kh6ng lam bién dang tinh di thé ty nhién gitta cdc phdn nhém té
bao.
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Chuong 10: Chuyén dich Trang thai Pon Té
bao va Phan tich Phan ing Xao tron Pong hoc

10.1 Quy dao phat trién té bao theo thoi gian va mé hinh héa
xao tron hé phién ma véi Chreode

Sw phat trién cta phoi thai, qua trinh lanh vét thuwong va su tién trién cta khdi u ac tinh déu la
cac qua trinh dong luc hoc lién tuc. Mac du céng nghé scRNA-Seq pha huy té bao tai thoi
diém do dac (chi chup lai mot 14t cat thoi gian tinh), cdc nha sinh hoc van cé thé ti lap toan
bd quy dao phét trién theo thoi gian gia dinh (pseudotime trajectory) nhd nguyén ly van téc
RNA (RNA velocity)—so sanh ty 1é gitta cdc phan t tién mRNA chua cat néi (unspliced) va
mRNA hoan chinh (spliced).

M6 hinh hoc mdy tién tién Chreode phéat trién khdi niém "cdnh quan phéat trién" cla
Waddington thanh mo6t khung todn hoc dinh lwong chat ché dwa trén cac phuong trinh vi phan
ngau nhién (Stochastic Differential Equations - SDEs) va ly thuyét van chuyén téi wu (Optimal
Transport). M6 hinh hoc mét truong vector dinh huéng trong khong gian bi€u hién gene, cho
phép du doan chinh x4c cdc diém ré nhanh biét hda (bifurcation points) khi mot té bao géc
quyét dinh tré thanh té bao lympho T hay té bao lympho B.

Dac biét, Chreode cho phép mo hinh hda céc xdo tron di truyén (Perturbation Biology): dw
doéan hé phién mé cua té bao sé phan Uimg va chuyén dich trang théai nhw thé nao khi mét gene
chi huy bi rc ché bang CRISPRi, ma khéng can phai thuc hién thi nghiém véat ly cho tat ca
hang van t6 hop gene.
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10.2 Tinh toan tuong tac canh tranh dong hoc qua hang van
gene voi Sigmoid Attention

Mang lwéi diéu hoa gene (Gene Regulatory Networks - GRNs) trong té bao nguoi lién két hon
20.000 gene méa héa protein qua cac co ché kich hoat, &c ché va canh tranh déng thoi dé
gianh quyén gan két voi cac yéu té phién ma va phic hop dong diéu hoa. Trong co ché cha y
Softmax Attention truyén théng ctua cdc mo6 hinh Transformer, cac gia tri chi y bi rang budc
béi téng chudn héa bang 1, diéu nay vé tinh 4p dat gid dinh rdng c4c gene canh tranh loai trir
1an nhau mét cach tuyét d6i—mot gia dinh sai 1éch déi véi sinh hoc té bao noi nhiéu con duong
c6 thé dong kich hoat doc lap.

Co ché dot pha Sigmoid Attention gidi phong mang no-ron khéi sy rang budc nay bang cach
mo hinh héa twong téc gilta ting cap gene nhuw mot ham xac suat sigmoid doc lap. Diéu nay
cho phép mo6 hinh tinh toan trung thuc céc hién twong canh tranh phi tuyén tinh, nguéng béao
hoa sinh héa (Michaelis-Menten kinetics) va sw khuéch dai tin hiéu hop téc (cooperativity)
gitra hang van gene cung ltc.

Nho kién tric Sigmoid Attention, cdc md hinh quy mé 16n cé thé phat hién céc vong lap phan
héi am (negative feedback loops) va cdc mach céng tac lat sinh hoc (genetic toggle switches)
duy tri tinh 6n dinh ndi moéi clia té bao, cung cdp cong cu chén dodn chinh x4c céc diém sup
d6 mang luéi diéu hoa trong céc bénh tw mién va ung thu.
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Chuong 11: Sinh hoc Téng hop va Thiét ké
Mach Gene do Tac tw AI Dan dat

11.1 Trién khai tac tir sinh hoc quy mé 1én cho thiét ké hé gene
va diéu hoa tw dong

Sinh hoc téng hop huwdng téi muc tiéu t6i thuwong: bién ddi té€ bao séng thanh cac nha may sinh
hoc cé thé 1ap trinh dugc. Tuy nhién, viéc dwa mét mach gene nhan tao phitc tap vao sinh véat
chl (nhw ndm men hay vi khuén E. coli) thuong gdy ra hién twong ganh nang trao déi chat
(metabolic burden), xung dot bi€u hién va lam té bao suy yéu hoéac tu dao thdi mach gene sau
vai thé hé.

Hé thong tac tr sinh hoc da cdp (Multi-Agent Bio-Design Systems) gidi quyét bai todn nay
bang céch phan chia quy trinh thiét ké thanh céc tic tir chuyén biét: Tac tor Phan tich Can
bang Trao ddi chat tinh todn théng luwong co chéat, Tac tir Téi wu héa Codon diéu chinh téc dd
dich ma, T4c t& Ki€ém tra An toan sinh hoc quét céc trinh tw doc tinh, va Tac tir Lap rap DNA
dé xuat cdc doan moi va enzyme cat giéi han t6i wu cho phuwong phép Gibson Assembly hay
Golden Gate.

Céc téc tr Al cOng tac va thuong lwong lién tuc trong moéi trudong moé phong dé can bang giita
nang sudt téng hop hop chdt mong muén va sirc séng bén vimg cla té bao chi, tw déng két
xudt kich ban thiét ké hé gene hoan chinh san sang cho robot téng hop DNA.
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11.2 Hoc tang cuong dua trén kiém ching phan cap cho thiét ké
mach gene tw hanh (GenCircuit-RL)

Thiét ké mach gene sinh hoc cé nhiéu di€m twong déng véi thiét ké vi mach dién tw
(Electronic Design Automation - EDA), nhung phttc tap hon gap bdi do tinh nhiéu ngau nhién
ndi tai ctia cdc phan Uimg phan tir trong khong gian té bao nhé hep. M6t céng logic sinh hoc
(AND, OR, NOT) c6 thé hoat dong hoan hdo trong md hinh toan hoc nhung lai bi ro ri tin hiéu
(leaky expression) hoac méat dong bo khi trién khai in vivo.

Khung GenCircuit-RL tng dung hoc tdng cuwong sdu phén cap (Hierarchical Reinforcement
Learning) két hop véi cac bd ki€ém chimg hinh thic (formal verifiers). T4c tir cdp cao thiét 1ap
cdu trac to po logic ctia mach diéu hoa, trong khi tac t&r cap thap t6i wu hdéa dé6 manh cta céc
promoter, vi tri gan két ribosome (RBS) va hang sé phan huy clia cac protein ttc ché.

Hé théng duoc thudng diém dua trén d6 bén vimg clia mach truéc céc xdo tron nhiét do va
nong do chat dinh dudéng, dong thoi bi phat nang néu mach cé nguy co gay doc cho té bao chu.
Nho d6, GenCircuit-RL ¢6 thé tw hanh tao ra cdc mach gene phitc hop da tdng nhuw bd dém
xung té bao hodac mach cam bién sinh hoc phat hién té bao ung thw v6i dé nhay va doé 6n dinh
ky luc.
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Chuong 12: Phong Thi nghiém Tw hanh trong
Twong lai

12.1 Tw dong suy xuat kich ban cho robot xir Iy chat long va thuc
thi PCR tw hanh téi vu (AutoPCR)

Ky nguyén cta cac nha nghién ctru phai ty tay bam pipet hang ngan 1an moi ngay dang nhanh
chéng lui vao qué kht. Phong thi nghiém ty hanh (Self-Driving Laboratories - SDL) két hop
canh tay robot phén phdi chat 1dng d6é chinh xac cao, tram ly tdm ty dong, mday PCR thong
lwong 16n va hé théng luu trir dia mau théng minh vao mot quy trinh van hanh khép kin khong
can su can thiép truc ti€p cua con nguoi.

Khung diéu khién AutoPCR st dung m6 hinh ngén ngir thi giac 16n (Vision-Language Models)
dé tw dong dich cac giao thitc thi nghiém duoc viét bdng van ban khoa hoc théng thuong
thanh ma lénh diéu khién robot chudn xac (nhw PyLabRobot hoac chudn SilLA2). Hé théng
ki€m soat chinh xac ting microlit dung dich, tw dong bu trir d6 nhét clia cdc mau enzyme va
toi wu hoda chu trinh nhiét PCR theo thoi gian thuwc dya trén tin hiéu huynh quang do dac tic
thoi.

Néu phan Umg khuéch dai DNA bi 16i, tac t& Al tw dong phéan tich nguyén nhan—nhuw sw hinh
thanh dimer cua doan moi hoac sy trc ché ctua ion mudi—va lap tic diéu chinh néng d6 dém va
nhiét do bat cap cho mé thi nghiém tiép theo, hoat dong lién tuc 24/7 v6i d6 lap lai va do chinh
xac tuyét doi.
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12.2 Kham pha thuéc vong khép kin tw hanh da tac tw két hop
kiém chung thuc nghiém (Latent-Y)

binh cao cua phong thi nghiém tw hanh trong y sinh hoc la mé hinh khdm phé thuéc vong
khép kin (closed-loop drug discovery). Trong hé thong nay, khoang cach gitta y tudng gia
thuyét trén may tinh va kiém ching phan t trong 6ng nghiém duoc rut ngan vé con sé khong.

Hé théng tién tién Latent-Y két noi mang lwdi cac tac tw Al thiét k€ phén t&r v6i tram thi
nghiém sinh hoc ty hanh théng qua giao thirc diéu khién API an toan. Chu trinh dién ra hoan
toan tw dong: Tac tir Al dé xudt 50 hop chéat phan t& nho tc ché enzyme dich; canh tay robot
tong hop phan tir, thuc hién phan img enzyme, va do phé quang hoc; dit liéu hoat tinh sinh hoc
do duoc duoc nap ngay 1ap tirc vao moé hinh hoc may dé cap nhat ham thudng; va vong lap tiép
theo duoc khéi dong chi sau vai gio.

Sw tich hop khép kin nay loai b6 hoan toan do tré do con nguoi can thiép, cho phép kham phé
cac phan tr thuoc triang dich thé hé méi véi hiéu lyc tang gap 100 lan chi trong vong vai ngay
thi nghiém lién tuc.
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Chuong 13: An ninh Sinh hoc, Quan tri Luong
dung va Huwong dan An toan cho Bio-AI Tao
sinh

13.1 Rui ro mam bénh do Al thiét ké va vai tro séng con cua
sang loc trong tong hop virus

Cung v6i sttc manh to 1én trong viéc tao ra cac liéu phap cttu nguoi, cong nghé Al sinh hoc tao
sinh cling tiém &n nguy co luéng dung (dual-use risk) v6 cung nghiém trong. Cdc md hinh
thiét ké protein va mé hinh ngén ngir hé gene c6 thé bi ké xdu loi dung dé téi wu hoa doc luc
cua céac doc to sinh hoc (nhw doc t6 botulinum hay ricin), thiét ké cac ching virus c6 kha nang
1an trdnh hé mién dich hodc téi tao cdc mam bénh nguy hiém da bi tiéu diét nhw virus dau
mua.

Trudc day, viéc tao ra mot mam bénh doi hoi kién thirc vi sinh vat hoc thuc nghiém séau rong
va nguén mau séng hiém. Ngay nay, v6i sy ho tro cia cdc mé hinh Al tao sinh chuéi DNA, rao
can ky thuéat dé thiét ké mot chudi gene doc hai da gidm xuéng dang ké, chi can dat hang tong
hop chudi tlr cadc cong ty thuong mai dich vu gene.

D€ ngan chan thdm hoa an ninh sinh hoc, c4c hiép hoi c6ng nghé gene quéc té (nhw IGSC) va
cac co quan quan ly y té toan cau dang trién khai cac quy dinh sang loc bat budc (mandatory
DNA synthesis screening). Tat cd cédc don hang téng hop nucleotide tir khdch hang déu phai
duoc déi chiéu tw ddng qua céc thuat todn Al an ninh sinh hoc dé phat hién moi chudi twong
dong véi danh muc tdc nhan gay bénh nguy hiém (Select Agents and Toxins) truéc khi duoc
dwa vao may téng hop hda hoc.
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13.2 Khung tich hop chuyén gia an toan sém cho cac mé hinh
nén tang sinh hoc

Viéc kiém soat an toan khong thé chi dwa vao khau sang loc don hang téng hop DNA cudi
cung ma phai duoc tich hop truc tiép vao quéa trinh huan luyén va phat hanh cdc mé hinh nén
tang Al sinh hoc (Safety-by-Design).

Céc vién nghién cttu hang dau dang phéat trién khung chuyén gia an toan sém (Early Safety
Expert Integration): thiét 1ap cac "hang rao bao vé" (guardrails) va b0 loc can chinh an toan
(alignment filters) ngay trong kién tric mo hinh. Truéc khi moé hinh xudt ra mot chudi protein
hodc phéi tl, mang con ki€m duyét an toan sé tinh toan di€m nguy co doc tinh va &i luc véi cac
thu thé té bao ngudi quan trong. Néu phat hién chudi cé cdu tric twong déng véi cac doc to
than kinh, hé théng sé tw dong chan viéc tao sinh va cdnh bdo quan tri vién.

Bén canh d6, viéc cap phép truy cap mo hinh theo tung cap bac (gated access), quan ly dinh
danh nguoi dung bang chir ky sé sinh trac hoc va ki€m toan nhéat ky suy luan (inference audit
logs) la nhitng bién phép bat budc dé ngan chan viéc st dung Al sinh hoc vao cédc muc dich
pha hoai.
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Chuong 14: Quan tri Toan cau vé Bio-Al, Khoa
hoc Quy chuan va Trach nhiém cua Con nguoi

14.1 An toan chan doan va quan ly rui ro hé théng cua Al sinh
hoc theo Pao luat EU AI Act

Su tich hop sau rong cta Al vao y hoc chdn doan va phat trién dwoc phdm doi hoi cac khuén
khé phép ly quéc té nghiém ngat d€ bao vé an toan tinh mang con ngudi. Pao luat Tri tué
Nhan tao ctia Lién minh Chau Au (EU Al Act)—khung phép 1y toan dién dau tién trén thé gisi
vé Al—phan loai cic hé théng Al y sinh hoc va chdn dodn 1am sang vao nhém "Hé théng Al cé
rui ro cao" (High-Risk Al Systems).

Theo céc diéu khoan cta Dao luat, moi hé théng Al ho tro ra quyét dinh 1am sang hoac thiét
ké phan ti tri liéu phai tudn thl céc nghia vu khat khe: danh gi4 va gidm thiéu rui ro lién tuc
trong suét vong doi sdn phdm; dam bao chat lwong va tinh dai dién cta céc tap dir liéu huén
luyén dé tréanh thién kién chung tdc/gidi tinh; duy tri kha nang ghi nhat ky tw déng (audit
logging); cung cap tai liéu k¥ thudt minh bach cho céc co quan th&m quyén; va thiét ké giao
dién dam bao sy gidm sat cé y nghia ctia con nguoi (human oversight).

Khoa hoc quy chuén (Regulatory Science) dang phéat trién céc tiéu chuan danh gid xac thuc
moi (regulatory validation benchmarks) cho cac mé hinh Al sinh hoc, yéu cau cac nha phat
trién phai chimg minh khong chi d6 chinh xéc théng ké in silico ma ca tinh an toan va 6én dinh
sinh hoc trong céc thir nghiém tién 1dm sang duwoc kiém soét.
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14.2 Do tin cay lam sang, vuot qua khung hoang tai lap va vai
tro khéong thé thay thé cua tri tué va trach nhiém con nguoi

Khung hodng téi 1ap (reproducibility crisis) l1a mot trong nhitng thach thic 16n nhat cta khoa
hoc duwong dai, va sw xuat hién ctia cdc mé hinh hoc sdu phic tap cang lam tram trong thém
van dé nay néu khong duoc kiém soat chat ché. Hién tuong "ao gidc" (hallucination) trong céc
mo hinh AI c6 thé tao ra céc cdu tric phan tr hoan toan bat kha thi vé mat nhiét dong hoc
hodc dé xuéat cac tuwong tac thuéc nguy hiém trong diéu tri.

DPé xay dung do tin cAy lam sang thuc sw, cong dong khoa hoc phai tuan thl cdc nguyén tac
khoa hoc mé: céng khai mé nguén, bd trong sé mé hinh va céc quy trinh do kiém chuén héda
doc lap (independent benchmarking). Al khéng bao gio dwoc phép thay thé hoan toan sw phan
doan chuyén mon cta cac bac si, duoc si va nha sinh hoc thuc nghiém. Thay vao do6, Al déng
vai tro nhw mot bo khuéch dai nhan thic (cognitive amplifier), h6 tr¢ con nguoi kham phé céc
gid thuyét méi nhanh hon va chinh xac hon.

Trach nhiém dao dirc, phap ly va tinh nhén van trong moi quyét dinh y hoc ctu chita mang
song con nguoi mai mai thudc vé tri tué va lwong tri ctia con nguoi. Sy két hop gitra dao duc
con nguoi sau sac va cong nghé Al tién tién chinh la ngon hai dang dan dat khoa hoc doi séng
budc vao ky nguyén hoang kim mai.
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