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Abstract

In this work we propose a general nonmonotone line-search method for nonconvex multi-
objective optimization problems with convex constraints. At the kth iteration, the degree of
nonmonotonicity is controlled by a vector v with nonnegative components. Different choices
for vy, lead to different nonmonotone step-size rules. Assuming that the sequence {vj},~, is
summable, and that the ¢th objective function has Holder continuous gradient with smoothness

(11
parameter 0; € (0, 1], we show that the proposed method takes no more than O (6 (1+ "min)>

iterations to find a e-approximate Pareto critical point for a problem with m objectives and
Omin = min;—1, . ,{0;}. In particular, this complexity bound applies to the methods proposed
by Drummond and Iusem (Comput. Optim. Appl. 28: 5-29, 2004), by Fazzio and Schuverdt
(Optim. Lett. 13: 1365-1379, 2019), and by Mita, Fukuda and Yamashita (J. Glob. Optim.
75: 63-90, 2019). The generality of our approach also allows the development of new methods
for multiobjective optimization. As an example, we propose a new nonmonotone step-size rule
inspired by the Metropolis criterion. Preliminary numerical results illustrate the benefit of non-
monotone line searches and suggest that our new rule is particularly suitable for multiobjective
problems in which at least one of the objectives has many non-global local minimizers.

Keywords: Multiobjective optimization; Projected gradient methods; Nonmonotone line searches;
Worst-case complexity

1 Introduction

Motivation

In this work, we consider multiobjective optimization problems with convex constraints. This type of
problem appears in several important applications, such as seismic design of buildings [26], planetary
exploration [7, 35], maintenance of civil infrastructures [17], planning of cancer treatment [38, 8] and
drug design [34, 25]. In most cases, there is not a single point which minimizes all the objective
functions at once. This fact motivates the notion of Pareto efficiency. Roughly speaking, a point is
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said to be a Pareto efficient solution when from this point it is impossible to obtain an improvement
in any of the objective functions without worsening the value of some other objective.

There are many approaches to solve multiobjective optimization problems [28, 27]. In recent
years, several methods have been obtained by extending well-known optimization algorithms for
single-objective optimization. Notable examples include the steepest descent method proposed in
[15], projected gradient methods [11, 18, 19, 1], the Newton’s method proposed in [14], proximal-point
methods [3, 2], trust-region methods [36, 5], and also nonmonotone line search methods [13, 29].

In the present work, we extend the general nonmonotone method proposed in [33] for single-
objective optimization to multiobjective optimization. The method is said to be nonmonotone be-
cause it permits an increase in the objectives between consecutive iterations. At the kth iteration,
the extent of the increase allowed is governed by a vector v, with nonnegative components. Various
selections for v result in different nonmonotone step-size rules. Specifically, considering suitable
choices for vy, our method encompasses instances of the methods proposed in [11, 13, 29]. Assuming
that the sequence {v}},~, is summable, and that the ith objective function has Hélder continuous
gradient with constant H; and smoothness parameter 6; € (0, 1], we show that the proposed method

(11
takes no more than O <e <1+9min> iterations to find a e-approximate Pareto critical point of a

problem with m objectives and Opin = mini:17._,7m{9i}. For the case m = 1, this bound agrees in
order with the bound proved in [37] for a gradient method that requires the knowledge of H; and
f1. Since our method is fully adaptive with respect to the Holder constants, we say that it is a
universal method in the sense of Nesterov [31]. For the case in which 6 = ... = 0, = 0, i.e,
all the objective functions have Holder continuous gradients with the same smoothness level 0, our
complexity bound agrees in order with the bound established by [4] for the first-order version of
their pth-order method. In addition, when all the objectives have Lipschitz continuous gradients
(case 61 = ... = 6, = 1), our bound becomes of O (e~2) which agrees in order with the bounds
established in [22] for a multiobjective trust-region method, and in [16] for the multiobjective steep-
est descent method. Under the weaker assumption that {1}, converges to zero, we also prove a
liminf-type global convergence result for our method. The generality of our results regarding possible
choices of the sequence {1} },~, enables the development of new nonmonotone methods with con-
vergence and worst-case complexity guarantees for multiobjective optimization. As an example, we
propose a new Metropolis-based nonmonotone step-size rule inspired by a method recently proposed
in [21] for single-objective optimization.

Contents

This paper is organized as follows. In Section 2, we define the problem and review some results about
multiobjective optimization. In Section 3 we present our general nonmonotone method and establish
its complexity and convergence properties. In Section 4, we analyse some particular instances of the
method. In Section 5 we propose a new nonmonotone method that fits into our general scheme.
Finally, in Section 6, we report some illustrative numerical results.

Notations

In what follows, || .| denotes the Euclidean norm, I = {1,2,...,m}, Rl = {z € R" |2 > 0,7 € I},
R, ={2z€R™|z >0,ic I} and, given € €2, we consider the set & —z = {y € R" |y + x € Q}.
In addition, Jr(z) will denote the Jacobian of F': R®™ — R™ at . The relations > and >, are given



respectively by
y-r<=y—crcR'andy >,z <= y—xecR,.

Moreover, given a symmetric matrix B € R™ " A\pin(B) and Apax(B) will denote the smallest and
the largest eigenvalues of B. Finally, given a finite set A, |A| denotes the cardinality of A.

2 Problem Definition and Auxiliary Results

In this paper we consider methods for solving the following multiobjective optimization problem

min F(x> = (f1<a}),...,fm($))T, (1)
s.t. x €, (2)

where () # Q C R" is a closed and convex set and F' : R" — R™ is a continuously differentiable
function, possibly nonconvex. Let us start by recalling the definitions of efficient and (local) weakly
efficient solutions of (1)-(2).

Definition 2.1 ([24], page 619). Given a point z* € €,

(a) x* is said to be a Pareto efficient solution of (1)-(2) when there is no y € 0 such that F(z*) >
F(y) and F(y) # F(x%);

(b) x* is said to be a weakly Pareto efficient solution of (1)-(2) when there is no y € Q0 such that
F(.I'*) >_’UJ F(:U); and

(c) x* is said to be a local (or local weakly) Pareto efficient solution of (1)-(2) when there exists
a neighborhood N (z*) of x* for which there is no y € N(z*) N Q such that F(z*) = F(y) and
F(y) # F(x*) (or, respectively, F(x*) > F(y)).

The lemma below gives a necessary condition for a point z* € {2 to be a local weakly efficient solution

of (1)-(2).

Lemma 2.2. Let F : R” — R™ be a continuously differentiable function and £ C R™ be a closed
and convex set. If x* € Q is a local weakly efficient solution of (1)-(2), then

R N{Jp(z")(x — ") |z € Q} =0. (3)
Proof. See Theorem 5.1 (item (ii)-(a)) in [24]. O

Lemma 2.2 motivates the following definition.

Definition 2.3. A point z* € Q2 is said to be a Pareto critical point for (1)-(2) if it satisfies condition

(3).

Remark 2.4. Note that when m = 1 and Q = R", (1)-(2) reduces to the unconstrained scalar
optimization problem, and the Pareto criticality condition (3) is equivalent to the classical stationarity
condition V f(z) = 0.



Let x € Q be a point which is not Pareto critical. Then, there exists a direction d € {2 — x such
that
JF($)d S _RT-H

that is,

In this case, d is called a descent direction for F' at . According to the next lemma, a descent
direction of I’ at x can be obtained by solving the following problem:

d 2
dg%lizlx hy(d) = max {Vfi(x)Td} + ”2|| (4)

Lemma 2.5. The following statements hold:
(a) The subproblem (4) has only one solution.

(b) If x is a Pareto critical point of F' and s(x) = arg mingeq_, hx(d), then s(x) = 0 and conse-
quently hy(s(z)) = 0.

(c) If x € Q is not a Pareto critical point of F, then s(x) # 0 and hy(s(z)) < 0. In particular,
s(x) is a descent direction for F at x.

(d) The mapping x — s(x) is continuous.

Proof. See Proposition 3 in [11] and Lemma 1 in [15]. O

By statements (b) and (d) in Lemma 2.5, ||s(z)|| is a suitable Pareto criticality measure for z.
This remark motivates the following definition.

Definition 2.6. Given €, we say that x is an e-approzimate Pareto critical point for (1)-(2) when
[s(2)]| <e.

It is worth mentioning that this is not the only way to define e-approximate Pareto criticality.
For example, in the case 2 = R", [6] consider x as an e-approximate Pareto critical point when
2 e (V) 2
or, equivalently,
e (R0 < g
where B[0,1] = {z € R™ : |jz|| < 1}. Notice that

min max {Vf;(z)"d} < max{vfi(x)T< o )}

deB[0;1] €] nay BEl
= #max (x TS z
= T e AV s}

e (max{vfi@)%(w)} + ;Hs(xﬂ!?) . (6)

Is(@)[| \ w1

4
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Denote

€(w) = max {V fi() ()} + g (@)

By Proposition 2 in [29], we have
Is(@)|I* = 2(~¢()).
Combining (6), (7) and (8), it follows that

. oy < ls@l
2Bl AV ) < =

Consequently,
s(z)] <2 <— min max{Vfi(:L')Td}> :

deB[0;1] i€l

Therefore, if = is an e-approximate Pareto critical point in the sense of (5), then ||s(z)|| < 2e.

3 Universal Nonmonotone Line Search Methods

Let us consider the following general algorithm to solve (1)-(2):

Algorithm 1: Universal Nonmonotone Line Search Method

Step 0. Choose zg € 2, mg € {0,1,...,m}, ¢1,c2 > 0, and S3,p € (0,1). Set k := 0.
Step 1. Compute d(zy) € Q — xj, such that

I%X{Vfi(l?k)Td(:ﬂk)} < —crls(zx)|? (9)
and
ld(z)|| < calls(zi)]]- (10)
Step 2.1. Set £ := 0.
Step 2.2. Choose v, € R, If
{ier: filon+ Bl@0) < filwr) + pB'V filwn) d(i) }| = m, ()
and
filwp + Bd(zr)) < filzr) + pB°V fi(zp) d(zy) + [vrs), Vi€, (12)
set £, = £, and go to Step 3. Otherwise, set £ := ¢+ 1 and go back to Step 2.2.
Step 3. Define oy, = %, xp41 = xp + apd(zy), and vy, = Vg, Choose myy1 € {0,1,...,m},

set k:= k + 1 and go back to Step 1.

Remark 3.1. A natural choice for the search direction is d(xy) = s(xy), which satisfies conditions
(9)-(10) with ¢1 = co = 1. In the case Q = R", given symmetric positive definite matrices Bi(zy) €



R™™ (1 =1,...,m), we can also use the search direction

1
d(zy) = arg 516111&{11 max {Vfi(xk)Td + 2dTBi(xk)d} . (13)

Indeed, if Amax (Bi(zx)) < 1/2¢1, and Apin (Bi(zx)) > 1/ca, then the vector d(xy) given in (13) also
satisfies (9)-(10)'. In particular, when all objectives are strongly convex with Lipschitz continuous
gradients, the Newtonian direction will satisfy (9)-(10) for constants ¢1 and co that depend on the
extreme eigenvalues of the Hessian matrices of the objectives.

Remark 3.2. When [v;¢]; > 0, condition (12) permits the acceptance of a stepsize B¢ even if
fizy + B%d(zy)) > fi(zr). In contrast, when my, > 1, condition (11) requires a monotonic decrease
for at least my, of the objectives.

The analysis of Algorithm 1 will be done under the following assumptions.

A1 For each ¢ = 1,...,m, the objective function f; belongs to the class of functions C}{’f" (Q),
0; € (0, 1], which have Holder continuous gradients:

IV fi(x) = Vfi(y)| < Hilly — x||%, for all z,y € Q.
A2 For each i € I, there exists f € R such that fj(z) > f for all z € Q.
A3 For each i € I, limp_, o0 7 Zg;ol (v, = 0.

The next lemma establishes that Algorithm 1 is well-defined.

Lemma 3.3. Suppose that A1 holds. If s(xy) # 0, then there exists £ € N such that

filz + Bd(r)) < filar) + pBV fi(wr)" d(ar) (14)
forallieI.
Proof. Since s(zy) # 0, it follows from (9) that

I?E%X{Vfi(xk)Td(xk)} < —ci||s(z)||* < 0.
Thus, for any ¢ € I, we have
V fi(zy) T d(zy) < 0. (15)

In view of Al, f; is differentiable, and so

i i@kt ad(@y)) — fizr)

a—0t «Q

= Vfi(xp) d(zy) < pV filzp) T d(z), (16)

where the last inequality is due to (15) and p € (0,1). As a consequence of (16), there exists §; > 0
such that

fz(.’L'k + ad(a:k)) < fz(xk) + panZ(xk)Td(xk) (17)
for all @ € (0,;]. Thus, defining 6 = min;es {J;}, it follows that (17) holds for all ¢ € I as long as
a € (0,6]. Since 3 € (0,1), there exists £ € N such that 8% < §. Therefore, for such ¢, (14) holds for
all i e 1. ]

!The proof for this fact follows exactly as in the proof of Proposition 2 in [29], replacing there z with zx, V2 f;(z)
with B;(zr), ¢ with 1/2¢1, £ with 1/ce; then using the equality |(xx)| = ||s(zx)]|/2, where {(zk) is defined in (7).




The following lemma gives a lower bound for the sequence {ay}.

Lemma 3.4. Suppose that A1 hold and let {xk}gzo be generated by Algorithm 1 with
|s(zp)|| >€, fork=0,...,7—1,

for some € € (0,1). Then
1—0min

g > K€ Tmin

fork=0,...,T —1, where

kK1 =min{ 1, min < 8
el

1
(1+6;)er(1—p) |
C;JrgiHi

and
Omin = min {0;} .
el

Proof. Consider k € {0,...,T — 1} and consider the index
l, =min{¢ € N : (14) holds for all i € I},

which is well defined due to (18) and Lemma 3.3. We will show first that

1—0min

B% > ki€ Tmin

If ), = 0, then
1—0min 1—0min

/Bék = 1 > € Omin 2 KR1€ Omin )

that is, (22) holds. Now, suppose that 0, > 0. Then, by the definition of /4, there exists i € I such

that . .
fi (xk + B td(zy)) — fi(ﬂfk) > pB% IV i) T d(zr) + [Vl -

On the other hand, by Al and Lemma 1 in [37] we have

- 1+6;
H; (53’“ - 1)

Fi (e + 8% M) ) < folai) + 6% falan) ) + g ) [
Combining (23) and (24), it follows that
A A H, (sz_1> 1+6;
pBEIV fi(wg) T d(zy) < BTV fi(g) T d () + ld(ze) |,

14+ 6;

which implies that

i\ 1+6;)(1— VZ‘CCde
()" > =2 (S

(23)

(24)

(25)



By (9) and (10) we have

Viila)Td@y) o alls(@)]?
()0 ™ ey s () || 100

C1 _f.
= b s 17 (26)
Cy

Combining (25) and (26), we obtain

Iy “*Mqﬂmlﬂmmw?ﬁ

1+0i
Cy Hz

Then, by (18) we have

1

] 1+0)cr(1—p)|% | fmin 1= 0min
ﬂ£k>5 (+ )Cl( p)] €

- € % >min< (8
c;+91Hl

T oiel

1
1+ 0)e(1—p)| % =0
( + 1)61( p) T4, Omin > K1€ Omin ,
Cy ‘H;

that is, (22) also holds when ¢; > 0. Finally, since £ < y, it follows from (22) that

1—0min

ap = % > % > ki€ Tmn

O
Remark 3.5. By Lemma 3.4 and the fact that oy, = B%, it follows that
1—0min
log (K/lle_< Omin )>
0 < :
[ log(8)]
This means that, each iteration of Algorithm 1 with ||s(zk)|| > € requires the computation of one
1—0min
Jacobian matriz of F(-) and at most O (log | € \ %min ) evaluations of F(-).

Given i € I, it follows from Assumption A3 that for any § > 0 there exists C;() > 0 such that

| 71
T Z[Vk]i <6, VT > Cy(9). (27)
k=0

The theorem below establishes an upper bound for the number of iterations that Algorithm 1 need to
find an e-approximate Pareto critical point. The proof is a direct adaptation of the proof of Theorem
2 in [21].
Theorem 3.6. Suppose that A1-A83 hold and let {xk}fzo be generated by Algorithm 1 with

|s(zi)|| >€, fork=0,...,7—1, (28)
for some € € (0,1). Then

Tgmmmw{@<“JH$J>?%@@‘ﬁk%H&J} (29)

i€l 2 K2

where Ci(-) is defined in (27) and
Ko = C1pK1, (30)

with k1 given in (20).



Proof. Let i € I. By (12), (26), (28), Lemma 3.4, and (30), we have

il + filan) = filenp) > por (=V filzr) " d(z1)) > crpa|s(z) ||
> clpmle<1;f17[::n>€2

(+7s)
= /§26 min y

for k=0,...,7 — 1. Now, summing up these inqualities and using A2, we get

S
-

_1
[Vk]z + fz(xO) - fl* 2 Tlﬂ'/2€<1+emin)’

iy
o

which gives

S

—1 1

[Vk]i + W > e(1+€min), (31)
2

T>C (“226(”9,;)) ,

In view of the definition of C;(-) in (27), this means that

-

N

K
2% =0

Suppose that

T

—_
—_

", < 2elms). (32

k=0

T
In this case, combining (31) and (32), it follows that

filwo) = ff _ 1
/ﬁIQT 2

and so

2(fi(zo) = f7) ~(1+5%)

min
K2

T <

Therefore, in any case we have

T < max {Ci (ff226<1+9mln)> ’ 2(fi(xo) — fi*)€*<1+0[;m) } ‘ (33)

K2

Since ¢ € I was arbitrarily chose, it follows that (33) holds for all @ € I. Consequently, (29) is
true. =

As a consequence of Theorem 3.6 we have the following global convergence result for Algorithm 1.

Corollary 3.7. Suppose that A1-A8 hold and let {xk}kzo be a sequence generated by Algorithm 1.
Then, either exists k such that s(xg) = 0 or

lim inf —0. 4
im inf |s(zx)|| =0 (34)



Proof. Let € € (0,1). From Theorem 3.6, if

T > min max {C’Z- <H226<1+9n1in)> , W))_me_<l+0;m>}

i€l K2

then
. <e
i [s(zr)ll <€
Since € € (0,1) was chosen arbitrarily, this shows that

i (,_min_ Il =0

k—+oo \k=0,....T—1

Thus, either there exists k such that s(xz) = 0 or (34) holds. O

4 Particular Cases

In Algorithm 1, different choices for v, € R in Step 2.2 produce different methods. For example,
if
vge = v, =0 for all k and ¢, (35)

then Algorithm 1 reduces to an instance of the monotone projected gradient method proposed in
[11]. Clearly, this choice gives a sequence {vy};-, that satisfies A3 and for which (27) gives

Ci(0) =1 foreachiel.

Therefore, it follows from Theorem 3.6 that the monotone version of Algorithm 1 takes at most
(11
O (e (H"min) iterations to generate a e-approximate Pareto critical point of (1)-(2).

Let us consider now the choice

— 07 lf k — 0,
Vit = Vi :{ (1= 80) (Flos) + it — Fla)), itk =1, 0 (36)

with

Ok € [Omin, 1] for all k, and dyin € (0, 1). (37)
For the choice specified by (36) and (37), the next lemma establishes that {[v4]i};~, is summable
for all ¢ € I. The proof is an adaptation of the proof of Lemma Theorem 4 in [20].

Lemma 4.1. Suppose that A1-A3 hold and let {xy},~q be generated by Algorithm 1. If {vi};q is
defined by (36) and (37), then v, € R for all k and

+oo
Z [k, < +o0  forallieI. (38)
k=0

Proof. By (36), 1o =0 € R". In view of (12), for all i € I we have
fi(zg) + ki — fi(ves1) > pag (=V fi(wg) d(zy)) -

10



Consequently, it follows from (37) that

(1= 6k41) (filar) + k)i — fi(mre1)) = (1= Spqa) po (= V fi(aw) " d(zp)) -
Then, by (36) and (26) we get

Wer1l;, = (1= 0kq1) (filwr) + [r); — filTrr1)) (39)
> (1= pp1)pok (=Y fi(wr) T d(xp))
> o1 (1 — Ops1) pouk|s(zr) ||

Therefore, v 1 € R7'. Now, let N > 1. Combining (37) and (39) we get

N N-1 N-1
], = Wiy = Y (1= k1) (filw) + [val; — fizag))
k=0 k=0 k=0
N-1
< (1 - rmn) (fz(xk) fi(l'k—i—l) + [Vk]l)
k=
’ N-1 N-1
= ( mll’l) (fl($0 fz CL'N + Omin
k:O k=0
N N-1
< ( - mm) (fz LZ'() +Z — Omin Z[Vk]iv
k=0 k=0

where the last inequality is due to A2 and thet fact that [vn]; > 0. Thus

N-1
5min Z [Vk]z S (1 - 6m1n)(fz(x0) - fi*)
k=0
and so
> i < (=5 ) (filwo) = ).
k=0 min
Since ¢ € I and N > 1 were taken arbitrarily, this means that (38) is true. O

In view of Lemma 4.1, the sequence {vy} defined by (36) and (37) satisfies A3. Moreover, for
this sequence, (27) holds with

i) = (152 ) (e - 17007

Omin
Therefore, it follows from Theorem 3.6 that the corresponding instance of Algorithm 1 takes at most
(@ (e <1+9m1m)> iterations to generate a e-approximate Pareto critical point of (1)-(2).
Notice that the sequence {vy};~q given by (36) and (37) is implicitly defined by the choice of the

sequence {0} C [Omin, 1]. One possibility is to use

1
0p = —, forall k>1, (40)
Qk

11



where
Qo=1 and Qpt1=mQr+1 (41)

for a given sequence Mk € [Mmin, Mmax] With 0 < Mmin < NPmax < 1. In this case we have

k ' 400 ' 1
Qkrr =1+ Y T g j <) Mhax = F—

- — — Tmax

7=0 7=0
and so

5k’+1 >1-— Thmax = 5min-
By (36), we also have

F(2rt1) + veyr = (1 = Op1) (F () + vk) + Ok 1 F(@h11)- (42)

Thus, denoting
Cy = F(xk) + v,

it follows from (42), (40) and (41) that

o QO+ F(zp41)
1 = .

Qr11

Moreover, using this notation, condition (12) can be rewritten as

filmy + BYd(zr)) < [Chli + pB*V fi(ay) d(zy) for all i € 1.
This means that Algorithm 1 with {v}} given by (36), (40) and (41) reduces to:

e an instance of the nonmonotone projected gradient method proposed in [13], when my = 0 for
all k£ > 0; and

e the variant of Algorithm 6 proposed in [29] for the case 2 = R", with nonmonotone term
inspired by [39].

In particular, it follows from our analysis that these methods also possess an upper complexity bound
~(1452) :
of O |e€ min/ | iterations.

Note that multiobjective variants of the nonmonotone line search of [23] can also be seen as
particular instances of Algorithm 1 with

[Vk,f}z’ = [Vk]l = Oging%\)j(kz) fl(xk?—]) - fl(xk)7 for i= 17 sy,

where M (k) = min {k, M'}. However, it is not clear whether the corresponding sequence {v}},~ is
summable. Thus, the worst-case complexity of this variant remains unknown to us.

12



5 A New Nonmonotone Method for Multiobjective Optimization

As we saw in the last section, with different choices of v}, at Step 2.2 of Algorithm 1, we obtain
different methods. From our analysis, to have a globally convergent method it is enough to select
g0 such that the corresponding sequence {v}} satisfies assumption A3. The next lemma establishes
that A3 is very mild, in the sense that it holds for any sequence {vy} with limg_, o v = 0.

Lemma 5.1. Let {vg};~o C R with v, — 0. Then {vy};~, satisfies assumption AS.

Proof. Let i € I. By assumption, limy_, 1 o [vg]; = 0. Thus, given > 0, there exists &(0/2) € N\ {0}
such that

)
Vil < B for all k > &;(5/2). (43)
Moreover, there exists M; > 0 such that
[vgli < M; for all k> 0. (44)
Consider ot (5/2\ M
C;(0) —max{&(g)i,l-i-fz‘(é/Q)}. (45)
If T'> C;(6) we have
1 It 1 &i(6/2)-1 1 T-1
T el = T [eli | + T (Wil
k=0 k=0 k=£:(6/2)
&i(6/2)-1 T-1
) (B
T T 2
k=0 k=£(6/2)
T-1
1 1 0
< £ _ e
< &0/ Mi+ < 5
k=0
R
202
= 0.
This shows that
=
T1—1>I-ir-loo T Z[Vk]z =0
k=0
Since i € I was taken arbitrarily, we conclude that {vt};, satisfies A3. O

It follows from Lemma 5.1 and Corollary 3.7 that any instance of Algorithm 1 with v, — 0 is
globally convergent for the problem class specified by assumptions Al and A2. This gives a great
deal of freedom for the development of new nonmonotone methods for multiobjective optimization
problems. As an example, let us consider the following new instance of Algorithm 1.
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Algorithm 2: Metropolis-Based Nonmonotone Line Search Method
Step 0. Choose zg € £, B,p € (0,1), c1,¢2 >0, 0 € RY, v >0, and {74}, C R4 with
7, — 0. Set k := 0.

Step 1. Compute d(xy) € © — x, such that
max {V fi(z)" d(wx) } < —eills(ar)]?

and
ld(ze)|| < calls(ar)l]-
Step 2.1. Set £ := 0.
Step 2.2. Compute x:’e = 23, + B%d(zy) and define
max {% fila,) — fi(l“k)}

[Vieli = oiexp | — , Viel. (46)
Tk

If
fila,) < filww) + pBV filwn) T d(ay) + v, Viel,

set £, = £ and go to Step 3. Otherwise, set £ := ¢ + 1 and repeat Step 2.2.

Step 3. Set v, = v, , O = B, Thtl = xzzk, k:=k+1 and go back to Step 1.

Algorithm 2 is a generalization of the Metropolis-based nonmonotone method proposed in [21]
for single-objective optimization. As a consequence of Corollary 3.7 we have the following global
convergence result for Algorithm 2.

Theorem 5.2. Suppose that A1-A2 hold, and let {xk}kzo be a sequence generated by Algorithm 2.
Then, either there exists k such that d(zg) =0 or

lim inf —0.
lim nf l|s(xk)||

Proof. In view of Corollary 3.7 and Lemma 5.1 it is enough to show that {I/k}kzo generated by
Algorithm 2 converges to 0 € R™. By Steps 2.2 and 3 in Algorithm 2, for all ¢ € I and k£ > 0, we

have max {7, fi(Try1) — fi(wk”) < giexp < 7) -

Tk Tk

0 < [Vk]z = 0;exXp <—
Since v, 7, > 0 and 7, — 0, it follows that
li =0, Viel,
k—lgll-loo[yk] 0 e

and so v, — 0. ]

From the proof Lemma 5.1 we see that if v — 0 then (27) holds for
2£;(0/2)M;
C;(0) = max {5(2)7 1+ fi(6/2)} ,

14



where M; is a uniform upper bound to {[vk]i};>¢, and &;(6/2) is any positive integer such that

()i <

|

. VE>&(6/2).

Thus, when v, — 0, it follows from Theorem 3.6 that Algorithm 1 takes no more than

1€, <”e(l+9$m>> M, 1 | *
min max : ,1+&; <K/26<1+9min>) , M (47)
iel . (1+52-) 4 (15 )

26 /{26 min

min

iterations to find a e-approximate Pareto critical point of (1)-(2). Therefore, to obtain an explicit
iteration complexity bound, all that we need to do is to estimate the rate of decay of {[vi]i}i~o,
which will allow the identification of M; and &;(§/2). From the proof of Theorem 5.2, we know that
the sequence {[vg]i},~o in Algorithm 2 satisfies

0< [Vk}z < g;€XpP <—7> y Vk > 0.
Tk

Let us consider the choice 7, = 1/In(k + 1). In this case, we get

%

V)i < giexp(—vyIn(k + 1)) = gjexp (In ((k‘ + 1)_7)) = W (48)
This implies that
[Vk]i S o; = Mi, Vk 2 O, (49)
and )
5 2035 v

Therefore, it follows from (47), (49) and (50) that Algorithm 2 with 7, = 1/In(k 4 1) takes no more
1

(141 1
than O (e <1+9min)(1+7)> iterations to find a e-approximate Pareto critical point of (1)-(2).

For the case v > 1, an improved complexity bound can be obtained for Algorithm 2. Indeed, if
v > 1, then it follows from (48) that

+o0 +o0 1 oy
Z[Vk]z < 0 Z <
— — (k+1)y — y—-1

In this case, (27) is satisfied with C;(9) = (%) 5~1. Consequently, by Theorem 3.6, Algorithm 2

1

with v > 1 and 7, = 1/In(k + 1) takes at most O (e_ <1+0mm)> iterations to find a e-approximate

Pareto critical point.
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6 Illustrative Numerical Results

In [21], a variant of Algorithm 2 for single-objective optimization (case m = 1) showed a remarkable
ability to escape non-global local minimizers. Here, we investigate the performance of Algorithm 2
applied to bi-objective optimization problems where one of the objectives has numerous non-global
local minimizers. Specifically, we considered 15 bi-objective problems of the form

mianR” F(l‘) = (fl ($)> f2($))

s.t. x € [—a,a]",

with a = 5.12,
n
fi(z) = 10n + Z [23 — 10cos(2rz;)], Vo € R", Va e R,
i=1

and fa(-) being one of the 15 functions from the MGH collection [30] whose dimension n can be
chosen?. Function fi(-) is known as the Rastrigin function. This function has a large number of
spurious minimizers in the hypercube [—5.12,5.12]" (see, e.g., [32]). The following Julia codes were
compared:

e M: the monotone version of Algorithm 1, obtained with v}, = 0 for all £ and ¢, and my, = 0
for all k.

e N1: Algorithm 1 with vy ¢ given by (36), (40) and (41), n, = 0.85/(k + 1), and my, = 0 for all
k.

e N2: Algorithm 2 with 7, = 1/In(k + 1), v =8, and o; = |fi(zo)| for all i € I.
e Nh: The hybrid-type nonmonotone line search as proposed in [29], which uses my = [m/2]
for all k.

In all implementations, we considered d(zy) = s(x) (for which ¢; = ¢ = 1), and the parameters
p=10"*% and B = 0.5. Focusing on the case n = 4, for each problem we tested 81 choices for the
starting point zo € R*, namely,

1", i k.fe{1,2,3}.

This resulted in a total of 1215 pairs (problem, starting point). We applied the three solvers in all
these pairs with stopping criterion

ro = [—2a + ia, —2a + ja, —2a + ka, —2a + la

Is(zi)]| < e=1074, (51)
allowing a maximum of 1000 iterations for each solver. All the experiments were performed with
Julia 1.7.2 on a PC with Intel(R) Core(TM) i7-10510U with microprocessor 1.8 GHz and 32 GB
RAM. We use Gurobi and JuMP [12] to compute s(xg).

Codes are compared using performance profile [10]. Given a set of solvers S, and a set of test
problems P, denote by t, s > 0 the performance of the solver s € S applied to problem p € P. Then
the performance profile of solver s is the graph of the function ~s : [1,00) — [0, 1] given by

7s(7) = |]13Hp €P: min{tpjt:’fs €S} = TH

Note that, vs(1) is the percentage of problems for which solver s wins over the rest of the solvers.

2Namely, Extended Rosenbrock, Extended Powell Singular, Penalty I, Penalty II, Variably Dimensioned,
Trigonometric, Discrete Boundary Value, Discrete Integral Equation, Broyden Tridiagonal, Broyden Banded,
Brown Almost Linear, Linear, Linear-1, Linear-0, Chebyquad.
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6.1 Number of Iterations to achieve e-Pareto Criticality

Figure 1 shows the performance profiles of solvers M, N1, N2 and Nh, considering P = {(problem, starting point)}
and ¢, as the number of iterations that solver s applied to the pair p € P requires to generate xy,

such that (51) holds. As we can see, N2 was the only nonmonotone method more efficient than the

monotone method. In addition, N1 and N2 were more robust than M and Nh.

1.00

0.75

vs(T)

0.25

— \]
— N1
— -2
— -Nh

~ =

0.00

10 20 30 40 50 60
T

Figure 1: Performance profile with respect to the number of iterations

6.2 Purity Metric

In the context of multiobjective optimization, other performance measures are also relevant. For
example, it is particularly interesting to quantify the ability of the solvers to find Pareto efficient
solutions, also known as Pareto front. For that, we need first to identify an approximation for this
set. By applying solver s to problem p starting from N different initial points, we obtain a set of N
approximate Pareto critical points in 2. Removing from this set all the dominated points3, we get
the set PF), ;. Let PF), be the set obtained by removing all the dominated points from UsegPF), ;.
Then, PF), can be seen as an approximation to the Pareto front of problem p. The Purity metric of
solver s applied to problem p is defined as

A 1/tps, iftys#0,
P51 400,  otherwise,

where
__— |PF, s N PF,|

t
" | PEy|
When using the Purity metric, as suggested in [9], we compare the algorithms in pairs. As we can

see in Figure 2, our new method N2 outperformed both M, N1 and Nh with respect to the Purity
metric.

3We say that a point x; is dominated by a point s when f;(x2) < fi(x1), Vi € I and f;(z2) < f;(z1) for some
jel
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Figure 2: Performance profile with respect to the purity metric

7 Conclusion

In this work, we proposed a universal nonmonotone line search method for nonconvex multiobjective
problems with convex constraints. The method is universal because it does not require any knowledge
about the constants that define the smoothness level of the objectives. Specifically, the step-sizes are
selected using a relaxed Armijo condition, allowing the increase of the objectives between consecutive
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iterations. The degree of nonmonotonicity allowed for the objective f;(-) is controlled by a nonnega-

tive parameter [v}];. Assuming that V f;(-) is ;-Holder continuous, and that {[vk];},~ is summable

(141
for every i € {1,...,m}, we proved that our method takes no more than O <e (1+9min> iterations

to find a e-approximate critical point of a problem with m objectives and Opmin = min;—y ., {6;}.
Under the weaker assumption that limy_, o [x], = 0 for every i € {1,...,m}, we also proved a
liminf-type global convergence result. In particular, we showed that our complexity bound applies to
some existing monotone and nonmonotone line search methods. In addition, exploring the generality
of our assumptions about {v}},~, C R}, we proposed a new Metropolis-based nonmonotone method
that fits into our general scheme. Our preliminary numerical results indicate that this new method
performs favorably in comparison to the monotone projected gradient method by Drummond and
Iusem [11], the nonmonotone projected gradient method by Fazzio and Schuverdt [13], and a pro-
jected variant of the nonmonotone method by Mita, Fukuda, and Yamashita [29], on problems where
at least one objective has numerous non-global local minimizers.
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