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Solution to Exercise 7

1. Find all minimum/maximum points of the function
Flo,y)=zy—x—y+3,
over the triangle with vertices at (0,0), (2,0), and (0, 4).

Solution. F, =y —1;F, =z — 1. Therefore, (1,1) is an interior critical point of F. Let
[1 be the line segment from (0,0) to (2,0); l2 be the line segment from (2,0) to (0,4); I3
be the line segment from (0,4) to (0,0).

Along U1, F(x,0) = —x + 3 is decreasing, possible extrema are (0,0) and (2,0). Along
lo, F(z,—2x + 4) = —222 4+ 5z — 1,2 € [0,2] has critical point at x = It suffices

to consider the values of F' at (5/4,3/2),(2,0) and (0,4). Along l3,F(x,0) = —y + 3 is
decreasing, it suffices to consider the points (0,0) and (0,4).
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Finally, we evaluate F' at the aforementioned points:

F(1,1) =2, F(0,0) =3, F(2,0) =1, F(0,4) = -1, F(5/4,3/2) = g.

We see that the maximum point of F' is (0,0) with maximum value F(0,0) = 3 and the
minimum point of F' is (0,4) with minimum value F'(0,4) = —1.

2. Find all maximum/minimum points of the function

: 22 y2
z=2x - - =
in its natural domain.

172 y2

Solution. The natural domain is {(:c, y):1l—— — o] > O} (the closure of the ellipse)
a

and the function vanishes on its boundary. Computing z, and z,,
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The critical points are (0,0), (£a/v/3,4+b/v/3) and (£a/v/3,Fb/\/3). At these points:

a b ab a b
2(0,0) = 0, z(%—%> =375 :z(— ﬁﬁ> :

Z(i i) _Lb_z<_i _L>
VERVEVAEVE] VERRRVEY
Therefore, maximum points of z are (a/v/3,b/v/3) and (—av/3, —by/3) with maximum

b
value ?)a% and minimum points of z are (a/v/3, —b/+/3) and (—a+/3, bv/3) with minimum
ab

value ———.

3v/3
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3. Determine whether the following problems have maximum or minimum in R%. Not need

to find them.

(a) g(xvy) = ‘/Eg + y3 - 3:I:y )

(b) h(z,y) =2 +y* —2® —ay —y?,
(c) k(z,y) =sinzy + 22 .

(@) flz,y)=(z-y+1)*,

Suggestion: Theorem 7.2 and its corollaries would be useful.

Solution. (a) Take y = 0, then g(z,0) = 23, which tends to oo as = tends to oo, and
tends to —oo as x tends to —oo. Therefore, g has no maximum nor minimum.

(b) Since
1 1
at+yt = §($4 +yh) + 5(904 +y%)
1
> 5(:1:4 + ) + 22y
1
= L@
and

2% + 2y + y?| < 2(2% + ¢7)

we have h(z,y) — oo uniformly as 22 + y? — 0o, and hence h has no maximum while h
has minimum.

(c) Take y = 0, then k(z,0) = 22, which tends to oo as x tends to co. Therefore, there
is no maximum. On the other hand, sinzy + x? > —1 (this is clear when x # 0. When
r=0,k(0,9) =0 > —1.) and setting z,, = 1/n, y, = —n7/2, k(xn,yn) = —1+1/n% = —1
as n — 00. Therefore, inf kK = —1 but £ has no minimum.

(d) Take y = 0, then f(x,0) = (x + 1), which tends to oo as z tends to oo. There-
fore, there does not exist maximum. On the other hand, f(z,y) = (z —y + 1) > 0 and
= 0 when x—y+1 = 0. Therefore, all points in the plane z —y+1 = 0 are minimum points.

2

4. Find all maximum/minimum points of the function v = 2> — zy + 3> — 2z +y .

Solution. Note that 2|zy| < 22 + 9%, 22 — zy + y? > (22 +%?)/2 so u — oo uniformly as
22 + y? — 00, hence u has no maximum while its minimum exists. Solving

Up =20 —y—2=0, uy=-x+2y+1=0,

the only critical point is (1,0), and it must be the minimum.

5. Find all maximum/minmimum points of the function u = zy%(1 — = — 2y), =,y >0.

Solution. Consider the triangle with vertices at (0,0), (1,0) and (0,1/2). Note that the
slant edge is given by x + 2y = 1,z € [0,1]. Hence we see that u > 0 inside the triangle,
u = 0 on the boundary of the triangle, u < 0 outside the triangle. Therefore, © must have
maximum inside the triangle, and must be an interior critical point. We have

uy = y?(1 —x —2y) —xy® ,  uy = 22y(l — 2 — 2y) — 22y° .
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Solving u, = uy = 0, we have (z,y) = (1/4,1/4), which is the maximum of u. On the
other hand, since u(x,r) = 23(1 — 3z) — —00 as  — 0o, u has no minimum.

. Let (z1,91), -+, (n,yn) be n many order pairs. Find the straight line y = ax + b so that

the square error
n

F(avb) = Z(yj —arj — b)2 ) (CL, b) € R2a
j=1
is minimized.

Solution. Computing the partial derivatives of F' (with notation z = (z1,...,x,) and
Y=L ¥n)) :

7j=1
oF -
%:22(%— i —b)( Z —axj) —nb) .
=1 =1
oF OF
Setting — 0= b 0, we have

n
alz|? +b2xj =2x-vy,
j=1

n n
aZﬂcj +nb= Zyj ,
j=1 J=1
which is a linear system with two variables a,b. Solving the above linear system yields

nr-y — (Z?:l wj)(Z}Ll Y;)

nlz? = (25 =) ’

and

and in terms of a, b is expressed as
1 n n
j=1 j=1

. Find all maximum/minimum points of the function

50 20

Solution. Note that w — oo uniformly near the boundary of {(x,y) : z,y > 0}. There-
fore, w has no maximum and has minimum, which must be an interior critical point of w.

We have
50 2
wx—y—ﬁ, wy—ﬂ?—?.
Solving w, = wy = 0, the critical point (z,y) = (5,2). By the above discussion, (5,2) is

the minimum point of w.
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8. Find and classify the critical points of the following functions

(a) fi(z,y) = 9+4y — 322 — 2y% + day .
(b) fo(z,y) = 3z — 23 — 3zy? .
(c) f3(z,y) =2t +y* —day .

Solution. (a) The only critical point of f; is (2,3), and its Hessian matrix is given by

[_6 4 10+ /68

4 4| The eigenvalues are 5 , which are negative. Therefore, (2,3) is a

local maximum of fj.

(b) The critical points of fs are (0,1),(0,—1),(1,0),(—1,0), and the Hessian matrix is
—6x —6y
—6y —6x
Substituting each of the above critical points to Hessian matrix and computing the eigen-
values of each of the Hessian matrix, we see that all the critical points are saddle points
of f2.
(c) The critical points of f3 are (0,0), (1,1),(—1,—1), and the Hessian matrix of f3 is given
by [ 1222 —4 ]

—4 1297 |
We see that (0,0) is a saddle point and (1, 1) is a local minimum of fs.

given by [

9. Find and classify the critical points of the function

H(z,y) = zylog(z® +y%), (z,y) # (0,0),

and H(0,0) = 0.

Solution. At (z,y) # (0,0),

2$2y 2

2 + 9?2’

2zy
2 +y?

H, = ylog(z* 4+ 4°) + H, = zlog(z? + %) +

On the other hand, by the definition of partial derivatives H;(0,0) = Hy(0,0) = 0. The

1 1
st (2 )

critical points of H are given by (0,0), (i

The Hessian matrix of H is given by

223y + 6y3 4292
1 2 2 2 _
@+ R N
429 2213 + 623y
log(z? +y?) +2 — ——"=— =
( @+ P @+
1 1 1 1
At (—, —) and ( - —, ——), the Hessian becomes
V2e +2e V2e 2e
2
- 0
<9
0

e2
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10.

1 1 1
At ( ,— ), ( — , ), the Hessian becomes
Ve 2e V2e +2e

20
e? 5
0o =

o2

Therefore,

are local minimum points and

1 1 11
=) )

are local maximum points.

It is not clear if the function is twice differentiable at the critical point (0,0), so we cannot
apply the Second Derivative Test. However, H is negative near (0,0) when zy > 0 and
positive when zy < 0, we see that (0,0) is a saddle.
Find all maximum/minimum points of the function

h(z,y,2) = zyz

over the set {(z,y,2):c+y+2z=1, z,y,2 >0 }.

Solution. Apply the Lagrange multiplier method to h subject to the constraint g(z,y, z) =
z+y+z—1toget

ha = Aga,

hy = Agy,

h: = Agz,
g(z,y,z) =0.

More explicitly,

yz = A,

Tz = ),

Ty = A,
r+y+z=1.

Multiplying the first three equations gives
22y?22 = 23,

which implies xyz = A2. Tt follows that = = Yy=2z= A2 Using the last equation we get
x =y = z = 1/3. Therefore, (1,1,1)/3 is a maximum point of A with maximum value
1/27.

On the other hand, h is continuous on the compact set K = {(z,y,2) : v +y+ 2z =
1, z,y,z2 >0}, h > 0 in its interior, and vanishes if and only if x =0 or y =0 or z = 0.
Therefore, the minimum of A on K must be attained on these boundary points.
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11. Consider a hexagon with vertices (£1,0), (+x, +y),z,y > 0, inscribed in the unit circle.
Show that the area is maximal when it is a regular hexagon with equal sides and angles.

12.

Solution. By elementary geometry, the area of the hexagon with vertices (£1,0), (£, +y)

is given by

1
A(:L",y)=4<$y+§y(1—$))=4:vy+2y(1—$)=2:vy+2y, 0<zy<l1,

where (z,y) satisfies 22 4 32 = 1. Therefore, we have to maximize A(z,y) with constraint

equation z? + y? = 1, that is, over the compact set {(:U,y) 2t vyt =12,y > 0}.

By Lagrange multiplier, we have

2y =2\,
20 4+2  =2\y,
2 + y2 =1.

It follows that y = Az and x + 1 = A?y. Therefore,
1 A

YT YT e

Substitute these expressions of x and y to the last equation gives
1+ M=\ -1)?%,

that is,
M _3)2=0.

Hence, \> = 0 or A2 = 3. In the former case, z = —1, is excluded. Therefore, A\

- Y

and hence A = +v3. If A = —V/3, y = \237 is excluded. Therefore, A\ = /3, and

hence (7,y) = (1/2,4/3/2). Now, A is considered over a compact set and it is equal to
0 at the endpoints (1,0), (0,1) and positive inside. So it must attain its maximum. Now
(1/2,+/3/2) is the only critical point so it must be the maximum of A. You can verify that
it gives the regular hexagon by showing that all sides of this hexagon are of equal length.

Use Lagrange multiplier to show that the distance from a point z to the hyperplane

H:a-x=0is given by
la -z — b

lal

Solution. Let x = (x1,...,x,) and p = (p1,...,pn) wWith p being fixed. Let ¢(z) =
> (T — pj)? be the square of distance between z and p. We have to minimize ¢(x)

subject to g(z) =a-x —b=0.

Applying the Lagrange multiplier method to ¢(x) along g(z) = a - x — b, we have

Q(xlipl):)‘ala Z:]-v , 1,
a-x—b=0.
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13.

For each 1 <4 < n, multiply a; on both sides of the first equation and then sum up over

all ¢, we have
n n n
2> (ami) =2 (aipi) =) _a;
i=1 i=1 i=1

We may rewrite it as

2b — 2a-p = Mal? .

2b—2a-p
|af?

Therefore, A =

o) = g ("2
- R

J=1

which is the minimum of ¢(x), i.e. square of the distance from p to the hyperplane.
b—a-
Therefore, the distance is given by \|p|
a

Note. The distance square function g tends to infinity uniformly so the minimum must
attain somewhere. Now there is only one critical point so it must be the minimum point.

Find the points on the ellipse 22 + zy 4+ y? = 3 that are closest to and farthest from the
origin. Hint: Write the equations in the form ax 4+ by = 0, cx + dy = 0, and use the fact
that ad — bc = 0 if there are non-trivial solutions.

Solution. Let ¢(z,y) = 22 + y? and g(z,y) = 2® + 2y + *> — 3. We solve the extremal
problem for ¢(z,y) subject to g(z,y) = 0. First of all, the problem is over the compact
set {(z,y) : ®+ zy + y? = 3} hence maximum/minimum both are attained somewhere.

Using Lagrange multiplier we have the following system

2z = A2z + ),
2y = Mz + 2y),
2 +azy+y?-3=0.

The first two equations are

2(1—= Nz — Ay =0,
—Ar +2(1 =Ny =0.

Since this system has nontrivial solution,

‘2(1—>\) - 0

A 21—

which is a quadratic equation in A. Solving it to get two distinct solutions \; = 2, Ay = 2/3.

When A = 2, (2,y) = (v/3/2, —/3/2) or (—/3/2,/3]2).
(-1,-1

When A\ = 2/3, (a:,y) =(1,1) or (— ). We have
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14.

15.

\/5 _\f _ _\/§ \f _3
“\WzVa2) "9 "VaVz) "2~
a(1,1) = g(~1,-1) = 2.
Therefore, (1/3/2,—+/3/2),(—+/3/2,4/3/2) are the points on the ellipse closest to the

origin, while (1,1),(—1, —1) are the points on the ellipse farthest from the origin.

and

Let p € G be a critical point of f subject to g = 0. Show that if its Lagrange multiplier is
non-zero, then it is also a critical point of g subject to f — f(p) = 0.

Solution. As p is a critical point of f under g = 0, Vf(p) = AVyg(p) for some A € R.

1
Since A # 0, we have Vg(p) = uV f(p), where p = % Therefore, p is also a critical point
for g under f — f(p) = 0.

(a) Find the points of the hyperbola xy = 1 that are closest to the origin (0, 0).
(b) Show that the same points maximize zy over the circle 22 4 y% — 2 = 0.

(c) Can you explain the “duality” in (a) and (b)?

Solution. (a) Let h(z,y) = 22 + %? and g(z,y) = xy. We minimize h(z,y) subject to
g(z,y) = 1. By Lagrange multiplier

2z = Ay,
2y = Az,
zy=1.

We have 4zy = A2xy. It is easy to see that z,y # 0, so A = 2. When A = 2, x = g, and
hence (x,y) = (1,1) or (—=1,—1). When A\ = —2, 2 = —y, and hence 2> = —1, which is
impossible. Therefore, the critical points are (1,1) and (-1, —1), and the minimum of ¢
is given by ¢(1,1) = ¢(—1,—1) = 2. (1,1) and (—1,—1) are the points on the hyperbola
closest to the origin.

(b) Let g(x,y) = xy and h(z,y) = 2% + y>. We maximize g(z,y) subject to h(z,y) = 2.
By Lagrange multiplier

y = 2uz,
T =2y,
22 +y? =2

1
Note that this system is the same as in (a) with p = X Hence pu = 1/2 or —1/2,

each of which implies z = +y, and hence (z,y) = (1,1),(-1,1),(1,—1),(—1,—1). Since
f(1,1) = f(-1,-1) = 1 and f(1,-1) = f(-1,1) = =1, (1,1) and (—1,—1) are the
maximum points of f.

(c) (a) and (b) show that the minimization of h over g = 1 and the maximization of g over
h = 2 have the same extremal points.
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16. A company uses the Cobb-Douglas production function
N(z,y) = 102%6404

to estimate a new product. Here x is the number of units of labor and y is the number
of units of capital required to produce N(z,y) units of the product. Each unit of labor
costs $30 and each unit of capital costs $60. If $300,000 is budgeted for the production,
determine how that amount should be allocated to maximize production, and find the
maximum production.

Solution. The constraint is 30x + 60y = 300,000 which is simplified to = 4+ 2y = 10, 000.

We have
6204904 = )\,
406906 — 9
x + 2y = 10,000 .

We find z = 3y and then y = 2,000, and x = 6,000. Therefore, the amount which maxi-
mizes the production is (z, y) = (6,000, 2,000) with maximum production N (6,000, 2,000) =
10(6,000)%-6(2, 000)%4.

17. Let T be a right triangle with sides z,y and hypotenuse z. Find the one maximizing the
area subject to the perimeter constraint = + y + z = 10. Does there exist an area mini-
mizing one?

1
Solution. Let f(z,y,2) = 2%Y; g(z,y,2) =2 +y+zand h(z,y,2) = 2% + 3% — 22 (this
constraint asserts this is a right triangle). Applying the Lagrange multiplier method to

f(x,y, z) subject to g(x,y,z) = 10 and h(z,y,z) = 0, we have the following system of
equations:

1
*y:)\+2ﬂl’a

0=X—2uz,

z+y+z=10,
2

22442 =2

1
We have (1 +4p)(x —y)=0. If p= -3

%y:)\—%x, 0:)\4—%2,
together imply = + y + z = 0, which is impossible. Therefore, (1 + 4u)(z — y) = 0 implies
x =y. Then
2x + z = 10,
{21‘2 = 22,

which is readily solved to give z = 10 + 5v/2. Since x cannot exceed 10, only 10 — 5v/2
is admitted. From it we find z = 10v/2 — 10. We conclude that the triangle maximizing
the area under these two constraints has sides z = y = 10 — 5v2 and z = 10v/2 — 10.
The minimum of area is 0 when the triangle collapses into a line segment, so it cannot be
attained.
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18. Find the maximum/minimum points of the function g(z,y,z) = zy + 22 subject to the
constraints y — z = 0 and 2% + 3% + 22 = 4.

Solution. Let h(z,y,z) =y —x and k(z,y, z) = 2% + y? + 22. We have

y=—A+2uz,

T = A+ 2uy,

22 =2uz,
y—z=0,
24yt +22=4.

We have ¢ = y and then A = 0. And 22(1 — ) = 0. If p = 1, then x = y = 0 and
z = £2. Therefore, (z,y, z) = (0,0, 42) is a critical point of g. If z = 0, then 222 = 4, i.e.
r = £+v/2. Therefore, (z,v,2) = (V/2,v2,0), (=2, —V/2,0) are critical points of g. Since
g(0,0,+2) = 4 and g(v/2,v2,0) = g(—v2,—v2,0) = 2, (0,0,42) are maximum points
while (v/2,v/2,0), (—v2, —v/2,0) are minimum points.

Note. The underlying set is the intersection of the unit sphere with a plane hence it is
compact.



