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Economic applications of constrained optimization

Utility maximization problem (UMP)

A consumer allocates her budget of w > 0 to n goods. Her consump-
tion vector is an element of the positive orthant of the n Euclidean space
X = {x € R}}. We assume that the consumer has a continuous utility
function u(x) defined on X. Economic scarcity is present through the bud-
get constraint:

n
p-x < wor Zpixiéw,

=1

where p = (p1,...,pn) > 0 is the vector of strictly positive prices for the

goods.
We can write this problem then as
Maximize
w(xy,y .oy )
subject to

n
Z piT; < w,
i1

x; > 0 for all «.

By writing the constraints in the equivalent form:



subject to

> piri—w <0,
i=1
—x; <0 for all 4,

the problem is in the standard form that we always write for inequality
constrained optimization problems.

Let’s pause to see what we know about this problem already. To see
that the feasible set is bounded, let p™" = min; p; (i.e. one of the smallest
prices p;). Then we know that for all feasible =, we have p;z; < w for all ¢
since x; > 0 and p; > 0 for all i. Therefore for all feasible x, z; < # for
all 7. In other words, the feasible set is bounded since 0 < z; < # for all
1.

To see that the feasible set is closed, we need to show that all limit
points of the feasible belong to the feasible set. We show this by arguing
that when y is not in the feasible set, it is not a limit point. If y is not
feasible, then either y; < 0 for some ¢ or ), p;y; > w. In the first case,
if y; = —a for some a > 0, then no B°(y) contains any feasible point for
€ < a. Hence y is not a limit point.

For the second case ), p;y; — w = b for some b > 0, let p™** = max; p;.
Then no point in B*(y) for e < p;‘(u is feasible. Hence y is not a limit point.

Remark 1. You do not have to prove this closedness property every time.
It is sufficient to note that {x € R" : g(x) < 0} is a closed set whenever g
is continuous. In our case here, all g, are linear and therefore continuous.
For multiple constraints, just observe that intersections of closed sets are
closed.

Hence we know by Weierstrass” theorem that a maximum exists. Since
the constraint functions are linear, the feasible set is convex. If u is strictly
increasing (as we usually assume) and quasiconvex, then the first order
Kuhn-Tucker conditions are necessary and sufficient for optimum. In words,
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whenever we find a point satisfying the K-T conditions, we have solved
the problem.
Let’s turn our attention next to the Lagrangean and the K-T conditions:

The first-order K-T conditions are:

Ao [Z biTi — w] =0, 2)
i=1
Aix; = 0 for all 4, 3)
Zpixi —w <0, 4)
i=1
—x; < 0 for all 4, (5)
Ai>01i€e{0,1,...n}. (6)

If the utility function has a strictly positive partial derivative for some
x; at the optimum, then the budget constraint must bind and Ay > 0. This
follows immediately from the first line of the K-T conditions. For the other
inequality constraints, consider the partial derivatives at x € X with z; —
0 for some 7. If

then we know again from the first line of the K-T conditions that at opti-
mum z; > 0. (Intuitively, if you have an infinitely large marginal utility for
some good, you would want to consume more of it). If this is true for all
i, then we can ignore the non-negativity constraints and we are effectively
back to a problem with a single equality constraint.
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If 8;—2’,) < oo forx = (z;,z_;) = (0,2_;), then we must also consider
corner solutions where z; = 0 at optimum. For interior solutions, we get

from the first equation by eliminating A the familiar condition:

ou P
ox; i
Do Pk

This is of course the familiar requirement that M RS;, ., = I that we
saw in Principles of Economics 1. Now we see that the same condition
extends for many goods and the economic intuition is exactly the same.
The price ration gives the marginal rate of transformation between the
different goods and at an interior optimum, that rate must coincide with
the marginal rate of substitution. In some cases, the functional form is
such that the problem can be solved explicitly.

Constant elasticity of substitution

We start with the functional form that we have already seen a number of
times in this course:

o=

u(x) = (a2 + -+ apal)v,

for p > 1. You have already shown in problem sets that functions of
this type are quasiconcave. We compute the marginal utility for each x;:

ou
89@-

Note that since p < 1, we have % > 0, and

1 1
= panaf ™ (@2 4 o anat)

Since the feasible set is convex and the objective function is quasiconvcave
with a non-vanishing derivative, the first order conditions are necessary
and sufficient for optimum. Since the marginal utility is unbounded at the
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boundary, we know that we have an interior solution and that the budget
constraint is binding. Hence the K-T conditions require simply that for all
1, k:

ou

oz; __ Di
u o
oy, Pk

and the budget constraint holds as an equality:

i=1

Hence we have that .
wz! pr

1 — )
apxh Dk

or
I agpi . 1
— p—1
Tk a1y
or
arppr 1
Tp = T =, (8)
1Pk

Substituting into the budget constraint, we get:

n
agpy, 1
P11 + Zpkxl( kpl)l—f’ = w.
2 1Pk

We can solve for z; to get

w

Ty = - P
P14 D PR ) T

Substituting into (8), we can solve the other z;.
To get a bit nicer expression, let r = -7 and assume that a; = 1 for all
1. Then we have for each j:

Tr; = —wp;_l
DY
(Exercise: Check that you can get this formula from the equation above).
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In this case, we are able to solve the optimal demands as explicit func-
tions of the exogenous variables. We call the optimal solutions to the util-
ity maximization problem the Marshallian demands. You will see these
demand functions for CES utility functions in your future studies in mod-
els of monopolistic competition as needed in growth theory, international
trade and industrial organization.

If you want to understand where the name constant elasticity of sub-
stitution comes from, you should note that

LTk Dk Qi
Hence a small percentage change in the price ratio between any two

= = (e,

goods induces the same percentage change in the optimal consumptions.
The size of this change is given by ﬁ and hence p measures the elastic-
ity of substitution between any two goods. The higher, p, the higher the
substitution away from a good when its price increases.

You should consider the comparative statics of the optimal demands

in prices and income. In other words, compute the partial derivatives

Ozi(p,w) Ox;(p,w) Oz (p,w
op; 7 Op; and ow

L. For example, when does the demand for good
i increase in the price of another good p,?

Let’s look at some special cases. In Problem set 1, you showed that as
p — 0, the CES -function converges to the Cobb-Douglas utility function
u(x) = xf* .. aln.

If we just substitute p = 0 into the optimal demand, we get

o
T = ———-
Pi(2 iy i)
For the Cobb-Douglas utility function, you get the result that the ex-
penditure share 2% on each good is equal to =+—. In this case, the
w (i o)

consumer’s expenditure share does not depend on her wealth. In other
words, rich and poor consumers use the same fraction of their income on
food, clothing, yachts etc. This is clearly not a very good description of
reality.



By equation (8), you can see that CES -functions do not offer that much
help either. The expenditure shares are still constant in wealth (even though
they depend now on the entire price vector). One way to get more realis-
tic consumption patters is to define the utility function for consumptions
above a level needed for subsistence. Let £ = (x4, ..., z,) be the levels of
each good needed for survival and assume that w > p - . The utility

function for € R" such that z; > x; is of Cobb-Douglas -like form:

u(x) = (21 —2)™ ... (T — 2,)™",

where 0 < a; < 1foralliand >  «a; = 1. Notice that the marginal
utility for good i is infinite if x; = ; and that the utility function is strictly
increasing in all of its components. Hence we still have an interior solution
and the budget constraint binds.

We get as above:

833) ai(; — ;) Di :
8u(:;:) = —— = — forall i, k,
5 (g — ﬂ) Pk
T
and .
Zpﬂi =w.
i=1
We get that
T; — X; = 2Pt (ZEl — ZEl) for all i. (9)
- aqp; -

Multiplying both sides by p; and summing over i gives:

Qg

. p ?: Q;
Zpi(xi —z) = === 2o (1 — z1).
=1

So we can solve:

ar(w = >0 pivi)
Ty — X = D )
1

where we used the budget constraint » " | p;z; =wand > a; =1
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By (9), we see that

(W — D iy Pitti)
Dk '
Now you can see that the consumer uses a constant fraction of her ex-

T — Tk =

cess income (above what is needed for the necessities x) in constant shares
given by the «;. Since the poor have less excess wealth, their consumption

fractions are closer to the ones given by the subsistence levels 3; := <

1
i L

Hence the richest spend fractions «; On good ¢ and the poorest spend g;.

Expenditure minimization problem

We cover briefly the related problem of minimizing expenditure subject
to the constraint of reaching a specified level of utility. All the notation is
exactly as in the previous subsection. We assume that the utility function
that we have is quasiconcave.

n
minp - x = E Dils,
xzeX —

1=

subject to
u(x) > u.

This means that we have a linear and thus quasiconvex objective func-
tion for our minimization problem and since the utility function is qua-
siconcave, the feasible set is convex. Hence we know that K-T neces-
sary conditions are also sufficient. Notice that the feasible set is now not
bounded (why?), but the solution exists because we can take any * such
that u(z*) > w and restrict attention to x such that

p-x<p-x,

since xx* is a feasible solution. But this set is convex and bounded since it
is a budget set.
The Lagrangean to the problem is:
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n

L(x,\) = szxl — No(u(x) —u) — Z i

=1

The first-order conditions are:

oL ou

= pi A

+ \; =0 forall ¢,

Nolu(x) —a) =0,
Aiz; = 0 for all 7,
u—u(z) <0,

—x; <0 for all 7,

X >0ie{0,1,..

Notice that for interior solutions (where \; = Ay =

conditions that

Au(x)

or; &
Ou(x) ’
e Pk

,n}.

. =N, = 0, we
get again (after eliminating the multiplier) from the first line of the K-T

We have exactly the same situation as before. Now the ratio of marginal

two problems in the next lecture.

Cost minimization problem for a firm

to be a strictly increasing and quasiconcave function f(k,1).

min rk + wl
(k)eR2

9

utilities is really the MRT for the problem since it describes the feasible set.
The price ratio is now the MRS of this new problem. We will relate these

A firm chooses its inputs £, [ to minimize the cost of reaching a production
target of g at given input prices r, w. The production function is assumed



subject to
Sk 1) =7
Notice that this is the same mathematical problem as in expenditure

minimization. Only the names of variables have changed. The solution to
the problem is therefore also identical and we do not repeat it here.

Examples of the computations

Start with a utility maximization problem with Cobb-Douglas preferences
and strictly positive prices p,, p, for the wtwo goods z,y, i.e.:

max 2%y~
"1“7y

subject to:

Form the Lagrangean:
L(z,y, Ni, A2, A3) = oy — M (pex + pyy — w) + Aoz + Azy.

We have argued in previous lectures that since the utility function is strictly
increasing, the budget constraint will bind and the non-negativity con-
straints do not bind at the optimum. We have also derived the solution to
be:

aw (1 —-a)w
I(parapyaw) = _7y(p$7py7w) = -
Pz Dy
By substituting these optimal solutions to the objective function, we get

the indirect utility function:

o —a &\ l—a
0(Ds Py ) = 2(Pos Pys )Y (P pys ) = () (L)

)(1—a)_
Dz Dy

You should check that this indirect utility function is homogenous of de-
gree 0 in (p,, py, w), i.e. that multiplying both prices and the income w by
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the same positive number ) leaves that value of the indirect utility func-
tion unchanged. You should also check that Roy’s identity holds, i.e. that
you get the demand function from:

0v(pz,py,w)

2(Par Py W) = = G

ow

Consider next the expenditure minimization problem for the same pref-

erences:

min p,x + pyy
x?y

subject to:
xayl_o‘ >u,xr >0,y >0.

Form the Lagrangean (to get the signs of the multipliers correct, you may
remember that minimizing f(x) has the same solution as maximizing — f(z)

E(ZE, Y, A’LA7 A27 >\3) = =Pz — pyy + )\1(5an1_a — ﬂ) —+ )\237 + A3y

We see immediately that if « = 0, then the optimal solution is x = y = 0.
For & > 0, the only feasible consumptions are interior and hence A\, =
A3 = 0. The utility constraint must be binding since otherwise it would be
possible to lower the consumption of one of the goods leading to a smaller
expenditure without violating any of the constraints.

The first order conditions for this minimization problem are:

a, l—«a
-y
Pz — & :07
T
a, l—a
-y
py_,Uq(].—Oé) y :Oa

oy —u = 0.

Solving from the first two equations, we get:

xl_
y:p_( a)
Dy «
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Substituting to the third first-order condition gives:

—\ = pm(l—Oé) a—1
z(ps, Dy, U) _“(py " )

Y

and similarly:
Py,
y(vap?ﬁu) —U(p:v (]_—Oé)> .

These are called the Hicksian or compensated demands for = and y.

The value function, i.e. the expenditure function is then:

o) = @ &(1—0{) a1 p_y le" o
e(Pa, Py, U) = (px(py—a ) +py(px—(1_a)) )-

Is the expenditure function homogenous? Of what degree? Can you see
that by taking the partial derivative of this expenditure function, you get
back the compensated demand for z?

Finally, you can verify the Slutsky equation. For example, the partial
derivative of the compensated demand for = with respect to own price:

ax(pm,py,ﬂ) _ ’lj(Oé _ 1)l(&<1 B Oé))afl
Ops Pr Py
is equal to
&U(px,py,w) ax(pxapyaw) — _% a2w

2 7

+:L‘ X ’w
(e Py, ) ow p: P2

Op.

when evaluated at 4 = v(p,, p,, w) = w(}%)a((lp—ya))(lfa).
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