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In order to search through an unstructured database of N elements,
Grover's quantum search algorithm has O (VN) time complexity and
uses O (log N) storage space thanks to the application of quantum
mechanical properties (such as, superposition, entanglement,...) in each
step of this algorithm. In this article, we studied the Grover quantum
algorithm and clarified the quantum supremacy of the algorithm by
analyzing the "behavior" of quantum mechanical properties in each step
of this algorithm. In addition, we calculated and implemented on IBM
quantum computers through the Qiskit platform in applicating for the
problem of DNA sequencing with a string of length N = 8. The results
showed that the Grover’s quantum search algorithm has superior search
capabilities compared to existing algorithms as the quantum computer
has a sufficient number of qubits, which helps to reduce the time and
resources needed to determine the gene sequence and provides more
effective methods for molecular biology.
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Pé tim kiém trén mot co so dir lidu phi cau tric gom N phan tir, thuat
toan lugng tor Grover c6 do phuc tap vé thoi gian O(VN) va st dung
O(log N) khong gian luu trir nho tng dung cua cac tinh chit co hoc
luong tu. Trong bai bdo nay, ching t6i nghién ciru thuat toan lugng tir
Grover va lam rd tinh vu viét cua thuat toan bang cach phan tich cac
“hanh xir” cta tinh chidt co hoc luong tir (nhu chdng chit, vuéng
viu,...) trong timg budc cua thuat toan. Bong thoi, chiing toi tinh toan
va trién khai trén may tinh luong tir IBM thong qua nén tang Qiskit
trong bai toan giai trinh tuy DNA véi chudi c6 do dai N = 8. Két qua
cho thay thuat toan lwgng tir Grover c6 kha nang tim kiém wu viét hon
céc thuat toan hién c6 khi may tinh lwgng tir c6 sé qubit du dung, diéu
nay gitip giam thoi gian va nguon luc can thiét dé xac dinh chudi gen
va dong thoi cung cap phwong phap hiéu qua hon cho nghién cttu sinh
hoc phan tir.

DOI: https://doi.org/10.34238/tnu-jst.9932

" Corresponding author. Email: panh26072002@gmail.com

http://jst.tnu.edu.vn

65 Email: jst@tnu.edu.vn


https://doi.org/10.34238/tnu-jst.9932

TNU Journal of Science and Technology 229(07): 65-72

1. Gioi thigu

Déi véi bai toan tim kiém tir dit liéu gom N phan tu, dac biét la mét co so dir lieu phi Cau trac,
thoi gian can thiét ddi voi cac giai phap co dién hién nay 1a tuyén tinh, tic 1a bac O(N) vé thoi
gian. Trong khi d6, thuat toan lugng tir Grover (GA) chi mat thoi gian O(\/N) va su dung O(log
N) khong gian luu trir [1]. N6 1a thuat toan luong tr tim kiém co s¢ dit liéu phi cau tric nhanh
nhét véi kha niang ting téc bac hai, day 1a diém khac biét voi cac thuat toan lwong tir khac. Khi N
cang 16n thi GA cang thé hién sy ting tdc rd hon va tiét kiém duoc tai nguyén hon. GA 1a mot
thuat toan lugng tir, n6 str dung mét vai thude tinh cdt 161 cua tinh toan lugng tir nhu chéng chét
luong tu va vuong viu lugng tir [2]. Pon vi thong tin co béan trong tinh toan lugng tu 1a bit lugng
tr (qubit) dugc mo ta boi trang thai lwong tir 13 |0) va |1). Mot trang thai bat ki trong hé mot
qubit 12 chong chat cia cac qubit co ban ¥ = a|0) + b|1), trong d6 a, b 1a nhitng sé phic thoa
min |al? + |b|? = 1 va |a|?, |b|? 13 x4c xudt ma 1 & trang thai |0), |1) twong ung. Khi hé cé n
qubit thi trang thai tong quat 1a chdng chat va vudng viu tir 2™ trang thai co ban. Nho cac tinh
chét luwgng tir nay ma cac thuat toan luong tir c6 kha nang xir ly nhanh hon cac thuét toan cd dién.

Trong nhirng nghién ctru gan ddy, GA dwoc (ng dung rong rii trong cac van dé lién quan tim
kiém dit liéu phi cau trac hay t6i wu hod. GA 1am ting bién d6 xac suét cua trang thai dugc danh
dau dé ting toc nhiéu loai thuat toan khac dé giai bai toan 3SAT [3]. GA giup tang toc kha thi
cho cic bai toan hop den vé do phirc tap cua truy van luong tir, bao gém tinh khac biét cua phan
tu [4]. Nguoi ta cling 4p dung GA trong hé thng dién va ning lwong dé giai quyét ba van dé cét
15i: do tin cay, t6i wu hoa va kiém soat [5]. Hoic tiém ning tng dung GA trong may hoc luong tu
[6]. Bén canh d6, no ciing dwoc cai tién va két hop véi cac thudt toan khac dé giai nhitng van dé
phtic tap hon, dién hinh nhu viéc dua ra GA phan tan [7], hay trién khai két hop véi cac ham bam
¢ dién MD5, SHA-1, SHA-2 va SHA-3 [8], hoic trién khai cho AES-128, -192 va -256 trong
phan mém luong tir [9].

Giai trinh ty DNA 1a mét linh vuc nghién ctru quan trong trong nganh sinh hoc phan tir, nham
xac dinh chudi gen va thong tin ma héa ctia cac phan tir. Viéc nghién ctru trinh ty DNA dugc coi
1a mot yéu t6 quan trong vi nd mang céc chi tiét vé bo gen c6 thé duge cic nha nghién cuu sir
dung dé du doan sém bénh tat. Cong cu giai trinh ty DNA dugc dung pho bién 1a Sanger va cac
thé hé méi [10]. Tuy nhién, khi kich thuéc dir liéu l16n va nhidu thong tin trong xtr 1y thi thuat
toan va may tinh c¢6 dién s& c6 nhitng han ché nhét dinh.

Gan day, Marina va cong sy da két hop thuat toan tim dudng luong tir va khuéch dai bién do
Gaussian dé giai trinh tu DNA [11]. Sarkar va cong su da dé xuat mot thuat toan luong tir dé giai
quyét linh vuc xu 1y dit lidu day thach thic dé tai cau tric trinh tw b§ gen [12]. Tuy nhién, viéc ap
dung thuat toan lugng tir trong giai trinh ty DNA vén dang trong qua trinh phat trién va doi hoi
su tich hop chit ché gitra kién thace Twong tir va sinh hoc. Piéu nay dit ra nhiéu thach thic va co
hoi nghién cru mai, mo rong pham vi cua viéc ap dung cong nghé luong ti trong thoi ky hién dai
cua khoa hoc [13].

Trong bai bao nay, chung t6i phan tich & muc 2 cac budc trién khai thuat toan lwong tir Grover
tir goc nhin co hoc lugng tir. O muyc 3 trinh bay tinh toan mach lugng tu va trién khai thuat toan
trén may tinh lugng tu thyc thong qua nen tang Qiskit d6i véi bai toan giai trinh ty DNA cua mot
doan axit nucleic c6 do dai N = 8 v6i mau can tim ¢6 d6 dai M = 2. Cudi cung la phan ket luan vé
tinh vu viét cua thuat toan lugng tir Grover va tiém nang tng dung cua no dé giai quyet cac bai
toan tbi wu trong tuong lai.

2. Thuat toan lugng tir Grover
2.1. Vén dé cin tim kiém

Gia sir ta c6 mdt 6 co sé dir lieu gdm N =2" phan tr tao thanh tiap hop
X = {X;,X3,X3, ..., Xy} va cho tru6c mot ham Boolean f = X — {0,1}. Ta sir dung toan tir U,,,
sao cho:
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_(Ix)néux # w
Uulx) = {—lx) néux = w #(1)

Muc tiéu ciia GA 1a tim ra chi s6 |w) thoa mén diéu kién trén [1].

2.2. Biéu dién mach Iwong tir ciia thudt todn Grover

Toan tir truyén tin Grover
I

10) = Hon e |4 210m07) — 1,H Hen |- -+

T
Lap lai 0(VN) lan
Hinh 1. Mach lwong tir biéu dién thudt todn heong tir Grover

GA [1] c6 thé md ta ngin gon nhu Hinh 1, cac budc cua thuét toan dugc dién ra nhu sau:

Buwgc 1: Khoi tao trang thai. Thanh ghi thr nhat gom n qubit dugc nhap vao tir trang thai (0).
S6 n qubit duoc chon t6i thicu sao cho n = [log, N], v6i N 1a so phan tr cua dir liu can tim.
Thanh ghi thir hai gom mét qubit va duoc thict 1ap tur trang thai |1):

o) = [0)2"[1)#(2)

M®di cong Hadamard don tac dung 1én mdi qubit don, tao ra trang thai chong chit. Nhu vay,
sau budc 1, tirc 1a dau vao hop den (oracle) Uw, ta co trang thai lu'ong tu:

S N LR | Z 1= (100~ 1) = 1914
0 V2 1 -1 0

Buwéc 2: Thyc hién vong 1ap Grover r(N) lan. Ham r(N), c6 dQ phu’C tap O(VN), dugc miéu ta
nhu sau:
(a) Thuc hién toan tir U, (cc‘)n goi 1a ham oracle, ham trong hép den)

0 -1
[$2) = Vo) = Z| IO Z| 1)) #(4)

Dbi v6i moi |x), v6i f (x) = 0 thi bién do ctia n6 khong thay (1‘01 Nguoc lai, bién d6 thanh
am.

(b) Thuc hién toan tir Ug. Sau mdi lan lap Us, trang thai duoc xoay vé gan voi trang thai
|i) = |w) hon, v&i goc xoay O;: 6, = 2 arcsin(l/\/ﬁ)

Buréc 3: Thyc hién phép do. Két qua cua phép do s& 1a 4,, Vi xéc sudt tién toi 1 khi N > 1.
Tur A, ta co thé tim thay |w). Sau k lan Iap, trang thai caa hé n qubit vé gan vai trang thai |w), SO
k nho nhit dé xac suét trén gan véi 1 1a k ~ m/N /4. Nhu vay, thuat toan tim kiém Grover c6 do
phtic tap O (v/N) vé thoi gian nén s& tim kiém nhanh hon khi dung thuat toan toan c6 dién.

2.3. Biéu dién vector quay cia thudt todn Grover

|w) Bién dd Jw) Bién

<-\
2=

Ish= o) 1
VN 0 N Chi muc
8 ,
Is') 0 @ N Chimuc ot
(a) (b) ‘ ‘ (b)
Hinh 2. Trang thdi ban dau: @) biéu dlen vector |s)  Hinh 3. Lan quay dau tién: (a) vector |s) Vdi goc
va (b) bién dg cia phan tir can tim quay 0 va (b) bién dé cua phan ti can tim
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Bwéc 1: Khoi tao vector |s) (Hinh 2). Hinh 2(a) mé ta trang thai |w) can tim bang cach tao
vector |s’) truc giao vdi nd, tire 1a (w|s’) = 0, va vi tri cta |s) trén d6 thi tao bdi hé truc vuong
goc |w) va |s") dugce xac dinh 1a chong chat cua hai trang thai co s& nay:

1
|s) = sinf|w) + cos|s’); 6 = arcsin(s|w) = arcsin—#(5
e

Trong budc nay, bién d6 cua |w) chua phan biét v6i cac phan tir con lai (Hinh 2(b)).

Buwéc 2: Ap dung toan tir U,, (oracle) 1én trang thai |s) va lam n6 quay 1 goc 0. Liic nao, bién
d6 xac xuat cua |w) bi 1at nguoc vé am nhu duge mo ta & Hinh 3.

Buwéc 3: Thyc hién toan tir Uy cho trang thai |s) trong d6: Ug = 2|s){(s| — I khuéch dai vector
mau xanh |s) gan hon v&i |w). Hinh 4 cho thiy phép bién d6i lam ting bién d6 cua |w) cin tim
1én khoang 3 lan gia tri ban dau, dong thoi giam cac bién do cua céc trang thai khac.

Cubi cung, ta thyc hién phép do, trang thai ndo cho xac suat (binh phuong bién d6) cao nhat
chinh 13 trang thai can tim.

Jaa} Uglipy) = UUulipe) Bién do Khai tao Oracle Khuech dai

MW )~ -
5') .

y lw) N Chi myc “) _@ e E_I ' X
(a) ) ‘
Hinh 4. (a) Trang thdi |s) gan hon ve phia |w); Hinh 5. So do mach GA véi 3 qubit

(b) bién d6 cia |w) tang dan
3. Ung dung thuat toan lweng tir Grover dé giai trinh tw DNA

DNA 1a chudi polyme dai, dang soi, chtra gen di truyén quy dinh moi hoat dong séng cua cac
sinh vat va nhiéu loai virus. N6 c6 bon phan tir nucleic: adenine (A), cytosine (C), guanine (G) va
thymine (T). Cac cap adenine véi thymine va guanine véi cytosine, dugc biéu thi bang A-T va G-
C, duogc goi la cap bazo (bp) trong DNA [10].

Trong vi du cua nghién ciru nay, chung toi 1dy mot doan chudi DNA loai hCoV-19 ¢ doan
gen nhu sau: ATTAAAGGTTTATACCTTCCCAGGTAACAAACCAACCAACTTTCGAT...
Gia sir mot doan bi 13i thymine “ATAC” (dugc dit 1a chudi F) va can do T ¢ vi tri ndo trong
chudi nay.

Dé giai trinh tw DNA biang GA, céc nucleotide dwoc mé héa thanh cac trang thai luong tir sau:

|4) > [00); |T) - [11); |C) - |01); |G) - |10)#(6)

Khi d6, chudi can tham chiéu F = {ATAC} dugc ma hoa thanh |F) = [00110001) c6 do dai
mau N = 8. Chudi can tim P = {T} duoc mi hoa thanh |P) = |11) c6 d6 dai M = 2. Ta can tim
vi tri xuat hién cua mau |P) trong chudi |F). Duéi day, ching toi tinh toan va trién khai dé giai
quyét van dé nay trén nén tang Qiskit.

3.1. Tinh todn theo mé hinh mach

Hinh 5 md ta mach lu(rng tir GA cho mach 3 qubit dugc sir dung dé tinh toén trong truong
hop nay. Trang thai tur dau vao dugc khai tao |y,) = |0)®”|1) sau khi 4p dung céng Hadamard
[2] tao ra su Chong chat cua tat ca cac trang thai c6 bién do bang nhau:

lYq) = 2\/_(|0 1) +11,2) +|2,3) + [3,4) + |4,5) + |5,6) + 16,7) + |7,0)#(7)

Trong do, mdi trang thai chi muc |i, j) ang véi i, j 1a vi tri trong chudi |F), nghia 13, trang thai
|0,1) biéu dién cho “00”, |1,2) biéu dién cho “01”, ..., |7,0) biéu dién cho “10” trong chudi |F).
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Véi mau |P) = |11) nén ta can 4p dung Uy hai lan. Bat dau voéi ki hi¢u dau tién néu chung
bang nhau thi trang thai twong (g véi chi s6 dau tién s& bi dao nguoc, néu khong thi oracle s&
gitr nguyén trang thai. Trang thai thu dugc sau khi ap dung U; nhu sau:

1
Sau @6, sau kh1 ap dung Oracle tuong tu cho ki hiéu thir hai:
1
) = U Uslyy) = 700 1) —11,2) +12,3) — [3,4) + |4,5) + [5,6) — 6,7) — |7,0)#(9)

Cac trang thai c6 bién do duong (dau “+°) s& 1a mau can tim. Nhung ngoai trang thai [2,3) phu
hop vé6i két qua can tim, con co cac trang thai khac ciing c6 déu duong. Van dé nay duoc glal
quyét bing cach ap dung toan tir khuéch dai Uy = 2|s)(s| — I, trang thai can tim s& duoc khuéch
dai nhiéu hon cac trang thai khac. Két qua do s& cho ¢ dang xéc suat, day 1a diém dac biét so véi
thuat toan cb dién. Tiép theo, chiing ta s& thu dugc két qua chinh xac khi trién khai trén Qiskit.

3.2. Trién khai thudt todn trén nén ting Qiskit

Sau khi nhap 1énh ‘import’ tir cac thu vién va module can thiét dé thuc hién trong méi truong
luong tir trén nén tang Qiskit [14]. Ching t6i chén thém thu vién Qibo va lénh khoi tao mach
lwong tir cho thuat toan:

def initialize( N, M, s, string_w, pattern_p):

for i in range(N):
if string_w[i] == 1.
c.add(gates. X(i))
for i in range(M):
if pattern_p[i] == 1:
c.add(gates.X(i + N))
for i in range(int(s/2)):
c.add(gates.H(i + N + M))
for i in range(int(s/2)):
c.add(gates.CNOT(i + N + M,i + int(s/2) + N + M))
for i in range(int(s/2)):
if i == (int(s/2)-1):
c.add(gates.X(N + M + s - 1))
else:
c.add(gates. X(int(s/2) + i + M).controlled_by(*range(int(s/2) +i+ N+ M + 1, N + M +5)))
return ¢

DPoan code sau day dugc viét dé thuc hién viéc khuéch dai trang thai can tim béng toan tir
phan xa tirc 1a ddo trang thai ¢6 bié€n dd cao hon cac trang thai khac:

def diffusion(N, M, s):

c.add([gates.H(i) for i in range(N + M, N + M + s)])

c.add([gates.X(i) for i in range(N + M, N + M + s)])

c.add(gates.Z(N + M + s-1).controlled_by(*range(N + M, N + M + s-1)))
c.add([gates.X(i) for i in range(N + M, N + M + s)])

c.add([gates.H(i) for i in range(N + M, N + M + s)])

return c i . )

Tiép theo 1a doan code dé xac dinh trang thai can tim néu chudi va mau khép nhau. Sau d6 sé
tra vé dau ra 1a mach lugng tr véi cac bién d6 cua trang thai trén trung binh bi dao.

def oracle(N,M,s,p,equal):

controls =[3,5,6, 1, 2,4, 0]

inp_list = [*range(N + M, N + M + int(s/2))]

combi =[]

for i in range(1, len(inp_list) + 1):
combi.extend(list(itertools.combinations(inp_list, r = i)))
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for i in range(len(combi)+1):
if i ==len(combi):
ifp==0:
c.add(gates.X(N - 1))
c.add(gates.X(N))
c.add(gates.Z(N + M + 2).controlled_by(N-1, N, N + M, N + M + 1))
ifp==0:
c.add(gates.X(N - 1))
c.add(gates.X(N))
else:
c.add([gates.X(j) for j in list(combi[i])])
ifp==0:
c.add(gates.X(controls[i]))
c.add(gates.X(N))
c.add(gates.Z(N + M + 2).controlled_by(controls[i], N, N + M, N + M + 1))
ifp==0:
c.add(gates.X(controls[i]))
c.add(gates.X(N))
c.add([gates.X(j) for j in list(combi[i])])
if equal is True:
diffusion(N, M, s)
inp_list = [*range(N + M + int(s/2), N + M + s)]
combi=T]
for i in range(1, len(inp_list) + 1):
combi.extend(list(itertools.combinations(inp_list, r = i)))
for i in range(len(combi)+1):
if i==len(combi):
ifp==
c.add(gates.X(N - 1))
c.add(gates.X(N + 1))
c.add(gates.Z(N + M + 5).controlled_by(N-1, N+1,N+ M+ 3, N+ M +4))
if p==0:
c.add(gates.X(N - 1))
c.add(gates.X(N + 1))
else:
c.add([gates.X(j) for j in list(combil[i])])
ifp==0:
c.add(gates.X(controls[i]))
c.add(gates. X(N + 1))
c.add(gates.Z(N + M + 5).controlled_by(controls[i] , N+ 1, N+ M + 3, N + M + 4))
ifp==0:
c.add(gates.X(controls[i]))
c.add(gates.X(N + 1))
c.add([gates.X(j) for j in list(combi[i])])
if equal is True:
diffusion(N, M, s)
return c i ) )
Ti€p theo ta dung cac 1éch code sir dung dé¢ tao mot danh sach cac chit s6 nhi phan tir mot so
két qua thap phan Ia tra vé mot danh sach chita cac chit s nhi phan tuong tmg.
def bin_list(dec,nqubits):
binary = format(dec,'0{}b".format(nqubits))
return list(map(int, str(binary)))
Tiép theo sir dung code c6 kha nang sir dung trong s6 dé chuyen d6i s6 nhi phan thanh s thap
phan. Ham tra v& mot s& nguyén 1 s6 thap phan tuong tmg véi s6 nhi phan dugc dua vao.
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def bin_to_dec(binary_number):
decimal_number =0
for position, string_digit in enumerate(binary_number[::-1]):
decimal_number += int(string_digit) * 2 ** position
return decimal_number i )

Tiép theo 1a doan code duoc sir dung dé tim kiém mot mau trong mot chudi. Ma ciing tinh
toan vi tri ctia mau trong chudi bang cach tim gia tri 10n nhat ctia x4c suét va hién thi két qua nhu
Hinh 6 (v6i chudi N = 8 va mau M = 2). Két qua cho thay trang thai |010) voi x4c suét cao nhat
0,15011.

string = input("Given string: ")

pattern = input("Pattern: ")

string_w = [int(x) for x in str(string)]

pattern_p =[int(x) for x in str(pattern)]

n_shots = int(input("Number of shots: "))

N = len(string_w)

M = len(pattern_p)

s = int(m.ceil(m.log2(N - M)))*M

¢ = Circuit(N + M +s)

p = pattern

initialize( N, M, s, string_w, pattern_p)

if pattern_p[0] == pattern_p[1]:

oracle(N,M,s,p,True)
else:
for p in pattern_p:
oracle(N,M,s,p,False)
diffusion(N,M,s)

c.add(gates.M(*range(N + M, N + M + int(s/2)), register_name="A"))

result = c(nshots = n_shots)

y = result.frequencies(binary=True, registers=True)

print(‘State’, \t\tOccurance', \tProbability")

suma =0

for q_state in y['A7:

prob = y['A[qg_state]/100000.
print(g_state, \t\t', y['A"][q_state], \t\t',prob)

print()

max_key = max(y['A'].items(), key = operator.itemgetter(1))[0]

print("The pattern has been found at index i =",bin_to_dec(max_key))

Given string: e@lilees1l 0.16

Pattern: 11 =
HNumber of shots: 1eecea 0.14

[Qibo ©.2.4|INFO|2024-82-20 15:@4:47]: Using numpy backend on /CPU:@ 012

]
-
°

State Occurance Probability Z
208 12149 8.12149 E 008
221 11591 8.11591 §
ele 15811 8.15e11 0.06 1
el1l 11996 8.11996
loe 11962 8.11962 0.04
181 11495 8.11495
1ie 13826 8.13326 0.02
111 11e7e 0.1197
0.00
[000> (001> [010> (011> [100> [101> [110> [111>
The pattern has been found at index i = 2 States
. £ ., , Lo, . . N Je s 1R . LA 22
Hinh 6. Két qua o dang xac suat cua cdac trang thai Hinh 7. Két qua hién thi dang biéu do

Dé tuong minh hon, ching t6i code v& biéu dd va két qua dugc 1am ndi bat bang bang nén
gach chéo nhu ¢ Hinh 7: trang thai can tim 1a |010) vdi xac suat cao nhat 0.15011.
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Sau khi thyc hién thuét toan ta thu duoc la trang thai |010) tuong ng v6i trang thai |2,3) - mau
“11” khop v6i chuoi “00110001” tai vi tri i = 2. Tong s0 qubits str dung 1a 16 va nshots = 100000.
Keét qua nay ro rang hon nho viée chén thém thu vién Qibo vi khong c6 san trén nén tang Qiskit.

4. Két luan

Thuét toan Grover 4p dung tinh chit cta co hoc lugng tir nén toc d6 xir 1y ting bac hai so Voi
giai phap c6 dién. Chung t6i da tién hanh (mg dung GA vao viéc giai trinh tw DNA, trong khi
thuat toan c6 dién sir dung it nhat N + M truy Van, thi vi tri chi muc di duoc tim thay chi véi
mét/hai truy van khi sir dung GA. Piéu nay cho thy su wu viét vé thoi gian chay va loi thé cua
viéc str dung thuat toan luong tir so vai thuat toan ¢ dién. Viéc ting toc bac hai cua GA van con
khiém t6n voi may tinh lwong tir hién nay, n6 cang t6i uu khi may tinh lwong tir c¢6 sb qubit 16n.
Trong tuwong lai nhom s& tiép tuc trién khai van dé giai trinh tw DNA thong qua GA véi sb qubit
cao hon dé xur 1y chudi c6 d6 dai 16n ciing nhu cia mau phirc tap hon.
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