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Necessary Conditions for Optimality

Lagrangian function L: R™ ™ — R: L(x,A) )+ A

Proposition (Lagrange Multiplier Theorem-Necessary conditions)

Let x* be a local minimum of f subject to h(x) = 0 and assume that the

constraint gradients {Vh;(x*), .-+, Vhw(x)} are linearly independent. Then there
exists a unique vectors A* = (A}, - -+ ,AX ) called Lagrange multiplier vector, s.t.
V.L(x*,A*) =0.

If in addition f and h are twice continuously differentiable we have
yTVWL(x’,N]y >0, VyeVHx

where V(x*) is the space of first order feasible variations, i.e.,

V(x*) ={d e R™ | Vhy(x*)"d = 0}.

h(x*) =0 < V,5L(x*,A*) =0.



A Problem with no Lagrange Multipliers: regularity of optimal point

@ Regular point of a set of constraints: A feasible vector x for which the constraint
gradients {Vh;(x),- -+, Vh,(x)} are linearly independent.

@ For a local minimum that is not regular, there may not exist Lagrange multipliers.

minimize f(x) = x; +x», s.t.

h(x)=(x1 —1)2+x3—1=0, hy(x)=(x;1—2)>+x3—4=0.

X2

@ x* is not regular. Therefore,
this problem cannot be solved
using Lagrange multiplier S i
theorem. ENUIBLEURN /7

X =(0.0)

. i) = (400
@ Vf(x*) cannot be written as o

linear combination of Vhy(x*)
and Vhy(x*)




Proofs for the Lagrange multiplier theorem

@ The elimination approach:
o We view the constraints as a system of m equations with n unknowns (recall
that m <n).

o We express m of the variables in terms of the remaining n — m to reduce the
problem to an unconstrained problem

o Apply the corresponding first and second order necessary conditions for
unconstrained minima: the Lagrange multiplier theorem follows.

o We use the implicit function theorem here.

@ The penalty approach:
o We disregard the constraints, while adding to the cost a high penalty for
violating them.

e By Writing the necessary conditions for the “penalized" unconstrained
problems, and by passing to the limit as the penalty increases we obtain the
Lagrange multiplier theorem.

The regularity condition is crucial for the proof



Penalty approach for proof of necessary con ns for optimality

(C-OPT):

{minimize f(x) s.t. xi = argmin Fi (x) = F(x)+ 5 [[R(x) |2+ & [[x — x*|
h(x) =0 x €S ={xeR|x—x*| < e}

Penalty approach:

2, s.t.

o %Hh(x)”z: imposes a penalty for violating the constraint h(x) = 0.
@ Z|lx — x*||?: introduced for technical related reasons (to ensure x* is a strict local
minimum of function f(x) + £||x — x*||? subject to h(x) = 0.

@ € > 0 is chosen to be small and also such that for all x € SN{x € R"|h(x) = 0} we have
f(x) > f(x*)

@ Weierstrass theorem guarantees that xy exists for all k € Rx.

Let X be a limit point of {x\}:
Some observations:

@ Frl(xx) < Fi(x*) = f(x*):

o () + §lhxic —x*|17 < f(x*) = f(%) + 1% —x*||> < f(x*)
@ limy_, o ||N(xx)|| = 0 (since f(xy) is bounded in S):

e every limit point X of {x;} satisfies h(X) =0
@ X € S and it feasible, we have f(x*) < f(X)||x —x*]| =0= X = x*

@ X = x* is an interior point of S (the constraint is not active), therefore x* is a local
minimizer of unconstrained optimization problem x* = argminF (x) when k — co.
xX



Penalty approach for proof of necessary conditions for optimality

x* = argminF (x) when k — oo
X

FONC:
VF(xx) = VI(x) + kVh(xi)h(xe) + o(xx —x*) =0, k — o0

@ Under the assumption that x* is a regular point, i.e., Vh(x*) is full column rank:
(Vh(x*)TVh(x*)) is invertible

@ limyoo khi(xi) = A?

0 A = —(Vh(x*)TVh(x*)) Vh(x*) TVF(x*)
Then we get f(x*) + A*Vh(x*) =0
SONC:

V2F(xi) = V3 (xi) + kVh(xi) Vh(xad) T+ Kk Y i) V2hi(xi) + oI

i=1

y' <V2f(x*) + Z?\{‘Vth(x*)) y=0, yeVx)
i=1



Second Order Sufficiency Conditions for Optimality

Proposition (Second Order Sufficiency Conditions for Optimality)

Assume that f and h are twice continuously differentiable, and let x* € R™ and
A* € R™ satisfy

ViL(x*,A*) =0, ViL(x*,A*) =0,
Yy Vi L(x*, A*)y >0, Vy#0 with Vh(x*) 'y =0.

Then x* is a strict local minimum of f subject to h(x) = 0. In fact, there exists
scalars vy > 0 and € > 0 such that

f(x) > f(x*) + %||x—x*||, Vx with h(x) =0 and ||x —x*|| < €.




Constrained optimization

x* =argmin f(x) s.t. x* =argmin f(x) s.t.
XERM or XERM
hi(x)=0, ie{l,---,m} h(x) =0,
gilx) <0, iefl,--- 1} g(x) <0,

f,h,g: continuously differentiable function of x
e.g., f,h, g € C! continuously differentiable
e.g., . h,g € C2 both f and its first derivative are continuously differentiable

First Order Necessary Condition for Optimality: x* is a local minimizer then

Vix*)TAx >0, for Ax e V(x*)

@ Set of first order feasible variations at x
V(x) ={d € R™ | Vhi(x)"d =0, Vg;(x)'d <0, jeA(x")}
@ Active inequality constraints at x
A =(efl - 1] g(x) =0}

A feasible vector x is said to be regular of the equality constraint gradients Vh;(x),

i=1,---,m, and the active inequality constraint gradients Vg;(x), j € A(x), are linearly
independent.




Necessary Conditions for Optimality: equality and inequality conditions

x* = argmin f(x) s.t. x* =argmin f(x) s.t.

xERM or x ERM™
hi(x)=0, i€{l---,m} h(x) =0,
gi(x) <0, je{Ll---, 7} g(x) <0,

@ A simple approach relies on the theory for equality constraints:
o Inactive constraints at x* do not matter, they can be ignored in the statement
of optimality conditions
o Active inequality constraints can be treated to a large extent as equality
constraints
x* is also a local minimum of

x* = argmin f(x) s.t.
xER™

hi(x)=0, 1€{l,--- ,m}
gj(x) =0, VjeA(x*)
If x* is regular for this equivalent optimization problem, then there exists Lagrange multipliers
Af.ooo A%, and g, § € A(x"):
VF(x*) + Z)\ Vhi(x*)+ > wivVg;(x*) =
i=1 JEA(x*)

But we need to require that u; >0 forj e A(x*).

This approach is limited by regularity condition!



Necessary Conditions for Optimality: equality and inequality conditions

Lagrangian function L : R™™™ i R: L(x,A) = f(x) 4+ X {%1 Ajhi(x) + X%y 1jg;(x)

Proposition (Karush-Huhn-Tucker Necessary conditions)

Let x* be a local minimum of x* =argmin f(x) s.t.
XERM™

hi(x)=0,--- ,hm(x)=0
91(x) <0,---,gr(x) <0

where f, hi and gj are continuously differentiable functions from R™ to R. Assume the x* is

regular. Then there exists unique Lagrange multiplier vectors A* = (A}, -+, A%, ) and
= (ug, -+ 1), st
VxL(x*, A%, 1) =0
w =20, jJ=deoc 7
w'=0 Vj¢g A(x™)
\_\/_/

active constraint set

If in addition f g and h are twice continuously differentiable we have
y ! Vi L(X", A%, w*)y >0,

for all
yeV(x*)={y eRMMhi(x*)Ty=0, Vi=1,---,m, Vgi(x*)'y=0, je€A(Xx"}




Penalty approach for proof of necessary con ns for optimality

(C-OPT): Penalty approach:

. . . T
minimize f(x) s.t. X1 = argmin Fic (x) =F(x)+ §[[R(x) 245 X (g5 (x))2+ & Ix — x*12,
h(x)=0 X j=1

x €S ={x€eRM|x—x*| < e}

%||h(x)||2: imposes a penalty for violating the constraint h(x) = 0.
) g;r(x) =max{0, gj(x)}, j =1,---,1: penalizes violating the constraint g;(x) < 0.
@ &|lx — x*||?: introduced for technical related reasons (to ensure x* is a strict local
minimum of function f(x) + $||x — x*||? subject to h(x) = 0.

@ € > 0 is chosen to be small and also such that for all
x € SN{x € R"h(x) =0, g(x) <0} we have f(x) > f(x*)

@ Weierstrass theorem guarantees that xy exists for all k € Rx.

Analysis results are similar to the one for the equality constraint in the earlier slides.

@ x* being regular is essential for proof

o
Ai*:tll)mookhi(xk), 1:1, , M,
},Lj* = lim kg (xx), i=3j,---,1.
t—oo )

Since g;r(x) > 0, we obtain u; > 0 for all j.



Sufficiency Conditions for Optimality

Lagrangian function L : R™™™ i R: L(x,A) = f(x) 4+ X {%1 Ajhi(x) + X%y 1jg;(x)

Second Order Sufficiency Conditions

Assume that f, hi and gj are twice continuously differentiable f, and let x* € R™,
A* = (AL A% and wf = (uf, -, 1}) satisfy

VXxL(x*,A*,1*) =0, h(x*) =0,
1y >0, j=1,---,1,

Wi =0, VgAY

Y VixL(x*, A", 1)y >0,

for all y € R™ such that hi(x*) 'y =0, Vi=1,---,m, Vgj(x*)'y=0, je&A(x").
Assume also that

wr >0, Vj e A(x*).
Then x* is a strict local minimum of

min f(x) s.t.
XER™

hi(x)=0,--- ,hm(x)=0
g1(x) <0,--+,gr(x) <0




Solution approach

One approach for using necessary conditions to solve inequality constrained
problems is to consider separately all the possible combinations of constraints
being active or inactive.



Constrained optimization: numerical example

minimize f(x) = x1 + X2 subject to

g(x)=(x1—1)2+x3—-1<0
@ H1: Constraint is active. To validate H1, we should have p > 0.

Lix, ) =x1 +%x2 +p(x1 —1)2+x3<1

FONC
Vi L, ) =1+2p(x1 —1) =0
Vi, Lx, 1) =1+2p(x2) =0 =
Vul(x,p)=(x1 —1)2+x3—-1=0
x1=1,x2=1pu= —% since 1 < 0 this solution is not acceptable
xf=1,x} =—1,p* =1 since u* > 0 this solution is a candidate for local minimizer

YVaxL(x* u* )y 2 0fory € V(x*) = {y e R?}[Vg(x*) Ty =0} = {y eR*|[0 —2]y

0}

*
Since VyxL(x*, n*) = [2"5 0 ] >0 (u* = 3), then SONC condition is definitely satisfied.

2p*
Also since the condition holds for strict > 0, then the second order sufficiency condition is satisfied
and x{ =1,xJ = —1 is a local minimizer.

H2: Constraint is not active. To validate H2, we should check that the identified stationary points
x* satisfy g(x*) < 0.

Vi, fx)
Vo, f(x) =

1=
1=

0 . L .
0 => there is no solution in this case



Constrained optimization: numerical example

minimize f(x) = 2X% + 2x1X3 + x% — 10x; — 10x, subject to
g1(x) =x}+x3—-5<0
g2(x) =3x1 +x2—6<0

4xy + 2%, — 10 2 2
Vet = [ 132 30 et = [ Vaget =[]

@ H1: both constraints are inactive: g; <0, g2 < 0 and p; = pup =0.

FONC:

Vi f(x) =4x1 +2x2 —10=0 o .

Vi f(x) =2x; +2x, —10=0 [~ X1 =0x2=5
g1(x1 =0,xp =5) =20 >0 and g>(x1 = 0,x2 = —1 < 0. Since H1 is not correct, this case is not
possible.

@ H2: both constraints are active: g3 =0, g2 =0 and py, np > 0.

L(x, 1) = 2x2 + 2x1x2 + X3 — 10x1 — 10%2 + p1 (x3 4+ %3 — 5) + po(3x1 + X2 — 6)
FONC:
L(x, p) =4%x1 +2xp — 10+ 2u3x1 +3p, =0
L(x, p) =2x1 +2x, — 10+ 2pox2 + pp =0 -
Lix,u)=x}+x}—-5=0
L(x,u) =3x1+%x2—6=0

[1a7

X = 2.1742 I since < 0 this solution is not acceptable
T |—o05225)'H T | 422 Ince s solution 1 prable.
U= { 1 02} since p, < 0 this solution is not acceptable.



Constrained optimization: numerical example

@ H3: g; is inactive (g1 < 0, iy =0), and g» is active (p2 > 0).
L(x,p) = 2xf + 2x1X2 + x% —10x7 — 10x2 + H2(3x1 + X2 — 6)
FONC:

Vi L(x, 1) =4x1 +2x2 — 10+ 32 =0 04
Vi, Llx, 1) =2x1 +2x2 =10+ p2 =0 = x = [0-8] , n2 =—0.4.
Vi Lix, ) =3x1 +x2—6=0 )

since 1y < 0 this solution is not acceptable.

@ H4: gy is inactive (g2 < 0, np = 0), and g; is inactive (1 > 0).

L(x, 1) = 2x3 +2x1x2 + x3 — 10x; — 10x2 + py (x2 +x3 — 5)

FONC:
Vle(x,u) 4x1 +2xp — 10+ 2u3x; =0 1
Vi Lx, 1) = 2x1 +2x2 — 10 + 23 x2 =0 :>x*:[2], nr =1
Vi, Lix, 1) =x?+x3—-5=0
since p; > 0 this solution is qualified as KKT solution.
Now we need to validate H4: go(x; =1,x, =2) = —1 < 0, therefore H4 is correct.
SONC:
YVax L(x* u¥)y 2 0fory € V(x*) = {y e R*|Vgi1(x*) Ty =0} = {y eR*|[2 4]y =0}
*
Since Vi L(x*, u*) = 4424 2 +| >0 (n* =1), then SONC condition is definitely
2 2+ 2uy

satisfied. Also since the condition holds for strict > 0, then the second order sufficiency condition is
satisfied and x{ = 1,xJ = 2 is a local minimizer.



