Problem 1.8.37: A lidless cardboard box is to be made with a volume of 4
m?. Find the dimensions of the box that require the least cardboard.

Solution: If the box has a width of w, a length of ¢ and a height of A, then
the volume V' is given by V' = wh{. We also see from figure 1 that the amount
of cardboard it takes to make such a box is 2hw + 2h¢ + wl.

FIGURE 1

It follows that we are trying to optimize the function

(1) f(w, h,l) = 2hw + 2hl + w/
subject to the constraint
(2) whi = 4.

Noting that
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4
3 h=—
3) wl’
we now want to optimize the function
4 4 4 8 8
4 V) = h.0) = ) =92— 9 —_ 4 °
(4) g(w,l) = f(w,h,l) f<w’w€’ ) w€w+ w€€+w€ €+w+w€

over the first quadrant of R?. We see that

@_ 8 dg 8

(5) aw——ﬁ—i—fand@:—g—?—i—w, SO
99 (w0 0) = 0 _ 8 _

(6) %Z)( ) & v S8=wl =wi Sw="{
S(w l)=0 —5+tw=

(7) —8=w’ = (w,h,l) =(2,1,2)|

To verify that g(w, £) does indeed attain its minimum value at (w, ¢) = (2,2)
we will use the second derivative test. We note that

02 0 JOg 0 8 16
(8) w(wa ) = 8_w8_w(w’ ) = 8_w<_ﬁ +/{) = et

0%g 0 Jg o 8 16
(9) W(w,f) = @@(’waf) = @(—ﬁ +w) = Ik and

0%qg 0 Og o, 8
(10) 6w8€(w’€) = %@(w’ ) = 8_w(_ﬁ +w) =1, so

0%g 0%g 0%g 5
16 16 ., 256
BT A

Since
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256 52g 16
12 D2,2)=——-1=3>0and —5(2,2) = 5=2>0

the second derivative test tells us that g(w, £) attains a local minimum at the
critical point (2,2).
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Problem 1.8.39: Consider the function f(z,y) = 3 + 2* + 3y*. Show that
(0,0) is a critical point for f(z,y) and show that the second derivative test is
inconclusive at (0,0). Then describe the behavior of f(x,y) at (0,0).

Solution We see that

OF (1) = 42% and 2L (2. y) = 127
(13) 9 (x,y) = 42” and o (z,y) = 12y°, so

9f =0 da3 =0
(14) 8x(x7y) L

& & (z,y) = (0,0).
F(r,y)=0 1247 =0

It follows that (0,0) is the only critical point of f in all of R?. We also note
that

O*f 0 of 0, 3 )
(15) @(:Cay) = @%@’y) = %(455 ) = 1227,
0 f 0 of 0 3 2
(16) -5§5(x,y)——2§;2i50r,y)-— 5§(12y2>——36y, and
82f 0 o0f 0 3
1 _— = — 12 —
(17) axay(x,y) 95 0y 8x( y’) =0, so
82f 82f (92f

18) D — i _ 2
(18) D(z,y) a$20mzné%ﬂ(x,y) (8xay(x,yﬂ
= 1227 - 36y% — 0% = 4322y

Since D(0,0) = 0, we see that the second derivative test is inconclusive. How-
ever, we are still able to describe the behavior of f(z,y) at (0,0). Note that
a2t > 0 for all z € R, and 3y* > 0 for all y € R. Furthermore, 2* = 0 if and
only if x = 0, and 3y* = 0 if and only if y = 0. It follows that z* + 3y* > 0
for all (z,y) € R?, and z* + 3y* = 0 if and only if (z,y) = (0,0). From this
we are able to see that f(z,y) = 3+ 2% + 3y* attains an absolute minimum at

(0,0).
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Problem 1.8.47: Find the absolute minimum and maximum value of the

function
(19) flr,y) = 20" — 4o + 3y* + 2 = 2(x — 1)* + 3y*
over the region

(20)

NREES

215

Solution: Note that the interior of R is given by

(21) R ={(z,y) eR?| (z —1)*+¢y> <1}

and the boundary of R is given by

(22) IR = {(z,y) e R’ | (z = 1)* +¢* = 1}.
We will first find all critical points in the interior of R. We note that

of _ of _
(23) %—4x—4anda—y—6y, SO
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of _ _
(24) g#x’y) Ve =0 L =0

7, (@, y) =0 6y =0

We see that (1,0) is the only critical point of f in all of R?. Since (1,0) € R,
we have to take this critical point into consideration when searching for our
absolute minimum and maximum values. Now that we have addressed the
interior of R, we will proceed to address the boundary of R. We note that OR
can be parameterized by 7(t), where

(25) m(t) = (1 + cos(t),sin(t)), 0<t <2,

so on 0R we have

(26) f(z,y) = f(7(#)) = f(1 + cos(t),sin(?))
= 2(1 + cos(t) — 1)? + 3sin®(t) = 2cos*(t) + 3sin®(t) = 2 + sin’(¢).

We may now use the (single variable) first derivative test to optimize f(7(t)) =
2+sin?(t) on the interval [0, 2], but we may also directly notice that the maxi-
mum is attained for ¢ € {Z, %X} which corresponds to (z,y) € {(1,1), (1, —1)}
and the minimum is attained for ¢t € {0, 7, 2w} which corresponds to (z,y) €
{(0,0),(2,0)}. We now evaluate f at all of the critical points that we have
found so far to determine the absolute minimum and maximum values. Noting

that

(xy) [f(xy)
(1,0)| 0
1,1)| 3
(1-1)| 3
(0,0) | 2
(2,0)] 2

so f(x,y) attains a minimum value of 0 at (1,0), and f(x, y) attains a maximum
value of 3 at any of {(1,1),(1,—1)}.
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Remark: In this problem, one may also try to address the boundary of R by
noting that (z — 1)> = 1 — ¢? on the boundary, so f(z,y) = 2 + y? on the
boundary:.
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Problem 1.9.16: Use the method of Lagrange multipliers to find the absolute
maximum and minimum of the function

(27) fz,y,2) = xyz

subject to the constraint

(28) 7+ 2+ 427 = 9.

Solution: We see that

(29) P+ 2 F 4t =9t 27 425 -9 =0,

so we may take our constraint function to be g(x,y, 2) = x* + 2y* + 42% — 9.
We see that

(30) Vf(w,y,2) = (fulw,y,2), fy(2,y,2), f-x,y,2)) = (yz, 22, 2y), and

—

(31) Vo(z,y,2) = (g:(x,y,2), 9y(2, Y, 2), 9:(x, y, 2) = (22, 4y, 82).

We now want to find all (z,y, z, \) (although we don’t really care about the
value of A) such that

(32) 9(x,y,2) =0 o T+ —9=0
Vf(z,y,z) =AVg(z,y,z) — (yz,zz,2y) = A2z, 4y, 8z)
2?4+ 2y> +422 —9=0
Yz = 2\x
(33) xz =4y
xy = 8z

By cross-multiplying the second and third equations in (33) we see that

(34) ANz = 2002 — 0 = 4Pz — 202%2 = 202(2y° — 27),
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so by the zero product property we see that either A = 0, z = 0, or 2y* —2? = 0.
We will handle each case separately.

Case 1 (A =0): By plugging A = 0 back into (33) we see that

2?2 +2y2 +422—9=0

yz =0
(35) rxz =10
xy =0

Using the zero product property once again on the second, third, and fourth
equations of (35), we see that 2 of x,y, and z must be 0. In conjunction with
the first equation of (33) (the constraint equation) we see that (z,y, 2z, \) €
{(0,0, j:%, 0), (0, i%, 0,0), (£3,0,0,0)} are the solutions that we obtain from

this case.

Case 2 (z = 0): By plugging z = 0 back into (33) we see that

2> +2y2—9=0

0=2\z
(36) 0=4\y
xy =0

Since we are done with case 1, we may also assume that A # 0. It now follows
from the second and third equations in (36) that x = y = 0, but this contradicts
the first equation in (36), so we obtain no additional solutions in this case.

Case 3 (2y°> — 2 = 0): In this case we see that 22 = 23? so x = £+/2y.
Plugging # = v/2y back into (33) gives us

20 + 2y + 422 -9 =0

yz = 22Ny
(37) V2yz = 4y
V2y? = 8\z

By cross-multiplying the third and fourth equations in (37) we see that
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(38) 8vV2Ayz? = 4v2X\y® — 0 = 82 y2?2 — 4v20y° = 420y (227 — 4?).

Since we are no longer in case 1, we may assume that \ = 0, so either y = 0
or 222 —y?> = 0. If y = 0, then = v/2y = 0, and we reobtain the solution
(x,y,2) = (0,0, %) If 22 — y? = 0, then y* = 2z°. Plugging this back into
the first equation of (37) yields

3
(39) 1222 =0 — 2 — ig,

so we obtain the solutions

V3 V3 V3
(40) (wvyaz) < {(\/§7ﬁ77)7 (_\/37 _Ea

V3 V3 V3
) 7)7 (\/ga Ev _7)}

If = —v/2y then a similar calculation yields the additional solutions

V3 V3 V3 V3
(41) (ﬂf,y,Z) S {(_\/§7E7_>7 (\/37 _E77>7
V3 V3 VERRRVE
(ﬁa_ﬁ7_7)v<_\/§vﬁv_7)}

Now that we have found all solutions to the system of equations in (33), we see
that
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(x,y.2) f(x,y.2)
(0,0,2) 0
(0,5,0) 0
(3,0,0) 0
(0,0,—2) 0
(0,—5.0) 0
(-3,0,0) 0
V3.%,%) |
V3.4 -9 | 13
V3% | -5
(V3,- %) | 3
(V359 | 33
(V3.5 -9 | 33
(V339 | 33
(V3. -3 | -3

In conclusion, we see that the minimum value of f(z, y, z) subject to g(x, y, z) =

0 is —% and the maximum value of f(z,y, z) subject to g(z,y,2) = 01is %
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