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LINESEARCH-FREE ALGORITHMS FOR SOLVING
PSEUDOMONOTONE VARIATIONAL INEQUALITIES
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Abstract: Based on the recent works by Censor et al. [Censor, Y., Gibali, A., Reich, S.: The subgradient
extragradient method for solving variational inequalities in Hilbert space. J. Optim. Theory and Appl.,
148, 318-335 (2011)] and Tseng [Tseng, P.: A modified forward-backward splitting method for maximal
monotone mapping. SIAM J. Control. Optim. 38, 431-446 (2000)], we propose two new algorithms for
solving pseudomonotone and non-Lipschitz continuous variational inequalities. Our algorithms improve
the recent one announced by Censor and Tseng in that they do not require the Lipschitz continuity of
the involving mapping. Also, compared to the Armijo line-search, which uses the same assumption, our
algorithms are more advanced: they only require to compute one projection at each iteration and do not use
the line-search procedure. Some numerical experiments and applications to the traffic network are presented
to test the effectiveness of the proposed algorithms.
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Introduction

Let C C R™ be a nonempty, closed and convex set, and A : R"™ — R™ be a mapping. The
variational inequality [19] of A on C is

find 2* € C such that (A(z*),y —z*) >0 VyeC. (VI(A,C))

Denote by Sol(A,C) the solution set of VI(A,C). This problem is a classical subject in
nonlinear analysis, optimization and operations research. Many important problems, such
as fixed points problem, saddle point problem, optimization problem, Nash equilibrium
problem, can be formulated in the form of variational inequalities [12]. A lot of algorithms
have been proposed for solving VI(A,C) [4, 5, 8, 9, 10, 11, 15, 16, 17, 28, 30, 31, 32, 1, 3, 18,
29, 26, 25, 14, 2, 20, 21, 22], among them, the extension of the projection gradient algorithm
seems to be the simplest:

2V e,

ot = P (2% — ANA(2h)) . (L)

Under the assumption that A is y-strongly pseudomonotone and L-Lipschitz continuous, \ €
(0,27/L?), the sequences {z*} generated by (1.1) linearly converge to the unique solution
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of VI(4,C) [17]. To reduce the convergence conditions, Korpelevich [24] introduced the
extragradient algorithm:

2 eC

y* = Po (:Ck - /\A(xk)) (1.2)

ot = Po (2% — XA(yY)) .
This algorithm is convergent under the assumption that A is pseudomonotone and Lipschitz
continuous. One drawback of the extragradient algorithm is that it requires to compute the
projection onto C' two times per iteration. When the feasible set C' has complicated form
and its projection is computationally expensive, this drawback may seriously affect to the
performance of the algorithm. To over come this drawback, Censor et al. [10] proposed the
subgradient extragradient algorithm, replacing the second projection onto C in (1.2) by the
one onto a half space:

el

y* = Po (2% — AA(z"))

T, = {z eR™: <xk — MA(zF) — yF, 2 — yk> < 0}
ot = Pr (zF — MA(y")) .

(1.3)

Since the projection onto T} has an explicit form and can be computed easily, (1.3) can be
considered as an one-projection algorithm. When A is monotone and Lipschitz continuous on
R™, the sequence {z*} is convergent to a desired solution. Another one-projection algorithm
with the same assumption is the Tseng’s one [30]:

20 eC
y* = Po (:vk - )\A(xk)) (1.4)
P =y + N [A(2F) — A(yY)] .

Compared to (1.2), both the algorithms (1.3) and (1.4) are more advanced from a compu-
tational point of view. However, these algorithms have a disadvantage: they require the
mapping A being Lipschitz continuous on the whole space. This is a rather strict condition.

On the other hand, in [28] Solodov and Svaiter proposed the Armijo line search algorithm,
which does not require the Lipschitz continuity of the mapping A. But at each step of this
algorithm, we need to check an inequality many times (the line-search procedure). This
make the algorithm very computationally expensive.

Motivated by the Censor et al. [10], Tseng [30] and Solodov et al. [28], in this paper we
introduce two new algorithms for solving VI(A4, C). Our algorithms preserve the advantages
and overcome the disadvantage of the works in [10, 30, 28]. On the one hand, convergence
conditions of our algorithms are as mild as the ones of the Armijo line-search algorithm,
i.e., we only need the mapping A being pseudomonotone but is not necessarily Lipschitz
continuous. On the other hand, the new algorithms are computationally cheap: they require
to compute the projection onto C only one time per iteration and do not use the line-search
procedure.

The rest of the article is organized as follows. Section 2 is devoted to some definitions
and preliminary results. Our algorithms and their convergence analysis are described in
Section 3. Some further analysis on the convergence conditions of the proposed algorithms
are presented in Section 4. In the last section, we compare the new algorithms with the
existing ones and present an application to the traffic network.
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Preliminaries

In this section, we recall some basic properties and definitions that will be used in the
subsequent sections. We refer the reader to [7, 19, 27] for more details.

Let C C R™ be a nonempty, closed and convex set, and x € R™ be an arbitrary point.
There exists a uniquely point in C, denoted by Pc(z), satisfying ||z — Po(2)|| < ||z — y]| for
all y € C. The mapping x — Pc(x) is called the projection onto C.

Proposition 2.1 ([7]). For all z,y € R™, we have
() [[Pe(@) = Pe@)l < llz -yl
(ii) (y — Pc(z),z — Po(x)) < 0.
Definition 2.2. A mapping A : C — R™ is said to be

1. pseudomonotone on C, iff for all z,y € C, we have

(A(y),z —y) = 0= (A(z),z —y) > 0.

2. Lipschitz continuous on C' with modulus L > 0, iff for all z,y € C, we have

[A(z) — Al < Lllz -y

Lemma 2.3 ([6]). Let {ar}, {bx} C (0,00) be two sequences satisfying
ap+1 < ag + by Yk > 0 and Zbk < 0.
k=0
Then, the sequence {ay} is convergent.

Lemma 2.4. [13] Suppose that the mapping A : C — R™ is continuous. Then, for all
bounded sequences {z*}, {y*} C C satisfying ||z* —y*|| — 0, it holds that || A(z*)— A(y*)| —
0.

Let I C N, denote by |I| the number of elements in I.
Main Results
Assumption 3.1. We investigate problem VI(A, C) under the following conditions:

(A1) The mapping A is pseudomonotone on C;
(A2) There exist constants u, § > 0 such that for all x € H, y € C, we have
[z —yll <6 = [|A(z) — Ay)|| <

(A3) The mapping A is continuous on R™;
(A4) Sol(A,C) # 0.
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Assumption 3.1 is rather mild. Some practical models satisfying this assumption can be

found in [1, 3, 29, 2, 16, 23].

Algorithm 3.1 (Subgradient extragradient algorithm for VI(A, C') without Lipschitz con-

tinuity).
Step 0. Choose 2° € C, &,p € (0,1), ag € (O, %) Set k = 0.
Step 1. Compute:
A = Ok
max {1; | A(z*)]|}
yk+1 _ PC (l‘k _ )\kA(.Tk))
P = Py (af — MAGM))
where T}, = {z eR™: <xk — MA(zP) = yFH 2 — yk+1> < O} .

If \p||A(z%) — A(yFHY)|| < plla® — ¥+ then set g1 = ay else set agi1 = Eay,.

Step 2. If y**! = 2%, then STOP, else update k := k + 1 and GOTO Step 1.

Theorem 3.2. Suppose that Assumption 3.1 is satisfied. Then, the sequence {x*} generated

by Algorithm 3.1 converges to a solution of VI(A,C).

Proof. Since
y*H = Pe (2 = M A(2Y))

we have
<xk — M A(zF) — yF 2 — y]”l) <0 VzeCl.

Hence C' C T},. Since
"t = pr, (mk - AkA(yk+1)) ,

it implies that

(2F — NAPTY) — 2Pt s — 2 <0 VzeC Ty

or
(2F — 2Pt 2 — 2Py <N (AP, 2 — 2Rt vz e
On the other hand, noting that zF+1 € T}, we get
(% = N A(zF) — 1 2t — ity <0
or
(zh — gL gkt kDY < n (A(ah), 2R = Rt
From (3.2) and (3.3), it follows that for any z € C,
24 = 2] = [la® — 2] — [l — MR = |l - 2R
42 (gl gk gL ) g (Rl gk Rl ke
< ka _ ZH2 _ ka+1 _ yk+1H2 _ HykJrl _ ka2+
+2X; <A(yk+1), z— xk+1> + 2 <A(mk), ah yk+1>

= [la® = 2l|* — 2T =y — gt - 2P

+ 2)\k <A(yk+1)72 _ yk+1> + 2)\k <A(xk) _ A(ka),ka _ yk+1> )

(3.1)

(3.2)

(3.3)
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Let z = z* € Sol(A, C), we have
2" — 2P < 2 — 2 = (R =y = g — 2R
+ 2)\k <A(.Tk> _ A(ykﬂ),xkﬂ _ yk+1>
Denote
Ii={keN:XJJA@") — A )| > pll=® — "I}

Consider two cases:
Case 1: |I| = co. Let I = {k,}52; C N. We have

M, |G ) = AyE D > plla®s =y FH| v > 0.

For z € R™, denote dist(z,C) := ||z — Po(x)].
Claim 1: limy_, oo dist(z*, C) = 0.
Since |I| = oo, we have limy_ o ap = 0. From the definition of Tk, it is easy seen that
y*+tl = Pr, (2% — A\ A(2%)). For all k > 0, we have
diSt(l‘kJrl, C) < kaJrl _ yk+1H

= [|Pr, («" = MA@WY*)) — Pr, (a7 = MA@ED) |

< AJlA@Y) — A@EY)|

< ag|A(z") — A(y*]).- (3.6)
On the other hand, it holds that

[a* = y* | < Jla* = Po(a®)|| + [ Po(a®) — Po(a® = A A(?))||
< dist (2", C) + A || A(zF)||
< dist(z", C) + ay. (3.7)
We will prove that ||z% — y*+1|| < § for all £ > 0. Indeed, from (3.7), we have [|2° — 3!|| <

ag < 0. Suppose that |27 — y/*|| < & for some j > 0. Using assumption (A2), we get
|A(27) — A(y?T1)|| < i, and hence (3.6) implies that

dist(a*1,€) < ayllA) - A7) < aon < T

where the last inequality follows from the definition of «q, i.e., ap < ﬁ. From (3.7), we
have
27 — 7 72|| < dist(a? T, C) + a4
1o 1)

+ —— =0
I+p p+1

By induction, it implies that ||z — y**1|| < § for all £ > 0. Using assumption (A2) and
(3.6), we get dist(z*,C) < aj_11 — 0 and hence

2% — y* | < ap + dist(2F, C) — 0. (3.8)

Claim 2: The sequence {z*} is bounded.
Take k > 0 arbitrarily. If k ¢ I, then from (3.19), we get

[* T — 2| < |la¥ — 2. (3.9)
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If k € I, from (3.6) and (3.7), we have
Iz = 2|l < fla® — 2| + |2 - 2P|
< Jla® = 2| 4+ 2t =y F T [l -y
< Jla® = 2| + arl|A(2®) — A" + dist(a®, C) +
< Jla® = 2| + arpe + ap-a | AT = A+ an

a
< ka—x*H—l—aku—&—?ku—i—ak. (3.10)

Combinning (3.9) and (3.10), we have
lz* = 2| < fla* — 2] + 7,

where

0 ithel,
Th= ao(u+%+1>§”*1 ifk=ky, el

Hence, 07 ( Tk = Y s Tk = Q0 (u + &+ 1) oo o &" < co. Using Lemma 2.3, we deduce

that the sequence {||z* —z*||} is convergent, and hence, the sequence {z*} is bounded. Since
{||lz* — y**1||} — 0, it implies that the sequence {y*} is also bounded.
Claim 3: The sequence {x*} converges to a solution of VI(A,C).
We have
Moo [|A@@*) = A(y* )| > plla® —y=+H| ¥n > 0. (3.11)

The sequence {z**} is bounded, hence there exists a subsequence {z*»¢} C {z*»} such that
xFne — 7. Since limy_, o dist(z¥, C') = 0, it implies that Z € C. From (3.1), we have

(a¥ —yF 2 =) < N (A(RY), 2 —yF) vz e (3.12)

From (3.11) and (3.12), we get

1
(A@®),z =y 1) > *)\*kllrk =y e =y
1
> —;IIA(wk) =AWz =y V2eC kel

In the last inequality, letting k = k,,,, t — oo, using the continuity of A, the boundedness
of {y*}, the fact that ||z* — y**1|| — 0 and Lemma 2.4, we obtain

(A(Z),z—xz) >0 VzeCl.
It implies that Z € Sol(A, C), and hence, the sequence ||z* — Z|| is convergent. Thus,
lim [|zF — Z|| = lim ||2* —Z| = 0.
k—o0 t—o00

Case 2: |I| < 0. Let ig = max{i +1:¢ € I'}. It implies that ay = a;, for all k > iy. From
(3.19), we have

2"+ =22 < fla® 2| = (1 = p) & =y 2= (1= p) ly"H =2 Yk > 0. (3.13)
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It follows that the sequence {|lz* — z*||} is convergent and
lim [z* —y*|| = lim [jy**! —2%| = 0. (3.14)
k—o0 k—o0
The sequence {z*} is bounded, and hence, there exists a subsequence {z*=} C {z*} such
that limy, o 2¥» = z. Since {y*} C C and |z* — y*|| — 0, it implies that z € C. From

(3.2), for all z € C we have

xkikarl,zikarl < Qg ARt 2 KLY Ay F T 7 R+l k+1VY
< >_maX{1;HA(xk)||} (< (y™) Y > < W)y >)

Letting k = k,, — 00, using (3.14) and the continuity of A, we get

Olio

a1 [A@)} AE»z- 2 20 V2EC

or & € Sol(A,C). Since the sequence {||z* — Z||} is convergent, we obtain

lim ||:1:k —z|| = lim ||a:km — x| =0.
k—oo m—»00

Algorithm 3.3 (Tseng-type algorithm for VI(A, C') without Lipschitz continuity).
Step 0. Choose 20 € C, &, p € (0,1), ag € (0, %) Set k = 0.
Step 1. Compute:

— Ak
- max {1; [[A(*)[}}
y* = Po (a;k - /\kA(xk))
= g g [AG) - A,

If A\ || A(2%) — A(yF)|| < pllz* — || then set ag; = ay else set ag i1 = Eay.
Step 2. If y**! = 2*, then STOP, else update k := k + 1 and GOTO Step 1.

Theorem 3.4. Suppose that Assumption 3.1 is satisfied. Then, the sequence {x*} generated
by Algorithm 8.1 converges to a solution of VI(A,C).

Proof. Since y* = Po (2% — AA(2%)), using the property of the projection, we have
(x— y* oyt — 2k )\kA(ack)> >0 vredl. (3.15)
Let z* € Sol(A,C), it holds that
(z* —yF y" —a + N\ A(2R)) > 0. (3.16)
On the other hand, since F' is pseudomonotone, then
My =t AGY)) = 0 (3.17)
Adding (3.16) and (3.17), we get

(z* —yF g — 2 + A [A2Y) — A(WM)]) > 0.
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From the definition of x*+!

, it implies that
<x* gk g $k> > 0.
Thus,
<xk+1 . x*,xk+1 . xk> < <xk+1 . yk,z]”l _ zk>
S L <$k gk gk 7xk>
= [l — PP+ (2 — yF,yF + M[AGR) — A(YR)] - 2F)
= [l —aF (P = [ly* — 2P 4+ (2 yh AGR) - AY) -

Applying the equality a® + b*> — (a — b)? = 2 (a, b), we get

2+ — 2|2 — ||2* — 2*|2 + |aF ! — 2F )2 = 2 <$k+1 B xk> (3.19)
From (3.18) and (3.19), we have

[+ — 2|2 = [la* — 2|2 — [|lz" Y — 2P| + 2<xk+1 _ o g _xk>

<l — 2|2+ [l =R P -2yt - 2

+ 20 (F — yF, AR) — A(Y"))
2% = 2* |1 + ly* + A (A@@*) — A@Y")) — *|* = 2[ly* — "]
+ 20 (2 =y, A(®) — AyY))
l2* —a*[1” = [ly* — 2®[]* + AZ N A®) — A1 (3.20)

Denote
Ii={k e N: \JA=") — AWM > pll2* — "1}

Consider two cases:
Case 1: |I| < co. There exists a number kg € N such that

Ml A@@®) = A < plla® — y* |l and oy, = ar, Yk > ko.
From (3.20), it follows that
2" = 2| < fla® = 2P = (1= p?)|2* =P VE > ko.

So, the sequence {||z* — x*||} is convergent for all z* € Sol(F,C). It implies that the
sequence {z*} is bounded and

lim [lz* —y*|| = 0.

k—o0

There exists a subsequence {z*} C {z*} such that z¥: — 7 € R™. Since {y*} C C and
|z* — y*|| — 0, we obtain € C. Next, we will prove that Z is a solution of VI(A, C). From
(3.15), we have

1
(Ao =4 2 =1l = Is* — "] Vo e (3:21)

Since Ay, = m, ay = ay, for all k > ko and the sequence {A(z*)} is bounded, we
deduce that the sequence {\;} is bounded away from zero. In (3.21), letting k = k;, i — oo,
using the continuity of A, the boundedness of {z*} and the fact ||y* — z¥|| — 0, we obtain

(A(Z),z—Z)>0 VzeC,
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or 7 € Sol(F,C). The sequence {||z* — 7|} is convergent, hence

lim ||z* — Z|| = lim ||z* — Z|| = 0.
k—o0 i—00

Case 2: |I| = oo. Let I = {k;}7_; CN, then
M llA@") = A@y™)| > plla® — g™ Vi > 0.

It is easy seen that the sequence {«y} is decreasing and tending to zero. Denote dist(z,C) :=
|z — Po(z)|| for all z € R™. We will prove that dist(z*,C) — 0 and ||z* — y*| — 0. For all
k > 0, we have

dist (2", C) < [l — ¢
= M| A(z") — A(y")|
< | A(*) — AP (3.22)
and
2% = y* || < [la* = Po(a®)|| + || Po(a*) = ¥
= dist(z*, C) 4 || Po(z*) — Po(a® — A A=) ||
< dist(x¥, C) + Mg || A(z®) |
< dist(z*, C) + ay. (3.23)

Analogously to the proof of Theorem 3.2, from (3.22) and (3.23), by induction, we can prove
that [|2* — y¥|| < 6 for all k > 0. Using condition (A2) and (3.22), we get dist(z*,C) <
ak—1p — 0 and hence

2% — y*|| < ag + dist(z*,C) — 0. (3.24)

The rest of the proof is similar to the one of Theorem 3.2 and hence, is omitted. O

Remark 3.5. (a) Algorithm 3.1 and Algorithm 3.3 are improved from the Censor’s algo-
rithm [10] and Tseng’s algorithm [30] for solving non-Lipschitz variational inequalities
but it can solve Lipschitz variational inequalities as efficiently as the original ones do.
Indeed, when the mapping A is Lipschitz continuous, there exists a number kg > 0 such
that oy = ag, for all &k > ko, i.e., the steps-sizes of the new algorithms are bounded
away from zero as in the original ones. Moreover, in this case, compared the algo-
rithms in [10, 30], the new ones have a clear advantage: it does not require to know
the Lipschitz constant of the mapping A.

(b) When the mapping A is pseudomonotone but is not Lipschitz continuous, the Armijo
line search algorithm (ALA) [28] is often referred to as a typical method for solving
VI(A,C). In comparison with (ALA), our algorithms have the following advantages.
First, to compute the value of the step size A\, we only have to check an inequality
one time instead of many time as in (ALA). This means, our algorithms do not use the
line-search procedure, which is very computationally expensive. Second, at each step
of our algorithms, we only have to perform one projection onto the feasible set instead
of two projection as in (ALA). This feature also helps to reduce the computational cost
of our algorithms.

(¢) Condition (A2) and (A3) can be replaced by the uniform continuity of A. Moreover,
from the proofs of Theorems 3.2 and 3.4, it is easy seen that Condition (A2) can be
omitted if C' is bounded or {z*} C C.
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Further Analysis

In this section, we study the possibility of eliminating the conditions in the proposed algo-
rithms.

The non-emptiness of the solution set

To prove the convergence of Algorithm 3.1 and Algorithm 3.3, we need to assume that the
solution set is not empty. In practice, this condition is rather difficult to verify. Thanks to
the following corollary, we can implement our algorithms without checking this condition.

Corollary 4.1. Suppose that Conditions (A1), (A2) and (A3) are satisfied, {z*} is the
sequence generated by Algorithm 8.1 or Algorithm 3.8. Then, the solution set Sol(A,C) is
not empty if and only if the sequence {x*} is convergent.

Proof. We will prove for the case of Algorithm 3.1. The rest case is proved similarly. Obvi-
ously, it is sufficient to show that

the sequence {z*} is convergent = Sol(A, C) # 0.

Define . ‘ ‘ ‘
I:={ieN:\[JA@@") — A > plla’ =y}

Let limy,_, o, ¥ = Z. Consider two cases:
Case 1: |I| < co. There exists ig > 0 such that

2" = a® < fla® =l = (1= p) "+ = y*F U2 = (1= p) Iy — 2P+

N
2 y AWM, —yH ) VR > SN
(L ARy AW by Ykziee G ()

Similarly to the proof of Theorem 3.2, it holds that [|z* —y**+1|| < § for all k > 0. Combinning
this and the fact limy_,oo ¥ = Z, we have that the sequence {yk} is bounded. There exists
a subsequence {y*"} C {y*} such that y*» — § € C. In (4.1), let k = k,, — 1 — o0, notting
that {z*} is convergent and using the continuity of A, we get

Oéio

max{1; || A(z)|}
Hence, g € Sol(A,C). In (4.1), let z = g, k = k, — 1 — 00, we obtain

(A(g),z —9) >0 VxeC.

21 -p)llz —gl* < WM (A@), 7 —9) =0.

Hence, limy,_,o, 2% = Z € Sol(A,C).
Case 2: |I| = oo. There exists a subsequence {y*»} C {y*} such that

Mo [[A@@") = Ay )| > plla® —y=+| i > 0. (4.2)
On the other hand, from the definition of y**!, we have
<a:k — gt — R < <A($k),x — yk+1> Ve e C,k > 0. (4.3)
Combinning (4.2) and (4.3), we get

ot

p [A(zF) — Ayl — T < (AP T) 2 — y™ Tty (4.4)
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Analogously to (3.24), we get
2% — " Y| < dist(z®, C) + g, — 0.

Hence, limy, o0 2% = limg 00 ¥* = Z. From Lemma 2.4, it follows that ||A(2*)—A(y**+1)|| —
0. In (4.4), let n — oo, using the continuity of A, we obtain

(A(Z),z—Z) >0 Vzxel.
This means limy,_,, ¥ =z € Sol(A,C). O

Remark 4.2. Thanks to Corollary 4.1, we can implement Algorithm 3.1 and Algorithm 3.3
without checking the solvability of VI(A,C) (Condition (A4)). If the generated sequence
{x*} is convergent, we can claim that its limit is a desired solution. Otherwise, we claim
that the solution set is empty.

The pseudomonotonicity of A

To prove the convergence of the proposed algorithms, the pseudomonotonicity of A cannot
be omitted. Considered the following example: C = R™, A: R™ — R™, A(z) = —x for all
x € R™. Then, A is Lipschitz continuous but is not pseudomonotone. It is easy seen that
Sol(A,C) = {0}. Algorithm 3.1 now becomes

yFt = Po (2% — MA(RR)) = (1+ M) 2F,
"t = Pr, (28 — MAWET)) = 28+ NyF T =2 (A0 A+ 1)

Since A, > 0, we have ||z**1|| > ||z*|| for all k > 0, and hence, the sequence {z*} does not
converge to the unique solution z* = 0 of VI(A4, C).

We have shown that the pseudomonotonicity condition in Theorem 3.2 and Theorem 3.4
cannot be omitted. However, it may happen that A is not pseudomonotone but the sequence
{x*} generated by the proposed algorithms is convergent. From the proof of Corollary 4.1,
it follows that in this case, the limit of {z*} is a solution of VI(A, C).

Corollary 4.3. Suppose that Conditions (A2) and (A8) in Assumption 3.1 are satisfied and
the sequence {x*} generated by Algorithm 3.1 or Algorithm 3.3 converges to . Then, T is
a solution of VI(A,C).

Closedness and convexity of the feasible set

From the proof of Theorem 3.2 and Theorem 3.4, it is easy seen that we can change the
projection onto C in Step 1 of the proposed algorithms by the one onto any close, convex
subset D C C containing a solution. One of ways to construct D is:

D= (({zeC:(A®z).z—z) <0}, (4.5)

zeK

where K is an arbitrary subset of C. Note that we can choose the set K such that the
projection onto D is calculated easier than the one onto C. For example, let

C={zcR?:xy,29 > 0,129 < 2},
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A : C — C defined by A(z) = z for all x € C. Tt is easy seen that C' is neither closed nor
convex, and hence, the projection onto C' cannot be computed. Choose K = {(1,0);(0,1)} C
C'. According to (4.5), the set D is

D:{IERZ:ngl,Iggl}.

We see that the projection onto D can be calculated explicitly.

Numerical Experiments
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-&- Armijo line search alg. || -©- Armmijo line search alg.

0rmmeg
0.1 0.2 03 0.4 0.1 0.2 03 04 0.5
Computational time (seconds) Computational time (seconds)
m=200 m=500
15 25
b -B-Alg 1 -B-Alg 1
----- Alg 2 50 ssimAlg 2 i
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Figure 1: Performance of the algorithms in Problem 1, Example 5.1 with different m

To test the effectiveness of the new algorithms, we implement them in MATLAB to solve
variational inequality problems. Also, we compare them with the Armijo-line search algo-
rithm (ALA) [28], which has the same conditions. We do not compare with the extragradient-
type ones [24, 32, 10] because these algorithms need the Lipschitz continuity, which is omitted
in our algorithms. We use MATLAB version R2010b on a PC with Intel®Core2™ Quad
Processor Q9400 2.66Ghz 4GB Ram.

Example 5.1. The algorithms are tested in the following problems:

e Problem 1: C' =[-5,5]" CR™, F: R™ — R™, F(x) =« for all x € R™.

e Problem 2: C' = [-5,5]" CR™, F:R"™ — R™, F(z) = Az for all x € R™, A = (a;5),
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Figure 2: Performance of the algorithms in Problem 2, Example 5.1 with different m

where
-1 ifj=m+1—4, j>1
Qij = 1 ifj:m+17i,j<i
0 otherwise.

Problem 3: C = R™, F : R™ — R™, F(z) = Bx + ¢ for all x € R™, where ¢ =

(1, ey 1)T and B = (bij)7

2 ifj =4,

bi; = .
1  otherwise.

Problem 4. This is an extreme problem. Let C = [-5,5]" C R™, F : R™ — R™,
F(z) = Az for all x € R™, A is the diagonal matrix whose diagonal entries are
1075,10%,1,,1,...,1. The mapping F in this problem is strongly monotone and Lips-
chitz continuous, hence the Projection Algorithm (PA) [17] is the most suitable one for
solving this problem. It should give better results than our algorithms and (ALA). But
we found that in this problem, even (PA) does not work effectively. We will explain
why. It is well known that the Projection Algorithm

{

converges linearly under the assumption that A € (0,275), where 7 is the strong
monotonicity constant and L is the Lipschitz constant of F' [17]. We have v = 107°

20 € C,

2Pl = Po(aF — NF(2F)) (PA)
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Figure 3: Performance of the algorithms in Problem 3, Example 5.1 with different m

and L = 10°, hence A < 2.107'°. Since the step-size A is too small, the algorithm
converges very slowly. Our primary calculations show that: to obtain the accuracy
|lzF — 2*|| < 1073, (PA) needs to perform at least 3.10%0 iterations. The similar
problem occurs with our algorithms and (ALA). Since A has extreme eigenvalues, the
stepsizes tend zero very fast, and hence, slow down the algorithms. We have tried to
test our algorithms and (ALA) with this problem. The result is that these algorithms
have not obtained the accuracy ||z* — x*|| < 1072 after 6 hours of CPU time.

Since we can not compare the algorithms in such an extreme problem, we test them in
a less extreme one. That is Problem 4 with A is the diagonal matrix whose diagonal
entries are 1072,10%,1,,1,...,1.

The unique solution of Problem 1, 2 and 4 is 2* = (0,...,0)T. Meanwhile, in Problem 3,
it is * = B~l.q. It is easy seen that in these problems, the convergence conditions are
satisfied. We implement the algorithms with the same starting point z°, which is randomly
generated and the same stopping rule ||z* — 2*|| < 10™%, where z* is the unique solution of
the problem. The parameters are chosen as follows:

e For (ALA): since v, o € (0, 1), we have tested the algorithm with v, = 0.1,0.2,...,0.9
and found that among these options, (ALA) performs the best with v = 0.5, ¢ = 0.3.
These values of 7, o also have been used in [28]. Hence, in our tests, we will use v = 0.5,
o =0.3.

e In Algorithm 3.1 and 3.3, p = 0.7, £ = 0.7 and g = [|2°]].
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We test the algorithms with different m. The results are presented in Figures 1, 2, 3 and
Table 1. We can see that the computational time of the new algorithms is smaller than
that of (ALA). This happened because in our algorithms, we do not have to perform the
line-search procedure, which is very computationally expensive. Moreover, in (ALA), one
has to compute two projections onto the feasible set and its intersection with a half-space.
Meanwhile, in the new algorithms, we only have to compute one projection onto C.

Algorithm 3.1 Algorithm 3.3 (ALA)

Times(s) Iter. Times(s) Iter. Times(s) Iter.

m=50 22.3890 111809  20.2758 111818  73.0360 12832
m=100  25.8910 112931  23.7800 112945 - -
m=500 28.6792 147044  27.7840 147080 - -

Table 1: Comparison of Algorithm 3.1 and 3.3 with the Armijo line search algorithm in
Problem 4, Example 5.1. Dash - indicates that the algorithm did not stop after 1000 seconds
of CPU time.

Example 5.2. (Application to traffic networks)

Consider a transportation network with nodes {a,b, ...}, connected by oriented links g € £
[20]. Denote by W the set of pairs of origins and destinations. For each element w = (a —
b) € W, P, is the set of all paths with the origin a and the destination b. Let © be the set
of all paths in the transportation network:

0= UwEWPw~

The paths in © are numbered:
@ = {p17p27 .. apn}
Denote by x; the traffic flow on the path p; and let = (21, 22,...,2,) - the vector flow of

the whole transportation network. For w = (a — b) € W, let b,, be the amount of vehicles
that need to go from a to b, and define

C=SzeRL: Y zp=by, VweW

PEPy,

The flow on a link ¢ is equal to the sum of the flows on all paths containing this link, that

is:
Uqg = E :51911%7

pPEO

where

5 1 if the link ¢ in path p,
PI")1 0 otherwise.
The user cost t; on the link ¢ depends on its flow u, by the formula

(5.1)

P Tqlq + 0y if 0 <ug <y
¢ Pqllq + TglVq + 0q — pgvq  if ug > 4.
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In (5.1), v, is the maximum capacity of the road g. When the traffic flow u, exceeds this
capacity, the user cost increases with the huge rate p, (traffic jam). The cost of the path p
is equal to the total cost of all its link:

Gp(x) == Opgty.

qeL

A flow vector z* with the components (¢ € Py, w € W) is an equilibrium pattern if, once
established, no user want to change his/her path. In other words, when the traffic network
attains an equilibrium state, among all path of P, the path with traffic has the lowest cost.
This means, for all w € W and for all r € P, it holds that

zy > 0= G,(z*) = min G,(z"). (5.2)

PEPy

The problem of finding x* satisfying (5.2) is equivalent to the variational inequality VI(G, C)
[20], where G(z) = (G1(x),G2(x),...,Gn(x)). The cost functions defined by (5.1) are
increasing, hence the mapping G is monotone [20]. Moreover, it is continuous on C. All the
conditions of Assumption 3.1 are satisfied, we will apply Algorithm 3.1 to find the equilibrium
state of the transportation network. Assume that the traffic network has 5 nodes, joined by
links q1,q2, ..., qs as shown in Figure 4. Let W = {(1 — 5)} and b(;_,5) = 1000. From node

1 to node 5, there are 5 paths: p1 = q1 + g6, P2 = g3 + s, P3 = q2 + q7, P2 = G2 + g5 + gs,
Ps = q2 + q4 + gs. The constants of the cost functions are provided in Table 2.

Figure 4: Traffic network with 5 nodes

In Algorithm 3.1, we choose 2° = (200,200,200, 200,200), p = & = 0.7, ag = [|2°.
Since the exact solution of the problem is unknown, we use the stopping criterion: |jy* —
Pc [y" — G(y*)] || < 107%. Note that z* is a solution of the problem if and only if z* —
Po [z* — G(z*)] = 0. After 138 iterations, the algorithm find the approximate solution:

2" = (338.9726, 342.2060, 283.7184, 28.1883, 6.9147)" .

In Table 3 and Figure 5, we present the comparison results of the proposed algorithms with
the Armijo line search algorithm (ALA). The parameters of these algorithms are chosen as
in Example 5.1. As we can see, in this example, the new algorithms have a better behavior
in terms of the computational time.
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q Tq Oq Vg  Pq

Qn 1 100 100 10

g 1.1 120 120 11

qs 09 80 80 9

qs 0.1 150 150 8

qgs 0.1 70 70 11

g 0.7 140 210 12

qr 1.2 150 150 13

gs 0.6 160 250 14

Table 2: Constants of the cost functions.
Alg. 3.1 Alg. 3.3 (ALA)

Times(s) Iter. Times(s) Iter. Times(s) Iter.
2% = (200, 200, 200, 200, 200) 1.2203 138 1.8120 219 6.0115 140
20 = (1000, 0,0,0,0) 1.2567 175 1.6086 238 4.3766 117
0= (0,0,1000,0,0) 0.8163 112 1.6248 236 4.2734 127
0— (100, 150, 200, 250, 300) 0.9663 135 1.5722 235 4.5473 133

Table 3: Performance of the algorithms in Example 5.2 with different starting points.
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Figure 5: Comparision of the algorithms in Example 5.2
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@ Conclusion

In this article, two novel projection algorithms have been proposed for solving pseudomono-
tone variational inequalities. In contrast to the existing algorithms mentioned in the intro-
duction, the new ones have the followings advantages:

1. The involving mapping A need not to be Lipschitz continuous. We prove the conver-
gence of our algorithms under the assumption that A is pseudomonotone and some
suitable conditions.

2. At each iteration, we only have to compute one projection onto the feasible set. Also,
the new algorithms do not use the Armijo line search as the existing ones. These
features help to speed-up our algorithm.

3. To implement the new algorithms, we do not have to verify the nonemptiness of the
solution set. We prove that the solvability of the problem is equivalent to the convergent
of the generated sequence.

The effectiveness of the new algorithms have been confirmed by numerical experiments.
Also, an application to the traffic network equilibrium problem has been presented.
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