MATH 20550 Home, home on Lagrange Fall 2016

1. THE ONE CONSTRAINT THEORY

The problem is to find the extrema of a function f(z,y) subject to the constraint g(z,y) = c.
One place where this comes up is in solving max/min problems on bounded domains where the
boundary curve is given as a level curve of a function g(z,y).

The book gives a derivation of the theory below, but here is a second way to understand the
result.

Parametrize the constraint curve by arc length r(s) so g(r(s)) = c¢. Then we want to study the
extrema of the function h(s) = f(r(s)). From first year calculus, we start by locating the critical
points of h:

W(s)=Vf(r(s))er'(s)=0

The immediate problem is that we don’t know r'(s). However, from the constraint equation we
know,

0=g'(s) =Vg(r(s)) «r'(s)
. . , dg Og .
and since we are in the plane, 1’(s) is a multiple of YL provided Vg # (0, 0).
Y
Hence the critical points of A occur when g—g% — g—a—g =0 or
(1) 0fdg 8f@
0y8x dxdy

Lagrange would tackle this problem by arguing via geometry that since Vf and Vg are both
perpendicular to r'(s) and we are in the plane, Vf and Vg must be parallel, so

(2) Vf=\Vyg

The number X\ is the Lagrange multiplier. In most cases it is introduced to make the algebra
easier but in certain situations it does have meaning for the problem. We will not pursue this here
but see A, B, C or D if you want further information.

Equation (1) is symmetric in f and g whereas (2) is not. The derivation in the book makes it
clear why (2) is the preferred equation rather than

(3) Vg=AVf

although problem 23 in §14.8 gives an example where the minimum value occurs at a solution to
(3). The solutions to equation (1) give all solutions to (2) and (3) but is harder to work with. Of
course as long as there are no critical points of g on the constraint curve g(x,y) = ¢, (3) implies (2)
so (1) and (2) are equivalent.

g 8g>

Here is a bit more of the geometry of the discussion above. If Vg # (0,0), then <_8_ P
x

parallel to r/(s). Using the right-hand rule, if you put your fingers along Vg with your thumb up,
dg dyg
dy O
dg dg
dy dx

your fingers curl towards <— > Orient the curve at the point so that you are moving in

>. Declare this to be the preferred direction for the curve at the
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the same direction as <—


http://en.wikipedia.org/wiki/Shadow_price
http://en.wikipedia.org/wiki/Costate
http://www.slimy.com/~steuard/teaching/tutorials/Lagrange.html#Meaning
http://www.economics.utoronto.ca/osborne/MathTutorial/ILMF.HTM
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point. Then h/(s) has the same sign as
dg dyg
() Hz.y) = det| 0% 9¥| 20109 9109
of off Oydx 0Jzdy
ox 8_3/
So if we move in the preferred direction along the constraint curve g(z,y) = ¢, the value of f along
the curve is
e increasing if H(z,y) > 0,
e decreasing if H(z,y) < 0 and
e is a critical point if H(x,y) = 0.
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Example: Discuss the function f(x,y) = e~ restricted to the curve g(x,y) = 2% + 4y*> = 1. Here
is a picture of the constraint curve.

The red vectors point in the direction of the gradient Vg and the green arrow indicates the
preferred direction along the constraint curve.

o Vg = (2z,8y)
o Vf = (—ye ™, —ze ™)
_ 2z 8y
® H($7y) = det _yefmy —re %
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So for example, at §, -, H §, — | =det
55 55

_ (218 32 s
—(25+25)6 > (0 so at

. 3 2 . L .
the point (5, 5) on the constraint curve, the value of e™¥ is increasing as we go along the curve

2 0
0 —1
the value of e™¥ is decreasing as we go along the curve counterclockwise.
Let us locate the critical points of the restricted problem using Lagrange multipliers. The three
equations are
(1) 2z = A(=ye™)
(2) 8y = N(—ze™™)
(3) 2 +4y* =1
If A\=0, x =y =0 and we are not on the constraint curve. Hence we may assume hereafter that
A #£ 0.
If x =0 (1) implies y = 0 since A # 0. Hence x # 0. Similarly, if y = 0, (2) implies = = 0 since
A # 0. Hence y # 0.
Note (1) implies 2% = \(—zye ) and (2) implies 8y* = A\(—zye™) so 2z% = 8y* or 2% = 4y*.

counterclockwise. At (1,0), H(1,0) = det < 0 so at the point (1,0) on the constraint curve,

1
Since 22 4+ 4y?> = 1, 22° = 1 and 2 = =——. There are only 4 possible points

V2



<1 1 ) ( 1 1 ) (1 1 > ( 1 1 )
2°2v2) 2°2v2) 7 \V2 2v2) 7\ V2! 2v2
— ¢4 which is the maximum value

1 . . ..
= ¢~ 1 which is the minimum value.

2y

The light blue dots are the approximate locations of the maxima and the purple dots are the
approximate locations of the minima. You can pick out the intervals where f is increasing and
where it is decreasing as you move along the curve in the preferred direction and note that it is

consistent with the calculations of H above.

We have put a minus sign next to the intervals on which f is decreasing and a plus sign next to
the intervals on which f is increasing. This resembles the first year calculus technique where you
draw a number line, mark the critical points and put a plus or minus in the appropriate intervals

between the critical points.
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Example: Discuss the function f(z,y) = 5z — 3y restricted to the curve g(z,y) = 2? + y* = 136.

o Vg = (2z,2y)
o Vf=(5-3)
o 22+ 9% =136
o H(x,y)=det 2 Qy‘
’ 5 —3
o 5 -3
Lagrange multipliers: 5 = X2z, —3 = X2y and 2 + y?> = 136. Hence x = o\ Yy = ETN SO
2 2
(%) + (2—§> = %—i—& = 43—;12 =136 s0 \? = % = 1i6 SO\ = i}l. Hence there are two

points (10, —6) and (—10,6). Hence f(10,—6) = 68 and f(—10,6) = —68.

ot
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Example: Discuss the function f(z,y) = 2? + y? restricted to the curve g(z,y) = 2% + 2y = 1.
e Vg= 2z +y,x)

o Vf = (2z,2y)
ol tuay=1
o o) =da [ 2

Lagrange multipliers: 2z = \(2z + y), 2y = Az and 2> + zy = 1.
If x = 0 there is no value of y so that (0,y) is on the constraint curve. Hence z # 0 and then
A # 0 either.
Now 2y = Az so 2z = A(2x + Ax/2) or 4z = x(4\ + A?). Since x # 0, N2 +4\ —4 = 0 or
—4 4+ 1 1
- 26+’6:—2im@.

Then y = (—1£v?2)z and 22+ (—1£v/2)z? = 1. Hence 2*(£+/2) = 1. There are only solutions
and y = (—1+V2)z.
75 ndy = )

1 —14++v2 1 1-+v2

A

for the plus sign and z = £

The critical points are

and they are both minima.




Example: Find the maxima and minima of f(x) restricted to the curve y = 0.

e Vg=1(0,1)

o Vf=(f(x),0)
so f'(z) = A-0and 0 = A-1. Hence f'(x) = 0 and this really is max/min theory from first
year calculus. Hence anything that can happen in the one-variable case can happen for Lagrange
multipliers.

2
restricted to the boundary of the lens-shaped region below y = 2 — % and above y = %

Example: Endpoints can matter with Lagrange multipliers. Find the extrema of f(z,y) = z* + y?
2
2.

The boundary is made up of two graphs

2 £U2

(1) the upper pieceyzQ—%, —4<x<40rgl(x,y):§+y=2

and
x? x?
(2) the lower piece y = 5~ 2, -4<x<dor gox,y) = A 2.
Start with the upper piece.
o= (5
o Vf = (2z,2y)
2

21':)\%, 2y:)\~1and%+y:2. Ifx=0,y=2and A =4 so (0,2) is a critical point. If

x # 0, A\ =8 and y = 4. There are no z such that (x,4) lies on the parabola. Since —4 < = < 4,
the two points (£4,0) are also on the list.
The calculation for the lower piece is similar: (0, —2) and (+4,0) are the requisite points.

14
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Since the boundary curve is close and bounded, you know there is a maximum value and it occurs
at an absolute maxima. There is also a minimum value which occurs at an absolute minima.

The endpoints © = +4 are the absolute maxima. If you don’t do endpoints you may end up
thinking that one of y = £2 is the absolute maximum and the other is the absolute minimum.
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