SoLuTioNS

Winter 2009

Math 259
Recitation Handout 7: Visualizing a Linear Approximation
] ~ | In calculus we have very good tools to visualize
. y=2c41 / the tangents to functions of the form y = f{x) and z
] // = fix, ¥). In the case of y = f{x) we can imagine a
P tangent /ine and for z = f(x, y) we can imagine a
e tangent plane.
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- Suppose we now consider a function v = f{x,
¥, z). We can follow the analogy of the
tangent line and tangent plane formulas to
create an analogous formula for a higher
dimensional function. But how can you
imagine what that analogous formula
actually represents? Answering this
question is the subject of today’s recitation.

In both cases, the mathematical object that we
create is a linear approximation of the function
that does a pretty good job of approximating
function values in a neighborhood of the point of
tangency.
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Higher Dimensional Linear Approximations

For the function y = f{x), the linear approximation to the function at x = x, is the equation of the

tangent line:

J"f(xo)=f’(xo)'(x_xo)
y=f(xo)+f’(x0)'(x_xo) (1)

or:

For the function z = fix, y), the linear approximation to the function at (x, y) = (x,, y,) is the

equation of the tangent plane:

ox

oo (e ) L () (= 30) (e f(s030)) =0



SOLUTIONS

or.

2= f(xe¥0) + gf—x(xo,yo) (= x0) + %(xo,yo)*(y ~¥o) --- (2

1. Consider the function v = g(x, y, z). Study the patterns of Equations (1) and (2) (above)
and write a general formula for the linear approximation to the function at the point (x, y,

Z) = (x()a Yo» Z{))

v = glx 29 (- 9
3(1.:)’01270). + & (x-x) + ‘& (4-9o)

0= 29 g
+ Q2 9 (2 -2 ) All parkal derivatives
L D
?Z evaluated ar (%e,y., 2,)
2. The linear approximation of the function v = g(x, y, z) = x*y-z at the point (x, y, 7} =
(1,2, 3)is:

v=6+6(x-1D+3(-2)+2(z-3).
Plug the function g(x, y, z) and the point (x, y, 2) = (1, 2, 3) into your general formula

from Question 1 to see if your general formula is correct. If it isn’t correct, try to fix your
general formula.

9(1,2,3) = ((2)(3) = 6.

—8.34 = o 2.2 = = 6
ox = Y o (12,3) = (D6G)

2% - x.2 29 (1,2,3) = (NE) =3
2y 29

°? Q — —
5%':1'3 3?2(:,,1,3)— (1)(2) =2
Linear approxi mahion ?

v= 64+ b6 (x=1)+ 3 (y-2) + 7—'(5f3).
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SoLuTIONS
Visualizing the Linear Approximation for fx, )

As we have noted, one way to visualize the linear approximation for a function of the form z =
flx, ¥) is to imagine a tangent plane.

In this part of the recitation we will learn another way to imagine the linear approximation, a way
that we will generalize to v = g(x, y, 2} in the last part of the recitation.
- 3. The graph of the function z = f{x, y} = w="+y is shown below. As accurately as you can,

draw the tangent plane to the point (x, y) = (1, 1) over the top of the graph.

Tangent plane

(Note that to make the tangent plane a little easier to draw, the graph has been
drawn in an unusual way with the positive z-axis extending down the page.)

Based on your sketch, do you think that the z-value of the tangent plane at a point (x, y)
that is near (1, 1) will be larger or smaller than the value of z = f{x, ¥)? Remember that
the graph i1s drawn with z-values increasing as you go down the page.

The z-values of +he +qn3e,q+ P)qne will be
Smaller +han Fhe co:—r-e.spond:‘n?__ volueo of

= ;(x;Y).



SoLuUTION S

4. Calculate the equation of the tangent plane of z = fx, ) = &#=*y when the point of
tangency is the point (x, y) = (1, 1).

f(:,:) = 7mN*() = 7

a£ 2Ff |

x y ox (I") 2T (1)) = 27
94
ip—— — a

E‘i_uah‘on oF‘_ Linecwr Approximahion:

2= T + 2 (x—}) + w(y-1)

S. Use the equation that you obtained for the tangent plane to complete the values in the
table given below. These values are all estimates of the value of f{x, y) using the tangent:
plane to approximate the value of f(x, ¥) near (x, y) = (1, 1).

X ¥

1.1 1 .27C X 37699111 84

1 1.1 1Tt = 3 455151919




SoLuUTIoN S
Calculus Experiments with Play Doh

6. Ifwe replace the letters x and y in the formula for f{x, y) by the letters » and #, then the
formula for f(x, y) resembles the formula for the volume of a cylinder:

z=fr, h) = mr*h.

Imagine that you have a cylinder with radius 1 and height 1 (as shown in the diagram
below). Modify this diagram to show how the appearance of the cylinder would be

. different if the height of the cylinder was increased from 2 =1 to 2 = 1.1. Calculate the
new volume.

7. Now, imagine that we have the cylinder with » = 1 and & = 1 again, and that this time the
cylinder is changed by increasing the radius from r = 1 to r = 1.1. Modify the diagram
(given below) to show how the appearance of the cylinder is different.




SoLtuTIONS

Use the method of calculation described below to calculate the volume of Play Doh in a
tub of Play Doh.
(a) Get a tub of Play-Doh from your recitation instructor.
(b) Pack the Play-Doh around the curved side of the cylindrical tub so that it forms an
even layer.
{c) Use a knife to slit the Play Doh vertically down one side.
(d) Unroll the Play Doh from the cylinder so that it is flat and forms a rectangular
slab.
(e) Use a ruler to measure the length, width and thickness of the slab of Play Doh and |
multiply them together to get the volume.
Quantity Value (cm or em®)
Length
Width
Thickness
Volume
How could you have estimated the length and the width of the Play Doh slab using

measurements taken from the plastic Play Doh tub?

The wicth is +he height of +he Play Doh

+ub,
T he

length i t+Hhe circumfFerence of +he

?lqy Dok Tub,




SoLUuTION/S

10. Adapt your answers to Questions 8 and 9 to estimate the extra volume that you drew on
the diagram from Question 7. Add this extra volume to the original volume to get an

estimate for the total volume.

If - you ;{uJ-}- increase the he.{_gh-}- From h =]
o h= 1.1, e Fotal volume i

Va!umg = 'TC([)?'.(L') = boy 7

~ 324557519,

If yeu ;jurl— increase +he radius Fro m
= | o r =11, the dot+al volume of

the cYIn‘r\d?_r s qppr‘oxfma')-e.ly :

Volume = T 4 2T (DNU)(o}) = 12T

= 3.769911184

11. Compare the numbers that you obtained in Question 6 and Question 10 to the numbers
that you recorded in the table in Question 5. What do you notice?

The numbers are +he Same.



SolLUuTIONIS
Visdalizing the Linear Approximation for fx, y, 2)

You will probably have noticed a correspondence between the numbers when you calculated
Question 5 and Question 11. This is no accident, and this correspondence provides us with a
way to visualize the meaning of the terms in a linear approximation. The relationship between
the volumes that you calculated and the terms in the linear approximation for fr, k) = m7*h is
illustrated below.

e — ]
e > —

= —]

_ . 3 A

flrho)=mery by _afh_.(h—ho)=;r.roz-(h..ho) %J;-'(r—la)"—"fl'ﬂ'ro'h'(r—ro)
The total volume that is equal to the value of the linear approximation for fr, k) = z7*h
evaluated at the point (r, /) is the following.

r

|
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Note that this volume is not exactly the same as the volume of the cylinder with radius r and
height 4. The volume of the cylinder with radius r and height % includes the volume of the small
wedge in the side and the “ring” around the cap at the top. However, if the differences r — r, and
h — hy are both small then the volumes of the wedge and the ring are also small, and the volume
of the shape shown above is a close approximation of the value of f(r, k).

12.  Go back and read your answer to Question 3 of this recitation. How could you have
predicted that whatever shape that you get for the linear approximation to fr, k) will have
a volume that is less than the volume of the cylinder of radius » and height /?



SolLWUuTIONS

S0, one way to visualize the linear approximation for a function is to imagine f(x,, vo, 2%,) as a
volume, and the terms of the linear approximation as the additions to that volume when the
length of each side is increased slightly, from x, to x, from y, to y and from z, to z. In this last
part of the recitation we will adapt this insight to develop a way to visualize the meaning of the
linear approximation to a higher dimensional function such as f{(x, y, z).

13.  Consider the higher dimensional function: v=g(x,y,z)=x-y-z. In Question 2, you
verified that the linear approximation of this function at the point (x, y, 2) = (1, 2, 3) is:

v=06+6(x-1)+3(y-2)+2(z - 3).

Use the diagrams shown below to sketch volumes that correspond to each of the terms of
the linear approximation of g(x, y, z).

dq dg )
: (y-2)=3(y-2 {z-3)=2-(z~3)
ay vr.=0.23) ( ) ( ) dz xy.2-(123)



SoLuTionNS

14.  What are the areas of the three faces of the rectangular boxes from Question 13? How
are these areas connected with the values 6, 3 and 2 that appear in the formula for the
linear approximation? How do the quantities (x — 1), (y — 2) and (z — 3) from the formula
for the linear approximation appear in the diagrams that you drew in Question 13?

The area o©Ff +he .F-qce paralle] +o the g2 plane ig &,

The are of +he Face parallel +o +he =% plane i.: 3,

‘T'k( area QF Hve Face paralle] 4o #he Xy plane 16 2,

Theoe are 4he valueos of Hhi= Pa(‘*h"a' de."i\/aH\Ap,
of 905y, 2) evaluaid a* the paint (x,y, %)
(x=1) is +he +hicknen of Fhe gray volume in @,
(y=2) is #he +hickness of Hee gray. V-""“"'\Q in @,
(Z—*S) is 4+he +hickness of +he gray veolume, in @
15.  Use the diagram shown below to draw a picture that shows the value of the linear |

approximation of g(x, y, z) evaluated at a point (x, y, z) near (1, 2, 3) visualized as a
volume,




