Pién toan luwgng ti: hién tai va twong lai
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Cong ngh¢ lugng tir dang tré thanh trong tam chién lugc cia nhiéu qudc gia, tao nén mot cude
canh tranh toan cau. Sang kién “Khdi nguyén lu’orng ti” (Quantum Genesis Initiative) cia Hoa Ky
dugc cong bd thang 6 nam 2026 v61 myc ti€u ché tao mot may tinh lugng tir khang 15i va co gia
tri khoa hoc thuc tién vao nim 2028. Trung Quoc, Anh, Nhat Ban, Canada, Uc, Puc, Phap, Nga,
Israel, va Singapore déu cé nhiing chu’orng trinh duong dai va tham vong. V61 hang ngan cong ty
hoat dong trén linh vuc nay, ching vai chuc cong ty tap trung vao viéc ché tao may tinh, va mot
s6 nguyén mau may tinh lugng tir ban dau da duoc trinh lang. Trong linh vuc bao mat, ndm 2025,

Trung Quéc cong bd muc tiéu tao ra bd tiéu chudn Mat ma hau luong tir (PQC) riéng biét, doc lap
va khong dua trén cac tiéu chudn ciia NIST (Hoa Ky) hay ETSI (Chau Au)'.

Vién canh vé mot cude “Cach mang luong tir” s& dén, tiép ndi nhitng gi cong nghé ban dan va tri
tué nhan tao da mang lai cho nhan loai, 1a dac biét 161 cudn. Tuy nhién, vi nhiéu ly do dé hiéu, da
c6 nhitng cudng diéu va hiéu 1am khi n6i vé linh vuc “thoi thuong” nay.2 Trong bdi canh cude dua
lwong tir toan cu day bién dong, viéc thuc hién danh gi riii ro chién luge thong qua thai do khach
quan va duy 1y 1a rat can thiét. Day 12 bd loc then chdt dé boc tach gid tri khoa hoc thyc ching
khoi cac lan song cuong diéu, tir d6 dam bao hiéu qua t6i uu va tranh nhiing sai 1am hé thong trong
phan b6 ngudn luc qudc gia va doanh nghiép. Bai viét nho nay, v6i nhing giéi han ciia n6, huéng
veé mot cach nhin nhu vay dbi véi dién toan lugng tir, mQt trong ba tru c)t cua cong nghé luong tur.

Thé gi6i lwong tir ky la

Thé gici lwong tir ky la, nhing khéng méi. Nam 2025 danh ddu 100 nam ra doi cta co hoc lugng
tir, mot linh vuc vat Iy nghién ctru ban thé cta vat chat & cap do nguyén tir. Trong thé gidi ma kich
thudc va khoang cach duge do bang vai nanomet (1 phan ty cia mot mét) va nho hon, nhitng vién
gach co ban nhu nguyén tr va dién tir hanh xtr khong theo truc gidc thong thuong cua ching ta,
va, chinh bang cach d6, mang lai nhiing hi¢u g va cong dung chua timg c6. Chung vira la song,
vira la hat (wave-particle duality), ching c6 thé dong thoi ¢ nhiéu trang thai khac nhau (quantum
superposition), chiing c6 thé “rdi vao nhau™ theo cach chi c6 ¢ thé giéi ky la nay (quantum
entanglement), va khoéng cho phép ching ta biét “tit ca moi thong tin” vé chung (uncertainty
principles). Co hoc lugng tir dwoc mo ta bang mot hé thong toan hoc tuyét dep va dugc giang day
trong trudng dai hoc & moi noi trén thé gi¢i qua nhiéu thé hé.

Cudc cach mang ma ching ta dang néi t6i ciing khéng phdi lan dau tién vt Iy heong tir tao nén
bucoc nhay cong nghé. Theo nghia do, cudc cach mang luwong tir 1an thr nhat bat dau tur khoang
nhiing ndm 1940, mang lai vat liéu ban dan, transistor, mach tich hop, lién lac v¢€ tinh va dinh vi

' Announcement on Launching the Next-generation Commercial Cryptographic Algorithms Program (NGCC),
https://www.niccs.org.cn/niccs/home/content/1937426388645056512/content 1937426388645056512.html

2 Quantum computing has a hype problem, hitps://www.technologyreview.com/2022/03/28/1048355/quantum-
computing-has-a-hype-problem; Quantum computer researcher warns that the industry is full of ridiculous hype,
https:/futurism.com/the-byte/quantum-computers-ridiculous-hype; Oxford scientist says greedy physicists have
overhyped quantum computing, https://thenextweb.com/news/oxford-scientist-says-greedy-physicists-overhyped-
quantum-computing; Disentangling the facts from the hype of quantum computing, https://spectrum.icee.org/ieee-
quantum-week, vv.

3 Quantum entanglement thudng dugc dich ra tiéng Viét bang rdi lugng tir, vudng viu lugng tir, hay lién d6i lugng tir,
va ¢6 18 ching ta van chua c6 mot cach dich tdi uru.
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toan cau, laser, pin quang dién, k¥ thuat chup cong huong tir, va vo van cong ngh¢ khac da dinh
hinh cudc séng hién dai. Chuyén sang cudc cdch mang heong tir lan thir hai, chong chép luong tir
(quantum superposition), giao thoa luong tir (quantum interference), va roi hr(mg tor (quantum
entanglement), cac hiéu img mang ban chat luong tur thuan tuy va siu sic, dong vai tro trung tam.
Mot vai ky vong ndi bat bao gom dién toan luong tu, vién thong luwong tir, cam bién lwong tir, mat
ma luong tu, va nhiéu nita. Khai niém hai cudc cach mang lugng tir dugc dua ra bdi Jonathan
Dowling va Gerard Milburn ndm 20024 va bai Alain Aspect ndm 2004.% Cdch nhin nay la di rong,
mang tinh ké thiva, va hop 1y dé néi vé cong nghé lrong tir.
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Nhing vét liéu c6 tinh chat phat sinh
tir cdc hiéu ing co hoc luong tir

Ciéc thiét bi ma héa, diéu khién va doc tin hiéu qubit
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Hinh 1. Phéc thao so bé vé hé sinh thai dién toan lwong tie. Mot cach gian lwoc, vat liéu luong tir nhdam t6i
cdac vt liéu/thiét bi ma tinh chat cia chung mang dac tinh luong tir dién hinh, ¢ thé dung dé ché tao may
tinh lwong tir. Véi thudt todn va tinh todn heong tit, vt Iy heong tir dieoe ding dé xir 1y thong tin. Ung dung
cua dién toan lwong tir co thé bao g&m thiét ké vt liéu va thuéc, mét ma luong tit, vv.

Bai viét nay tdp trung vao dién toan luwong tir, linh vuc mang theo n6 ca mdt h¢ sinh thai khoa hoc
dinh cao, da dang, va dang phat trién manh ma. Trong mdt cach phan loai don gian (Hinh 1), hé¢
nay bao gdm vat liéu luong tir, may tinh luong tir, va cac thuat toan va phuong phép tinh toan
lugng tir.° Nghién ctru vé vat liéu luong tir 1a cha dé quan trong cua vat ly va khoa hoc vat li¢u
trong khi cac nha toan hoc, vat 1y, va khoa hoc may tinh lam viéc v6i thuat toan va tinh toan lugng
ti?. Ché tao mot may tinh lwong tur du manh cho cdc van dé thuc tién va cé kha nang khang 16i la

4 J. Dowling, G. Milburn, Quantum Technology: The Second Quantum Revolution, https://arxiv.org/abs/quant-
ph/0206091.

5 1. S. Bell, Speakable and Unspeakable in Quantum Mechanics: Collected Papers on Quantum Philosophy,
Cambridge University Press, 2004.

6 Cach phan loai nay khong nhat thiét 1a day da va hop 1y nhét, va chi dugc ding cho muc dich cua bai nay.

7 Cac phuong phap nhur density functional theory (DFT) hay quantum Monte Carlo khong nam trong phan loai nay.
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thach thirc lon cho cac nha cong nghé, vat ly, khoa hoc vat liéu, khoa hoc may tinh, va, o tam cao
nay, la cd cac nha quan Iy va lam chinh sach. Chuing ta dudng nhu van cach muc tiéu ndy mot
khoang thoi gian, va nam 2028 c6 thé s& 1a mot thoi diém tha vi, nhu nhic dén & phan dau. Trong
khi cho doi, thi nhitng nguyén mau da dugc cong bd van con rat so khai va chua giai duoc nhiing
bai toan thyc tién ma mdy tinh thong thuong da lam duoc.

Nguon gbc strc manh clia may tinh lwong tir

Dén day, ngon ngit ciia chung ta can “lugng tir” hon mot chit. May tinh ¢ dién dung hai trang
thai nhi phan (0 va 1) ciia mot don vi co ban (bit) dé luu giir va xu ly thong tin. May tinh lugng tr
su dung ‘qubit”, ma, theo nguyén ly chong chdp heong tir, co v6 s trang thai kha di. Mobi mot
trong s6 d6 la mot t6 hop tuyén tinh cta |0) va |1) voi hai trong s6 c6 ban chat x4c suét, goi la bién
d6 xac suat. Khong gian trang thai luong tir cua mot qubit thuong duge biéu dlen bdi mat cau
Bloch (Hinh 2a). V61 hé nhiéu qubit, khéng gian trang thai khong don gian chi gdm tich truc tiép
ctia nhitng mit cdu nay (cho céac qubit dgc lap), ma con gém mdt tap hop 16n hon cac trang thai
phurc hop cia cac qubit khi ching “roi vao nhau” (entangled states). Cac thuat toan s& hoat dong
trong khong gian trang thai nay, su dung, chang han, giao thoa lugng tu, dé lya chon 10i giai dung
(t6i wu) cho bai toan voi mét téc dp khéng mdy tinh co dién nao lam duwoc.
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Mt cAu Bloch cac trang théi lugng tif cia mot qubit Minh hoa nguyén Iy thuat todn Grover

Hinh 2. (a) Mdt cau Bloch, biéu dién cia khong gian trang thai heong tir ciia mét qubit. Trang thdi co s¢
[0) va |1) nam & toa d@é -1 va +1 trén truc z. Véi moi gid tri kha di ciia goc ta © va goc phwong vi o, W) =
cos(6/2)]0) + sin(6/2) el‘p|1) la mot trang thai kha di, va cé thé & bt ky dau trén mdat cau. (b) Minh
hoa nguyén 1y thudt todn tim kiém heong tir Grover, bao gom cong Pauli-X (NOT) X, Hadamard H, Oracle
(xanh nhat), Diffuser (tim nhat), va phép do két qua dau ra.

Hinh 2(b) minh hoa nguyén 1y thuat toan tim kiém Grover® véi 3 qubit. Hé lugng tir ndy bét dau &
trang thai co s¢ |000) véi bién d xac suét bang 1, cac bién do khac bang 0. Tiép theo, trang thai
chdng chéap luong tir duoc khoi tao, hé lugng tir tién hoa theo thoi gian trong khong gian trang
thai, va toan bd 23 = 8 bién dd xac suit duoc phan b lai. Vi giao thoa lugng tir, bién dd cua trang
thai dich [100) duoc khuéch dai trong khi céc bién do khac giam. Cudi cung, phép do lam hé lugng
tir sup do vé trang thai cd dién 1100), tra lai két qua can tim. Nhu vay, mdy khong phdi lan heot
duyét qua tat ca cac trang thai, va diém khac biét nay tao nén téc do vuot troi.

8 L. K. Grover, 4 fast quantum mechanical algorithm for database search, Proceedings of the twenty-eighth annual
ACM symposium on Theory of computing - STOC '96. Philadelphia, Pennsylvania, USA: Association for Computing
Machinery. pp. 212-219; https://dl.acm.org/doi/10.1145/237814.237866
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Birc tranh nguyén ly nay dep, va “c6 rat nhiéu gai”. Thuét toan Grover vé ly thuyét mang lai kha
nang ting toc manh mé, nhung thyc té hidu qua bi gi61 han boi téc do nhap/xuat dir liéu lwong tir,
dac biét 1a khi gqRAM, mot yéu t6 phan cimg hién van chua ton tai & dang thwong mai®. Bén canh
nhap xuéat dir liéu, thuat toan lugng tar, va nhiéu vén dé khac, chung ta diém qua hai thach thuc 16n:
phan cing va kha niang “chuyén thé” sang ngon ngit lugng ti, tat ca déu anh hudng nghiém trong
dén birc tranh 1y tuong nay.

Phin cirng: qubit, két hop hrgng tir, va hi¢u chinh 15i

Céac cong nghé ché tao qubit bao gdbm qubit siéu dan (IBM, Google, Rigetti), qubit ion bay
(Quantinuum, IonQ), qubit nguyén tur trung hoa (Pasqal, QuEra), qubit quang tir (PsiQuantum,
Xanadu), qubit t6 pd (topological qubits) (Microsoft, dang phat trién), va qubit tir théng siéu dan
(superconducting flux qubits) trong may u luong tir (quantum annealer) cia D-Wave. Thuong thi
nhiing qubit nay phai hoat dong ¢ nhimng didu kién khit khe nhu nhiét d cuc thap (c& am 200 d6
C v6i qubit siéu dan), két hop voi tir truong rat cao (cd 20000 lan tir truong trai dat cho qubit to
pd). Van hanh 6n dinh nhimng qubit vat Iy nay rat khé vi chiing rat nhay cam voi moi truong, trong
khi nhiing qua trinh ¢6 ban chat lugng tir nhu phat xa tu phat lam tiéu tdn nang luong va cudi cung,
dan dén mét két hop lugng tir (decoherence) va phat sinh 13i.

Qua trinh hiéu chinh 15i thuong can mét so heong rat Ion qubit vét 1y dé luu tri lwong théng tin
ma, vé mat ly thuyét, chi can mét qubit. Nam 2025, Google ding 101 qubit vat 1y trén bo vi xur 1y
luong tir (Quantum Processing Unit - QPU) Willow dé mi hoa thanh céng mot qubit logic (sau
higu chinh 16i) kha dung ma ty 1¢ 16i giam khi tang khoang cach ma. IBM cong b6 bd vi xir ly
Heron 13 v6i1 156 qubit vat 1y, nhung sai s6 ctia cong hai qubit (2Q gate) va kha nang tich luy 16i
cia mach quy mé 16n van 1a rao can 16n dé dat duoc loi thé luong tir thyc tién.!® QPU Orion-
Gamma cua Pasqal (Phap)!! v4i 140 qubit vat Iy nhung chua duge xac nhan nhu mot qubit sau
hiéu chinh 16i. M6t trung tam dir liéu lugng tir khong chi bao gdm cac may tinh lugng tir hoat dong
doc 1ap ma con 1a cac cum bo xir Iy luong tir (QPU) dugc két ndi voi nhau. Viée xay dung va van
hanh cac h¢ thong nay dat ra nhitng thach thirc k¥ thuat hét stic to 16n.

Khi néi dén mot QPU c6 bao nhiéu qubit vat 1y, ching ta méi nhin mot mét cua véan dé, va cach
nhin nay dé& dan dén hiéu 1Am. No6i nhu Gido su Sankar Das Sarma, mot trong nhitng nha khoa hoc
luong tir dwoc kinh trong nhat thé giGi tir Pai hoc Maryland, Hoa Ky, trong bai bio “Dién toan
lugng tr dang bi cudng diéu hoa”!? nam 2022, thi

Cac hé qubit ma chung ta dang cd la mot thanh tuu khoa hoc vé cung an ‘twong. Tuy nhién,

chiing van chwa dwa chiing ta dén gan hon mot may tinh hwong tir co thé giai quyet nhiing
bai todn thuwc sy ¢é ¥ nghia trong thye té. Piéu nay ciing giong nhie viéc co gang ché tao
mét chiéc dién thoai thong minh hién dai bang cdc dén dién tir chan khong cua ddu the ky
XX. Ban co thé ghép 100 den dién tir lai véi nhau dé chimg minh vé mat nguyén Iy rang,

néu mot ngdy nao do co thé khién 10 ty dén hoat dong dong b va on dinh, ban sé tao nén
nhitng diéu ky diéu. Tuy nhién, diéu con thiéu chinh la buéc ddt pha twong dwong véi sie
ra doi cua mach tich hop va bo xur ly trung tam, nhitng cong nghé da mo duong cho dién

% ORAM: A Survey and Critique, Quantum 9, 1922 (2025); https://quantum-journal.org/papers/q-2025-12-02-1922/
10 Towards utility-scale electronic structure with sample-based quantum bootstrap embedding, Digital Discovery 5,
945-956 (2026); https://doi.org/10.1039/d5dd004 16k

! Trang chu Pasqal: https://www.pasqal.com/

12" Quantum computing has a hype problem, htips://www.technologyreview.com/2022/03/28/1048355/quantum-
computing-has-a-hype-problem
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thoai théng minh ngdy nay. Trén thiee té, nhén logi dé phdi mdt khodng 60 ndm véi vé sé
thach thire ky thudt dé di tie phat minh transistor den dién thoai thong minh, ma khong can
bat ky kham pha vdt Iy moi nao trong suot qua trinh do.

Khong phai moi cong nghé qubit déu nhay cam véi
16i nhu nhau. Mot qubit to pd (topological qubit)
gom mot tap hop cac anyon (xem Hinh 3), mt loai
chudn hat khong giao hoan c6 thé xuét hién trong
trong mat s6 vat liéu ban dan hai chiéu dat trong tur an - aw
trudng cuc 16n va nhiét do cuc thap. Trang thai luong | time W) = ( : )'W
tir ctia qubit nay tién hoa du’a trén thao tac hoan doi
vi tri cua timg cap anyon, vé nguyén tic khong nhay
cam véi 16i. Ly do 1a vi cac thao tac hoan dbi vi tri
nay tao nén cac duong xoan trong khong thoi gian |Wi)
(Hinh 3), va gia tri cua mdi chudi hoan ddi chi phy 41411

thudc vao so, trinh tu, va ban chit cua thao tac hoan
d6i, tirc 1a vao “t6 pd” ciia cac duong khong thoi
glan, ma kh;O ng ;Chn} ‘anh hu:qng bdi nlzleu. Y m‘mg trgn tién hod thé hién trong hinh phu thugc vao
nay duoc dé xuat boi Alexei Kitaev nam 1997 va luong, trink tu, v ban chat ciia cdc hodn
hién dang dugc theo dudi bdi Microsoft. dsi tre 1 vao “t6 pé” ciia cdc dwong khong

Nguoi vidt (TDH), sau khi bao vé luan an va mot thoi gian, ma khong chiu anh huong cua nhiéu.
cach dinh lugng rdi lugng tir trong mot 16p md hinh cac anyon'*, hoi Gido su huéng dén Thay ude
doan khi nao thi may tinh luong tir to pd c6 thé duoc ché tao? Cau tra 10i 12 “50 nam, 100 nam, toi
ciing khong biét chic”. P4 16 nam ké tir ngdy d6, dd c6 nhimng budc tién nhat dinh trong linh vuc
nay, va chiing ta hy vong nhiing tin tirc tot dep trong twong lai.

- - )

Hinh 3. Tién hod cia trang thdi lugng tir cua
mot qubit t6 po bang todn tir hodn déi vi tri. Ma

“Chuyén thé” bai toan sang ngén ngir lwong tir

Mot thach thirc khac 13 1am cach nao dé phat biéu vén dé can giai quyét bang ngdn ngir lugng tir.
Trong birc tranh nguyén Iy mé ta & Hinh 2b, thuat toan Grover ¢ dbi tugng 1a mét co s dit licu.
Du 16n, hé théng nay c6 thé d& dang dugc biéu dién bang mot hé luong tir gdom N qubit sao cho 2
16n hon kich thude cua no, va sau d6 hé tu tién hoa trong khuén khé thuat toan dugce thiét lap. Véi
cac van dé khac, chuyén thé sang ngon ngir lugng tir phtrc tap hon nhiéu, va trong giai doan hién
tai, viéc ndy quan trong khong kém chinh ban than phan cting may tinh.

Khoang nim 2019, ngudi viét (TDH) khao sat mot may tmh (0) luong tr (qQuantum annealer) cua
hang D-Wave Quantum Inc. (Canada)15 cho tinh toan va tdi vu hoa ning luong cuia mot hé lugng
tir. Dy 13 bai toan co ban nhat ctia thiét ké vat liéu va thiét ké thudc ma phuong phap phiém ham
mat d6 (DFT) thong thudng c6 thé 1am phan nao, du cham. Két luan thu dugc 14, voi cau hinh phan
cting khi d6, may ciia D-Wave chi ding duoc cho nhitng mé hinh rat don gian (chang han, Ising)
ctia mot chudi cac hat lugng tir ma mbi hat chi tuong tic voi mot vai hat gan nhéat. Mirc nang lugng
ctia mot vt liéu phirc tap hon nhiéu, khong thé quy vé dang Ising, va vi thé khong thé giai quyét

13 A. Kitaev, Fault-tolerant quantum computation by anyons, Annals of Physics 303, 2-30 (1997).
1 Entanglement and bond fluctuations in random singlet phases, http://purl.flvc.org/fsu/fd/FSU_migr_etd-1533
15 Trang chu: https:/www.dwavequantum.com/
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duogc. Phu hop véi két luan nay, nhitng cong bd khoa hoc sir dung D-Wave cho dén nim 2026 ciing
van xoay quanh md hinh Ising.'®

Van dé nay khéng chi may cua D-Wave gép phai. Nam 2026, cac nha khoa hoc tir Pasgal cong b
mdt bai bao'” mo ta két qua ciia may tinh luong tir ctia cong ty, sir dung QPU Orion-Alpha cho
mot méd hinh Ising. Péi véi cdc doanh nghiép khéi nghiép ma san phdm hwéng téi nguoi ding
hoat déng khoa hoc chuyén nghiép, cdc bai bao mét kénh tiép cdn thi truong dac thu va dac biét
quan trong. Noi cach khac, ching ta c6 thé nhin vao nhiing bai bao nhu thé nay dé thay két qua
t6t nhat va moi nhit hién nay.

Két luan

Cong nghé luong tir 1 mot linh vyc khoa hoc va cong nghé dinh cao, va dang dugc nghién ciru rat
tich cuc trén pham vi thé gidi. Cudc chay dua toan cau dang tao ra ap luc “bay gio hoic khong bao
gid” cho cac qudc gia dang phat trién trong viéc xay dung ha tang tri thirc lugng tir dé tranh bi gat
ra khoi nén tang an ninh va kinh té toan cau trong thap ky tdi. Tuy nhién, viéc nay nén duoc thyc
hién mét cach khach quan, duy 1y, va bén vimg. C6 18 mot dinh hudng phi hop 1 “tinh dudng dai
va di tirng budc”.

16 Phase transitions in a programmable quantum spin glass simulator, Science 361, 162 (2018),

https://www.science.org/doi/10.1126/science.aat2025; Observation of topological phenomena in a programmable
lattice of 1,800 qubits, Nature 560, 456 (2018), https://www.nature.com/articles/s41586-018-0410-x; Proposal for
Estimating the Energy Gap of the Transverse-Field Ising Hamiltonian Using a D-Wave Quantum Annealer,
https://arxiv.org/abs/2607.21940

\7 Identifying hard native instances for the maximum-independent-set problem on neutral-atom quantum processors,
Physical Review Applied 25, 034085 (2026); https://journals.aps.org/prapplied/abstract/10.1103/8gjv-111f
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