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@ Mixed constraints

@ KKT necessary and sufficient conditions with mixed
constraints

@ Comparative statics and the Envelope Theorems




Mixed constraints

Let U be an open subset of R”. From now on, the functions f,
91s--+Gir--- G, and hy,....h;, ... hy are C' on U.

We consider the following maximization problem (M) that
includes both equality and inequality constraints.

max f(x

(M) g0x) =
hi(x) <

—~~

)
0,Vi= P
0,j= ,m

—

Consider x* € U, as in the previous section,
Jx*)={j=1,..,m: hj(x*) = 0}, m* is the number of
elements of J(x ) and h* = (hy)jey(x+)-

Also define the mapping g = (gi)i=1,...p from U to RP.

.....




KKT conditions with mixed constraints

The Karush-Kuhn-Tucker (KKT) conditions associated with the
maximization problem (M) are :

VIH(x) = S04 MiVgi(x) + 24 1V hi(x),
Vi=1,..,p, gi(x) =0,

ety Vji=1,...,m, puj € Ry and hj(x) <0,
Vj=1,...,m, pjhj(x) = 0 (complementary slackness).

A = (A)i=1,..p € RPis the bundle of Lagrange multipliers
associated with equality constraints, p = (14)j=1,..m € R is the
bundle of Lagrange multipliers associated with inequality
constraints.

Notice that )\; is not required to be positive. This is not
surprising, because an equality constraint can be written as two
inequality constraints.



KKT necessary conditions with mixed constraints

As a consequence of the results of the previous section, one
gets the following theorems.

Theorem

Let x* € U be a solution of problem (M).
Assume that one of the following two conditions is satisfied.

@ The functions g; and h; are linear or affine for all
i=1,...,pandallj=1,...m.
@ (Rank condition) All the gradients (Vg;(x*))i-1...
(Vhi(x*))jeux+) are linearly independent. That is,
Dg(x*) | _ N
rank{ Dh*(x*) } =p+m.
Then, there exist \* = (X\})i=1,..p € RP and
W= (uj),-:1 ..... m € R such that (x*, \*, u*) satisfies the KKT
conditions associated with problem (M).




KKT sufficient conditions with mixed constraints

Now U is an open and convex subset of R". We remind that
the functions f, g1,...,9i,...,9p, M1,..., By, ..., A are C' on U.

Theorem

If there exist \* = (A\})i=1,..p € RP and p* = (Mj’.‘)/-:1 .....
such that (x*, \*, u*) € U x RP x R satisfies the KKT
conditions associated with problem (M), and and the following
condition (G) holds true, then x* is a solution of problem (M).

|

Condition (G) : The function

L(x) = f(x) = S04 A*gi(x) = X2y i hi(x)
is concave in X.




The previous theorem still holds true if Condition (G) is
replaced by one of the following two conditions.

@ The objective function f is concave, the functions g; are
linear or affine for all i = 1, ..., p, the functions h; are
quasi-convex forallj=1,...,m.

© The objective function f is quasi-concave with Vf(x) # 0
for all x € U, the functions g; are linear or affine for all
i=1,...,p, the functions h; are quasi-convex for all
f=1,...m.




Parameterized optimization problems

We now consider the following parameterized maximization
problem with equality constraints.

Problem (P,) depends on some parameters

r=(r,....I,.... 1) € R¢, because the value of the objective
function and the values of the constraint functions may depend
on some parameters r.

max f(x,r)
(Pr) xcU '
gilx,r)=0,i=1,....,p

We denote by v(r) the value of problem (P,). That is, v(r) is the
value of the objective function f at a solution of problem (7).



Value function

Let7 = (F,..., Tk, ..., I;) € R* some reference parameters.

We assume that v(-) is well-defined around 7, that is, in some
open ball B C Rf of center T.

For all r € B, the value function is then defined as :
v(r) = max{f(x,r): x € C(r)},

where C(r) ={x € U: gi(x,r)=0,Vi=1,...,p} is the set
determined by the constraint functions of problem (P;).

We are interested in studying the marginal effects of changes
in r on the value function v.



We make the following assumption.

Assumption (A). There existC' mappings x(-) and \(-)
defined in the open neighborhood B of r, i.e.,

x:reB—x(r)=(xq(r),....xa(r)) € R", and
A:reB—= )= (A(r),....,\p(r)) €RP
such that forallr € B :
@ x(r) is the unique solution of problem (P;), and

Q@ V. f(x(r),r) = X84 A(r)Vxgi(x(r),r) = 0.




Notice that Assumption (A) is an assumption on endogenous
variables. i.e., x € U and \ € RP.

Nevertheless, Assumption (A) can be obtained as a
consequence of the Implicit Function Theorem.

Indeed, one can determine appropriate assumptions on the
objective function f and on the constraints function g; in such a
way that one applies the Implicit Function Theorem to the
system of equations F(x, A, r) = 0, where the mapping F is
given by :

F:(x,\,r)e UxRP xB— F(x,\r) € R" xRP,
with F(x, A\, r) = (D(x, A, r), G(x, A, r)) and

{ DX, A, r) = Vf(x,7) — S0 AVgi(x, )
G(X7 ) ) (g1(X I’) 7gI(X r),...,gp(x, r))



The Envelope Theorem

For every r € B, we have then v(r) = f(x(r),r).

Under Assumption (A), one gets the following Envelope
Theorem by using the chain rule.

Theorem

Assume that the objective function f and the constraint
functions g1,...,8i,...,Qp are C? on U. If Assumption (A) is
satisfied, then V,v(r) = V, f(x(7),T) — Zﬁ; Ai(F)Vrgi(x(r),T).

Thatis, forallk =1,....¢:

ov of 99; =
Tm(r) ark( (F),7) = 2204 Mi(T )8k( (r), r)-




Some remarks on the Envelope Theorem

Remark 1.

In the unconstrained case (i.e., no constraints at all), we have
that :
Vv(r) =V, f(x(r),r)

Remark 2.

If the number of parameters ¢ is equal to the number of equality
constraints p, i.e., r = (ry,...,1j, ..., Ip) € RP, f does not depend
on the parameterr, i.e., f(x), and foralli=1,...p :

9i(x, r) = ~i(x) — i,

one gets :

Vo v(F) = A(F)




Parameterized problems with inequality constraints

The previous analysis can be extended to the case of inequality
constraints.

Consider r = (ry,..., I, ..., ;) € R® and the following
maximization problem (Z;).

max f(x,r)
(Ir) xeU ]
hi(x,r)<0,j=1,....m

We write the Karush-Kuhn-Tucker conditions associated with
problem (Z;).




(KKT), { 1) Vxf(x,r) = S Vxhy(x.r),
2)Vj=1,...m, uj >0, hj(x,r) <0 and pihj(x,r) =0

For all j =1, ..., m, the conditions in ltem 2) translate in the
equation :

min{uj, —hj(X, f)} =0.

Notice that the function min{x;, —h;(x, r)} is not differentiable
everywhere.

This is because if x is on the boundary of constraint j, the
changes in parameters r can cause x to jump from the
boundary to the interior of constraint j.



Hence in the case of inequality constraints, Assumption (A)
must be adapted as follows.

Assumption (B). There exist C' mappings x(-) and p(-) defined
in an open neighborhood W of r such that forallr ¢ W :

@ x(r) is the unique solution of problem (Z),

Q@ hi(x(r),r) =0 forall j € J(x(F)) and hj(x(r),r) < 0 for all
J & J(x(T)),

Q Vif(x(r),r)— > w(r)Vxhi(x(r),r) =0,

jed(x(r))

©Q (r) >0 forallj e J(x(r)) and pj(r) =0 for all j ¢ J(x(T)).




For all r € W, the value function of problem (P;) is then
defined as :

v(r) = max{f(x,r): hi(x,r) <0,Vi=1,....,m} = f(x(r),r)

Under Assumption (B) one gets the same result as the previous
Envelope Theorem.

Theorem

Assume that the objective function f and the constraint
functions hy, ..., h;, ..., hy are C? on U. If Assumption (B) is
satisfied, then

V(i) = VA, — Y (DY hy(x(P), 7).
JeJ(x(T))




