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Abstract. In this paper, four modified subgradient extragradient algorithms are proposed for solving
bilevel pseudomonotone variational inequality problems in real Hilbert spaces. The proposed algorithms
can work adaptively without the prior knowledge of the Lipschitz constant of the pseudomonotone
mapping. Strong convergence theorems for the suggested algorithms are established under suitable
and mild conditions. Finally, some numerical experiments and applications are performed to verify the
efficiency of the proposed algorithms with respect to some previously known ones.
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1. INTRODUCTION
Recall that the classical variational inequality problem is described as follows:
find y* € C such that (My*,z—y*) >0, VzeC, (VIP)

where C is a nonempty, closed, and convex subset of a real Hilbert space .77, which is endowed
with inner product (-,-) and induced norm || - ||, and M : C — . is an operator. It is known
that the variational inequality model provides a general and useful framework for solving many
problems in economics, engineering, data sciences, optimal control, mathematical programming,
and other fields (see, e.g., [1-3]). Recently, many scholars proposed a large number of numerical
algorithms to solve the variational inequality problem and its extensions in infinite-dimensional
spaces; see, e.g., [4—12] and the references therein. Our focus in this paper is to investigate
several numerical algorithms to solve the following bilevel variational inequality problem:

find x* € VI(C,M) such that (Fx",y—x*) >0, Vye VI(C,M), (BVIP)
where VI(C, M) denotes the set of all solutions of (VIP) and F : C — . is an operator.
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The bilevel variational inequality problem covers a number of nonlinear optimization problems,
such as fixed point problems, quasi-variational inequality problems, complementary problems,
saddle problems, and minimum norm problems. Therefore, it is useful to explore effective numer-
ical algorithms for solving the (BVIP). Recently, various iterative algorithms were proposed for
solving the (BVIP); see, e.g., [13—18]. Here, we state the drawbacks of the existing algorithms
in the literature for solving (BVIP), which is the main motivation for this paper. Note that the
algorithms introduced in [13-15] require two computations of the projection on the feasible
set in each iteration. This may affect the computational efficiency of these algorithms if the
projection on the feasible set is difficult to compute. Moreover, it is worth noting that the operator
M in the algorithms proposed in [13, 15] are monotone, while the operator M in [14, 16-18]
are pseudomonotone. On the other hand, the algorithms presented in [13, 14] require the prior
information of the Lipschitz constant of the operator M, while the algorithms given in [15-18]
can work adaptively since they use some adaptive step size criterion. However, the algorithms
introduced in [15-18] generate a non-increasing sequence of step sizes, which may affect the
execution efficiency of such adaptive algorithms. To overcome this difficulty, Liu and Yang [19]
offered several methods with non-monotonic step size sequences for solving variational inequal-
ity problems. Furthermore, a common characteristic enjoyed by these algorithms suggested
in [13-18] is that the operator M is required to be Lipschitz continuous. However, this condition
may be difficult to be satisfied in real applications because there exist some mappings that do not
satisfy Lipschitz continuity (such as uniformly continuous mappings). Very recently, Cai, Dong,
and Peng [20] introduced an iterative scheme with a new Armijo-type step size rule to solve
pseudomonotone and non-Lipschitz continuous variational inequality problems in real Hilbert
spaces. In the past decades, inertial techniques are widely used by scholars in algorithms to speed
up the convergence of algorithms. They proposed many inertial algorithms for solving variational
inequalities, bilevel variational inequalities, equilibrium problems, fixed point problems, split
feasibility problems, and others; see, e.g., [10,11,18,21,22].

Inspired and motivated by the above works, we introduce four new adaptive modified sub-
gradient extragradient methods for approximating the solutions of bilevel variational inequality
problems in real Hilbert spaces. The operators M involved in our algorithms are Lipschitz contin-
uous and pseudomonotone (the Lipschitz constant does not need to be known) and non-Lipschitz
continuous and pseudomonotone. In addition, we use two new non-monotonic step size criteria
that allow the proposed algorithms to work adaptively. The strong convergence of the iterative
sequences generated by the proposed methods is established under suitable conditions. Some
numerical experiments and applications are provided to verify the computational efficiency of
the proposed algorithms.

This paper is organized as follows. Some basic definitions and lemmas that need to be used
are stated in Sect. 2. The proposed algorithms and their convergence analysis are shown in
Sect. 3. In Sect. 4, some numerical experiments are performed to demonstrate the computational
efficiency of our algorithms. Finally, we conclude this paper with a brief summary in Sect. 5, the
last section.
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2. PRELIMINARIES

In the whole paper, we use the symbol x, — x (resp., x, — x) to represent the strong conver-
gence (resp., weak convergence) of the sequence {x,} to x, and use Pc : 7 — C to denote the
metric projection from ¢ onto C, i.e., Pc(x) := argmin{||x —y||, y € C}. It is known that Pc
has the following basic properties:

(x—Pc(x),y— Pc(x)) <0, Vxe#,yeC. @.1)
|Pe(x) = y|I* < llx—yl|> = lx = Pc(x)||*, Vxe€#,yeC. (2.2)
IPc(x) = Pe()|* < (Pe(x) = Pe(y),x—y), Vxe.ye . (2.3)

Recall that a mapping M : .7 — ¢ is said to be:
(i) L-Lipschitz continuous with L > 0 if |Mx — My|| < L||x—y||, Vx,y € 5 (If L € (0,1)
then the mapping M is called a contraction).
(ii) o-strongly monotone if there exists a constant o > 0 such that (Mx — My, x —y) >
allx—yl%, vx,y € .
(iii) monotone if (Mx—My,x—y) > 0,Vx,y € .
(iv) pseudomonotone if (Mx,y —x) > 0= (My,y—x) >0, Vx,y € J.
(v) sequentially weakly continuous if for each sequence {x, } converges weakly to x implies
{Mx,} converges weakly to Mx.

The following lemmas are crucial in the convergence analysis of our algorithms.

Lemma 2.1 ([16,23]). Let Yy > 0 and a € (0,1]. Let F : 7 — J be a {-strongly monotone
and L-Lipschitz continuous mapping (noting that 0 < { < L). Associating with a nonexpansive
mapping T : 7 — I, define a mapping TV : 7 — 7 by T"x = (I — ayF)(Tx),Vx € .
Then, T? is contraction provided y € (O, i—§>, that is,

IT7x—T"| < (1—an)llx—y[l, Vx,ye 2,
where n =1—/1—y(2{ —yL?) € (0,1).

Lemma 2.2 ( [24]). Let {p,} be a positive sequence, {q,} be a sequence of real numbers, and
{0} be a sequence in (0,1) such that ¥, 04, = oo. Assume that

Iflimsupy_..,qn, <O forevery subsequence {py, } of {pn} satisfying iminfy_,e (P41 — Pn,) >
0, then lim,_c p, = 0.

3. MAIN RESULTS

In this section, we present four modified subgradient extragradient methods for solving the
problem (BVIP). The following conditions are assumed to be satisfied in our algorithms.
(C1) The feasible set C is a nonempty, closed, and convex subset of a real Hilbert space .77.
(C2) The solution set of the problem (VIP) is nonempty, that is, VI(C,M) # 0.
(C3) The mapping F : 7 — S is Lp-Lipschitz continuous and {p-strongly monotone on /7.
(C4) Let {g,} be a positive sequence such that lim,,_,e g—’; = 0, where {0, } C (0, 1) satisfies
limy, 0o 0ty =0 and };"_; 04, = oo.
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3.1. The first type of subgradient extragradient methods. In this subsection, we introduce
two new numerical algorithms for solving the (BVIP). First, a new iterative scheme with a
non-monotonic step size criterion is given in Algorithm 3.1. We assume that the operator M in
the suggested Algorithm 3.1 satisfies the following condition (C5).

(C5) The operator M : 7 — ¢ is pseudomonotone, Ly,-Lipschitz continuous, and sequentially
weakly continuous on C. Choose a nonnegative real sequence {&,} such that Y | &, < +oo.

The Algorithm 3.1 is formulated as follows.

Algorithm 3.1

Initialization: Take 6 >0, A; >0, u € (0,1), B € (0,2/(1 + u)), and y € (0,2{r/L%).
Select two sequences {&,} and { o, } to satisfy Condition (C4), and choose a sequence {&, } to
satisfy Condition (C5). Let xo,x; € ¢ be arbitrary.

Iterative Steps: Given the iterates x,,_; and x, (n > 1), calculate x, as follows:

Step 1. Compute u, = x,, + 6,,(x,;, — x,,—1 ), where

. &En .
min — .0 >, ifx, #x,-1;
6, = {Hxn—xn—lH } n 7 (3.1)
0, otherwise.

Step 2. Compute y, = Pc(up, — AyMuy,). If u, =y, or My, = 0, then stop and y, is a solution
of (VIP); Otherwise, go to Step 3.
Step 3. Compute z, = Pr, (u, — BA,Myy,), where the half-space 7, is defined by
T, ={x € (up — AyMuy, — yn,x —yn) < 0}.
Step 4. Compute x,, 1 = z, — &, YF z,, and update
. H”‘n_)’nHZ‘l'||Zn_yn||2 .
min 7ln+ n(» if Mn_an_ n >0;
An+En, otherwise.

Setn:=n+1 and go to Step 1.

(3.2)

Remark 3.1. We note here that the inertial calculation criterion (3.1) is easy to implement since
the term ||x, — x,,—1|| is known before calculating 6,,. Moreover, it follows from (3.1) and the
assumptions on {a, } that

lim —|]x, —x,_1|| = 0.

n—e f,

Indeed, we obtain 6,||x, —x,_1|| < &, for all n > 1, which together with lim,, 3—’; = 0 implies
that 1imy, e 2 [, — x, 1 || < limy 500 & = 0.

Remark 3.2. In Algorithm 3.1, if u,, =y, or My, = 0, then stop and y, is a solution of (VIP);
this can be easily verified according to the property of the projection (2.1). On the other hand,

combining the fact that VI(C, M) is a closed and convex set and Conditions (C2) and (C3) yields
a unique solution for (BVIP) (see, e.g., [15,25]).

The following lemmas are useful in the convergence analysis of Algorithm 3.1.
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Lemma 3.1. Suppose that Condition (C5) holds. Then the sequence {A,} generated by (3.2) is
well defined and limy,_yeo Ay = A and A € [min{u/Lys, A1}, A1 + E], where E=Y | &,

Proof. The proof of this lemma is very similar to Lemma 3.1 in [19]. Therefore we omit the
details. O

Lemma 3.2. Assume that Condition (C5) holds. Let {z,} be a sequence generated by Algo-
rithm 3.1. Then, for all p € VI(C,M),

len = pIP < Nt = pI> = B (It = 30l + 120 =32l

where By =2~ B — BB if B e [1,2/(14 ) and B; = B — G2 if B € (0,1).
Proof. From the definition of z,, and the property of projection (2.2), we have
Iz = pII* = |1z, (un — BAuMyn) — p|*
< utn = BAuMyn = pI|* = [l — BAnMyn — ]|
= [l = pII* + (BAn)* [ Myn]|* = 2 (ttn — p, BAnMyn) = [l — 2|
~ (B2 1Myal|* +2 1t — 2, BAuMyn)
= Jltn = pII* = lJtn = 2l* =2 {BAMY, 20— p)
= {[tn = pII* = l[ttn = zull* = 2 (BAnMYn, 20 = ¥n) — 2 (BAuMYn, Y — p)

Since p € VI(C,M) and y, € C, we obtain (Mp,y, — p) > 0. By the pseudomonotonicity of the
mapping M, we obtain (My,,y, — p) > 0. Thus, inequality (3.3) reduces to

2w = pII* < Mt = pII* = 1w = 2all> =2 (BAMYn, 20— yi) - (3.4)
Now we estimate 2 (BA,My,,z, — yn). Note that

(3.3)

— ttn = 2all* = = lltn = yulI* = [lyn = 2ull* +2 (tn = Y, 20— Yn) - (3.5)
In addition,
(Un = Yn,Zn — Yn) Un — Yn — AnMuy + AyMuy — 2yMyy + 2sMyy, 2 — Yn)
tn — AnMutn = yn,2n — Yn) + An (Mt — Myn, 2n — yn) (3.6)

+ <}VnMyn7Zn _yn> .

- (
-

Since z,, € T,,, one has

(g — X2aMuy — Yy, 20 — yn) < 0. (3.7)
According to the definition of A, |, we deduce
u 2 u 2
Mu, — M - < n— An l<kn— . .
< Un YnyZn yn> > 2ln+1 Hu yn“ + Z}Ln—i-l HZ ynH (3.8)

Substituting (3.6), (3.7), and (3.8) into (3.5), we obtain

122 ) (W= 3l =501 42 M =3,
N+
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which implies that

An
2B My =3n) <~ (1= 3% ) (I =3+ =30l 4 Blln =P 39)
+1

Combining (3.4) and (3.9), we conclude that

Ui
len = pI* < llun— pII” ~ B (1— 2 ) (11 =yl + l1z0 =3P
n+1

(3.10)
— (1= B) llun =zl
Note that
it =20l < 2l = 30l +llza =30l
which yields that
~(1= B) = 2l < =200 = B) (llt =yl + llza = 3all?) ;9B > 1.
This together with (3.10) implies
Bui
||Zn—p||2 < ||un_p||2_ (2_ﬁ ) +1n <||un_}’n||2+ HZn_)’n“z)a VB > 1.
On the other hand, if B € (0, 1), then we obtain
UA
Jew= 1P < o =9I =B (1= 422 ) (lun =3I+ =30l ¥B € O.1)
n+1
This completes the proof. ]

Remark 3.3. It follows from Lemmas 3.1 and 3.2 that

lim B = { 2—p—Bu, ifpe(l,2/(1+u));

n—yoo B—Bu, if B € (0,1).
Thus, there exists a constant ng such that 3 > 0 for all n > ng in Lemma 3.2 always holds.
Lemma 3.3. Suppose that Condition (C5) holds. Let {uy,} and {y, } be two sequences formulated

by Algorithm 3.1. If there exists a subsequence {uy, } of {u,} such that {u } converges weakly
to z € J and limy_e ||tty, — yp, || = O, then z € VI(C,M).

Proof. The proof of this lemma follows that of Lemma 3.3 in [26] and thus it is omitted. U

Theorem 3.1. Assume that Conditions (C1)—~(C5) hold. Then the sequence {x,} generated by
Algorithm 3.1 converges strongly to the unique solution of the (BVIP).

Proof. First, we show that the sequence {x,} is bounded. It follows from Lemma 3.2 and
Remark 3.3 that

120 =PIl < llun = pll, V1> no. (3.11)

By the definition of u,, one has

On
et =PIl < 0 - = lbn = xa—1l + [lxn = Pl (3.12)
n
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According to Remark 3.1 we have g—ZHxn —Xp—1|| = 0 as n — oo. Therefore, there exists a
constant Q1 > 0 such that

6,
=l <01, Vn> 1. (3.13)
n
Combining (3.11), (3.12), and (3.13), we obtain
||Zn_p|| < ||un_p|| < ||xn—p||+06nQ1, Vn > ny. (3.14)

Using Lemma 2.1 and (3.11), it follows that
[xn1 =Pl = | (I = €wYF) za — (I — QuYF) p — 0 YF p|
< (I=0um)llzn = pll + 0Vl F p|
O v
< (= am s, oun- (24 e

<max{91++”’”p”>||xn—p||},vn2no

O1+7||Fp
g---gmax{#,ﬂxno—‘pn 7

where =1 — \/ 1—y(28r —yL%) € (0,1). This implies that the sequence {x,} is bounded.
We obtain that the sequences {u, } and {z,} are also bounded.
Using Lemma 2.1 and the inequality ||x+y||* < ||x[|> +2(y,x+), Vx,y € 5#, one has

benet = I = || (= 00¥F) 20 — (I — 00¥F) p— 0 YF p|*
< (1=0un)*llzn =PI+ 206 (Fp,p = xn11) (3.15)
< lza = pl* + 002
for some @, > 0. In the light of Lemma 3.2, we obtain
a1 =PI < llun = pII* = By (1 = tnll® + [z = yul|*) + 0t o (3.16)
It follows from (3.14) that
it = pII* < (|[xa = pll + 001)?
= |lxn = pI* + 0 (201 [lxn = pll + 0 0F) (3.17)
< Jlxn = plI* + 00,03
for some Q3 := sup,,.n{2Q1|[x» — p|| + (an%} > (0. Combining (3.16) and (3.17), we deduce
B (I — >+ Iz —3ul12) < lbvu = pI2 = s — pIP+ 0000 (3.18)

where Q4 := 0> + O3.
From the definition of u,,, one sees that

= Pl < [Pen = PII> +26ulben — pll 1260 — X1 ][ + 65 126 — 201 1. (3.19)
Combining (3.11) and (3.15), we obtain
Fn1 = plI* < (1= aun) lun — pl> + 200 Y (Fp, p = xn11) (3.20)
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Substituting (3.19) into (3.20), we obtain

X1 = pII* < (1= o) [|xn — plI*> + 200 Y (Fp, p — Xns1)
"‘eonn_xn—lH(2||xn_l7||+6||xn_xn—l||)
2 306
< (1= o)l = pl> o | S (Fp.p =)+

n

(3.21)

||x’l —Xn—1 ” 9

where Q := sup,,cn {[[x» — p||, 0]|xn —xn—1]|} > 0.
Finally, we need to prove that the sequence {||x, — p||*} converges to zero. By Lemma 2.2
and (3.21), one assumes that { ||x,, — p||*} is a subsequence of {||x, — p||*} satisfying

timinf (I 1~ I~ s, — pl12) 0.
From (3.18), Remark 3.3, and the assumption on {0, }, one infers that

imsup {B; (1, =t |2+ 10, =3 1P)}
—yo0

< limsup 6, Q4 + limsup [[[x, — pI* =[x 11— 1?]
k—ro0 k—yo0
. 2 2
= —hlglgf[nxnkﬂ —plI” = llxn, — pll } <0,
which implies that
](li_r>£10||ynk _u”kH =0 and kh_IEolo“an _ynkH =0.

Therefore, we obtain

Tim [Jz, —un, || = 0. (3.22)
Moreover, we can show that
X1 = 2 || = O VI Fzn | = 0 as n— oo, (3.23)
and
| Xn, — tn, || = Ot - %’;Hxnk —Xp—1|| = 0 as n — oo, (3.24)

Combining (3.22), (3.23), and (3.24), we obtain
et = 2 | < Wt 1 = 2 | M2y, = s [ 4 Nt = 2, [| = 0 s ;= oo, (3.25)

Since the sequence {x,, } is bounded, there exists a subsequence {x,,kj} of {xy, }, which converges
weakly to some z € . Moreover,
limsup (Fp,p —x,,) = lim <Fp,p —xnk,> =(Fp,p—2z).
k—oo J=ree !

By (3.24), we obtain u,, — z as k — co. This together with limy_,. ||#s, —yn, || =0 and Lemma 3.3
yields z € VI(C,M). From the assumption that p is the unique solution of the (BVIP), we obtain

limsup (Fp,p —x,,) = (Fp,p—z) <0. (3.26)
k—>o0
Using (3.25) and (3.26), we obtain
limsup (Fp,p—xy,+1) <limsup (Fp,p —x,) <0. (3.27)

k—ro0 k—>oc0
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From lim, ;e g%||x, — %, 1| = 0 and (3.27), we deduce
. 2 306
limsup | =2 (Fp,p — 1) + o [, — 2 —1]| | <0. (3.28)
k—yo0 n a”lkr’
Combining }° | 0,1 = oo, (3.21), and (3.28), in the light of Lemma 2.2, one concludes that
lim, e ||x, — p|| = 0. That is, x, — p as n — eo. This completes the proof. O

Next, we present an iterative scheme (see Algorithm 3.2 below) for solving the (BVIP) with a
pseudomonotone and non-Lipschitz continuous operator. In our Algorithm 3.2, we replace the
condition (C5) in Algorithm 3.1 with the following condition (C6).

(C6) The operator M : 7 — 7 is pseudomonotone, uniformly continuous on .7, and sequen-
tially weakly continuous on C.

Now we are ready to describe the proposed Algorithm 3.2.

Algorithm 3.2
Initialization: Take 6 >0, 6 >0, ¢ € (0,1), u € (0,1), B € (0,2/(1+pu)), and y €
(0,28r/L%). Select two sequences {&,} and {a,} to satisfy Condition (C4). Let x,x; € 5
be arbitrary.
Iterative Steps: Given the iterates x,,_; and x, (n > 1), calculate x,,; as follows:
Step 1. Compute u,, = x,, + 6, (x, — x,—1), where 6, is defined in (3.1).
Step 2. Compute y, = Pc(up, — AyMuy,). If u, =y, or My, = 0, then stop and y, is a solution
of (VIP). Otherwise, go to Step 3.
Step 3. Compute z,, = Pr, (u, — BA,My,), where the half space T}, is defined by

T, ={x€ I : (uy — AyMuy, — yn,x —yn) <0},

and A, := 0™ and my, is the smallest nonnegative integer m satisfying

00" (Myy, — Muy,yn — zn) < % [Hun _yn||2+ ”yn_ZnHz] . (3.29)

Step 4. Compute x,, | = 2, — O YF zp,.
Setn:=n+1 and go to Step 1.

Remark 3.4. Suppose that Condition (C6) holds. Let {u,} and {y, } be two sequences generated
by Algorithm 3.2. Following the proof of Lemma 3.1 in [27], we can obtain that the Armijo-type
criterion (3.29) is well defined. Moreover, Lemma 3.3 still holds by replacing x,, in the proof
process in Lemma 3.2 of [20] with u,,.

Lemma 3.4. Assume that Condition (C6) hold. Let {z,} be a sequence generated by Algo-
rithm 3.2. Then,

len— pI? < llun— pIP — B (ltw =3l + lew—3alP) .V € VI(C, M),
where B =2~ B — B if B € [1,2/(1+ 1)) and B = B— B if p € (0,1).

Proof. The conclusion is easily obtained by following the proof of Lemma 3.2. Therefore we
omit the details. 0
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Theorem 3.2. Assume that Conditions (C1)—(C4) and (C6) holds. Then the sequence {x,}
generated by Algorithm 3.2 converges strongly to the unique solution of the (BVIP).

Proof. With the aid of Lemma 3.4, we conclude from Theorem 3.1 the desired conclusion
immediately. O

3.2. The second type of subgradient extragradient methods. In this section, we introduce
two new modified subgradient extragradient algorithms to solve the (BVIP). Now, we present
another version of the proposed Algorithm 3.1. The scheme is shown in Algorithm 3.3 below.

Algorithm 3.3

Initialization: Take 6 >0, A; >0, u € (0,1), B € (1/(2—pu),1/u) and y € (0,2Lr/L%).
Select two sequences {¢g,}, and {a,} to satisfy Condition (C4), and choose a sequence {&,}
to satisfy Condition (C5). Let xg,x; € 57 be arbitrary.

Iterative Steps: Given the iterates x,,_; and x, (n > 1), calculate x,,;| as follows:

Step 1. Compute u,, = x,, + 6,(x, —x,—1), where 6, is defined in (3.1).

Step 2. Compute y, = Pc(u, — BA,Muy,). If u, =y, or My, = 0, then stop and y, is a solution
of (VIP). Otherwise, go to Step 3.

Step 3. Compute z, = Py, (4, — AnMy,), where the half space H, is defined by

H,={x € : (uy — BAaMu, — yu,x —y,) <0}.

Step 4. Compute x,,. 1 = 7, — &, YFz,. Update the next step size 4,1 by (3.2).
Setn:=n+1 and go to Step 1.

Lemma 3.5. Assume that Condition (C5) holds. Let {z,} be a sequence generated by Algo-
rithm 3.3. Then, for all p € VI(C,M),

2 2 2 2
lzn = pI> < lltw =PI = B (N =yl + 120 =3l

M Mo
where B =2~ — 2 ir B e (1/(2—p). 1) and B = & — 82 jf e (1,1/p),
Proof. From (3.3) and (3.4), we obtain

zn = pII* < [ltw = pII* = llttn = 2ull* =2 (AaMyn, 20— yu) - (3.30)

Now we estimate 2 (A,My,,z, — y,). Note that

— {1t = zall* = = [l = yalI* = 1y = 2al|* +2 (162 = Y20 = 3) (3.31)
In addition,
(ttn = YnsZn — Yn)
= (ttn — yn — BAuMuy + BAuMuty — BAnMyy, + BAuMYn, 20 — Yn)
= <”n — BAuMuy, — yp, 2n _yn> +BAu <M”n —Myp,z, —yn>
+ <ﬁlnM)’naZn _)’n> .
Since z,, € H,, one obtains

(3.32)

<”n_BAnM”n_ynaZn_yn> <0. (3.33)
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According to the definition of A, |, we have

u
(Mity — My, 20 — ) ity — | * + 20— yul|*- (3.34)
21n+1

u
< 7
T 2041 |
Substituting (3.32), (3.33), and (3.34) into (3.31), we obtain

A
=zl < = (1= 52 ) (I =31+ =301 426 (s =30,

which implies that

1 A 1
—MMMmaamz—(——”")mw—MW+mrwmﬁ+—wwﬂw? (335)

ﬁ ln—i—l ﬁ
Combining (3.30) and (3.35), we conclude that
1 uA
HZn _p||2 < Hun _pH2 - (E - ) nl> (Hun _)’nHz + ||Zn _)’nHz)
| " (3.36)
— | 1= ) [Jun _ZnHz‘
(-5)
Note that
it = 2all” < 2 (Jlta =30l + llza =3al)
which yields that
1 1
~ (1= )=zl < =2 (1= ) (=3l + Jew=3lP) . ¥ € 0.1
This together with (3.36) implies
1 uA
2 2 2 2
Jew= 1P < o= 91 = (2= 5= 2 ) (i =3ulP + o= lF) . ¥ € 0.1,
On the other hand, if § > 1, then
1 uA
2 2 2 2
Jew= 1P < o= 21 = (=42 ) (I =5nlP+ e =3ulP) > 1.
This completes the proof. 0

Remark 3.5. It follows from Lemmas 3.1 and 3.5 that

lim B = 21_%—“’ itfe(/Q—p)1k;
p—H iffe(L1/p).

Thus, there exists a constant ng such that B,}L > ( for all n > ng in Lemma 3.5 always holds.

n—soo

Theorem 3.3. Assume that Conditions (C1)—(C5) hold. Then the sequence {x,} generated by
Algorithm 3.3 converges strongly to the unique solution of the (BVIP).

Proof. The proof follows almost in the same way as that of Theorem 3.1 but we apply Lemma 3.5
in place of Lemma 3.2. 0J
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Finally, the last iterative scheme proposed in this paper for solving (BVIP) is shown in
Algorithm 3.4 below.

Algorithm 3.4
Initialization: Take 6 >0, 6 >0, £ € (0,1), u € (0,1), B € (1/(2—u),1/u) and y €
(0,28r/L%). Select two sequences {&,} and {a,} to satisfy Condition (C4). Let x,x; € 5
be arbitrary.
Iterative Steps: Given the iterates x,,_; and x, (n > 1), calculate x;,;1 as follows:
Step 1. Compute u,, = x,, + 6,(x, — x,—1), where 6, is defined in (3.1).
Step 2. Compute y, = Pc(u, — BA,Muy,). If u, =y, or My, = 0, then stop and y, is a solution
of (VIP). Otherwise, go to Step 3.
Step 3. Compute z, = Py, (4, — AnMy,), where the half space H, is defined by

H,={x € : (uy — BAaMuy — yu,x —y,) <0},
and A, := 8/™ and m,, is the smallest nonnegative integer m satisfying (3.29).

Step 4. Compute x,, | = 2, — O, YF 2.
Setn:=n+1 and go to Step 1.

Lemma 3.6. Assume that Condition (C6) hold. Let {z,} be a sequence generated by Algo-
rithm 3.4. Then,

2 2 2 2
len =PI < Nt = pII> = B (Jltn =yl + lza = 3ll?) .~ Vp € VI(C, M),

where Bf =2 — g —pifp e (1/2—p), 1] and p* = 5 —pif p € (1,1/p).
Proof. The proof follows that of Lemma 3.5. So it is omitted here. 0

Theorem 3.4. Assume that Conditions (C1)—(C4) and (C6) holds. Then the sequence {x,}
generated by Algorithm 3.4 converges strongly to the unique solution of the (BVIP).

Proof. The proof follows almost in the same way as that of Theorem 3.1 but we apply Lemma 3.6
in place of Lemma 3.2. 0J

Remark 3.6. We have the following observations for the proposed algorithms.

e Notice that if B = 1, then the proposed Algorithm 3.1 (respectively, Algorithm 3.2) and
Algorithm 3.3 (respectively, Algorithm 3.4) are equivalent. If § = 1 and &, = 0 in the
proposed Algorithm 3.1, then it degenerates to Algorithm 3.1 introduced in [18].

e The four algorithms obtained in this paper can solve the bilevel pseudomonotone vari-
ational inequality problem, while the algorithms suggested in [13, 15] can only solve
the bilevel monotone variational inequality problem. On the other hand, we replace the
Lipschitz continuity of the mapping M in the literature [13—18] with the uniform continu-
ity of the mapping M in the proposed Algorithms 3.2 and 3.4. Therefore, our suggested
schemes have a wider range of applications. In addition, we make two modifications to
the subgradient extragradient method introduced by Censor, Gibali, and Reich [5-7] and
apply a new non-monotonic step size criterion. These changes allow our algorithms to
converge faster than some known ones (see numerical experiments in Sect. 4).
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e Set F(x) = x— f(x) in Algorithms 3.1-3.4, where the mapping f : 7 — J is p-
contraction. It can be easily verified that the mapping F : 5 — 7 is (1 + p)-Lipschitz
continuous and (1 — p)-strongly monotone. In this situation, by picking ¥ = 1, we obtain

Xna1 =2n— O YFzp = (1= 04) 20+ O f (20).

Thus, we obtain four new inertial modified subgradient extragradient algorithms for
solving the (VIP) in real Hilbert spaces.

4. NUMERICAL EXPERIMENTS AND APPLICATIONS

In this section, we provide some computational tests to demonstrate the numerical behavior
of the proposed Algorithms 3.1-3.4, and compare them with some algorithms in the literature
[17,18]. All the programs were implemented in MATLAB 2018a on a Intel(R) Core(TM)
15-8250U CPU @ 1.60GHz computer with RAM 8.00 GB.

4.1. Theoretical examples.

Example 4.1. Consider a mapping F : R — R™ (m = 5) of the form F(x) = Gx + ¢, where
G = BB'" +D+K and B is an m x m matrix with their entries being generated in (0,1), D is
an m X m skew-symmetric matrix with their entries being generated in (—1,1), K is an m x m
diagonal matrix whose diagonal entries are positive in (0,1) (so G is positive semidefinite),
g € R™ is a vector with entries being generated in (0,1). It is clear that F is Lr-Lipschitz
continuous and {r-strongly monotone with Lr = max{eig(G)} and {r = min{eig(G)}, where
eig(G) represents all eigenvalues of G. Next, we consider the following fractional programming
problem:

) B xTQx—I—aTx—i—ao
min /() = —
subjecttox € C := {xE R : b x+ by > 0},
where
5 -1 2 0 2 1 1
-1 6 -1 30 2 0
o= 2 -1 3 01 |,a=| -1 |,b=| —1|,a0=—-2,byg=20.
0O 3 0 50 -2 0
2 0 1 0 4 1 1

It is easy to check that Q is symmetric and positive definite in R> and hence f is pseudo-convex
on C. Let M(x) := Vf(x), where V f(x) denotes the gradient of the function f(x). It is known
that the mapping M is pseudomonotone and Lipschitz continuous. We compare the proposed
Algorithms 3.1-3.4 with the Algorithm 1 introduced by Thong et al. [17] and the Algorithm 3.2
suggested by Tan, Liu, and Qin [18]. The parameters of all the algorithms are set as follows.
e In the proposed Algorithms 3.1-3.4, we set 8 = 0.3, &, = 100/(n+1)%, o, = 1/(n+ 1),
and Y= 1.78r/L%. Choose pt = 0.1 and A; = 1 for Algorithms 3.1 and 3.3. Pick § = 1,
¢=0.5,and u = 0.1 for Algorithms 3.2 and 3.4.
e In the Algorithm 1 introduced by Thong et al. [17], we choose 4 = 0.1, A; =1, ¢ = 1.5,
o, =1/(n+1),and y = 1.7{p /L.
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e In the Algorithm 3.2 suggested by Tan et al. [18], we take 6 = 0.3, &, = 100/ (n+ 1),
p=01,4=1,0,=1/(n+1),and y= 1.7 /L%.

We use D, = ||x,, — x,—1]|| to measure the error of the nth iteration since we do not know the
exact solution to the problem (BVIP) with M and F given above. The maximum number of
iterations 200 is used as a common stopping criterion for all algorithms. The numerical behavior
of the proposed algorithms with different parameters 8 and &, is shown in Fig. 1. Numerical
results of all algorithms with two initial values are reported in Fig. 2.

—e—Our Alg. 3.2, 3=1.5
—=—Our Alg. 34, 3=0.7
——Qur Alg. 3.2 (34), 8=1

—o—Our Alg. 3.1, f = 15,6, = 1/(n + 1)1
—=—Our Alg. 3.3, 3=0.9,6, =1/(n+ 1)1
——Our Alg. 3.1 (3.3), =1.0,&, =1/(n+ )" 3 10
——Our Alg. 3.1 (3.3), 3=1.0,§, =0

[E—

10 . . . . . . . . . 10 . . . . . . . . h
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Number of Iteration Number of Iteration

(a) Comparison of the proposed Algorithms 3.1 and 3.3 (b) Comparison of the proposed Algorithms 3.2 and 3.4

FIGURE 1. Numerical behaviors of our algorithms with different 8 and &, for
Example 4.1

——Our Alg. 3.1, =156, =1/(n+ 1)
\ —6—Our Alg. 3.2, =15 ]
1 —=—Our Alg. 3.3, 8= 09,6, = 1/(n + 1)
——Our Alg. 34, 3=10.9
—«—Tan et al. Alg. 3.2
—+—Thong et al. Alg. 1

——Our Alg. 3.1, =15, =1/(n+ 1)
1 —6—Our Alg. 3.2, =15 i
i —=—Our Alg. 3.3, =10.9,¢, =1/(n+ 1)
A ——QOur Alg. 34, 3=10.9 ol

10 —«—Tan et al. Alg. 3.2 E 10
\" —+—Thong et al. Alg. 1

a1 — 2l

-6 1 1 L L

. . . . . -6 . . . . . . . . .
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Number of Iteration

(a) xo =x; = I0rand(5,1)

Number of Iteration

(b) xo = x1 = 20rand(5,1)

FIGURE 2. Numerical results of all algorithms for Example 4.1
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Example 4.2. We consider an example that appears in the infinite-dimensional Hilbert space
A = L]0, 1] with inner product

1
(x,y) = /O XO)y()dr, Vx,ye A

and norm

1 1/2
HxH:( / \x(t)|2dt) . Vet
0

Let r, R be two positive real numbers such that R/(k+ 1) < r/k < r < R for some k > 1. Take
the feasible set as follows
C={xe:|x|| <r}.
The operator M : 5 — S is given by
M(x) = (R—||x||)x, VYxe. 2.

Note that the operator M is pseudomonotone rather than monotone (see [18, Example 2]). Let
F : 7€ — 7 be an operator defined by

(Fx)(t) =0.5x(¢), t€][0,1].

It is easy to see that F is 0.5-strongly monotone and 0.5-Lipschitz continuous. For the experiment,
we choose R = 1.5, r =1, and k = 1.1. The solution of the (BVIP) with M and F given above
is x*(¢) = 0. The parameters of all algorithms remain the same as in Example 4.1, but we only
adjust u = 0.2 for all the algorithms. The maximum number of iterations 50 is used as a common
stopping criterion for all algorithms. Figure 3 shows the behaviors of D, = ||x,(¢) —x*(¢)|
generated by all algorithms under two different initial values.

T T
——Our Alg. 3.1, 3= 15
Our Alg. 3.1, =1
—#—Our Alg. 32, =15
—w—Our Alg. 3.2, 3=1
—e—Our Alg. 3.3, =108
—5—Our Alg. 3.4, =081
Tan et al. Alg. 3.2
—+—Thong et al. Alg. 1

T T
—k—Our Alg. 3.1, 3= 1.5
Our Alg. 3.1, 3=1
—#—Our Alg. 32, =15
—w—Our Alg. 32, f =1
—e—Our Alg. 3.3, =087
——Our Alg. 3.4, 3 =0.8 107
Tan et al. Alg. 3.2 .
—+—Thong et al. Alg. 1 =

1()—]() L

z,(t) — a*(t)]|

R 1

10-15 L
10-20 L

. . . . . . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Elapsed Time [sec] Elapsed Time [sec]

(a) xp = x; = cos(2t) ) xg=x1 =5

FIGURE 3. Numerical results of all algorithms for Example 4.2

Remark 4.1. We have the following observations for Examples 4.1 and 4.2.
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(1) From Fig. | and Fig. 3, it can be seen that our algorithms can achieve a faster convergence
speed if the appropriate 3 is chosen. In addition, the proposed Algorithm 3.1 and
Algorithm 3.3 apply a non-monotonic step size (i.e, &, # 0 in (3.2)), which allows them
to converge faster than when non-increasing step sizes (i.e., &, = 0 in (3.2)) are applied.

(2) As shown in Figs. 2 and 3, the proposed algorithms have a higher accuracy than the
previously known ones in [17, 18] under the same stopping conditions. These results are
independent of the choice of initial values.

(3) Itis worth noting that our Algorithms 3.2 and 3.4 use an Armijo-type step size criterion,
which makes them take more execution time than the proposed Algorithms 3.1 and 3.3
and the algorithms in the literature [17, 18], due to the fact that these algorithms use a
sequence of steps that can be automatically updated in each iteration using previously
known information.

(4) Note that the operator M in Example 4.2 is pseudomonotone rather than monotone. The
algorithms proposed in [13, 15] for solving the bilevel monotone variational inequality
problem will not be applicable in this case.

In summary, the methods proposed in this paper are useful, efficient, and robust.
4.2. Application to optimal control problems. Next, we use the proposed algorithms to solve
the variational inequality problem (VIP) that appears in optimal control problems. Assume

that L, ([0, 7],R™) represents the square-integrable Hilbert space with inner product (p,q) =
J&(p(t),q(t))dr and norm || p|| = v/(p, p). The optimal control problem is described as follows:

p*(?) € Argmin{g(p) : p €V},

g(p) = @(x(T)),

V={p@t) € L,([0,T],R™): pi(t) € [p; ,p]],i=1,2,....m},
s.t. X(t) = Q()x(t) + W (t)p(t), 0<t<T, x(0)=xo,

4.1)

where g(p) means the terminal objective function, ® is a convex and differentiable defined on
the attainability set, p(¢) denotes the control function, V represents a set of feasible controls
composed of m piecewise continuous functions, x(¢) stands for the trajectory, and Q(r) € R**"
and W(t) € R™™ are given continuous matrices for every ¢ € [0,T]. By the solution of the
problem (4.1), we mean a control p*(¢) and a corresponding (optimal) trajectory x*(¢) such that
its terminal value x*(7') minimizes the objective function g(p). It is known that the optimal
control problem (4.1) can be transformed into a variational inequality problem (see [1,28]). We
first use the classical Euler discretization method to decompose the optimal control problem (4.1)
and then apply the proposed algorithms to solve the variational inequality problem corresponding
to the discretized version of the problem (see [1,28] for more details).

Example 4.3 (Rocket car [28]).
minimize 0.5 ( 1(5) 5))2> ,
)=

subject to X1 (1) = xo (¢ ), i2(t) = p(t), vVt €10,5],
x1(0) =6, x2(0)=1, p(t)e[-1,1].
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The exact optimal control of Example 4.3 is p*(t) = 1 if t € (3.517,5] and p*(¢t) = —1 if
t € (0,3.517]. We compare the proposed methods with the Algorithm (31) (in short, TLDCR
Alg. (31)) introduced by Thong et al. [17] and the Algorithm (3.39) (in short, TLQ Alg. (3.39))
proposed by Tan, Liu, and Qin [18]. The parameters of all algorithms are set as follows.

o In the proposed Algorithms 3.1-3.4, we set N = 100, 8 = 0.01, g, = 0 U

w12 % = gt
F(x)=x—f(x), f(x) =0.1x,and y= 1. Choose t =0.1,A; =0.4,and &, = 1/(n+1)""!

for Algorithms 3.1 and 3.3. Pick 6 =2, £=0.5, and u = 0.1 for Algorithms 3.2 and 3.4.
e In the TLDCR Alg. (31), we choose N = 100, & = 0.1, A; = 0.4, ¢ = 1.5, and a, = 1

~ n+l-
o Tn the TLQ Alg. (3.39), we take N = 100, 8 = 0.01, &, = % w=01,% =04,
oy =107 and f(x) = 0.1x.

The initial controls pg(7) = p;(¢) are randomly generated in [—0.5,0.5]. The stopping criterion is

either D, = ||uy, — yn||; < 107%, or the maximum number of iterations which is set to 300. Figure

4 shows the approximate optimal control and the corresponding trajectories of the suggested
Algorithm 3.1 (with § = 1.5).

o palt)
0.8
0.6
04+

021

04F
06

08

0 1

I I I
3 351 4 5 0 0.5 1
t

(a) Initial and optimal controls (b) Optimal trajectories

FIGURE 4. Numerical results of the proposed Algorithm 3.1 for Example 4.3
Example 4.4 (see [29]).
minimize —x;(2) + (x2(2))?,
subjectto x1(t) =x2(1), X2(t) = p(z), Vt €0,2],
X1(0) = Oa xZ(O) = 07 p(l) € [_17 1]

The exact optimal control of Example 4.4 is p*(t) = 1 if r € [0,1.2) and p*(t) = —1if ¢t €

(1.2,2]. The approximate optimal control and the corresponding trajectories of the suggested
Algorithm 3.2 (with f = 1.5) are plotted in Fig. 5.

The numerical results of all algorithms for Examples 4.3 and 4.4 are shown in Fig. 6 and
Table 1.
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FIGURE 5. Numerical results of the proposed Algorithm 3.2 for Example 4.4
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FIGURE 6. Error estimates of all algorithms for Examples 4.3 and 4.4

Remark 4.2. From Fig. 4, Fig. 5, Fig. 6, and Table 1, it can be seen that the suggested algorithms
can be applied to solve optimal control problems. Notice that the proposed Algorithm 3.1 (resp.,
Algorithm 3.2) with = 1.5 and the proposed Algorithm 3.3 (resp., Algorithm 3.4) with 8 = 0.8
converges faster than the proposed Algorithm 3.1 (resp., Algorithm 3.2) with = 1. That is,
the proposed algorithms can obtain a faster convergence speed if the appropriate 3 is chosen.
Moreover, the proposed schemes outperform the existing methods in the literature [17,18].

5. CONCLUSIONS

In this paper, we proposed four new modified subgradient extragradient methods for solv-
ing bilevel pseudomonotone variational inequality problems in real Hilbert spaces. Our algo-
rithms work adaptively and do not require the prior knowledge of the Lipschitz constant of the
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TABLE 1. Numerical results of all algorithms for Examples 4.3 and 4.4

Example 4.3 Example 4.4
Iter. Time (s) D, Iter. Time (s) D,

Our Alg.3.1,B=1.5 129  0.0593 9.67E-05 207 0.0710 9.65E-05
Our Alg.3.2,B=1.5 93 0.0850 9.95E-05 96 0.0389 9.96E-05
Our Alg. 3.3, =0.8 156 0.0646 9.56E-05 252 0.1089 9.99E-05
Our Alg. 3.4, 8 =0.8 96 0.0872 9.73E-05 124 0.0812 9.87E-05
Our Alg. 3.1 (3.3), =1 164 0.0555 9.84E-05 257 0.0894 9.79E-05
Our Alg.3.2(3.4),3=1 113 0.0835 9.93E-05 132 0.0563 9.92E-05
TLQ Alg. (3.39) 300 0.1181 2.77E-02 300 0.1291 1.48E-02
TLDCR Alg. (31) 300 0.1023 3.04E-02 300 0.1075 6.72E-03

Algorithms

pseudomonotone mapping. The strong convergence theorems of the proposed algorithms are
established under some mild conditions imposed by the mappings and parameters. Finally, the
theoretical results are verified by some numerical experiments and applications. It would be
interesting if the algorithms proposed in this paper could be applied to some practical bilevel
optimization problems.
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