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Abstract

This paper addresses the nonconvex optimization problem with the cost
function and constraints given by d.c. functions. The original problem
is reduced to a problem without inequality and equality constraints
by means of the exact penalization techniques. Furthermore, the pe-
nalized problem is presented as a d.c. minimization problem. For
the latter problem we develop the global optimality conditions (GOCs)
which reduce the nonconvex optimization problem to a family of convex
problems. In the paper the properties of the GOCs are investigated.
The effectiveness of the GOCs is demonstrated by examples.

1 Statement of the Problem

Consider the following problem:

folx) := go(x) — ho(z) Ir;in, res,
(P): fila) == gi(z) — hi(z) <0, iel={1,...,m},
filx) :=gi(x) = hi(x) =0, i€e&E={m+1,...,1l}

where the functions g;(-), hi(-), i« € {0} UI UZE, are convex on IR", so that the functions f;(-), i €
{0} UTUE, are the d.c. functions[Floudas et al., 2004, Horst et al., 1993, Tuy, 1995, Hiriart-Urruty et al., 1993,
Hiriart-Urruty, 1985]. Recall that any continuous function can be approximated by d.c. function with any
desirable accuracy. Let all functions in (P) be smooth.

Besides, assume that the set S C IR™ is convex and compact.

Furthermore, suppose that the set Sol(P) of global solutions to Problem (P), Sol(P) := {z € F | fo(z) =
V(P)} and the feasible set F of Problem (P), F:={z € S| fi(z) <0, i € I, fi(x) =0, i € £}, are non-empty.
Besides, in what follows the optimal value V(P) of Problem (P) is supposed to be finite:

V(P) :=inf(fo, F) := ir;f{fo(x) |z e F)} > —o0.
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2 Exact Penalty
Introduce the penalty function W(-) for Problem (P) as follows

W () = max{0, f1(z), ... fu(2)} + > [ f5(2)]. (1)
jeg
Further, along with Problem (P), consider the penalized problem without the inequality and equality con-
straints:

(730'): 90(1') £ fO(x) + O'W(J?) \L mxina HAES Sa (2)

where ¢ > 0 is a penalty parameter.

As well-known, if z € Sol(P,), and z is feasible in (P), i.e. z € F, then z turns out to be a global solution
to (P): z € Sol(P) [Nocedal et al., 2006, Bonnans et al., 2006, Izmailov et al., 2014, Hiriart-Urruty et al., 1993,
Clarke, 1983, Burke, 1991]. On the other hand, the inverse implementation does not, in general, hold.

Hence, the crucial moment of the exact penalization (EP) theory is the existence of a threshold value o, > 0
of the penalty parameter o > 0 for which Sol(P,) C Sol(P) Vo > o.. In other words, for o > o, Problems
(P) and (P,) turn out to be equivalent in the sense that Sol(P) = Sol(P,) (see Chapt. VII, Lemma 1.2.1
in [Hiriart-Urruty et al., 1993]).

On the other hand, the existence of the threshold exact penalty parameter o, > 0 allows us to solve a
single unconstrained problem instead of a sequence of unconstrained problems with o, — oo [Byrd et al., 2012,
Di Pillo et al., 2012, Di Pillo et al., 2015].

Recall that under various constraint qualification (CQ) conditions (MFCQ, etc. [Robinson, 1976, Burke, 1991,
Zaslavski, 2013, Kruger, 2015, Kruger et al., 2014]), the error bound properties [Nocedal et al., 2006,
Bonnans et al., 2006, Izmailov et al., 2014, Robinson, 1976, Burke, 1991, Han et al., 1979, Kruger, 2015,
Kruger et al., 2014], the metric sub-regularity conditions, calmness of constraints systems can help to prove
the existence of the exact penalty threshold o, > 0 even for a global solution [Clarke, 1983, Burke, 1991,
Cococcioni et al., 2017, Zaslavski, 2013, Di Pillo et al., 2012, Di Pillo et al., 2015].

Assume that some regularity condition is fulfilled that ensures the existence of such threshold value o, > 0 of
penalty parameter.

3 Global Optimality Conditions (GOC)

Before all, we will prove that the cost function 6,(-) of Problem (P,) is a d.c. function, i.e. it can be represented
as a difference of convex functions. Indeed, since

|[fi(a)| = max{gi(x) — hi(x), hi(x) = gi(2)} + [9i(2) + hi(2)] = 2max{g;(x), hi(z)} — [gi(x) + hi(2)];

it can be readily seen that

() 2 o) + o maxi0, fi(a), i € I} 03 fia)] = Gola) — Ho(a), )
€€
where
Ho () i= ho(w) + S hal) + " (g5(2) + hy(2))]. (4)
iel je€
J#i
Gy(z) :=0,(x) + Hy(z) = go(x) + Umax{z h;(x); [gj(sc) + Z hj(x)}, i€ ]}—i—
Jjel jer

+20 Y max{g;(x); hi(z)}. (5)

€€

Obviously, G,(-) and H,(-) are both convex functions [Hiriart-Urruty et al., 1993, Rockafellar et al., 1998,
Rockafellar, 1970], so that the function 6,(-) is a d.c. function, as claimed. Besides, it is clear, that for a
feasible (in (P)) point z € S we have

W (=) 2 max{0, f1(2), ..., fu(2)} + D 1fil2)] = 0,

€€
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and therefore, for ¢ := fy(z), we obtain
05 (2)=fo(2) + oW (2) = fo(2) = C. (6)

Theorem 3.1. Let a point z € F be a solution to Problem (P) and o > o, > 0, where o, > 0 is a threshold
value of penalty parameter.
Then, for every pair (y,3) € R™ x IR such that

Ha'(y) :/3743 (7)

the following inequality holds
Go(z) =B = (VHs(y),x —y) V€S (8)

Remark 3.1. It is not difficult to note that Theorem 3.1 reduces the solution of the nonconvex Problem (P,)
to an investigation of the family of the convex (linearized) problems

(PoL(y)): Poy(x) :=Go(z) — (VH,(y),z) | min, 1z € S, (9)
depending on the pairs (y, 3) € IR"*! which fulfill the equation (7) (or, what is the same),

(PoL(y)):  ®Poy(z) :=Go(z) — (Vho(y) + o [Z Vhi(y) + Y (Vg;(y) + th(y))] ;@) dmin, z €S (9

i€l jeE

It is worth noting that the linearization is carried out with respect to the “unified” nonconvexity of Problem
(P) accumulated by the function H,(-) (see (P)—(1) and (4)) that includes all the functions h;(-), i € {0} U
TU¢, g;(-), j € £, which generate all nonconvexity in Problems (P) and (P,) (according to the representations

(3)=(5))-

Hence, the verification of the principal inequality (8) can be performed by solving the linearized problems
(P,L(y)) and varying the parameters (y, 8) satisfying (7). Besides, we have to verify (8), which can be rewritten
as follows

V(PoL(y)) = B = (VHs(y),y) = N(y, ), &)
where V(P,L(y)) is the optimal value of the linearized problem (P, L(y))

Remark 3.2. Suppose, we found a triple (y,3,u), (y,8) € R™ x R, H,(y) = 8 —(, u € S, such that the
principal inequality (8) is violated, i.e.
0> Gy(u) — B — (VHy(y),u —y),
Then, using the equation (7) and the convexity of the function H,(-), we derive
0> Go(u) = B~ Ho(u) + Ho(y) = 05 (u) — ¢ = 05 (u) — 05(2),

or, 0,(2) > 0,(u), z€ F, ue S. Hence, the point z can not be a solution to (P,).

Moreover, if z and u are feasible in (P), z,u € F, and since W (u) = 0, we obtain fy(z) = 0,(z) > 6,(u) =
fo(u). It means that z ¢ Sol(P) and u € F is a vector better than z € F.

Hence, the conditions (7)—(8) of Theorem 3.1 possess the classical constructive (algorithmic) property (once
the conditions are violated, one can find a feasible vector which is better than the point under investigation).

Let us demonstrate the effectiveness of this property by an example.

Example 3.1. Consider the problem ([Nocedal et al., 2006, Example 12.20])

fo(x) = 4z1zz | min, @ € R?, } (10)

filz)=21+23-1=0.

.
It is easy to see that the point z = (@, @) , € := fo(z) = 2, is feasible: fi(z) = 0 and satisfies the KKT-

equation Vfo(z) + M1V fi(z) = 0 € IR? with \; = —2. However, it is not clear whether the point z is a global
solution. In order to decide on it, let us apply Theorem 3.1.
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Since fo(x) = 4w179 = (21 + 72)? — (v1 — 22)?, it can be readily seen that
go(z) = (1 + 22)2,  ho(z) = (z1 — 2)°, gi(x) =z2+22, hi(z)=1. (11)
Besides, let set o := 3 > |A\;| = 2. Then, according to (4) and (5), we have

Hy(z) = ho(z) 4+ o [g1(2) + hi(x)] = (21 — x2)? + 3(2] + 23 + 1), }
Go(z) = go(z) + 20 max{g1(z); h1(z)} = (z1 + 22)* + 6 max{x? + 23;1}.

Let choose, now, y = (—1,0.5) " which is unfeasible in the problem (10). Then we have
Ho(y) = (y1 — %2)* +3(y7 + 93 +1) =9

and, as a consequence, we derive 8§ = H,(y) + ( = 9 + 2 = 11. Furthermore, let choose a feasible point
u=(-0.6;0.8)", u? +u3 = 1, and compute G, (u) (see (12))

Go(u) = (u1 + uz)? + 6 max{u? + u3; 1} = (0.2)? + 6 = 6.04.
Besides, it is not difficult to compute that v —y = (—0.6;0.8) T — (—1;0.5)T = (0.4;0.3) T,

VH,(y) =2(y1 —y2i92 — 1) T +6(y1,42) " =2(4y1 — y2;4y2 — 1) T = (—9;6) 7.
Whence we immediately derive that

(VH,(y),u—1y) = ((—=9;6)7,(0.4;0.3)7) = —3.6 + 1.8 = —1.8,
B+ (VHs(y),u—y) =11 —-18=9.2>6.04 = G, (u).
The latter inequality means that in Problem (10) the principal inequality (8) of Theorem 3.1 is violated.
T
Hence, the point z = (\/5 @> is not a global solution to the problem (10) in virtue of Theorem 3.1.

202
Indeed, it is confirmed by the inequality fo(u) = —0.48 < { = fo(2) = 2. O

Let consider now possible relations between the conditions (7)—(8) of Theorem 3.1 and the classical optimality
conditions, in particular, the KKT theorem for Problem (P). For this purpose, suppose that a feasible (in
Problem (P)) point z satisfies the conditions (7)—(8) of Theorem 3.1.

First, let set in (7)—(8) y = z. Then we immediately derive that := H,(z) + ( = G, (2).

Therefore, from (8) it follows the validity of the inequality

Go(x) — Gy(2) > (VHy(2),2 —2z) Yz €S.
It implies that the point z (satisfying (7)—(8)) is a solution to the linearized convex problem as follows

(P,L(2)): Gy(z)—(VHy(2),z) | mgn, xeSs.

Since (P,L(z)) is a convex problem, then the following inclusion is, as well-known, the necessary and sufficient
optimality condition for z being a solution to (P,L(z)):

0, € 0G,(2) —VH,(2)+ N(z | S). (13)

When S = IR", the inclusion (13) implies
VH,(z) C 0G4(2), (13"
which is the necessary optimality condition for Problem (P,) with S = IR™ [Hiriart-Urruty, 1985,

Strekalovsky, 2003].  Thus, the conditions (7)—(8) of Theorem 3.1 entail the well-known optimality con-
ditions (13) and (13’) [Nocedal et al., 2006, Bonnans et al., 2006, Izmailov et al., 2014, Floudas et al., 2004,
Strekalovsky, 2013, Strekalovsky, 2014, Strekalovsky, 2017, Strekalovskiy, 2003] for Problem (P, ).

Nevertheless, the natural question arises on whether it is possible to find a triple (y, 3,u) € IR*"*!, satisfying
(7) and which violates the inequality (8).
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Theorem 3.2. Assume, that a feasible in Problem (P) point z is not an e-solution to (P), i.e.
inf(fo, F) + = V(P) +¢ < ¢ := fol2). (14)
In addition, let a vector v € IR™ satisfy the following inequality
(H): fo(v) > —e (15)

Then, for any penalty parameter ¢ > 0 one can find a tuple (y,B,u), (y,B) € R"™, u € F, the following
conditions take place

(a) Hy(y) =B8—(+e;
(b) Gol(y) < B, (16)
(C) Ga(u) - B < <VHa(y)7u - y>

O
Now let us demonstrate the effectiveness of the GOCs of Theorems 3.1 and 3.2 on another example.
Example 3.2. Consider the problem
fo(x) = % — 223 + 23 | min, z € IR, } an
filr) =22 —22 =23 =0, fo(z)=4dmz3=0, —-2<uz9<1.

It can be readily seen that the point z = (0,0,0)T, ¢ := fo(z) = 0 is a degenerate KKT point in the problem
(17), since fi(z) = f2(2) = 0, Vfo(z) = Vfi(2) = Vf2(z) = (0,0,0)T. However, it is not clear whether the
KKT vector z is a global solution to (17) or not. Therefore, let us apply Theorems 3.1 and 3.2 to clarify the
situation.

It is easy to see that in the problem (17) we have go(z) = 23 + 23, ho(z) = 223, gi(x) = 23, hi(z) =
22 + 23. In addition, using the d.c. representation fo(z) = 4wjz3 = (21 + 23)? — (1 — 23)%, we obtain
g2(x) = (z1 + 23)°, ho(z) = (¥1 — x3)>

For simplicity of presentation, we will apply the denotation S = [—2, 1] for bounding the variable x5 € IR, but
in the investigation of the linearized problems we use two inequality constraints xo < 1, x5+ 2 > 0.

Hence, according to (3)—(5) we have

Ho(z) = ho(z) + 0 ;[gj(w) +hy()] =

=25 4 o[(x3 + 2% + 23) + (z1 + 23)* + (21 — 23)%] = 223 + o[327 + 323 + 23];

Go(2) = go(x) + 20 EG:S max{g;(z); hj(z)} = o)
= 22 + 22 + 20[max{2Z; 2? + 22} + max{(x; + 23)%; (1 — 23)?}].

Let usset 0 :=1, y = (%, 1, %)T ¢ F. Then we obtain
VHy(z) = (0,422,0)" + o(621,222,633) " = 6(x1,22,23) ",

besides, VH,(y) = (1,6,7) .
In order to find a suitable point in u € F, consider the linearized problem as follows
(PoL(y):  Golx) = (VHq(y),z) = o + 2§ + 2max{af; 2] + 23} +
+ 2max{(z; + z3)% (21 — 23)%} — ((1,6,7) ", x) L min, =z € R> —2<zy<1. (20)

It is not difficult to see that the problem (20) amounts to the following one [Hiriart-Urruty, 1998]

22 4+ 23 + 291 + 272 — 1 — 629 — T23 | min,
x,y

/
23 <y, 2i+23<y, 7= 7)€ R (z1+23)2 <7, (z1—123) <, (20°)
22 <1, x3+2>0, ze€lR3.
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Besides, as above, it can be readily seen that the Slater condition holds in (20"). Furthermore, the solution
vector (u,7.) € IR® satisfies the complementarity conditions as follows

m(a3 —y) =0=mn(e] + 23 —m), 773[($1+973)2—72} 202774[(961 —333)2—72], } (21)
,ul(xg — 1) =0= /.1,2(.132 —1—2).

and, besides, we have for 7, = ('7*177*2)T

Vo1 = max{ us; ut +ul }; Yoo = max{ (u1 +u3)?; (u; —uz)*}. (22)

In addition, since the Lagrange function for the problem (20') has thee following form

L2, 7311, M2, M3, N4y 1, ) = 5 + 23 4 271 + 292 — 21 — 615 — Tag+
+m (23 — ) +n2(2f + 23 — 1) + 3 f(z1 +23)% — 2] (21— 23)% — 2] + a2 — 1) — po(22 +2), (23)

(an, besides, (n1,7m2,m3, 04, 1, p12) € IRS), then the KKT system contains the following equa-
tions [Rockafellar, 1993]
OL(u, Y4 .
%22—771—772207 Le. m +m2 =2,
!

(
7611(%7)—2—773—7’]4—07 ie. n3 M =4

02
(a) %ﬁ*) =2uy — 1+ 2nous + 2n3(ur + uz) + 2na(uy — uz) =0,
(b) %’J*) = —6+ 2nouz + 11 — p2 =0, (25)
(c) %ﬂgj*) = 2u3 — 7+ 2muz + 2n3(u1 + ugz) + 2na(uz —u1) = 0.

It can be readily seen that the point u = (0,1,1)7 satisfies the KKT conditions (21),(24),(25) with
Yo = (Ve1,Vx2) T = (1,1) T (see (22)). Indeed, the equation (25) with u = (0,1,1) T take the form

(a) 23 —1 -2, =0, or m3 —my =3,
(b))  2m =64 p1 —p2 =0, (25")
(c) 2—=T+42m + 203 + 214 = 0.

Then, from (25') (a) we derive 73 = 2, ny = 3. Further, from (25') (c) with the help of (24) it follows that
2m =5—2(3+m1) =1, ie. m =3, =3

On the other hand, thanks to (21) we see that s = po(u) = 0.Then (25’) (b) provides that u; = 3. Hence,
the point u = (0,0, 1)7 really is a KKT point in (20’), and, due to convexity of problem (20’), u is also a solution
to (20) ((u,~.)T is a solution to (20")).

Now let us verify whether the principal inequality (8) of Theorem 3.1 holds with (y,8,u) where

. . 1.7 1
B=Hy(y)+ ¢ ¢ = fo(z) =0. First compute H,(y) with y = <67 1, 6>: Ho(y) =3(yi +y5 +v3) = (e
Thus, 8 = H,(y) = 7=. Furthermore, 8 + (VH(y), (u — y)) = 53. On the other hand, it can be readily
computed, that G, (u) = u3 + uZ + 27,1 + 2742 = 5.
)
Therefore, we have G, (u) =5 < 56 =08+ (VH(y),u—y).

Hence, the principal inequality (8) of Theorem 3.1 is violated, and, as a consequence, the degenerate KKT
point z = (0,0,0)7 is not a global solution to the problem (17).

S| =

1
6 )
point u = (0,1,1)”, which is better than z, since fo(u) = —1 < {y = fo(2) = 0.

Furthermore, it can be readily seen, as above, that the point u = (0,1,1)7 is also a KKT point in the original
problem (17), but not a global solution to (17). Moreover we can show this fact, by repeating the same procedure

T
Moreover, by solving the linearized problem (PL(y)) with y = ( 1, Z) , we constructed the feasible in (17)
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of finding another pair (y1, 51), such that H,(y1) = 81 — (1, where ¢ := fo(u) = fo(21), 21 := u, and by solving
the linearized problem (PLq) := (PL(y1)), which provides the point u; such that

Jo(ur) =: o < G = fo(u) = fo(z1).

So, by the procedure described above we give a hint how may be constructed one of the simplest global search
procedures which is able to escape stationary points and local solutions in non-convex Problem (P).

4 Sufficient Optimality Conditions

Now we turn to the question on when the conditions (7)—(8) of Theorem 3.1 become sufficient for a feasible point
being a global solution to nonconvex Problem (P).

Theorem 4.1. Suppose that for a feasible in Problem (P) point z, ¢ := fo(2), the condition (H)—(15) is fulfilled.
In addition, let some penalty parameter o > 0 be given. Finally, assume that for every pair (y,[) € R"™ x IR,
satisfying the relation

(a) Ho(y) =pB-(+e, (b) Ga(y) <8, (26)
the following inequality holds
Go(z) — > (VH,(y),z —y) VYxeSb. (27)

Then, the point z € F turns out to be an e-global solution to Problem (P,) as well as to Problem (P).
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