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ABSTRACT

In this paper, we prove the finite convergence of sequences
generated by (inexact and exact) proximal point methods for
solving pseudomonotone equilibrium problems on Hadamard
manifolds under the linear conditioning of the solution set.
Keywords: Equilibrium problems; Hadamard manifolds;
pseudomonotone bifunction; linear conditioning; finite
convergence; proximal point method.

1. Introduction

The equilibrium problem, also known as Ky Fan
inequality, introduced by E. Blum and W. Oettli ([1]), is
a generalization of several problems such as optimization
problems, variational inequality problems,
complementary problems, saddle point problems, fixed
point problems, Nash equilibrium problem in
noncooperative games, ... (see, e.g., in [1], [2] and
references therein). Because of its applications in
economics, transportations, networks, image
reconstructions, elasticity, etc. EP has been studied
extensively by many authors. Two basic and important
issues for EP are the existence of solutions and iterative
methods for finding solutions. There have been a large
number of papers dealing with above-mentioned issues in
the literature (see, e.g., [3], [1], [4], [5]. [6], [7] and
references therein).

In 2012, V. Colao et al. ([8]) were first introduced the
equilibrium problem on manifolds. In that paper, the
authors proved the existence of solutions for equilibrium
problems on Hadamard manifolds. They also proved the
convergence of Picard iteration for firmly nonexpansive
mappings in the setting of Hadamard manifolds and used
to devise an algorithm to approximate solutions. The
results in [8] were then improved and extended to general
Riemannian manifolds by Wang et al. ([9]) with new
approach. For other existence results for solutions of
equilibrium problems, we refer the reader to, e.g., [10],
[11], [12] and references therein. Some methods for
solving equilibrium problems on manifolds can be found
in [10], [13], [14], [15], [16]. Above-mentioned results
are extensions of analogous results from linear spaces to
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manifolds. Note that manifolds do not have linear structure and many known properties and
techniques used in linear spaces do not work in the setting of manifolds. So new techniques
are needed when we deal with equilibrium problems on manifolds.

A. Moudafi [17] introduced the concept of #-conditioning for equilibrium problems.
This concept extends and unifies several concepts and conditions in optimization theory
such as weak sharp solutions or weak sharp minima (see, e.g.,, [18], [19], [20], [21]). In
[17], the author proved the finite convergence of some iterative methods solving equilib-
rium problems in Hilbert spaces under the assumption that the considered equilibrium
bifunction satisfies the #-conditioning. Recently, the authors in [6] provided some charac-
terizations for the linear conditioning (1-conditioning) and studied the finite convergence of
some methods solving equilibrium problems. In that paper, they also gave an upper bound
for the number of iterations in which the sequence generated by the proximal point method
converges to a solution of the considered equilibrium problem.

The aim of this paper is to investigate the finite convergence of the proximal point
method for solving equilibrium problems on Hadamard manifolds under the linear con-
ditioning assumption of the solution set. Our result extends the result in [6] from linear
spaces to Hadamard manifolds.

2 Preliminaries

In this section, we introduce some basic definitions, notions and results about Riemannian
geometry which can be found in, for instances, [22], [23], [24].

Let M be a connected finite-dimensional smooth manifold. We denoted by 7, M the
tangent space of M at a point x € M and by TM = J,,, T-/M the tangent bundle of
M. Note that T, M is a vector space with the same dimension as M and 7 M is natu-
rally a manifold. We suppose that M is endowed with a Riemannian metric to become a
Riemannian manifold. We denote by (-, -), the inner product on 7, M and by || - ||, the
corresponding norm to the inner product (-, -),. If no confusion occurs, the subscript x is
omitted.

The length of a piecewise smooth curve v : [a,b] — M joining = to y in M, i.e.,
x = y(a) and y = y(b), is defined by

L) = [ Il

where 7'(t) € T, M is a tangent vector. The Riemannian distance d(x,y) between x and
y is the minimal length of all such curves connecting x and y. This distance induces the
original topology on M.

Let V be the Levi-Civita connection associated with the Riemannian metric. A vector
field V' is said to be parallel along a smooth curve v if V)V = 0, where 0 is the zero
tangent vector. If 7/ is parallel along v, i.e., V. (;)7/(t) = 0, then we say that -y is a geodesic.
A geodesic ~y joining x to y is said to be a minimal geodesic if its length equals d(p, ¢) and
in this case the geodesic 7 is called a minimizing geodesic. By the Hopf-Rinow theorem, a
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Riemannian manifold M is complete if and only if any pair of points in M can be joined
by a minimal geodesic. Moreover, if M is complete, then (M, d) is a complete metric
space and every bounded closed subset is compact.

A Hadamard manifold is a complete, simply connected Riemannian manifold of non-
positive sectional curvature. From now on, we always assume that M is an m-dimensional
Hadamard manifold.

The exponential map exp, : 7.M — M at a point x € M is defined by exp,v :=
v(1,z) for each v € T,M, where v(-) := 7,(-,x) is the geodesic starting from x with
velocity v, i.e., 7(0) = x and 7/(0) = wv. It is known that exp, tv = ~,(¢,z) for any
real number ¢ and exp,0 = 7,(0,2) = x. Note that for z € M, the exponential map
exp, : T.M — M is a diffeomorphism. Thus, there exists an inverse exponential map
exp, ' : M — T, M. Moreover, we have d(z,y) = ||exp,'y|| for any z,y € M.

A geodesic triangle A(py, po, p3) is a set consisting of three points py, po and p3 in M
and three minimal geodesics ; joining p; to p; 11, where i = 1,2, 3(mod 3).

Proposition 2.1 ([23]). (Comparison result for triangles). Let A(pipaps) be a geodesic
triangle in M. For each i = 1,2,3(mod3), let ~y; : [0,{;] — M denote the geodesic
joining p; to piy1, and {; = L(7;) and «; be the angle between tangent vectors ~,(0) and
P—i—1(li-1). Then

CY1—|—O./2+043§7T (21)

and

lz2 + li2+1 - 2lili+1 COS (Y341 S li271' (22)

The inequality (2.2) can be rewritten in terms of the distance and the exponential map
as

& (pi, piy1) + d* (Diy1, Piva) — 2 <6Xp;,.1+1 Di, eXP,;L pi+2> < d* (pita, pi) (2.3)

since
<€Xp;il+1 Dis eXP;L pz’+2> = d (pi, Pi+1) d (Pi+1, Pit2) COS Qi1

Definition 2.1 ([24]). A subset K C M is said to be (geodesic) convex if for any two point
p and ¢ in KC, the geodesic joining p to ¢ is contained in /C, that is, if v : [a,b] — M is a
geodesic such that v(a) = p and (b) = ¢, then y(ta + (1 — t)b) € K for all ¢ € [0, 1].

Note that for any x, y € M, there is a unique minimal geodesic 7 joining x to y which
is defined by 7., (t) = exp,(texp, ' y) forall t € [0, 1] (see, e.g., [22]). Thus, K C M isa
convex set if and only if exp, (texp,'y) € K forall 2,y € K and for all ¢ € [0, 1].

Definition 2.2 ([24]). Let C be a nonempty convex set of M. A function f : C — R
is said to be (geodesically) convex if for any geodesic v : [a,b] — C the composition
fo~:a,b] — Ris convex.

59



N. T. Thu / Finite convergence of the proximal point method for solving...

Equivalently, f : C — R is convex if and only if
flexp,(texp;ty)) < (1—t)f(x) +tf(y), Va,yeCandtecl0,1].
The distance from a point x € M to a subset K cua M is defined by
d(z,K) := inf{d(z,y) : y € L}.
The projection of a point x € M onto a subset K of M is defined by
P(z,K):={pe K :d(z,p) =dzK)}.

Proposition 2.2 ([25]). Let K be a closed convex subset of a Hadamard manifold M. Then,
forany x € M, P(z,K) is a singleton set. Also, for any p € M, the following assertions
are equivalent:

(i) y = P(p,K);
(ii) <exp;1 D, exp;1 q> <0 forall q € K.
For the proof of our main result, we need the following lemma.

Lemma 2.1 ([26]). Assume that {a,} and {b,} are two sequences of nonnegative real
numbers such that a,, 1 < a, + b, foralln > 1. If Zzozl b, < oo then lim,,_,~ a,, exists.

Let X be a nonempty closed convex subset of M and f : M x M — R be a bifunction
such that f(z,xz) = 0 for all x € X. The equilibrium problem on Hadamard manifolds
consists of finding an element z* € X such that

f(z*,y) >0 vimoi y € X. 2.4)

In this case, the bifunction f is called an equilibrium bifunction. We denote by X* the
solution set of the equilibrium problem (2.4).

The equilibrium problem on manifolds was first introduced in [8] where the authors
pointed out some important problems, which can be formulated by (2.4). In particular,
if f(z,y) = (V(x),exp,'y) for all z,y € X, where V is a vector field on M, then
the equilibrium problem (2.4) reduces to the variational inequality problem on Hadamard
manifolds introduced by S. Németh ([27]). For results about the existence of solutions of
equilibrium problems on manifolds under different assumptions, we refer the reader to [10],
[28], [11], [12], [9]. Some methods for solving equilibrium problems on manifolds can be
found in [10], [28], [15], [14] and references therein.

Definition 2.3. Let f : M x M — R be a bifunction and X be a nonempty closed convex
subset of M. The bifunction f is said to be pseudo-monotone on X if, for all z,y € X,

flz,y) > 0= f(y,z) <0.
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Lemma 2.2. Assume that the solution set X* of the equilibrium problem (2.4) is nonempty.Then,
X* is convex provided that f(x,-) is convex for each v € X, f(-,y) is upper semicontinu-
ous for eachy € X and f pseudo-monotone on X.

Proof. Assume that x*,y* € X*. We will show that v, - (t) = exp,.(texp,. y*) €
X* forallt € (0,1). Let x € X and t € (0,1) be arbitrary. Since z*,y* € X*, we
have f(z*,x) > 0 and f(y*,z) > 0. it follows by the pseudo-monotonicity of f that
f(z,z*) < 0and f(x,y*) < 0. Combining with the convexity of f(z,-) one has

F(, 7 (8) < (1= D f(2,2%) + f(w,y") < 0.

Set 2* = 7,4+ (t). We have f(x,2*) < Oforallz € X.Lety be arbitrary in X" and consider
the geodesic 7, .+ (s) = exp, (s exp, ' z*) joining y to z* with s € (0,1). By the convexity
of f(7y..+(5), ), we have

0= f(7y,2* (8)77?;,2* (8)) < (1 - S)f(fYy,z* (8)7 y) + Sf(’)/y,z* (8)7 Z*)
S (1 - S)f(fyy,z* (3)7 y)'

This implies that f(exp,(sexp,' 2*),y) > 0 forall s € (0,1). Letting s — 1-, one gets
f(z*,y) > 0. Since y € X is arbitrary, z* € X*. That is, 7,+,+(t) € X* forall ¢t € [0, 1].
Therefore, the solution set X'* is convex.

3 Finite convergence of the proximal point method

In this section, we prove the finite convergence of the proximal point method for solving
equilibrium problems in Hadamard manifolds under the linear conditioning of the solution
set. Our result extends the analogous result in [6] from linear spaces to the manifold setting.
In this section, we always assume that the solution set X'* of the equilibrium problem (2.4)
is a nonempty convex subset of M.

Definition 3.1 ([17], [6]). The solution set X'* of the equilibrium problem (2.4) is said to
be linearly conditioned with modulus y > 0 if there is a positive constant y such that

—f(z, Py«(2)) > pd(x,X"), forall z € X. 3.1)
Consider the inexact proximal point method: x; € X and {z,} satisfies

f(@ns1,y) + Nnlenss —exp,) | @n,exp,  y) >0, forally € X, (3.2)

where, {e,} is an error sequence with e,, € 7,, M and {n,} C (0,00) is a sequence of
stepzises.

Note that the method (3.2) is a special case of the inexact proximal point method for
solving the problem of finding a singular element of maximal monotone vector fields stud-
ied in [29]. Here, we investigate the finite convergence of the method (3.2) when the so-
lution set of considered equilibrium problem satisfies an linearly conditioned assumption
and other conditions on {e, } and {7, }.
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Theorem 3.1. Let f : M x M — R be pseudo-monotone on X and {x,} be a sequence
generated by the inexact proximal point method (3.2). Assume that

oo
limsupn, <oco va Z llenl| < oo.
n=1

n—oo

If the solution set X* of (2.4) is linearly conditioned with modulus i, then x,, € X* for all
n sufficiently large.

Proof. Let z* be a solution of the equilibrium problem (2.4). Then, f(z*, x,.1) > 0 for
all n. Since f is pseudo-monotone, f(z,1,2*) < 0 for all n. Thus, by (3.2), we have

Nn{eni1 — eXp;nl+1 T, exp;ir1 ") > —f(xpy1,2") >0, for all n.
Since 7,, > 0 v6i moi n, (e, 41 — exp,!,, ¥,,exp, ! ) > 0. Hence,
—<expgj"1+1 T, e:><p;n1+1 ") + (ent1, eXp;an z*) > 0 forall n. (3.3)
Using (2.3), we have for all n that
d* (T, Tpi1) + d° (Tpy1, %) — 2 <exp;nl+1 Ty eXp;:+1 ") < d* (z,2%).

It implies that

-2 <exp;:+1 T, exp;nlﬂ :1:*> < d* (2, 2%) — d* (2, Tpy1) — A2 (11, 2%) . (3.4)
Combining (3.3) and (3.4) we have

>0, @35

& (20, 2%) = d* (Tg1, 27°) — & (T, Tg1) + 2(engr, exp, | 2¥)
for all n. Thus,
d? (zpy1, %) — d* (2, 7)) < 2{epy1, exp;nl+1 z*) forall n. (3.6)
We next show that
d(Tpi1,2%) — d(x,,2") < 2 |lepyq] for all n. (3.7)
Indeed, if (e, 41,exp, ! | «*) = 0 for some 7, then by (3.6) we have
d* (Tpi1, 7%) — d* (z,,2%) < 0.

Hence,
d(zpi1,2") —d(zn,2") <0.

Assume now that (e,,41,exp, " | ©*) # 0. We have exp, !, * # 0. Thus, d (2,41, 2*) # 0.
By (3.6), we have

[d (ni1,27) = d (2, )] (Tp41, 27) + d (20, 27)] < 2lensalld (@i, 27),
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which implies that
d (zp,x*)

R L

| <2lenpll-
This implies that
d(Tni1,2") = d (20, 27) < 2 [lenta -

Thus, (3.7) holds true for all n.
Since Y7, len]l < oo and d(zy11,2%) — d(xn,2*) < 2 |l€p41]], by Lemma 2.1,
lim,, o0 d (x,,, x*) exists. It means that there exists 0 > 0 such that

nh_)nolod($n,l’ ) = 0.
By (3.5),
d? (T, Tpy1) < d* (2, %) — d* (Tpp1, %) + 2{eny1, exp;irl x*) for all n.
Letting n — 0o, we get

lim d(zp, xue1) = 0.
n—oo

Since lim sup,, o, 7 < 00, limy, o0 || €xp;! | 2p]l = 0 and lim,, o [|€, || = 0, there exists
a natural number n( such that

Nnll€ns1 — exp;:+1 Tl < p, forall n > ny. (3.8)

For each n > ng, by (3.2), we have
— (i1, ") < mplenir — eXp;nl+1 T, e:x;p‘;nl+1 y), forally € X.
This implies that
—f @) < allenss — expz, allflexpil, yl, forall y € X.
Taking y := Py«(x,1), we have
lexp., yll = llexp,),, Prs (@)l = d(@ni1, P (@011)) = d(ng1, X*).
Since X'* is linearly conditioned with modulus p > 0,
pd(@pi1, X7) < = f(@ni1, Pae (2)).
Thus,
pd(2ni1, X°) < mallenss —exp,) |zl exp,l vl
= allents — eXp;nl+1 To||ld(Tpyr, X7F). (3.9
If 2,1 & X*, then d(x,41, X*) > 0. From (3.9) we have
< nallents — exp, | @]

which contradicts (3.8). Thus, x,,,1 € X* for all n > ng. This ends the proof.
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In the above theorem, if we let e,, = 0 for all n, then we obtain the finite convergecne
of sequences generated by the proximal poin method.

Theorem 3.2. Let {n,} C (0, a] with a > 0. Consider the sequence {x,} generated by the
following proximal point method: x1 € X and {x,} satisfying

f(@ni1,y) + nalexp,,, an,expyl y) >0, forally € X. (3.10)

If f: M x M — Ris pseudo-monotone and X* is linearly conditioned with modulus i,
then {x,} converges to a point in X* in atmost { iterations with

d*(zy, X*)a?

< 2

+ 1.

Proof. By Theorem 3.1, we have z,, € X" for all n sufficiently large. Let * € X*. As
in the proof of (3.5), one has

d? (2, 7)) — d® (Tpy1, %) — d* (20, Tpy1) + 2{€ny1, exp;nl+1 x*) > 0 for all n.
Since e, = 0,
d? (2, 7)) — d* (Tpy1, %) — d* (2, Tpyy) > 0 for all .
Letting n — oo, we get
lim d(zp, x,e1) = 0.
n—o0

For N € N, we have

d? (x1,2%) > d? (29, 2") + d? (CCl, Ta) > .

Z d xN—i—la +Zd xuxz-i-l
N
Z xw xz—i—l
Thus, for each N > 1, we have

d*(z1, X*) = inf d*(zp, 2

rreX* m“ IZ-H

||Mz

Let ¢ be the smallest natural number such that d (z, zs41) < p/a. We will show that
Ter1 € X'*. Assume to the contrary that x, 1 ¢ X'*. Set yp11 := Py«(x411). We have

d (o1, Yor1) = d (21, XF).
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Since X'* is linearly conditioned, we have

pd (T, Yor1) = pd (g1, X*) < —f (xog1, P (Te11)) = —f (Xeg1,Ye+1) . (3.11)
By (3.10),
—f (@1, Yer1) < W(eXP;gl_H Ze, eXp;elJrl Yer1)
< Ned(Tppr, ) A(Togr, Yor)

< ne-pfa.d(Torr, Yor1) < ap/a.d(xosr, Yorr)
= M-d($€+1> yz+1)- (3.12)

Combining (3.11) and (3.12), we get i < p. This is a contradiction. Thus, z,1; € X'™*.
Moreover,

TreX*

-1
d*(z1, X*) = inf d*(xp,2%) > Zd2 (25, mi41) > (0 — 1)p?/a
i=1

Therefore,

The proof is complete.

4 Conclusion

In this paper, we have presented some new results for pseudo-monotone equilibrium prob-
lems on Hadamard manifolds. We have proved the finite convergence of sequences gener-
ated by the proximal point methods when the solution set is linearly conditioned. We have
also given an upper bound for the number of iterations by which sequences generated by
the proximal point methods converge to a solution of the equilibrium problems. Our results
extend analogous results from linear spaces to Hadamard manifolds.

REFERENCES

[1] E. Blum and W. Oettli, “From optimization and variational inequalities to equilibrium
problems,” Math. Student, 62(1), 127-169, 1994.

[2] G. Bigi, M. Castellani, M. Pappalardo and M. Passacantando, Nonlinear Program-
ming Techniques for Equilibria, Springer, Berlin, 2019.

65



N. T. Thu / Finite convergence of the proximal point method for solving...

[3] P. K. Anh and T. N. Hai, “Splitting extragradient-like algorithms for strongly
pseudomono- tone equilibrium problems,” Numer. Algor. 76(1), 67-91, 2017.

[4] P. M. Duc, L. D. Muu and N.V. Quy, “Solution-existence and algorithms with their
convergence rate for strongly pseudomonotone equilibrium problems,” Pacific J. Op-
tim. 12(4), 833-845, 2016.

[5] T. N. Hai, “Error bounds and stability of the projection method for strongly pseu-
domonotone equilibrium problems,” Int. J. Comput. Math. 97(12), 2516-2530, 2020.

[6] N. V. Luong, Q. H. Ansari, and X. Qin, “Linear conditioning, weak sharpness and
finite convergence for equilibrium problems,” J. Global Optim. 77(2), 405-424, 2020.

[7] P. Vuong and J. Strodiot, “A dynamical system for strongly pseudo-monotone equi-
librium problems,” J. Optim. Theory Appl. 185(3), 767-784, 2020.

[8] V. Colao, G. L 6pez, , G. Marino and V. Mart i-M arquez, “Equilibrium problems in
Hadamard manifolds,” J. Math. Anal. Appl. 388(1), 61-71, 2012.

[9] X. Wang, G. Lopez, , C. Li, and J.-C. Yao, “Equilibrium problems on Riemannian
manifolds with applications,” J. Math. Anal. Appl. 473(2), 866-891, 2019.

[10] S. Al-Homidan, Q. H. Ansari and M. Islam, “Existence results and two step proximal
point algorithm for equilibrium problems on Hadamard manifolds,” Carpathian J.
Math. 37(3), 393-406, 2021.

[11] G. Bento, J. Neto, P. Soares and A. Soubeyran, “A new regularization of equilibrium
problems on hadamard manifolds: applications to theories of desires,” Ann. Oper.
Res. 316(2), 1301-1318, 2022.

[12] G. Bento, J. Cruz Neto and I. Melo, “Combinatorial convexity in Hadamard man-
ifolds: existence for equilibrium problems,” J. Optim. Theory Appl. 195(3), 1087-
1105, 2022.

[13] F. Babu, A. Ali and A.H. Alkhaldi, “An extragradient method for non-monotone equi-
librium problems on Hadamard manifolds with applications,” Appl. Numer. Math.
180, 85-103, 2022.

[14] J. Cruz Neto, P. Santos, and P. Soares, “An extragradient method for equilibrium
problems on Hadamard manifolds,” Optim. Lett. 10(6), 1327-1336, 2016.

[15] J. Chen, S. Liu and X. Chang, “Extragradient method and golden ratio method for
equilibrium problems on Hadamard manifolds,” Int. J. Comput. Math. 98(8), 1699-
1712, 2021.

[16] J.Fan, B. Tan and S. L1, “An explicit extragradient algorithm for equilibrium problems
on Hadamard manifolds,” Comp. Appl. Math. 40(2), 1-15, 2021.

66



Vinh University Journal of Science Vol. 54, No. 1A/2025

[17] A. Moudafi, “On finite and strong convergence of aproximal method for equilibrium
problems,” Numer. Funct. Anal. Optim. 28, 1347-1354, 2007.

[18] J. V. Burke and M. C. Ferris, “Weak sharp minima in mathematical programming,”
SIAM J. Control Optim. 31, 1340-1359, 1993.

[19] S .D. Flam and A. S. Antipin, “Equilibrium programming and proximal-like algo-
rithms,” Math. Program. 78, 29-41, 1997.

[20] B. Lemaire, “About the convergence of the proximal method. In:Advances in Op-
timization,” Lecture Notes in Economics and Mathematical Systems, vol. 382, pp.
39-51. Springer, Berlin, 1992.

[21] P. Marcotte and D. L. Zhu, “Weak sharp solutions of variational inequalities,” SIAM
J. Optim. 9(1), 179 — 189, 1998.

[22] M. P. Carmo, textitRiemannian Geometry vol. 6, Birkhauser, Boston, 1992.
[23] T. Sakai, Riemannian Geometry, American Mathematical Society, Providence, 1996.

[24] C. Udriste, Convex Functions and Optimization Methods on Riemannian Manifolds,
Springer, Dordrecht, 1994.

[25] R. Walter, “On the metric projection onto convex sets in Riemannian spaces,” Arch.
Math. 25(1), 91-98, 1974.

[26] G. Bento and J. X. Cruz Neto, “Finite termination of the proximal point method for
convex functions on Hadamard manifolds,” Optimization. 63, 1281-1288, 2014.

[27] S.Németh, “Variational inequalities on Hadamard manifolds,” Nonlinear Anal. 52(5),
1491-1498, 2003.

[28] N. T. An, , N. V. Luong and N. T. Thu, “Existence and solution methods for strongly
pseudomonotone equilibrium problems on Hadamard manifolds,” (submitted 2024).

[29] G. J. Tang and N. J. Huang, “Rate of convergence for proximal point algorithms on
Hadamard manifolds,” Oper. Res. Lett. 42, 383-387, 2014.

67



N. T. Thu / Finite convergence of the proximal point method for solving...

TOM TAT

SU HOI TU HUU HAN CUA PHUGNG PHAP PIEM GAN KE
GIAI BAI TOAN CAN BANG TREN PA TAP HADAMARD

Nguyén Thi Thu
Khoa Khoa hoc Ti nhién, Truong Dai hoc Hong Diic, Thanh Hoa, Viét Nam
Ngay nhén bai 19/11/2024, ngay nhan dang 20/01/2025

Trong bai bdo nay chiing tdi chiing minh sy hdi tu hitu han ctia phuong phép diém
gan ké (xAp xi va chinh x4c) giai bai toan can bang gia don diéu trén da tap Hadamard khi
tap nghiém thda mén trang thai tuyén tinh.

Tir khéa: Bai todn can bang; da tap Hadamard; song ham gia don diéu; trang thai
tuyén tinh; hoi tu hitu han; phuong phép diém gan ké.
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