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CHAPTER 5: SOLUTION MANUAL

5.1 (Second Order Sufficiency Conditions for Equality-
Constrained Problems)

Define the Lagrangian function L(z, A) to be
Lz, \) = f(z) + Nh(z).
Assume that f and h are twice continuously differentiable, and let * € R™ and
A" € R™ satisfy
V.L(z*,\") =0,  ViL(z*,\*)=0,
Y2, L(z*, A\ )y > 0, Y y # 0 with Vha(z*)y = 0.

Show that x* is a strict local minimum of f subject to h(z) = 0.

Solution: We first prove the following lemma.

Lemma 5.1: Let P and Q be two symmetric matrices. Assume that @ is positive
semidefinite and P is positive definite on the nullspace of Q, that is, 2’ Pz > 0
for all x # 0 with 2’Qx = 0. Then there exists a scalar ¢ such that

P + cQ : positive definite, Ve>e.

Proof: Assume the contrary. Then for every integer k, there exists a vector a*
with ||z*|| = 1 such that

7 ’
=" Pa® + ka® ka <0.
Since {z*} is bounded, there is a subsequence {z"}rcx converging to some T,

and since ||z*|| = 1 for all k, we have ||Z|| = 1. Taking the limit superior in the
above inequality, we obtain

Z'PT + limsup (kxk/ka) <0. (5.1)

k—oo, ke K
Since, by the positive semidefiniteness of Q, mlexk > 0, we see that {xk/ka}K
must converge to zero, for otherwise the left-hand side of the above inequality
would be co. Therefore, T'QZ = 0 and since P is positive definite, we obtain
7' PT > 0. This contradicts Eq. (5.1). Q.E.D.

Let us introduce now the augmented Lagrangian function
c
Le(z,A) = f(2) + Nh(x) + 5|lh(@)],
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where c is a scalar. This is the Lagrangian function for the problem
e c 2
minimize f(z)+ §||h(m)||

subject to h(x) =0,

which has the same local minima as our original problem of minimizing f(x)
subject to h(x) = 0. The gradient and Hessian of L. with respect to = are

VeLe(z,N) = Vf(z) + Vh(z) (A + ch(z)),

VieLe(m,3) = V2 f(2) + > (N + chi(w)) V2hi(a) + cVh(z)Vh(z) .

i=1

In particular, if £* and \* satisfy the given conditions, we have

VaLe(z", ") = Vf(2") + Vh(z") (X" + ch(z”)) = V. L(z", ") =0, (5.2)

VieLe(z™ X)) = V2 f(z") + Z AN V2hi(a®) + cVh(z")Vh(z")
i=1
= V2, L(z", \") 4 cVh(z")Vh(z").

By assumption, we have that y'V2,L(z*,A*)y > 0 for all y # 0 such that
y'Vh(z*)Vh(z*)'y = 0, so by applying Lemma 5.1 with P = V2_L(z*, \*) and
Q = Vh(z*)Vh(x*)', it follows that there exists a ¢ such that

V2,Le(z*,X") : positive definite, V¢ > ¢ (5.3)

Using now the standard sufficient optimality condition for unconstrained
optimization (see e.g., [Ber99al, Section 1.1), we conclude from Egs. (5.2) and
(5.3), that for ¢ > ¢, " is an unconstrained local minimum of L.(-,A"). In
particular, there exist v > 0 and ¢ > 0 such that

Le(z,\") > Le(x™, \") + %Hx —z*|? V x with ||z — z"| <e.

Since for all x with h(z) = 0 we have L.(z, \*) = f(z), VaL(z*, \*) = h(z") =0,
it follows that

f@) 2 f@) + 2o —a"|, ¥ a with h(z) =0, and o —a"|| <.

Thus z* is a strict local minimum of f over h(z) = 0.



5.2 (Second Order Sufficiency Conditions for Inequality-
Constrained Problems)

Define the Lagrangian function L(z, A, 1) to be

L, A\ ) = f(2) + Nh(x) + 1 g(a).

Assume that f, h, and g are twice continuously differentiable, and let z* € R",
AT e R™, and p* € N satisfy

VZL(‘T*7)‘*7H*):O7 h(x*):O7 g(m*) <0,
p; >0, VjeA@),  p;=0, Vj¢A=),
Y'Vae L™ A 1)y > 0,
for all y # 0 such that
Vhi(z*)y=0, Vi=1,...,m, Vg;i(z*)y=0, VjeA").
Show that z* is a strict local minimum of f subject to h(z) =0, g(z) < 0.

Solution: We prove this result by using a transformation to an equality-constrained
problem together with Exercise 5.1. Consider the equivalent equality-constrained
problem

minimize f(z)

subject to  hi(z) =0,...,hn(z) =0, (5.4),
gl(x)Jrzf :0,...,gT(x)+zf =0,

which is an optimization problem in variables z and z = (z1,...,2,). Consider
the vector (z*,2"), where z* = (271,...,2;),
1/2 .
z;:(fgj(m*)) , ji=1,...,m

We will show that (z*,z*) and (\*, u*) satisfy the sufficiency conditions of Ex-
ercise 5.1, thus showing that (z*, z") is a strict local minimum of problem (5.4),
proving that z* is a strict local minimum of the original inequality-constrained
problem.

Let L(z, z, A\, ) be the Lagrangian function for this problem, i.e.,

Lz, z A p) = f(@) + 3 Nihi(@) + Y iy (95(2) + 23).

We have
V(zyz)f(zv*,z*, )\*’M*)I: [sz(x*,z*,k*,u*)/, VZZ(Z'*,Z*, A*yﬂ*)/}
= [V LG X ), 2ia, 2005
=10, 0],



where the last equality follows since, by assumption, we have V,L(z*, \*, 1*) = 0,

and pj = 0 for all j ¢ A(xz™), whereas zj = (—gj (m*))1/2 =0 for all j € A(z").
We also have

VoL@, X ) = (@), b @),

(9207) + D)s - (90 @") + (2)7)]
=[0,0].

Hence the first order conditions of the sufficiency conditions for equality-constrained
problems, given in Exercise 5.1, are satisfied.
We next show that for all (y,w) # (0,0) satisfying

Vh(z*)y =0, Vg;(z*) y+2zjw; =0, j=1,...,m (5.5)
we have
ViaL(z* X, 1) 0
2ur 0 0
/ / 0 2#; 0 Y
(y w') 0 ) (w >0.  (5.6)
0 0 ... 2ur

The left-hand side of the preceding expression can also be written as

YV LA 1y 42w (5.7)
j=1

Let (y,w) # (0,0) be a vector satisfying Eq. (5.5). We have that zj = 0
for all j € A(z™), so it follows from Eq. (5.5) that

Vhi(z*)y=0, Vi=1,...,m, Vgi(z*)y=0, VjeA(z").
Hence, if y # 0, it follows by assumption that
y' Vi L(z", N 1)y >0,

which implies, by Eq. (5.7) and the assumption pj > 0 for all j, that (y,w)
satisfies Eq. (5.6), proving our claim.
If y = 0, it follows that wy # 0 for some k = 1,...,r. In this case, by using
Eq. (5.5), we have
2z;w; =0, j=1,...,7

from which we obtain that z; must be equal to 0, and hence k € A(z*). By
assumption, we have that

i >0, Ve A™).

This implies that pfw? > 0, and therefore

2 Z piw? >0,
j=1

showing that (y,w) satisfies Eq. (5.6), completing the proof.



5.3 (Sensitivity Under Second Order Conditions)

Let z* and (A", u*) be a local minimum and Lagrange multiplier, respectively, of
the problem
minimize f(z)

subject to hi(x) =0,...,An(xz) =0, (5.8)
gl(x) S 07' s 7gT(‘T) S 07

satisfying the second order sufficiency conditions of Exercise 5.2. Assume that the
gradients Vh;(z*), i = 1,...,m, Vg;(z*), j € A(z"), are linearly independent.
Consider the family of problems

minimize f(x)
(5.9)
subject to h(z) = u, g(z) <w,

parameterized by the vectors u € ™ and v € R". Then there exists an open
sphere S centered at (u,v) = (0,0) such that for every (u,v) € S there is an
z(u,v) € R" and A(u,v) € R, p(u,v) € N”, which are a local minimum and
associated Lagrange multiplier vectors of problem (5.9). Furthermore, z(-,-),
A(+,+), and u(-,-) are continuously differentiable in S and we have z(0,0) = z*,
A(0,0) = A", u(0,0) = p*. In addition, for all (u,v) € S, there holds

Vup(u,v) = =A(u,v),

vUp(uv U) = 7#(“5 U)a

where p(u,v) is the optimal cost parameterized by (u,v),

p(u,v) = f(ac(u7 v)) .

Solution: We first prove the result for the special case of equality-constrained
problems.

Proposition 5.3: Let 2* and \* be a local minimum and Lagrange multiplier,
respectively, satisfying the second order sufficiency conditions of Exercise 5.1,
and assume that the gradients Vh;(z*), i = 1,...,m, are linearly independent.
Consider the family of problems

minimize f(z) (5.10)
subject to h(z) = u, .

parameterized by the vector u € R™. Then there exists an open sphere S cen-
tered at u = 0 such that for every u € S, there is an z(u) € R" and a A(u) € R™,
which are a local minimum-Lagrange multiplier pair of problem (5.10). Further-
more, z(-) and A(+) are continuously differentiable functions within S and we have
z(0) = z*, A(0) = A\*. In addition, for all u € S we have



where p(u) is the optimal cost parameterized by u, that is,

Proof: Consider the system of equations
Vf(z)+ Vh(z)\ =0, h(z) = u. (5.11)

For each fixed w, this system represents n + m equations with n + m unknowns
— the vectors  and A. For u = 0 the system has the solution (z*,A*). The
corresponding (n 4+ m) X (n +m) Jacobian matrix with respect to (x,\) is given

by
y V2, L(z*,\*)  Vh(z")
U va@y o )

Let us show that J is nonsingular. If it were not, some nonzero vector
(y',2")" would belong to the nullspace of J, that is,

V2. L(z", X )y + Vh(z*)z = 0, (5.12)

Vh(z*)y = 0. (5.13)

Premultiplying Eq. (5.12) by ¥’ and using Eq. (5.13), we obtain
Y V2, L(z", N\ )y = 0.

In view of Eq. (5.13), it follows that y = 0, for otherwise our second order suffi-
ciency assumption would be violated. Since y = 0, Eq. (5.12) yields Vh(z™)z = 0,
which in view of the linear independence of the columns Vh;(z*), i = 1,...,m,
of Vh(z"), yields z = 0. Thus, we obtain y = 0, z = 0, which is a contradiction.
Hence, J is nonsingular.

Returning now to the system (5.11), it follows from the nonsingularity of J
and the Implicit Function Theorem that for all u in some open sphere S centered
at u = 0, there exist z(u) and A(u) such that £(0) = z*, A(0) = A", the functions
z(-) and A(-) are continuously differentiable, and

Vf(z(u) + Vh(z(u))A(u) =0, (5.14)

h(a:(u)) =u.

For u sufficiently close to 0, the vectors z(u) and A(u) satisfy the second order
sufficiency conditions for problem (5.10), since they satisfy them by assumption
for uw = 0. This is straightforward to verify by using our continuity assumptions.
[If it were not true, there would exist a sequence {u"} with «* — 0, and a

sequence {y*} with ||y*|| =1 and Vh(m(uk))/yk = 0 for all k, such that
VIV L(x(w), M)yt <0, Yk
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By taking the limit along a convergent subsequence of {yk}, we would obtain a
contradiction of the second order sufficiency condition at (z*,A\*).] Hence, z(u)
and A(u) are a local minimum-Lagrange multiplier pair for problem (5.10).

There remains to show that Vp(u) = V, {f(x(u))} = —A(u). By multi-
plying Eq. (5.14) by Vz(u), we obtain

Vz(u)V f (m(u)) + Vz(u)Vh (m(u)))\(u) =0.
By differentiating the relation h(m(u)) = u, it follows that
1=V, {h(x(u))} = V:v(u)Vh(x(u)), (5.15)
where I is the m x m identity matrix. Finally, by using the chain rule, we have
Vp(u) = Va {f(x(u))} =Vz(u)Vf (:c(u))
Combining the above three relations, we obtain
Vp(u) + A(u) =0, (5.16)
and the proof is complete. Q.E.D.

We next use the preceding result to show the corresponding result for
inequality-constrained problems. We assume that z* and (\*, ") are a local
minimum and Lagrange multiplier, respectively, of the problem

minimize f(x)
subject to hi(z) =0,...,hn(z) =0, (5.17)
g1(1‘) < 07 ce 7g,«(1‘) < 07

and they satisfy the second order sufficiency conditions of Exercise 5.2. We also
assume that the gradients Vh;(z*), i =1,...,m, Vg;(z*), j € A(x") are linearly
independent, i.e., ™ is regular. We consider the equality-constrained problem

minimize f(x)
subject to  hi(z) =0,...,hn(z) =0, (5.18)
gi(x)+28 =0,...,9-(z) + 27 =0,

which is an optimization problem in variables z and z = (z1,...,2,). Let 2" be
a vector with s

o= (g j=1..n
It can be seen that, since z* and (\*, u*) satisfy the second order assumptions
of Exercise 5.2, (z%,z") and (A", ") satisfy the second order assumptions of
Exercise 5.1, thus showing that (x*,z*) is a strict local minimum of problem
(5.18)(cf. proof of Exercise 5.2). It is also straightforward to see that since z*
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is regular for problem (5.17), (z*, 2*) is regular for problem (5.18). We consider
the family of problems
minimize f(x)
subject to  h;(z) = s, i=1,...,m, (5.19)
g;(x) + 27 = vy, j=1...,m
parametrized by u and v.

Using Prop. 5.3, given in the beginning of this exercise, we have that there
exists an open sphere S centered at (u,v) = (0,0) such that for every (u,v) € S
there is an z(u,v) € R", z(u,v) € N” and A(u,v) € R™, p(u,v) € R", which are
a local minimum and associated Lagrange multiplier vectors of problem (5.19).

We claim that the vectors z(u,v) and A(u,v) € R™, p(u,v) € R" are a
local minimum and Lagrange multiplier vector for the problem

minimize f(x)
subject to hi(z) = u, Vi=1,...,m, (5.20)
gi@) <vj,  Vji=1,...m
It is straightforward to see that x(u,v) is a local minimum of the preceding prob-

lem. To see that A\(u,v) and u(u,v) are the corresponding Lagrange multipliers,
we use the first order necessary optimality conditions for problem (5.19) to write

m

Vf (x(u, v)) + Z Ai(u, v)Vh; (x(u, v)) + Z wj(u,v)Vg; (x(u, v)) =0,

i=1 =1

2”](1‘[’7’0)2](’“’71}):07 j:]‘?“‘?T'

1/2
Since zj(u,v) = (Uj —gj (m(u, v))) >0 for j ¢ A(:c(u,v)), where

Alo(u,0)) = {31 95 (ww,0)) = v },
the last equation can also be written as
pi(u,v) =0, Vi A(x(u,0)). (5.21)

Thus, to show A(u,v) and p(u,v) are Lagrange multipliers for problem (5.20),
there remains to show the nonnegativity of u(u,v). For this purpose we use the
second order necessary condition for the equivalent equality constrained problem
(5.19). It yields

Ve L((u, ), Mu, v), u(u,v)) 0
2p1(u, v) 0 0
(v ) . 0 2412 ('u7 ) . 0
0 0 20, (u,v)
(5.22)



for all y € ™ and w € RN" satisfying

Vh(x(u, v))/y =0, Vg, (x(u, v))/y + 2z (u,v)w; =0, Jje A(a:(u, v))
(5.23)
Next let us select, for every j € A(z(u,v)), a vector (y,w) with y =0, w; # 0,
wy = 0 for all k # j. Such a vector satisfies the condition of Eq. (5.23). By using
such a vector in Eq. (5.22), we obtain 2y;(u,v)w? > 0, and

pi(w) >0,V j € A(uv)).

Furthermore, by Prop. 5.3 given in the beginning of this exercise, it follows
that z(-,-), A(-,-), and p(-,-) are continuously differentiable in S and we have
z(0,0) = z*, A\(0,0) = A", u(0,0) = p*. In addition, for all (u,v) € S, there
holds

Vup(u,v) = =A(u,v),

vUp(“v U) = _M(u7 ’U)v
where p(u, v) is the optimal cost of problem (5.19), parameterized by (u, v), which
is the same as the optimal cost of problem (5.20), completing our proof.

5.4 (General Sufficiency Condition)

Consider the problem
minimize f(z)
subject to = € X, gi(z) <0, j=1,...,7r

where f and g; are real valued functions on R", and X is a subset of R". Let z*
be a feasible point, which together with a vector u* = (ui,...,uy), satisfies

M;207 j:1""7’r?
py =0,  Vj¢A@"),
and minimizes the Lagrangian function L(x,u*) over z € X:
Te in L(z, 1*).
@” € argmin (z, ")
Show that z* is a global minimum of the problem.

Solution: We have
f@") = f@") +p"g(")
= min{f(z) + u"'g(x) }

< min_ {f(@)+p"g(z)}

z€X, g(x)<0

< min (z)
z€X, g(x)<0

< f@"),
where the first equality follows from the hypothesis, which implies that u*’g(z*) =
0, the next-to-last inequality follows from the nonnegativity of p*, and the last

inequality follows from the feasibility of z*. It folows that equality holds through-
out, and z* is a optimal solution.
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5.5

The purpose of this exercise is to work out an alternative proof of Lemma 5.3.1,
assuming that N = {0} [which corresponds to the case where there is no abstract
set constraint (X = R")]. Let ao,...,ar be given vectors in ™. Suppose that

the set
M—{/LZO ao+z,ujaj—0}
j=1

is nonempty, and let u* be the vector of minimum norm in M. For any v > 0,
consider the function

!
¥ 1
L (d, ) = ( +Zujaj> a-+ Lal? - 2 ul®

j=1

(a) Show that

—3w N = sup inf Lo(d, )
u>0deR™

< inf sup Lo(d, u)
deR™ p>0 (5.24)

= inf {a6d+ 1 ;((a;d)+)2} .

(b) Use the lower bound of part (a) and the theory of Section 2.3 on the
existence of solutions of quadratic programs to conclude that the infimum
in the right-hand side above is attained for some d* € R".

(c) Show that for every v > 0, L, has a saddle point (d”, 1”) such that
p) = (afd)t,  j=1,...m

Furthermore,

2

ag + Z;zl ,u}aj
2y

1 1,
INGNDES — Sl > =S

(d) Use part (c) to show that ||p”|| < ||u*]|, and use the minimum norm prop-
erty of u* to conclude that as v — 0, we have u” — p* and L~ (d”, ") —

~@/2)[lu %
(e) Use part (d) and Eq. (5.24) to show that (d*, ") is a saddle point of Lo,
and that
ad =~ I (@) =, G=1r
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Solution: (a) We note that

1,02
. -3 fueM
inf Lo(d,u) = 2 ([l if po )
deRrn o(d, 1) { —00 otherwise,
so since p* is the vector of minimum norm in M, we obtain for all v > 0,

1 * 12 .
- = £ Lo(d,
5 el sup inf, o(d, p)

< inf Lo(d
< Jnf, sup old, 1),

where the inequality follows from the minimax inequality (cf. Chapter 2). For
any d € R™, the supremum of Lo(d, 1) over p > 0 is attained at

wi = (ajd)*t, j=1...,7

[to maximize y;a}d — (1/2)p] subject to the constraint y; > 0, we calculate the
unconstrained maximum, which is a;d, and if it is negative we set it to 0, so that
the maximum subject to p; > 0 is attained for p; = (a;d)ﬂ. Hence, it follows
that, for any d € R",

sup Lo(d, pu) = agd +
n>0

> ()"

N

which yields the desired relations.

(b) Since the infimum of the quadratic cost function ajd + %Z;zl ((a;d)*)Q is
bounded below, as given in part (a), it follows from the results of Section 2.3 that
the infimum of this function is attained at some d* € R".

(c) From the Saddle Point Theorem, for all v > 0, the coercive convex/concave
quadratic function L. has a saddle point, denoted (d”,u”), over d € R" and
p > 0. This saddle point is unique and can be easily characterized, taking
advantage of the quadratic nature of L,. In particular, similar to part (a), the
maximization over y > 0 when d = d” yields

1) = (afd")", j=1,...,m (5.25)

Moreover, we can find L (d”, ") by minimizing L~(d, x”) over d € ™. To find
the unconstrained minimum d”, we take the gradient of L. (d, ©”) and set it equal
to 0. This yields

ao + E;Zl u;-’aj

-,

d=—

Hence,
2

ap + 25:1 M;/aj 1
2y - 5‘

Lo(d, 1) = — 1%
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We also have i
*112 .
= = f Lo(d
Ll sup nf, o(d; p)
< inf sup Lo(d, )
dERT ;>0 (5.26)

< inf sup L-(d,
_de%"MZI()) ~(d, 1)

= L’Y(d’y7l’L7)7

where the first two relations follow from part (a), thus yielding the desired rela-
tion.

(d) From part (c), we have

2

ao + Z;:l “;aj 1
2 B 5'

1 1, .
— 1P = Ly ) = — 1 = =l (5.27)

From this, we see that ||u”|| < ||u*]|, so that u” remains bounded as v — 0. By
taking the limit above as v — 0, we see that

li Ya; | =0

j=1

so any limit point of p”, call it &, satisfies — (ao + Z;Zlﬁjaj) = 0. Since
u? > 0, it follows that @ > 0, so & € M. We also have ||| < ||¢*| (since
)] < ||*]]), so by using the minimum norm property of p*, we conclude that
any limit point & of ©” must be equal to p*. Thus, u” — p*. From Eq. (5.27),
we then obtain 1

Ly, 1) = — |2 (5.25)
(e) Equations (5.26) and (5.28), together with part (b), show that

Lo(d",u") = inf sup Lo(d, ) = sup inf Lo(d, ),

deR™ >0 pn>0d9€
[thus proving that (d*, u*) is a saddle point of Lo(d, )], and that

abd” =~ I? (@) =, =1...r

5.6 (Strict Complementarity)
Consider the problem

minimize f(z)

subject to g;(z) <0, ji=1...,7

13



where f : R" — R and g; : R" — R are smooth functions. A Lagrange multi-
plier {u7, ..., ur}, corresponding to a local minimum x*, is said to satisfy strict
complementarity if for all j such that g;(z*) = 0, we have pj > 0. Show that a
Lagrange multiplier that satisfies strict complementarity need not be informative,
and conversely, a Lagrange multiplier that is informative need not satisfy strict
complementarity.

Solution: Consider the following example
minimize 1 + z2
subject to 1 <0, 22 <0, —x1 —x2 < 0.

The only feasible vector is z* = (0,0), which is therefore also the optimal solution
of this problem. The vector (1, 1,2)" is a Lagrange multiplier vector which satisfies
strict complementarity. However, it is not possible to find a vector that violates
simultaneously all the constraints, showing that this Lagrange multiplier vector
is not informative.

For the converse statement, consider the example of Fig. 5.1.3. The La-
grange multiplier vectors, that involve three nonzero components out of four, are
informative, but they do not satisfy strict complementarity.

5.7

Consider the problem

n
minimize Z fi(zs)
i=1
subject to z € S, i €X,, 1=1,...,n,
where f; : ® — R are smooth functions, X; are closed intervals of real numbers
of ™, and S is a subspace of R". Let 2™ be a local minimum. Introduce artificial

optimization variables z1, ..., 2z, and the linear constraints x; = z;, i = 1,...,n,
while replacing the constraint z € S with z € S, so that the problem becomes

n
minimize Z fixs)
i=1

subject to z € S, z; € Xy, =2z, t=1,...,n.
Show that there exists a Lagrange multiplier vector \* = (A], ..., A;) such that
A" e St and

(Vfila]) + X)) (zs —2}) 20,  VaieXi,i=1,...,n
Solution: Let z* be a local minimum of the problem

n
minimize Z fi(zi)
i=1

subject to x € S, i € X, 1=1,...,n,
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where f; : ® — R are smooth functions, X; are closed intervals of real numbers
of ®", and S is a subspace of R". We introduce artificial optimization variables
Z1,...,%2n and the linear constraints x; = 2;, ¢ = 1,...,n, while replacing the
constraint x € S with z € S, so that the problem becomes

n
minimize Z filz:)

i=1

(5.29)

subject to z € S, ;i € X;, i =2z, t=1,...,n.

Let a1, ...,am be a basis for S+, the orthogonal complement of S. Then,
we can represent S as

S={y|adjy=0,Yji=1,...,m}
We also represent the closed intervals X; as
Xi={yl|le <y<di}.

With the previous identifications, the constraint set of problem (5.29) can be
described alternatively as

n
minimize Z fi(z:)

=1

subject to a;z:O7 j=1...,m,
cigmigdi, iZl,...,?’L,
Ti = Zi, i:1,...,n

[cf. extended representation of the constraint set of problem (5.29)]. This is a
problem with linear constraints, so by Prop. 5.4.1, it admits Lagrange multipliers.
But, by Prop. 5.6.1, this implies that the problem admits Lagrange multipliers in
the original representation as well. We associate a Lagrange multiplier \] with
each equality constraint x; = z; in problem (5.29). By taking the gradient with
respect to the variable x, and using the definition of Lagrange multipliers, we get

(Vf¢($;)+>\:)(xif:vf)20, Vo, € X, t=1,...,n,

whereas, by taking the gradient with respect to the variable z, we obtain \* € S+,
thus completing the proof.

5.8

Show that if X is regular at z* the constraint qualifications CQba and CQ6 are
equivalent.

Solution: We first show that CQba implies CQ6. Assume CQba holds:
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(a) There does not exist a nonzero vector A = (A1,..., Ap) such that

Z)\Vh ) € Nx(z).

(b) There exists a d € Nx(z")" = Tx(z") (since X is regular at z*) such that
Vhi(z")'d=0, i=1,...,m, Vg;(z*)'d <0, VjeAlz").

To arrive at a contradiction, assume that CQ6 does not hold, i.e., there are
scalars A1,..., Am, f1,..., tr, not all of them equal to zero, such that

(i)

(ZA Vhi( +Zujvg] ") ) € Nx(z%).

(ii) pwj >0forall j=1,...,r, and u; =0 for all j ¢ A(z™).

In view of our assumption that X is regular at z*, condition (i) can be

written as
(zwh 3t )ewa)*,

or equivalently,

(ZAVh +Zu1v93 >y>0, Vy € Tx(z"). (5.30)

Since not all the A\; and pu; are equal to 0, we conclude that p; > 0 for at least
one j € A(z"); otherwise condition (a) of CQ5a would be violated. Since uj > 0
for all j, with pj = 0 for j ¢ A(2™) and pj > 0 for at least one j, we obtain

zmjxivm d+ZuJVgJ )'d <0,
=1

where d € Tx(z") is the vector in condition (b) of CQ5a. But this contradicts
Eq. (5.30), showing that CQ6 holds.

Conversely, assume that CQ6 holds. It can be seen that this implies
condition (a) of CQba. Let H denote the subspace spanned by the vectors
Vhi(z*),...,Vhn(z"), and let G denote the cone generated by the vectors
Vg,(z*), j € A(z™). Then, the orthogonal complement of H is given by

= {y | Vhi(z")'y =0, Vi= 1,...,m},
whereas the polar of G is given by
G ={y|Vg(x")y<0, Vje A"},
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(cf. the results of Section 3.1). The interior of G* is the set
int(G*) = {y | Vg;(z")'y <0, V j € A@x")}.

Under CQ6, we have int(G*) # J, since otherwise the vectors Vg;(z), j € A(z™)
would be linearly dependent, contradicting CQ6. Similarly, under CQ6, we have

H* Nint(G*) # &. (5.31)

To see this, assume the contrary, i.e., H* and int(G*) are disjoint. The sets H*
and int(G*) are convex, therefore by the Separating Hyperplane Theorem, there
exists some nonzero vector v such that

Ve <y, VaeH", Vyeint(G),
or equivalently,
V(z—y) <0, VzeH", YyeGr,

which implies, using also Exercise 3.4., that
ve(H" -G =HN(-G).

But this contradicts CQ6, and proves Eq. (5.31).

Finally, we show that CQ6 implies condition (b) of CQb5a. Assume, to
arrive at a contradiction, that condition (b) of CQ5a does not hold. This implies
that

Nx(z*)" N H* nint(G*) = 2.

Since X is regular at z*, the preceding is equivalent to
Tx(z*) N H* Nint(G*) = .

The regularity of X at z* implies that Tx(z*) is convex. Similarly, since the
interior of a convex set is convex and the intersection of two convex sets is convex,
it follows that the set H Nint (G*) is convex. It is also nonempty by Eq. (5.31).
Thus, by the Separating Hyperplane Theorem, there exists some vector a # 0
such that

adx<ay, VxeTx(z"), VyGHJ‘ﬂint(G*),

or equivalently,
a'(x —1y) <0, VaoeTx(z®), Vye H- NG,

which implies that .
a€ (Tx(x*) —(H* ﬂG*)) .
We have
(Tx(a") — (H NG")) "= Tx(a")" N (—(H nG")")
= Tx(z")" N (—(cl(H + G)))
= Tx(z")' N (—(H + G))
= Nx(z")n (—(H+Q)),

17



where the second equality follows since H+ and G* are closed and convex, and
the third equality follows since H and G are both polyhedral cones (cf. Chapter
3). Combining the preceding relations, it follows that there exists a nonzero
vector a that belongs to the set

Nx(z")n (=(H + G)).

But this contradicts CQ6, thus completing our proof.

5.9 (Minimax Problems)

Derive Lagrange multiplier-like optimality conditions for the minimax problem

minimize max{ﬁ (z),..., fp(x)}

subject to z € X,

where X is a closed set, and the functions f; are smooth. Hint: Convert the
problem to the smooth problem

minimize z
subject to z € X, fi(z)<z, i=1,...,p,
and show that CQ5 holds.

Solution: Let z* be a local minimum of the minimax problem,

minimize max{fl (), s fo (m)}

subject to z € X.

We introduce an additional scalar variable z and convert the preceding problem
to the smooth problem

minimize z
subject to z € X, fi(z) <z, i=1,...,p,

which is an optimization problem in the variables  and z and with an abstract
set constraint (z,z) € X X R. Let

2" = max{fl(x*), ey fp(:p*)}.

It can be seen that (z*,2") is a local minimum of the above problem.
It is straightforward to show that

Nxxn(z*,2") = Nx(z*) x {0}, (5.32)

and
Nxxgn(z",2")" = Nx(z")" x R. (5.33)

18



Let d = (0,1). By Eq. (5.33), this vector belongs to the set Nxxn(z*, 2*)", and
also

[Vfi(z"), 1] (?) =-1<0, Vi=1,...,p.

Hence, CQba is satisfied, which together with Eq. (5.32) implies that there exists
a nonnegative vector p* = (uj, ..., ) such that

() - (T2, w5 VH ) € Nx(a).
(i) SF_ ) = 1.

(ili) Forall j =1,...,p, if uj > 0, then

fi(e") = max{fi(z"),.... fo(z")}.

5.10 (Exact Penalty Functions)

Consider the problem
minimize  f(x
(=) (5.34)
subject to z € C,

where
C=Xn{z|h(x)=0,.. hn(@) =0}n{z|g) <0,...,g.(z) <0},

and assume that f, h;, and g; are smooth functions. Let F. be the exact penalty
function, i.e.,

Fo(z) = f(z) +c (Z [ha(@)| + Zgﬂx)) ,

where ¢ is a positive scalar.

(a) Suppose that z* is a local minimum of problem (5.34), and that for some
given ¢ > 0, z* is also a local minimum of F, over X. Show that there
exists an R-multiplier vector (A", 1*) for problem (5.34) such that

Nl <e i=1,...,m, wi €0,¢, j=1,...,m (5.35)

(b) Derive conditions that guarantee that if 2" is a local minimum of problem
(5.34) and (A\*, ") is a corresponding Lagrange multiplier vector, then x*
is also a local minimum of Fi. over X for all ¢ such that Eq. (5.35) holds.

Solution: We consider the problem

minimize f(z
=) (5.36)
subject to = € C,
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where
C=Xn{z|h(x)=0,.. hn(@)=0}n{z|g) <0,...,g.(z) <0},

and the exact penalty function

Fu(z) = f(z) +c (Z ()] + Zgﬂx)) :

where ¢ is a positive scalar.

(a) In view of our assumption that, for some given ¢ > 0, z* is also a local
minimum of F, over X, we have, by Prop. 5.5.1, that there exist A1,..., A, and
M1, ..., i such that

_ ( (ZA Vhi( +ZuJVgJ )) € Nx(z7),

No=1 ifhi(z®) >0, A=-1 ifhi(z") <0,
Moe[-11] if hi(z) =0,

pi=1 ifgj(z) >0,  p; =0 ifg;(z") <0,
€[0,1] if g;(z*)=0.

By the definition of R-multipliers, the preceding relations imply that the vector
(A", ") = ¢(\, p) is an R-multiplier for problem (5.36) such that

M| <e i=1,...,m, w; €0,¢, j=1,...,m (5.37)

(b) Assume that the functions f and the g; are convex, the functions h; are
linear, and the set X is convex. Since z* is a local minimum of problem (5.36),
and (A", p*) is a corresponding Lagrange multiplier vector, we have by definition
that

< (ZAVh —|—Zu]VgJ >> (x—z")>0, VzeX.

In view of the convexity assumptlons this is a sufficient condition for z* to be a
local minimum of the function f(z)+ " | Afhi(x) + Z;Zl pjgi(x) over x € X.
Since z* is feasible for the original problem, and (\*, u*) satisfy Eq. (5.37), we
have for all z € X,

Fo(z™)= f(«")

z) + Z Afhi(z) + Z 1395 ()
< f(@)+c (Z +Zg] )
< ) be (z |+zg] )



implying that z* is a local minimum of F. over X.

5.11 (Extended Representations)

This exercise generalizes Prop. 5.6.1 by including an additional set constraint in
the extended representation. Assume that the set constraint can be described as

X={2eX|h(z)=0i=m+1,....m, gj(x) <0, j=r+1,...,T}
so that C' is represented alternatively as

C:Yﬂ{x\hl(aj):O h —0} {a:\gl <0,...,97(x <O}
We call this the extended representation of C. Assuming that X is closed and

that all the functions h; and g; are smooth, show the following:

(a) If the constraint set admits Lagrange multipliers in the extended represen-
tation, it admits Lagrange multipliers in the original representation.

(b) If the constraint set admits an exact penalty in the extended representation,

it admits an exact penalty in the original representation.

Solution: (a) The hypothesis implies that for every smooth cost function f
for which z* is a local minimum there exist scalars AJ,..., A% and uj, ..., ps
satisfying

/
< +Zz\ Vhi( +Z,uJVgJ > y >0, VyeTx(z"), (5.38)

/’L;ZO7 V.]':]""'7?7
p; =0, Vj¢A@),
where .
A@")={jlgi(z")=0,5=1,....7}.
Since X C X, we have Tx (z*) C T(z*), so Eq. (5.38) implies that

’
( +Z>\ Vhi( +Zu]v93 > y>0, VYyeTx(). (5.39)

Let V(z*) denote the set

V(z") = {y | Vhi(z*)y =0, i=m+1,...,m,
Vgi(z)y <0, j=r+1,...,7withj € Z(x*)}
We claim that T'x (z*) C V(z*). To see this, let y be a nonzero vector that

belongs to Tx (z*). Then, there exists a sequence {z;} C X such that z, # z*

for all k£ and
T y

B ST
ok — 2| llyll
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Since x € X, for alli =m+1,...,m and k, we have
0= hi(wx) = hi(e") + Vhi(a") (2x — 2°) + of|Jox — 7)),
which can be written as

oy (e =) ofllzk — =)

low =z~ flox — 2|
Taking the limit as k — co, we obtain
Vhi(z*)'y =0, Vi=m+1,...,m. (5.40)

Similarly, we have for all j =7+ 1,...,7 with j € A(z*) and for all k
0> gj(zx) = gj(¢") + Vg (z™) (wx — 27) + o|Jzx — 2]),
which can be written as

vgj(x*)/ (xk - ) O(ka - H) <o.
lex — 2=~ llox — 2|

By taking the limit as £ — oo, we obtain
Vg;(z*)y <0, Vj=r+41,...,7 with j € A(z").
Equation (5.40) and the preceding relation imply that y € V(z*), showing that

Tx(z*) C V(z").
Hence Eq. (5.39) implies that

m ™ 4
<Vf(x*) + ZAthi(x*) + Zu;ng(x*)> y >0, VyeTx(z"),
i=1 j=1

and it follows that A}, =1,...,m, and p}, j = 1,...,r, are Lagrange multipliers
for the original representation.

(b) Consider the exact penalty function for the extended representation:

Fo(z) = f(2) +c <Z ()] + Zgﬂx)) :

We have F.(z) = F.(z) for all z € X. Hence if z* € C is a local minimum of
F.(x) over x € X, it is also a local minimum of F.(z) over € X. Thus, for a
given ¢ > 0, if z* is both a strict local minimum of f over C' and a local minimum
of F.(z) over x € X, it is also a local minimum of F.(x) over z € X.
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