LECTURE 13

FUNCTIONS OF TWO VARIABLES

To date we've been studying calculus-in-the-plane, meaning all our functions (y = f(x) or x = f(t), y = g(t))
can be represented by curves lying in a two dimensional x-y plane and points are identified by two numbers (X, y) or
(r,0). But it's often the case (perhaps more often than not) that functions which occur in real life (meaning outside of
calculus courses) depend upon more than a single variable.

e The temperature T at a point depends upon the location of the point and this location will, in general, be given
by three coordinates (X,y,z) in some 3-dimensional space (maybe x = latitude, y = longitude, z = elevation): T
= f(x,y,z). Perhaps the temperature changes with time as well, so T = f(x,y,z,t) where (X,y,z) gives the location of
the point and t is the time when T is measured.

*  The speed v of the water molecules in a stream depends upon where in the stream the speed is measured ... and
perhaps the time when the measurement is taken: v = f(x,y,z,t).

*  In manufacturing, the cost per item may depend upon how many are manufactured: C = f(N), meaning that it
will cost $C per item, if N items are manufactured. However, the cost may also depend upon the time of year
because of scarcity of materials or labour, so we'd have C = f(N,t) where t gives the time. (For example, t = 17
may mean 17 weeks from January 1.)

¢ The growth of a plant, H (measured perhaps in cm/day), may depend upon I the intensity of light provided (in
candlepower), h the amount of humus in the soil (g/cm?) and N the daily amount of nitrogen supplied (g/day):

H = f(Lh,N).

To address this problem ... a calculus for many dimensions ... we first begin with a function of just two
variables which we write z = f(x,y). Since a picture is worth a thousand words we need a way to picture the
behaviour of this relationship, and to make things more concrete we consider a particular real-world problem.

LEVEL CURVES

Suppose x and y were distances (in kilometres) east-west and north-south from some fixed point. That is, x
=35, y=-7 means we're 5 km east and 7 km south of the fixed point. Suppose, too, that the elevation (above sea

level) at (x,y) was given by: z = x2 + y2 - 2x - 4y + 100 metres. We could get some idea of the elevation at various
points (x,y) by asking "Where are all the points with elevation = 96 metres?" Clearly this requires that

X2 +y2 - 2x - 4y + 100 = 96 or x2 + y2 - 2x - 4y = - 4 and this defines a curve in a two-dimensional x-y plane. It can

be rewritten (completing the squares) as: (x-l)2 + (y-2)2 =1 so the points at elevation of 96 metres are located on
this circle. Indeed, were we to ask "Where are all the points with elevation = H metres?" we'd get the circle

(x-1)2 + (y-2)2 = H - 95, hence we could plot a variety of such curves for varying values of H.
4 The curves shown are called LEVEL CURVES (for obvious reasons) and
+— H=92 we've all seen such "topographical maps" ... although the level curves would
H=a7 rarely be circles! Note that this plot of level curves gives a good deal of

H=9¢& information concerning the function of two variables z = f(x,y) = x2 + y? - 2x -
4y + 100 and we didn't even have to move out of our comfortable 2-
. dimensional x-y plane. For example, the minimum elevation of 95 meters
\“E-’"/ occurs at x=1, y=2 and the elevation increases in proportion to how far (x,y) is
from (1,2) ... so the point (1,2) is sitting in a hole of sorts! Note that z might
also be the temperature at the point (x,y), so these level curves would give the
places
where the temperature was 96° or 97° or 98° (z is presumably measured in degrees Fahrenheit). In this case the level
curves might also be called "isothermal" curves. Maybe the curves describe the locations where the air pressure is
equal; then they'd be called "isobars".
In general, for a given function of two variable, z = f(x,y), the LEVEL CURVES are given by f(x,y) = C for
various values of the constant C.

Example: Sketch the level curves for each of the following:

(a) z=x23+y23 (b) z=x2+2y? () zZ=y-
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In the sketches, we've indicated how the level curves change as C increases. For example,

1
z=y-y = C gives a set of hyperbolas which are shifted upward as C increases. The Astroid (as we've already seen)

simply grows larger as C increases. So does the ellipse.

Example: For z = xy, determine the rate of change of y with
respect to x on the level curve through the point x =1, y =2. (1,21
Solution: Level curves are xy = C and differentiating
d d d 1 incteasing C
implicitlygivesd—X xy=00rxa§ +y=0 soa)x( =-§ =-5 when
x=1y=2.

(Note: the level curve through this point is xy = (1)(2) =2.) 19\,.91 curves xy =

Example: You are standing on the side of a mountain whose elevation is given by z = 95 - x2 - y2 +2x + 4y
metres, where x = 0, y = 0 is your location, so z = 95 is your elevation. Sketch the level curves in your
neighbourhood and determine in what direction you should climb so as to increase your elevation most rapidly.

Solution: The level curves 95 - x2 - y2 +2x + 4y = C can be written (x-1)2 + (y-2)2 = 100 - C so that the
maximum elevation is C = 100 and it occurs at x = 1, y = 2, the "top" of the mountain, and (0,0) is on the side of the
mountain. Before we consider where to climb, we sketch these curves (remembering that we are at the origin).
| We want not only to climb in a direction of increasing C, but in the
increaszing C direction in which C increases most rapidly ... and a moment's thought
(1) indicates that this means perpendicular to the level curve through
(0,0), where we're located. Hence, we must find the slope of the level
curve at (0,0) and move perpendicular to that direction. To find the
level curve through (0,0) ... meaning the value of C...put x=0,y

=
=0in ()(—1)2+(y—2)2 =100 - C giving 5 =100 - C so C =95 (as we've
already noted), hence the curve is:
elevation=100 d
elew =97 (x-1)2+(y-2)2 = 5 and to obtain HE we simply differentiate to get

d d
elev=35  2(x-1)+2(y-2) & =0, then put x =0,y =0 and get -2 - 4 3 =0,

d 1
then solve for a% =-75 . The negative reciprocal of this slope is the

direction we want, so we head in a direction with slope = 2.
S: That's the stupidest thing I ever heard. I'd head directly toward the top of the mountain and that means directly toward (1,2)

2-0
and that means in a direction with slope ... uh, the slope from (0,0) to (1,2) is 1-0° 2 and as you can plainly see it's the

same and I didn't need any derivatives and ...
P: Okay, hold on. I picked a simple problem just so I could illustrate the technique. But what if the level curves were given by,



say, (X-l)2 + 2(y—2)2 =100 - C. Then what?
S:  The place where the elevation is a maximum ... I mean, the top of my mountain ... is at x =1, y = 2 and that's where I'd head
... same direction, same slope, namely 2.

P:  Wrong! The curve through you ... I mean through (0,0), where you're standing, has (0-1)2 + 2(0-2)2 =100-CsoC=91so0

d d
it's (X-l)2 + 2(y-2)2 = 9 and differentiating implicitly gives 2(x-1) + 4(y-2) a;‘,/ =0 and at (0,0) we'd get -2 - 8 a% =0so

d 1
you should head in a direction with slope perpendicular to a% =-7 hence your best bet is to climb with slope = 4, not 2.

S:  Show me a picture.
P: Look at the picture ===>>> s
You're at (0,0) with elevation C =91 and you want to [:
head directly for the top of the mountain at (1,2) which
means to get to the higher elevation C = 92 you travel
farther than if you had headed perpendicular to the level =92
curve through (0,0). See? -

S:  Yeah, but it means I'd have to ... uh, when I get to C =92 w0
I'd have to do it all over again, I mean find the tangent Cc=21
slope then the perpendicular slope and so on.

P: Right! But only if you wanted to climb the steepest slope at all times. Maybe you're a mountain climber and find it
exhilarating and ...

S:  Are you kiddin'? It'd take me an hour just to do the calculations. I like my way
better. Besides, my way, I travel in a straight line. Your way you'd travel in some
weird curve which is ... uh, sort of ...

P: Always perpendicular the level curves ... just like this ==>>
And you won't believe this but I can determine that path exactly just by taking the
perpendicular direction to each level curve and inventing a differential equation

d
E:f = something which has this slope and I'd solve the DE and I could find the

top of
rmountain

best path up the ...
S:  And I'd be waiting at the top when you got there.

an Orthogonal Trajectory
Example:

If we move always in a direction perpendicular to the level curves (x-l)2 + 2(y-2)2 = constant , starting at

x =0, y =0, what is the path? (Since it's orthogonal to the family of curves (x-l)2 + 2(y-2)2 = constant , it's called an
ORTHOGONAL TRAJECTORY.)

Solution:
At any point (x,y) on a level curve the slope of the tangent line is obtained by implicit differentiation:
d d d 1 x-1
- 2 2 — : @ _ g _ 1x-1 .
dx ((x-1)= + 2(y-2)= = constant ) gives 2(x - 1) +4 (y-2) dx 0 so &x~"2y-2- If we move perpendicular to

Y-z

o . . . -2
this direction we'd want to move so our slope is the negative reciprocal, namely 2 x-1 - Hence our path would

d -2
satisfya% =2 % which (surprise!) is a separable differential equation. To solve, we separate the variables and

d d
integrate, giving: y_-LZ =2 fﬁ hence lnly-2|=2In|x-1|+C=1In(x-1)2+Csoly-2|=¢C el’1|"'”2 =eC

(x-1)2s0y-2=+eC (x-1)2 ory=2+K(x - 1)2 where K = +eC. The path is a parabola passing through (1,2) and,
to pass through (0,0) as well, we'll need 0 = 2 + K(0 - 1)2 so K = -2. Hence out path will be:
y=2-2(x-1)? ory=4x-2x2 (and we check to see that it does pass through (0,0) and (1,2)).

S: That doesn't get you to the top any faster. In fact, my way ... which is heading straight for (1,2) ... I get there and I travel less
distance. The shortest distance between (0,0) and (1,2) is a straight line! Didn't anybody ever tell you that?
P: Let's do something else.



3 Dimensional Surfaces

Although a graphical representation for z = f(X,y) can be obtained via LEVEL CURVES (which have the
advantage of living in a familiar x-y plane), we can also pick x and y within the domain of the function "f", then
calculate z, then plot a point (X,y,z) in a 3-dimensional rectangular space ... and we can do that for a host of values
(x,y,z) and thereby generate a SURFACE. The coordinates (x,y,z) of every point on this surface would satisfy
z = f(x,y).

Some typical ...

S:  Wait! You said the "domain" of "{"'?

P:  Ofcourse. It's just like functions of a single variable: y = f(x). We pick x from the domain of "f"" and y must have a single
unique value (else "f" isn't a function) and y lies in the "range" and we call x the independent variable and y the dependent
variable. For functions of two variables, say z = f(x,y), x and y are the two independent variables and z is dependent upon
them and we choose (x,y) from the domain of "f" and ..

S:  Okay, okay ... keep going.

There are some 3-dimensional things we've seen before:

X:x0+scosa,y:yo+scosB,z:zo+sc0sy|

are parametric equations for a line through (xq, yg, o) in a direction which makes angles a, § and y with the positive
X-, y- and z-axes ... and "s" gives the distance from (x(, yo, ) to (X,y,z). In fact, distance in 2-D between (xg, y()

and (X1, y1) is given by the familiar expression \/ (x1 - x0)2 + (1 - yo)? and in 3-D the expression is a natural
extension:

\J(x1 -x0)2 + (y1 - y0) + (z1 - 20)2 = distance between (x0, y0, z0) and (x1, y1, Z1)

It may seem that equations of 3-D surfaces are something 4 4
new, but we already know many such equations. In fact, if we lived in —o 1.2
a 1-D world, like the x-axis, then x = 1 would identify a single point 4= !
P. However, in 2-D, all points (x,y) which satisfy x = 1 would lie on a x "
straight line through P, parallel to the y-axis ... because x = 1 places |

no restrictions on the y-values so every y-value is possible so x = 1
describes an entire line when we move from 1-D to 2-D. In fact, we
get the 2-D line x = 1 by starting with the 1-D point x = 1 and sliding
the point parallel to the y-axis, sweeping out the line. In fact,
in 2-D, two equations x = 1, y = 2 identify two lines and there is a single point which satisfies this pair of equations,
and we denote this point by (1,2) ... which is no surprise.

Now consider the analogous situation in going from 2-D (which is familiar territory) to 3-D.

1 =1

w=1:

The 2-D equation x =1 representing a line places no restrictions on z so we slide this 2-D line (in the x-y
plane) parallel to the z-axis and sweep out a 3-D plane: hence all points (X,y,z) which satisfy x = 1 lie on this plane.



Similarly, y =2 and z = 3 are planes, and the three equations x = 1, y = 2, z = 3 identify three planes and there is a
single point which satisfies this trio of equations and we denote this point by (1,2,3). Surprise!

S:  Does that mean I can just take curves I know, like x2+y2=1and y= x2 and so on ... in the x-y plane, I mean ... and just

slide them in the z-direction and get a surface?
P: Sure. Try it.

Ty

S:  Okay, X2+ y2 =1 is a circle and I slide it parallel to the z-axis and I get a ... uh, a cylinder.
Z

N
-

w24y2=52 in 20 Wy L=a? in T-D
a circle a eircular cylinder

P: Right!. In fact, a right-circular cylinder. In fact, every time you take y = f(x) and slide this 2-D curve parallel to the z-axis

you always get what's called a "cylinder".

2

S:  Soy=x~is aparabola in 2-dimensions, but a parabola cylinder in 3-dimensions. Nice.

y=x< in 2-D y=x< in -0
a parabola 4 parabolic cylinder

A parabolic cylinder.
So I already know thousands ... well, dozens of 3-D surfaces, like y = x3 and y=sinxandy=eXand ...

But they're all cylinders parallel to the z-axis. What about z = x2? What's that?
Easy. I just ... uh, switch zand y and ... uh ...

First sketch z = x2

Yy aevw

in an x-z plane, then introduce a y-axis and slide your parabola along this y-axis. See?

z =x< in 2-D z =x< in 3-D
a parabola 4 parabolic cylinder

S:  But which way does the y-axis go? [ mean, up or down? Does it matter? I like up, myself.



P: That's an interesting point. We have a choice and Y
although it makes little difference we should pick one z z
and agree on it and stick to it. In fact, a common ,-_F' il
convention is to pick the y-axis down as shown in the — ® — ¥

right half of the picture ===>>
S: That's really stupid, I mean ...
P: Hold on, let me show you the x-y-z coordinate system ':|

from several angles and see if you don't agree that it's a Which way y?

good convention.

First, it would be nice to consider a curve in a 2-D x-y plane
y then introduce a z-axis going up, as shown on the left. I think

o you'd agree with that. Then you can see that, with this
w LKY:{ convention, the 3 axes can be drawn in several ways (as
Z

shown below):

=4

=

S: I can't really see what's what. What is the difference. Wouldn't my way be the same ... I mean ...

P: Okay, here's the convention. You rotate the x-axis into the y-axis and a right-handed screw should advance in the positive z-
direction. That's how we pick the z-direction. That's the convention.

S:  Picture?

P: Okay, here's a picture of the right-handed screw and also a picture of a surface, using that x-y-z coordinate system and you'll
note that the surface isn't a cylinder. In fact, you can recognize a cylinder, one variable is missing.

P: So what's z=x2 + y2?
S: A cereal bowl?



Revolving 2-D Curves to get 3-D Surfaces

As well as sliding a 2-D curve y = f(x) parallel to the z-axis and 4 o
generating a 3-D "cylinder", we can also generate many interesting 3-D F
surfaces by revolving a 2-D curve about either axis. Let's start with the 2-D

parabola y = x2 and revolve it about the y-axis, sweeping out a surface. We
want to find an equation satisfied by all points (x,y,z) which lie on the surface ®
generated. :

In 2-D, we consider the points F and P as shown ==—=>>

The relation y = x2 really says that the y-value of P is the square of
the distance FP (which, after all, is just x ... in this 2-D plane).
Now we revolve the parabola about the y-axis and note that F doesn't move but P sweeps out a whole circle

of points and the y-values are all the same on this circle and equal to the square of the radius of the circle: y = (FP)2.
If Q(x,y,z) is a typical point on this circle of points, then FQ = FP and

since the y-value doesn't change we have y = (FQ)? but FQ is the distance
from Q(x,y,2) to F(0,y,0) which is \/ (x - 0)2 + (y - y)2 + (z - 0)2 =
\x2+72 so we gety = (\/x2+22) 2 or simply which is the

relation we want. In fact, every point (x,y,z) which satisfies y = x2 + z2 lies on
this surface and because it was obtained by revolving a parabola, it's called ...

(0,y,0)

S: ... aparabolic cylinder!
P: It's not a cylinder! It's called a paraboloid and you've seen it before except it was z

written z = x2 + y2 because it was obtained by revolving a parabola
in the x-z plane, namely, z = xz, about ... you tell me, which axis?

S: Uh... I'd say you started with z= x2 and revolved about the z-axis.
P: Good. Let's find some simple rule so we can just write down the equation of the surface of revolution as soon as we're given
the 2-D curve.

If we go carefully over the analysis given above for y = x2 we see that there are two important things:

If we revolve about the y axis, then y doesn't change ... but x does, and
the value of x2 gets replaced by x2 + z2.

That means y = x2 becomes y = x2 + z2

S: Hey! Let me do one!

P:  Go right ahead.

S:  Okay, [ revolvey = x3 about the y-axis and I get a 3-D surface whose equation is ... uh, I don't have any x2, so what do |
do?

P: Writey= x3 as y2 =x6= (X2)3.
S:  Okay, then the surface is y2 = (x2+ z2)3. And if I revolve y = x I first write it as y2 =xZand 1 get y2 =x2+72 and if I
revolve ...

P: Hold on. What kind of surface do you think y2 =x2+72is?

S:  Well, I revolved a line y = x about the y-axis so I'd get ... uh, a cone. Right?

P:  Good! Let me show you a few more ... but I'll rotate about different axes, but in each case if I rotate a curve in a plane about
one axis, that variable doesn't change but the other does. If I revolve about the y axis, y doesn't change ... about the z axis
and z doesn't change. Got it?




2 H
L ® z

-z + Lz =1 72 =3’{2+'=|2 ':IE=3’{2+32

an ELLIFSOIC an ELLIPEOID a CONE a CONE

2 2 2 2
PRD: U A PRD: S A : - : -

The ellipse 22 + W 1 The ellipse 2 + W 1 Thelinez=y |Theliney=x

revolved about the x-axis revolved about the y-axis about the z-axis | about the y-axis

Note that an ellipse revolved about its major (longer) axis sweeps out a surface much like a hot dog bun.
When revolved about its minor (shorter) axis, the surface is more like a hamburger bun.

If we start with the hyperbola x2 - y2 = a2 and revolve about the x- or y-axis we get quite different surfaces:

Y
. 22 2,7 ‘ —
WE-yt-ze=a }{2_,42*_32:32
a HYPERBOLOID of 2 sheets a HYPERBOLOIC of 1 sheet
The hyperbola x2 - y2 = a2 The hyperbola x2 - y2 = a2
revolved about the x-axis revolved about the y-axis

S:  Thope you don't expect me to remember all this. Besides, you ask me to revolve a parabola or a straight line and so I know
what the final surface looks like, but what if you just gave me x2 - 2y2 +322 =4, What is it?

P: Ireplace the 2, 3 and 4 by 1 and get x2 - y2 +72= 1, so it's a hyperboloid of 2 sheets.
S:  Hey! You can't do that!

&)
P: IfIask you to sketch y = 2x2 in the x-y plane, you can just sketch y = x2 then, since y is twice as large (it's 2x2 not x2), you
just stretch the curve in the y-direction ... but if you're only interested in the general shape you don't even bother to stretch.
See? Look at the first graph above, labelled (A). Can you tell if it's y = x2 or y= 2x2? No! Not until I label some points. In
(B) it's clear that it's y = x2 whereas in ©)it'sy= 2x2. For 2x2 + 3y2 =4 you can sketch x2 + y2 =1 (replacing 2 , 3 and 4
by 1) and get a circle then stretch it in each direction to get the ellipse 2x2 + 3y“ =4. In 3-D you do the same thing: given

x2 - 2y2 +372=4 you imagine x2 - y2 +72=1whichisa hyperboloid, then you stretch in each direction and you still get a
hyperboloid but now the cross-sections wouldn't be circles but rather ellipses. See?
S:  But how much should I stretch it? I mean ...




P: It really isn't important if you just want to know what the surface looks like. You ask for x2 - 2y2 +372 =4 and I sketch x2 -
2,2
y-+z
S: But if you sketch x2+y2:1 I'd sure know it wasn't an ellipse!
P: Then I'm careful to make circles look like ellipses. Look again at the hyperboloids above. Can you really tell if the cross-

=1 but if I don't put any tick marks on the axes (indicating the scale) you wouldn't know the difference. See?

sections are circles or ellipses? No. They could be graphs of ax? - by2 ~cz2=d (for the 1-sheet type) or ax? - by2 +ez2=d
(for the 2-sheet type) and "a", "b", "c" and "d" can be any positive numbers. Actually, what's important is the sign of the
coefficients, not their size. See?

S: I guess ... butitain't easy.

Some surfaces, of course, are not surfaces of revolution. For example z = x2 - y2 can NOT be obtained by
revolving some 2-D curve about some line (like a coordinate axis). So what does it look like?
One way to see what the surface is like is to slice it by planes z =1, z =2, etc.. That gives us a bunch of

cross-sections which are 2-dimensional and if we're lucky we can recognize them. For z = x2 - y2 all cross-sections
with planes z = C gives C = x2 - y2 which are hyperbolas (in an x-y plane).

If this isn't sufficient to sketch the graph of z = x2 - y2 we can also slice by planes x = C so the cross-
sections have the form z = C2 - y2: parabolas opening downward (in a y-z plane). Slicing the surface by planes

y = C gives cross-section z = x2 - C2: parabolas opening upward (in an x-z plane). Because these sections are
hyperbolas and parabolas the surface is called a HYPERBOLIC PARABOLOID.
This may seem confusing but ...

S: May seem confusing! It is confusing. Do you know how many cross-sections you've got? And how am I supposed to

sketch them all in 3-D. I have a hard time in 2-D, with x2 - y2 =Cl!
P: Pay attention.

To sketch z = x2 - y2 we slice the surface by
planes z = C and get, for each such plane, a cross-

section x2 - y2 = C which we recognize as a hyperbola. incteasing C
We sketch them in the x-y plane and get ==>> ®
and (surprise!) they're LEVEL CURVES! In fact, if

z=x2- y2 gives the elevation above sea-level at (x,y)
then all points which have elevation z = C lie on the

level curve x2 - y2 = C. We also note the direction of

increasing C. Note that the level curve X2 - y2 = C with
C < 0 opens in the y direction whereas with C > 0 it
opens in the x-direction. Finally, x2 - y2 = 0 is the pair of lines y = + x.
Now we tilt the x-y plane back a bit and
introduce a z-axis and move these LEVEL CURVES by
the amount C (in the +z direction if C > 0 and in the -z
direction if C < 0).
This gives a rough sketch of the surface as
shown ===>>>
Notice that when C < 0 the level curves are
shifted down, below the x-y plane. hu perbialas

Below we show a more accurate, computer- 2_,.,2_
plotted graph of z = x2 - y2.
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In the above graph we've shown the various cross-sections with x = C and y = C, each of which is a
parabola. The surface looks much like a saddle and indeed is often called a saddle surface. The origin lies at a point
on the surface with peculiar characteristics. If the x-axis is east-west and the y-axis is north-south, then moving either
east or west will increase your elevation and moving either north or south will decrease your elevation. Later when
we consider how to find maxima and minima of functions of two variables, z = f(x,y), we'll return to this surface. The
origin appears to give a minimum if you move in the x-direction, but a maximum if you move in the y-direction. In
fact, x =y = 0 gives neither a max nor a min but what is called (surprise!) a SADDLE POINT.

LECTURE 14

DERIVATIVES OF FUNCTIONS OF TWO VARIABLES

To generalize the notion of the derivative of a function of a single variable, y = f(x), at the place x = a, we'll
repeat the procedure, imagining that we are standing at the point on the curve where x = a, y = f(a). Now we change

x by an amount Ax so the change in y is Ay = f(a+Ax) - f(a) and we have f'(a) = lim AY _ iy flatAx)-fla) )
a0 A axgo  AX
We repeat this process in 3-space.
Suppose we are given a function of two variables z = f(x,y) which we imagine as a surface in 3-dimensional
space and we are standing at the point on the surface where x = a, y =b so z = f(a,b). Now we change on/y x by an

. L . . flatAx,b) - f(a,b)
amount Ax. The corresponding change in z is Az = f(a+Ax,b) - f(a,b) and we consider lim L Ax b
AxD0
This is clearly a derivative of sorts although only x has changed. It is called the PARTIAL DERIVATIVE

df of
of f(x,y) with respect to x, at the place (x,y) = (a,b) and is denoted NOT by Jx asone might expect, but by % the

"0" indicating immediately that there are other variables in "f". To indicate that the derivative is at x =a, y=b we

of
may write % (a,b) . In a similar manner we can define the PARTIAL DERIVATIVE with respect to y, at (a,b):



11

flatAx,b) - fa,b)  of . fla,b+Ay) - fa,b)

£ @b) = lim
Ax oy AYZ0 Ay

of :
2y (@b) = lim
AxD0

There are other notations for these partial derivatives:

of of of of
ox is also denoted by fyx and a_y by fy or, sometimes % is denoted by f and B_y by f; where the

subscripts mean "the first variable" and "the second variable", etc.. This is convenient if f is a function
of 100 variables and you run out of letters in the alphabet so you just call the variables x1, X2, ... , X100

and then the notation is awkward so you just call it f] (.

0x100

It's clear that finding PARTTAL derivatives is no more difficult than finding ordinary derivatives: we just
hold one variable fixed while we find the "ordinary" derivative with respect to the other variable.

Example: Determine each of the indicated partial derivatives:
0 0, . 0
@ () (b) Fr(sin(xy?) © 5, (Py+x32)
Solution:
a) < x2e-3Y) =2xe73Y (b 2 sin xy2) =cos xy2) 2xy) c) 2 x2y+x325 = 5x3z4
ox oy 0z

That's sneaky. The last one isn't a function of two variables, it's ...

P: But see how simple it is? Find 7z of anything and you ignore all the other variables and concentrate on z alone and use the

old stuff we've already learned about differentiating functions of one variable and ...
S:  Yeah, I get it. Easy. But isn't there a picture?

Graphically speaking, if we hold y at the value "b" then the
surface z = f(x,y) intersects the plane y = b in a curve which satisfies
z = f(x,b), as shown ===>>>

We are at point P(a,b,f(a,b)).

Now we change x from a to a + Ax and z changes from f(a,b)
to f(a+Ax,b) and this gives two points on the curve of intersection and

A
we then let Ax—>0 and get the limiting value of the rate of change A—)Z(

of
and that's what we're calling x (a,b) .

S:  And it's the slope of the tangent line, right?

P: Sort of. But there are jillions of tangent lines to the surface at the point P and we're finding the slope of just one of
them and we have to be careful about the use of the word "slope". Since r slope= af ia.bl-g
y is fixed and only x changes we can look at just the variation of z and x dx
by standing way back along the y-axis and looking at this curve of
intersection, and the z-axis is going up and the x-axis is going right and
we get a picture like this ===>>> H
Then we're back to a function of a single variable again and we know z=fl3 b)
how to compute the derivative ... we just have to find the equation of the :
curve we see from this vantage point, and a moment's thought tells us i
that it's z = f(x,b). .

of
S: So % (a,b) is a slope, just like I said!

P: Yes, it's a slope, but pay attention: If I drew a line in the x-y plane
and asked for its slope, you'd have no problem with that. You could take two points (x1,y1) and (x2,y2) on the line and

compute to get the slope ... or you could measure the angle the line makes with the positive x-direction and

X2-X]
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compute the tangent of that angle. No problem. Now I draw a line in 3-D space and ask for the "slope". What do you do?
Easy! I take two points on the line and find the slope, just like you did in 2-D. Good, eh?
Here's two points... (x],y],z1) and (x2,y2,22) ... compute the "slope" of the line joining them.

Uh ... well, let's see ... I give up.

The point is, it's easy if you let only x change or only y change so you can stand back and view the line in 2-D with the z-
axis going up and either the x- or y-axis going to the right, then you're familiar with this situation so you know what is
meant by the "slope". But what happens if all three variables change? In fact, that's a problem not just for a line but for a
surface. If we're at point P on the surface and only x changes then the rate of change of z = f(x,y) with respect to x is

YLIL

f
g_x (a,b) ... but what if both x and y change. How rapidly does z change?

Will you be covering that?
Yes.
I was afraid you'd say that.

Ny

Now we'll change only y: at P (where x = a, y =b and z = f(a,b)), if x = a is fixed and only y changes then
we move along a curve in our surface: the intersection of the surface z = f(x,y) with the plane x = a. Again we can
view the relation between z and y from a vantage point a long way along the x-axis, looking back to see the z-axis
going up and the y-axis going right and the curve of intersection and the point P and everything is back to 2-D and
we have no problem with "what tangent line?" or "what slope?" The situation is shown below.

z '=| 51npe=%Ean)—g
P : : . ;
T
« b “
Example: The pressure of a gas P depends upon its volume V and temperature T according to PV = kT

where k is a constant. f P =1, V=2 and T = 3, how rapidly is the pressure changing when V alone changes?

oP
Note: if P is measured in pascals and V in metre3, then Vv is measured in pascals/metre3 (pa/m3).

kT oP kT 3k
Solution: FromP = vV Wegetzy =- w =-7 Pa/m3 when V=2 and T=3. How to find k? We know that

MR 2 oP 1
(P,V,T) = (1,2,3) satisfies PV = kT and that gives k = =3 S0OAy =-5 pa/m3.
3 3 oV 2

S: That's not the way I'd do it. Since T isn't changing and neither is k then I'd just write PV = a constant and differentiate right

0
away since I've got only two variables and I've done this kind of thing before so I'd use the product rule and I'd get P (PV)

:OSOP% +Vg—5 =0 orP+VS—$ =0andI'dpluginP =1 andVZZandI'dgetg—s, :-% :-% . Good, eh?
P: Notbad ... in fact, very clever. And do you know that you never even used the fact that the temperature was T = 3 and you
didn't have to find k either. Does this problem sound familiar? Does it say something to you?
S: It says my solution if better than yours.
P: If PV =KkT then, for a constant temperature, the relation between the P
pressure and volume is PV = C where the constant C = kT depends
upon the temperature. See? You're on a LEVEL CURVE (as long as the (1,2
temperature doesn't change ... so we can call it an isothermal). In fact, increasing C
for varying temperatures, you get a whole family of such curves ... but
you know that, because we've done this problem before when we talked
about LEVEL CURVES, except we called the variables x,y. I W
Tewel curwves PV = C

Example: The area of a rectangular sheet is length = 4, width = 3. Does the area change more rapidly with
length or with width?



13

Solution: Write A=W L where W is the width and L the length.

O0A
Then, changing only the width W gives a rate of change W - L while
0A

0A O0A
changing only the /ength L gives - W. Since W <L, then L “ow and

the area changes more rapidly with W.

This is pretty obvious when you think of the changes in area of the
rectangular sheet. A small increase in W increases the area (we can call it
AAwy) more than does a small increase in L (which we call AA}).

Example: A square box has sides of length x = 3 ¢m, and height y = 7 cm. If one of x or y is increased by a
small amount, which will give the larger rate of increase in volume?

ov ov
Solution: V =x2y and e 2xy = 2(3)(7) = 42 cm3/cm whereas E =x2 =9 e¢m3/em so increasing x

provides the greater rate of change of V.

Example: The cost per hat of making x hats in a monthis C=6 - % dollars/hat (where the cost/hat is less

t
if more are manufactured). The selling price per hatis S =9 + cos % dollars/hat which varies with the month t, t=0

being December and S = $10.00/Aat, an inflated Christmas price when the demand is high, and t = 6 being June
where S = $8.00/hat because sales of hats are poor in the summer ... and we assume that, at these prices, all x hats
are sold each month. Investigate the total profit as a function of x, the number of items made in a month, and t, the
month when they are sold. (Note that S is cyclic, or periodic, with a period of 12 months.)

t t
Solution: The profit per hatis S - C=9 + cos % - (7 - SXW) =2+ cos % + SXE dollars/hat which had

better be positive, so even when S is a minimum (in June, when t = 6) we need 8 - (7 - SXE ) > 0 which it is,
fortunately and that makes us happy. We really should check everything to see if this "mathematical model" is at all
reasonable. So far it's okay ... but if we make more than 3000 hats in a month the cost per hat is zero ... which means

our "model" isn't meant for large hat production! The total profit (for the tth month) is:
t t  x?
P(x,t) = (number of hats) (profit/hat) = x (2 + cos % + SXW) =2x + X cos % + SXW dollars.

Now consider what effect changing either x or t makes on our profit.

oP t oP t
x = 2 + cos % + ﬁ dollars/hat and i -% X sin % dollars/month. In December, t = 0 and we get
oP

1
x - 3+ ﬁ which says the total profit increases at the rate of 3.00 dollars/hat plus an additional $ﬁ for each
oP
hat produced that month. Also i 0 dollars/month so the profit isn't changing with time (in December, at least). In

oP oP
March, t =3 and x = 2+ ﬁ dollars/hat while i -% x dollars/month and is negative so the profit, P(x,t), is

decreasing with time and this decrease is greater if more hats are made!

Aw, c¢'mon. You make more hats and the profits decrease? [ mean ...
o . . oP
P: No, be careful. What's happening is that the profits per month, in the month of March, are negative. Not the profits but e

the profit/month. Now, it's this rate of change which depends upon how many hats are made that month: the more hats the
greater the decrease per month. See? When you have functions of two variables the rate of change with respect to one may
very well depend upon the other. All this makes sense, of course, because from December to June the total profits , P(x,t) =
2 2 2
t . . .
2x + X cos % + SXW , go from P(x,0)=3x + SXW to P(x,6) =x + SX.#O dollars so there is a big drop in profits namely, 2x

dollars so you'd expect the rate at which P(x,t) decreases as t goes from t = 0 to t = 6 to be larger when x is larger ... because
this drop is bigger ... and that's what the partial derivatives are telling us. See?
S:  Not really.
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P: Then let me give you a picture. I'll assume the number of hats/month, x, is constant and see what happens to the profit as t
goes from t =0 to t = 6, then I'll change the number of hats produced per month and give you another graph of P versus t.
That'll clear things up.

t
If we make x = 100 hats/month the profit is P(100,t) = 220 + 100 cos % and if we make x = 50 hats/month

t
the total profit is P(50,t) = 120 + 50 cos % dollars (for month number "t") and so on. The graphs look like so:

Profit dollars
1

100 hats/month

75 hatsAmonth

50 hatz/month

1 = z 4 5

1 months

Cecemnber  January  February March dpril May June

You'll notice that there is a drastic decrease in profits from December to June when you make lots of hats

. o . .
each month, and that's illustrated by the value of ot which becomes more negative as x increases.

I knew a picture would help. Like I always say, a picture is worth a thousand ...

Right! Now let's go on.

Wait! How about a picture of P(x,t) in 3-D? P )

Okay, here's a rough sketch ===>>>

See how, for each x-value, the curves are cosine functions of t which decrease

more rapidly as the x-value increases?

S:  Now suppose we're sitting at a particular point on this surface. That means a
particular t-month and a particular x-quantity of hats/month. Where do we go so +
P(x,t) increases most rapidly? I mean ...

P: I know exactly what you mean. You want to maximize your profits so you'd like

to know how to modify x and t to accomplish this. Like being on the side of a

mountain and asking "Which direction to increase my elevation most rapidly?"

Good luck. The variable "t" isn't something you can change, else you'd arrange for

it to be Christmas all the time.

But isn't "t" called an independent variable and doesn't that mean I can change it at will?

No. It means it's independent and does what it pleases. Time marches on ... which reminds me, we should too.

I notice that you keep trying to put everything into a 2-dimensional plane ... the x-y plane or maybe the x-z plane or

something ... and you rely on what we've done before to find derivatives because you've got a function of just one variable

because you're keeping one of your variables constant so ...

P:  Yes, yes ... of course. We'd like to reduce the problem to one we've already solved. Did I ever tell you the story of the

mathematician and the engineer?

TLrFL

nye
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S:  Yes, yes ... of course. Anyway, I presume that we can take the derivative of the derivative and get the second derivative,
right?
P: Right. Now pay attention:

HIGHER PARTIAL DERIVATIVES

of
If we hold y fixed and concentrate only on the change in x then % is the rate of change of f with respect to

of
x and we can evaluate it at any point P(a,b). If we leave 7x asa function of x and y (without substituting x =a, y =

o of o%f
b) then we can differentiate again: % 0% which is also denoted by ﬁ . This is the second partial with respect to x,
X

o of o
and we can also evaluate it at P(a,b). In a similar manner we can consider a—yg = 6_2 , the second partial with
y

respect to y. Each has its geometric significance.

Consider the surface described by z = f(x,y) and the plane y = b. This
plane intersects the surface in a curve which, when viewed from a
long way along the negative y-axis (so we see the z-axis going up and
the x-axis going right), is described by z = f(x,b). Whereas the slope

f f
of this curve is x (x,b) , hence is x (a,b) when x = a, at the point

9f(x,b)

P(a,b that
(a,b), we can see tha ox2

gives the rate of change of this slope

9f(x,b)

as x changes along the curve, and the sign of o2 will indicate
X

whether the curve is concave up or down. If we substitute x = a we'll

o%f
get 6? (a,b) , hence an indication of the "concavity" at P(a,b).

Of course, this is not the concavity of the surface z = f(x,y), but only
of this particular curve on that surface. Indeed, it's an interesting
H question to ask: "What does one mean by the concavity at a point on a
a surface, z = f(x,y)?"

Of course, we can repeat this for another curve: the intersection of the plane x = a with z = f(x,y). Then

when viewed from a mile or two up the positive x-axis, looking back at the z-axis going up and the y-axis going
2

right, we see the curve z = f(a,y) and 2—; (a,y) and %% (a,y) give the slope and its rate of change at any y-value

along this curve.
Sometimes this geometrical interpretation of the second partials is useful ... provided you only change one
of the variables.

S: But I'd like to know what happens if both x and y change, together. What's the "slope" and what's the rate of change of z =

fx,y)?
P: I'm glad you asked that question ...

LECTURE 15

DIRECTIONAL DERIVATIVES

Suppose we have z = f(x,y) and we're at the point x = a, y = b so z = f(a,b). Now we change x by Ax and y
by Ay, then z becomes f(a+Ax,b+Ay) hence changes by Az = f(a+Ax,b+Ay) - f(a,b). What do we mean by the "rate of
change of z"? It's not the rate of change with respect to x or y alone, but with respect to ... both, somehow.
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In fact, just as we climbed a mountain whose elevation was given by z = f(x,y), we'd want to know how
change in z
change in x-y position
X-y position go to zero. What do we mean by "change in x-y position"? We mean the distance between (a,b) and
(at+Ax,b+Ay) and that's \/sz + Ay? so we'd consider the ratio: S - and we'd let \/sz +Ay2 —>0.

\/sz + Ay2
Although that's what we want, we should find an easier way to compute this limit! In particular, since

\/Ax2 + Ay? is a terrible expression to deal with and since it's just the distance in the x-y plane we should give it a
name, and because it's small (because Ax and Ay are small), the name should reflect this, so we'll call it As.

quickly z changes with change in our x-y position. We'd take the ratio: then let the change in

So far we've moved a distance As =*[Ax2 + Ay? and the change in z is Az and we want lim A_z .
As—>0
Although x and y are both changing, we can still work in the af (a b
x-y plane by using LEVEL CURVES again. ay
In the diagram are some level curves for z = f(x,y), namely
f(x,y) = C for various values of C. We're at (a,b) and if we move in
the x-direction then the rate of change of z is the limit as Ax—>0 of

change in z Az , of .
change in x position = Ax and thatsg (a,b) . If we move in the y-

increasing C

of . A
direction (by an amount Ay), the rate of change: 6_y (a,b) = lim =2

Now we move in an arbitrary direction given by the angles (a,3) where a is the angle our direction makes
with the positive x-axis and f is the angle with the positive y-axis. (Remember that? ... when we discussed
parametric equations of lines?)

In the diagram, we've moved from (a,b) a direction = (ax, )

distance As = \/sz + Ay2 and we want to investigate
.o Az f(a+Ax,b+Ay) - f(a,b)

the limiting value of — = as

As As

As—>0. To this end we consider the changes in x and y

in turn, writing

Az  f(atAx,bt+Ay) - flatAx,b)  flatAx,b) - f(a,b)

— = +

As As As

where the first fraction has only y changing and the

second only x changing.

S: Hold on! How did you know to add and subtract like that! I mean ...

P: I'm familiar with functions of a single variable, so I let the variables change one-at-a-time. I'm at x =a, y = b and [ want to
get to x = atAx, y = b+Ay. First I change X, going from (a,b) to (a+Ax,b) and find the change in z: f(a+Ax,b) - f(a,b). Now |
change y, going from (a+Ax,b) to (a+Ax,b+Ay) and there's another change in z: f(a+Ax,b+Ay) - f(a+Ax,b). The total change
is (f(a+Ax,b+Ay) - f(a+Ax,b)) + (f(a+Ax,b) - f(a,b)) which, of course, is just f(at+Ax,b+Ay) - f(a,b).

flatAx,b) - f(a,b)
AX

flatAx,b) - fla,b) Ax

Let's look at just the second fraction. If only we had we could take the limit and

... of . . Ax ..
recognize it as 3~ (a,b) ... but we can write the second fraction as and note that —— is just

Ax As As
. flatAx,b) -f(ab) Ax of
_ l ) ) —
cos o, so now we can let As—>0 and get lIm Ax As  0x (a,b) cos a.

AsB0
We repeat this procedure for the first fraction, writing:
flatAx,b+Ay) - flatAx,b)  flatAx,b+Ay) - flatAx,b) Ay flatAx,b+Ay) - flatAx,b)
As B Ay As Ay

sin o, and now let Ay—>0
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flatAx,b+Ay) - flat+Ax,b of
(atAx, Zi/ (a*Ax.b) - a_y (at+Ax,b) ... that's the definition of the partial derivative at the point x =

so that

of of
atAx, y =b. Now let Ax—>0 as well, so g (atAx,b) —> 5 (a,b) and having let both Ax—>0 and Ay—>0 we also

have As—>0 so we're finished.

S:  Huh? Finished? Finished with what?

P: Don't you see? We've now got the rate of change of z in any direction. You don't have to move in the x-direction or the y-
direction. You can pick your direction, like north-by-north-east, and that determines the angle o and hence you can compute
the rate of change in this direction.

And what is it?

. . . . . of of . . . o .
P: We need a nice notation for it which looks similar to Px and 8_y except it has to have distance in the o-direction, not just

L . . . . dimensions of f
the x- or y-direction. Got any good ideas? Remember that it has to have the dimensions dimensions of s -

ot
S:  Yeah, call lf@s .

the DIRECTIONAL DERIVATIVE

f f f
% (a,b) = g_x (a,b) cos a + % (a,b) sin a

where "s" 1s distance measured in a direction which makes an angle a with the positive x-axis.

Some observations about the directional derivative:

. o . f
* Ifo =0, we have the positive x-direction and the above formula gives 2s ~ox 38 we'd expect.

of
¢« Ifa :g , we have the positive y-direction and we find that F a_y .

of of
*  For other directions, the rate of change is a combination of each of % and @ , the latter being weighted more
heavily if a is closer to% , and so on.
) of of .
» If we stand fixed at a point x = a, y = b, then x (a,b) and 5 (a,b) are fixed numbers and only cos o and sin o
of
change, and s takes the form A cos o + B sin o (where A and B are constants) and presumably we could

. . of . - . .
determine the value of o which makes 3 4 Mmaximum or minimum ... and we'll do just that in the next lecture.

(It's like standing on the side of a mountain and determining the direction in which the elevation increases most
rapidly).
*  Since cos a and sin a are dimensionless (think of them as the ratio of sides of a triangle), the dimensions of s

of oo . . .
2% and g are the same : if f is in hectares and s, x and y are in years, then each has the dimensions of

hectares/year.
Example: Determine the rate of change of the given function at the indicated point, in the given direction.
T
(a) f(x,y) = x2 + x sin y at (1,n) in the direction which makes an angle of 3 with the positive x-axis.
T
(b) f(x,y) = e2X + xy at (0,1) in the direction which makes an angle of - I with the positive x-axis.

(c) fx,y) = x3y at (0,0) in the negative y-direction.
(d) flx,y) = x3y at (0,0) in the negative x-direction.
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Solution:

(a)

(b)
(©

(d)

of of of of
35 ~ox cosa+a—y sinawhereazg ,anda—X :2x+siny:2anda—y =xcosy=-1at(l,m).

NERINE
2 2 -

of T . W 1
Henceg =(2) cos 3 +(-1) sin 3 :25 -

of of of 343

% :2ezx+y:3 anda—y =x=0at(0,1), henceg =(3) cos (-%)JrO =7 .

of of . T T .

Js —ox CosaT 8_y sin oo where o = 5 or-5 (or any other equivalent angle) .
of of of

At (0,0) we have x =3x2y=0 anda—y =x3 =0 SO 3¢ =0.

of of of of of of
35 ~ox cosa+a—y sin oo where oo = 7 and at (0,0) we have % :3x2y:Oandg =x3 =0s07; =0.

of f of
It seems clear that 3s = 0 at (0,0) regardless of the direction we move, since % and g are both zero at

(0,0). The surface z = x>y must be very flat at the origin.

84

NTITLITL

A picture, please.

Okay, but let's predict what z = x3
quadrant where x>0 and y>0 ...

... and into the third quadrant too ... and it falls into the other quadrants ...
What about the level curves. Do they help?

Uh, sure, why not. Do some.

You do some.

Well ... I'd write z = x3y and let z=C so I'd get LEVEL curves x3y =C

C c<0
and I'd write y = 3 and I'd do a Quick&Dirty sketch ... uh, for small x
X
it looks like ... uh ...
e

y will look like. First off we note that it rises from the origin when (x,y) goes into the first

i

. C . . *
It's too simple for Q&D: y = 3 has a vertical asymptote at x = 0 with
X

Cx0
increasing C

lim y = o (assuming C>0) and a horizontal asymptote at y = 0 since
x@0"

y=C

lim y =0 and it's an ODD function and that's enough to
x{Joo

sketch a few curves. Of course, before sketching z = X3

y we might also note that if we slice this surface with a plane  y=

A we'd get a cubic cross-section: z = Ax3 and if we slice it with a plane x = B we'd get a linear cross-section: z = B3y and
what would we get if we slice it with a plane z = C?

Huh? I haven't the foggiest idea.

We'd get the level curves, of course: X3y = C (where C =

may be positive or negative). If we just rely on the level Y

curves we might sketch z = x3y like so ===>>> L
What about the big picture ... the big computer picture? =
Okay, here' ter-plotted picture ... below:

ay, here's a computer-plotted picture ... below ?

wIY=z
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Note, in the diagram, the intersection with the plane y = A (namely z = Ax3), has A < 0 so the curve of
intersection ... when viewed with the z-axis going up and the x-axis going right ... looks like z= - x3 (not like =~ z=
x3). Note, too, that the entire x-axis lies on this surface since points on the x-axis have coordinates (x,0,0) which
clearly satisfies z = x3y for any x-value. Also, the entire y-axis, containing points (0,y,0), satisfies the equation z =
x3y as well.

The "flatness" of the surface, near the origin, is evident, so it's not surprising that the rate of change of z is
zero in ANY direction.

e-X
l+y2
measure distance (in metres) from the queen ant who is located at (0,0): x is east-west and y is north-south distance.
What is the rate of change of ant density at (0,0), in a north-west direction?

Example: The density of ants at a location (x,y) is given by D(x,y) = K ants per metres? where x and y

; db _db ad . n D e™ ab 2ye*
Solution: 3s ~ ox Cosot oy Sina where a = 4 and x - K 1y2 =-Kand oy K (1y2)2 =0
oD 3n K
at (0,0). Hence e (-K) cos 7t 0= @ ants/metres>.
S:  Ants per cubic metre? You're kidding?
D 2
P: Notatall. If D is measure in ants per metres? and s is in metres, then %_s is in % = ants/m3. Of course, we might

also say ants/m? per m. See?
S:  Sounds like you got so many ants per ... uh, volume ... or something. Anyway, you're talking about ants because you think
-X
I'll be impressed with how useful this is ... but I'm not. How on earth would you get D(x,y) =K li > ? If I'm a biologist can
y

I expect somebody to hand me this function and say "find the rate of ...
P: Pay attention.

Example: You are standing at the origin (0,0) and the temperature is given by T(x,y) = 100 eX cos y °C at
location (x,y), each of x and y being measured in kilometres. In what direction should you move so it gets cooler

most quickly?

Solution: We interpret "cooler most quickly" to mean that the rate of change of temperature should be as

. o . oy . . L oT
negative as possible, in the optimal direction. If "s" measures distance in the direction a then we'd want o5 o be as

oT
negative as possible. We have that Bs —ox

T
« COs a+a—y sin o= (- 100 eX cos y) cos a. + (- 100 e sin y) sin o

oT oT
which, at our location (0,0), is s - 100 cos o+ 0=-100 cos a.. We want oo =0 so s = -100 “C/kilometre.
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S:  Sure, sure. Move one km due east and the temperature drops from boiling to freezing ... and this is usefil?
P: Pay attention. This is only the rate of change at (0,0), in the x-direction. It changes, you know. In fact, T never reaches 0 on

the x-axis because, putting y = 0, T(x,0) = 100 e™* °C. However, it does get to 0°C when y :g . Besides, T(x,y) = 100 e*

cos y is only an invention ... so we can practice taking derivatives and interpret rates of change in various directions.
Perhaps we can invent a more reasonable temperature variation, and study it more carefully.

Example: The temperature of a plate lying in 0 <x < 1,y >0 is given
1 1
by T(x,y) = sin mx e™. In what direction, from (Z 4 ), is the temperature T=0

increasing most rapidly?
(The plate is shown in the diagram, together with the point.)

. . L or oT ) .
Solution: If "s" measures distance in the o-direction, then s —ox cosat g sin o gives

oT . . T T . T .
s = (mcos mx e™) cos o+ (-7 sin mx e™) sin o= @ eW4cos o - 1 e W4 sin o= 1 e™4(cos o - sin o) at the

o101 . . . - L . .
point (Z 4 ). Our problem is to choose a so that this rate of change is maximized. Since it's a function of a single

variable, o, and since we can assume o lies in the closed interval [-mt,nt] ... which clearly includes every possible
direction ... we can just find the critical points of (cos a - sin o) in this interval and evaluate this function there as
well as at the endpoints oo = -m and o = w and pick the largest of these values. We have:

d . . T 3n .
a(cosa-sma) =-sina - cos o =0 when tan o = -1 soa=-7 ora= ", so we evaluate (cos o - sin o) at o =

3 2
-, T, - % and Tn and get the four values 1, 1, @ = \/E and -\/E . The maximum rate of change then occurs in the

or _ mf2

— T . e . . .
direction o =- 4 and s = 4 e ™4 °C/metre in this direction (assuming we've got the correct units for T, x and

)

1
Note the temperature variation if x stays fixed at x = s (and y increases fromy =0) ... or if y stays fixed at

y=% (and x goes fromx=0tox=1)
T
T
T T H
b 0 1
1= sin® 2Ty Tyo -Tii
TI:4,'=I:I sing e T(x,q) SinTx e

Note, too, the surface in 3-D x-y-T space:
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LECTURE 16

the GRADIENT

In earlier problems, although we calculated the rate of change of some function z = f(x,y) in a particular
direction (first in just the x- and y-directions, then in any a-direction), this leads naturally to the question: "In what

... ar . - . . L
direction is Js @ maximum or a minimum?" This is actually of more than just passing interest:

*  For a steady distribution of temperature (meaning it doesn't change with time), "heat" (measured, say, in

calories/metre?/second) flows is the direction in which the temperature decreases most rapidly.
e The electric field (in an electrostatic environment) is in the direction in which the potential decreases most

rapidly.

S: Thaven't the foggiest idea of what you're talking about!
P: Does it matter? Just listen to the words ... and be impressed.

e The force of gravity acts in the direction of maximum rate of decrease in gravitational potential. (On the earth,
it's downward!).

e The "best" climb up a mountain is in the direction of maximum rate of increase of elevation.

*  The "best" skiing, down a mountain is in the direction of maximum rate of decrease of elevation (which is
directly opposite the direction of maximum rate of increase!).

Now, how do we find this direction?
We digress for just a moment to discuss vectors (since they will be a convenient way of identifying a
direction ... since vectors are good at pointing).

VECTORS

We consider vectors in 3-dimensional space: V =[V1, V2, V3] (where we'll use square brackets to

distinguish vectors from points). We'll denote by |V | =~ /Vlz + V32 + V32 the length of the vector V ... and, when

convenient, we'll write V as the length, dropping the bold type. Every vector has both a length and a direction (...
except that we'd have some difficulty associating a direction with the "zero vector" [0,0,0] which has zero length).
We will find of particular utility those vectors whose length is "1", called "unit vectors". One reason for this is that
such vectors are a convenient way of identifying a particular direction in our 3-D space: just construct a unit vector
in the appropriate direction and use it to identify that direction? How else would you indicate a direction?

S:  How about north-east and south-by-south-west and so on ... or maybe the direction which makes an angle of 30° with such-
and-such an axis or maybe ...
P: Okay, there are other ways, but you must admit that you do use vectors to indicate a direction. Somebody asks "Where?"
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and you point. It's not the length of your arm that's important, it's the direction of your arm. Can I go on?

S:  Go ahead.

Suppose we were given a direction as "making z oy ¥ =
angles o, B and y with the positive x- , y- and z-axes". ¥
What would be a vector pointing in this direction? We
need a picture ===>>> ; ¥

To find, say, the y-component of the vector V @
=[V1, Va, V3] ...with length V ... we drop a y B
perpendicular from the tip of V to the y-axis and stare at I d
the triangle formed. The side of the triangle which lies u Mo =W ooos

along the y-axis is the y-component and it's clearly V
cos B3. Similarly the x- and z-components are V cos o
and V cos yso we have V =[V cos a, V cos 3, V cos 7] and if we choose the length V = 1 we get a unit vector in the

required direction: | u = [cos a, cos B, cos Y] |

2 2

Wait a minute ... it'll only be a unit vector if its length is "1" and that means ’\/cos o+ COSZB + cos“y =1 and maybe I

didn't pick my angles that way. [ mean, what if I choose angles like o =% and =% and y =% then you get u = [cos

1 . .
) and, unless I'm mistaken, that's not "1". Right?

N [—

+

N[ —

1 1 1
a, cos B, cosy]= [ﬁ ) ﬁ ,ﬁ ] and its length is ... uh,

A8

Right, and you've just discovered one of the mysteries of the universe. There's no such direction as one which makes o =
T T . . T T . ) T T
and = 7 andy = 7 -In fact, if you pick a. = 7 and B = s then you have little choice; y must 5 or-5 orany angle that

makes cos y = 0. See? cosa + coszﬁ =1 so cos y = 0. These three angles are related. In fact, the three cosines must
satisfy

Direction Cosines satisfy: \/ cos2a + cos2f + cosZy = 1

Direction cosines?
Uh ... sorry, that's what they're called, but you've seen them before. When we were talking about parametric equations for a
line in the x-y plane, we said:

The line thru' (xq, yo) making angles o, f with the positive x- and y-axes is x=x(tscosa, y=y0+scosB|

ny L

See? Direction cosines! In fact, we also noted that, in 2-dimensions, o + 3 = 5 so that cos 3 = sin o and that means that

cosa + cos2[3 = 0052]3 +sinZo = 1. See? [ The sum of the squares of the direction cosines is "1"]| . The vector u = [cos a,

cos fB], in the x-y plane, is a unit vector. In fact, since V =[x - x(, y - yo] is the vector which goes from (x(, y() to (x,y)
then, using the above parametric equations we have V = [s cos a., s cos B] where "s" is the distance between (x(),yg) and
(x,y) hence it's the length of V so if s = 1 we'd have a vector of unit length. See how everything hangs together?

And comes back to haunt you. I have a question: what's a gradient?

Hmmm. Good question. How did you know about gradients?
That's the title of this lecture.

of of
For the function f(x,y), the vector grad f = [5x > By ] is called the gradient vector

The gradient vector (sometimes denoted by [ f) has a nice interpretation, but before we say what it is we'll do
some examples:




23

Example: Compute the gradient of the given function at the given point:
(a) fxy)=xyat(3,7)
(b) fix,y) = (x-1)>+(y-2)% at (0,0)

11
(c) fixy)=sinmxe™ at(y ,7 )

(d) fix,y)=100eXcosy at (0,0)

of of
Solution: In each case we use grad f= [& , a_y ]:

(a) grad f=[2xy, x2]=[42,9] at(3,7).
(b) grad £=[2(x-1), 2(y-2)] = [-2, -4] at (0,0).

1 1
(¢c) grad f=[ncosnxe™, - sinnx e™Y] = [% 4 - % e‘”/4] at (Z vy ).
(d) grad f=[-100e™* cosy, - 100 eX siny] =[-100,0] at (0,0).

All these come from examples considered earlier:

* In(a) we have the rate of change of volume of a square box of side 3 and height 7 when either the side length or
height changes ... all wrapped up in a single vector grad f=[42,9]!

* In (b) we have the rate of change of elevation of a mountain (if we're sitting at (0,0)) when either x or y changes.

4
Note that this vector, grad f = [-2, -4], points in a direction with slope 5= 2 and that's the direction (as we saw

earlier) which gives the maximum rate of increase of elevation. Is that an accident?

1 1
e In (c) we have the rate of change of temperature in a plate, at the point (Z ' ), and we note that grad f=

L
[ \/5 ¢
and that's the direction (as we saw earlier) which gives the maximum rate of increase of temperature. Is that an
accident?

* In(d) we have the rate of change of temperature at (0,0) and we note that grad f=[-100,0] points due west (in
the negative x-direction) whereas the temperature decreases most rapidly in the positive x-direction. Is that an
accident?

T . . . . T . .. . .
4 @ e 4] points "south-east", the direction making an angle o =- 1 with the positive x-direction

0
As you might expect, these are not accidents: grad f= [5x > 6_y ], when evaluated at some pointx =a, y =
b, gives a vector which points in the direction in which f(x,y) increases most rapidly! (Or, to put it differently, grad f
points opposite to the direction in which f(x,y) decreases most rapidly ... as in (d), above.)

S: Hold on! Is that some kind of proof? I mean, do a couple of examples prove anything? I mean ...
P: No, of course not, but I can prove it. Pay attention. I have to talk a little more about vectors:

A little More About Vectors

Let's talk about 2-D vectors, U= [Uy, Up] and V = [V, V3] etc. Every such vector has both a length and a
direction. The length of U, denoted by | U |, is A /Ul2 + U2 . To get the direction of U we could take the ratio

y-component U2

X-component U; and that would give us the slope of this vector.
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We can also add vectors: The SUM of these two
vectors is U + V =[U;+V, UxtV3]. Geometrically, we

U+¥ ¥ SUM .therr.1 by slid%ng \4 '(while maintaining its length
and direction!) so its "tail" touches the "head" of U.
This is vector addition and the SUM is the vector which
u ¥ goes from the "tail" of U to the "head" of V. To get its
u length requires the cosine law (assuming we know the

lengths and directions of U and V so we know two sides
and the contained angle for the triangle whose third side

is the length of U + V).
We can also subtract vectors: the DIFFERENCE is U
-y -y -V =[U1-Vy1, Uz-V3]. Geometrically, we SUBTRACT
them (1) changing the direction of V (while maintaining
/ u-¥ its length!), and that gives - V, then (2) finding the SUM
u - of U and (- V) ... thereby reducing the problem to one

we've already considered!.

There is a natural question to ask: Can we multiply vectors? The answer is, of course, yes.

S:  Of course? Why "of course"? It's not obvious how ...

P: We can define what we mean by "muliplying" U and V in any way we wish. I could, for example, say that the PRODUCT U
V is the vector [U1 V2, UpV1] ... i.e. [15t component times 219, 214 component times 15t]. Why not? You can invent a
product yourself if you'd like. Who can argue? It's a definition, right?

S: s that the definition of the product?

P: It's not the one I want to talk about. It does, however, have the nice property that if I multiply any vector by the zero vector,
[0,0], the result is the zero vector. However, if I want to add U and V then multiply by W =[W{, W] and I write this as W
(U + V) which is W multiplied by [U+V [, Up+V3] and I use my invented "multiplication rule", I'd get W (U + V) = [W
(Up+V2), Wo(U1+V1)]. On the other hand, if I multiplied U + V by W, writing it as (U + V) W, I'd get (again using my
"invention"): [((U1+V1)W2, (Up+V3) W1]. They're not the same ... but that's okay. What is most bothersome about this

invented "multiplication" is that ... can you see what's bothersome?

S: It doesn't bother me.

P: I have no idea how to multiply vectors in 3-dimensional space. You see, this recipe doesn't generalize easily. And there are
other things I don't like about it. I have no idea if it's useful, and ...

S:  Why don't you just tell me what you do like.

the DOT Product

The DOT product between two vectors U =[Uq, Up] and V =[V, V3] is defined by U*V =U;V| + Uy V3.
Let's make a fuss about this:

UV =U1V] +U2V2 is the DOT product between vectors U= [Uj, Uy] and V = [V, V3]

Example: Calculate the dot product between the following vectors:
(a) U=[2,-1] and V=0, 5]

(b) U=[2,5,-1] and W=[5,0,1]

(c) P=1[5,1,1] and Q=[-1,4,1]

Solution:

(a) UeV =12, -1][0, 5] = (2)(0) + (-1)(5) = -5

(b) UeW =[2,5,-1]°[-5,0,11 = (2)(-5) + (5)(0) + (-1)(1) =-11

(c) PeQ =[5, 1,1][-1,4,1] = 5)(-1) + (D(#) + (1)(1) = 0

S: But the dot product isn't even a vector, right? Doesn't it have to be a vector? [ mean ...
P:  You're right, it's NOT a vector ... it's a SCALAR (i.e. a number) and for that reason it's sometimes called the SCALAR
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PRODUCT. And since it's a definition we don't have to justify it ... except we'd look pretty foolish if it were useless.
Another thing: notice how it generalizes so nicely to 3-D vectors (as in (c), above)? Just multiply the components, pair-wise,
and add up all these products.

S:  Why call it the DOT product?

P: Didn't you see the big DOT? Anyway, now I have to show it's important in the sense that this "product” actually occurs in
meaningful problems. In particular I want to answer the question: "Does the gradient vector grad f(x,y) give the direction in
which f(x,y) increases most rapidly?"

Earlier we mentioned that the length of the sum vector U+V could be obtained as the length of a side of a
triangle, using the cosine law. We'll do that now and something wonderful will happen:

Suppose 0 is the angle between U and V, as shown. The length of the sum vector U+V is given by [U+V|2 =
|UP + [V - 2 |U| |V] cos 8. Now we insert the lengths of U, V and U+V and get:

(U1+V1)2 + (Up+Vp)2 = (U12+U22) + (V12+V22) -2 [U] [V| cos 0, then square the terms on the left-side and

cancel and get, finally: | U1V1+UpVy=U||V]|cos 6 | . This is quite remarkable. The left-side is just the DOT

product, so we have:

UV=U1V]1+U2V2 =|U||V|cosB
where 0 is the angle between vectors U= [U1, U2]and V =[V1, V2]

In words, the DOT product of two vectors is a number which can be obtained either by multiplying their
components, pair-wise, and adding OR by multiplying the product of their lengths by the cosine of the angle between
them. If you know U1, Up and V1, V5 then you can compute their length hence the angle between these two vectors.

Example: Calculate the angle between the following vectors:
(a) U=[2,-1] and V=0, 5]

(b) U=1[2,5,-1] and W =[-5,0,1]

(c) P=1[5,1,1] and Q=[-1,4,1]

Solution:

=
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1
(a) UsV =-5and |U|=4/22+12 =4[5 and |[V|=/02+52 =5 and U+V = |U| |V| cos 6 so we have cos 0 = - %

<06<m

STE

1

hence 6 = arccos(— ﬁ) where we choose the angle in 0 < 0 <=. In fact, since cos 0 <0, then
(b) UsW =-11 and |U| \[22+52+12 =+[30 and |W| \[52+02+12 =+[26 and UsW = |U\ IW| cos 0 so we

have cos 0 = hence 6 = arccos( ) where, since cos 0 <0, then 5 <0<m

BELE e 2

(©) PeQ=[5,1,1][-1,4,1T1=(5)(-1) + (1)(4) + (1)(1) = 0 and since P*Q = [P| |Q| cos 6 where 0 is the angle
between P and Q, then cos 0 must be zero, so 0 =§ and we conclude that P and Q are perpendicular to each other!
[s that a way to tell if two vectors are perpendicular?
Yes. If PeQ = 0 then they must be perpendicular.
But what if P =[0, 0]?

Oh ... yes, that's ... uh, you're quite right. In that case P*Q = 0 too. Well, if neither P nor Q has zero length (i.e. [P| # 0 and
|Q| # 0) then they'll be perpendicular if PQ = 0.

YLer«L

Whenever we see an expression like A B + C D we can imagine two vectors [A, C] and [B, D] and we can
interpret A B + C D as their DOT product and even find the angle between them.

S: s that useful?
P: Pay attention:

of of
The directional derivative (i.e the rate of change of f(x,y) in the direction o) is Ix Cosat 6_y sin o and this

of of
has the form A B + C D so we can write it as a DOT product between two vectors: [& , g ]*[cosa,sina]. We

recognize the first of these vectors as none other than grad f. And the second? It's just a unit vector in the
a-direction!

grad f  u is the directional derivative in the direction of the unit vector u

P: What does that say to you, about the direction of maximum increase of f?
Huh?

4

of of of
P: Can't you see? You're standing at some place and you calculate % and 6_y at that place. That gives a vector, grad f=[ x

of . N o . . . o
6_y ] and this vector points in some direction. Now you want to determine how quickly f changes in some other direction,

namely the direction in which u =[ cos a, sin o] points. You just take the DOT product grad f « u and that gives you the
rate of change in the a-direction. So now you vary this o-direction (i.e. the direction of the unit vector u), computing grad f

of of
* u for each new a-direction. Remember that grad f=[ X 6_y ] isn't changing. It just points in some fixed direction,

waiting patiently for you to rotate u and compute grad f * u again and again until you've found the largest rate of change (i.e.
the largest value of grad f* u ). So? In what direction should you move to achieve this greatest rate of change in f?

I'd say you should move in the direction of grad {?

Excellent! Why do you say that?

Well ... it's just sitting there, pointing ... and besides, it's the only direction I can think of.

I L

We've been able to generate various expressions for the rate of change of f in a given direction. It's the
most recent expression that answers the question: "Does the gradient vector grad f give the direction in which f
increases most rapidly?". We string out these expressions and look carefully at the last. It says something exciting:
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of of of . of of .

g=&cosa+a—ysma=[§,a—y]-[cosa,sma]
of of

=gradteu=|gradf||u|cos 0= (&szr(@_yjz cos 0

Clearly we obtain the maximum value of s by choosing the maximum value of cos 6 which means we

should move in the direction 8 = 0 which means the angle between u and grad f should be zero which means u
should be in the direction of grad f.

of 2 of 2
Hold on! To get a larger rate of change you just make ( @ +( @) bigger, right?

P: Wrong. You're standing at some place and you evaluate grad f at that place, meaning you calculate the partial derivatives at
that place, and they're just numbers and they give you a fixed gradient vector which points in a fixed direction. I said that
already! NOW you vary u and that means you're varying only 6 which means the rate of change is greatest when ...

S: Okay, okay ... I get it. And I assume that once you move a little ways in the direction of grad f then you have to do this all
over again, | mean compute another grad f and then move in that direction and so on and so on.

P:  Yes, if you insist upon moving in the direction where f increases most rapidly.

S: But we've done that before, right? In sounds familiar. We were on the side of a mountain as I recall ...

Example: You are standing on the side of a mountain whose elevation is given by z = 95 - x2 - y2 +2x + 4y
metres, where x = 0, y = 0 is your location, so z =95 is your elevation. Sketch the level curves in your
neighbourhood and determine in what direction you should climb so as to increase your elevation most rapidly.
Solution:
The direction of maximum increase of z = 95 - x2 - y2 +2x + 4y is just the increasing C

oz of
direction of the vector grad z = [a—i , E 1= [-2x+2, -2y+4] which, at (0,0), is

4
[2,4]. The "slope" of this vector is 5 = 2, just as we obtained earlier when we
took the direction to be perpendicular to the LEVEL CURVE through (0,0).

Earlier, we did another problem where the LEVEL CURVES were given by (x-1)2 + 2(y—2)2 =100 - C (so
they were ellipses rather than circles so it wasn't so obvious what direction gave the maximum increase in elevation).

Nevertheless, this magic direction is the still the direction of grad f where f(x,y) = 100 - (x-1)2 - 2(y-2)2. Actually,

we could take f(x,y) = - x2 + 2x - 2y2 + 8y or f(x,y) = - x2 + 2x - 2y + 8y + 15 etc. since adding a constant to f(x,y)
doesn't change its partial derivatives and grad f depends only upon these partials! Anyway,
grad f=[-2x+2,-4y+8] = [2,8] at (0,0) and this gives the direction of maximum increase: the "slope" of grad f is

8
5 =4 (aswe obtained earlier when we took the direction to be perpendicular to the LEVEL CURVES).

S:  Are you saying that grad f is always perpendicular to the level curves?
of of
P:  You got it. At every point P(a,b) the gradient vector [ % (a,b), 6_y (a,b)] is perpendicular to that level curve, f(x,y) =

constant, which passes through P, namely f(x,y) = f(a,b). Let's make a note of that:

of of
The gradient vector grad f = [G_X (a,b), 8_y (a,b)} at a point P(a,b)
is perpendicular to f(x,y) = f(a,b), the level curve through P
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LECTURE 17

more on the GRADIENT, and the CHAIN RULES

Let's recap:

Given a function of two variables, f(x,y), the LEVEL CURVES are f(x,y) = C where C is a constant.
The level curve through a given point P(a,b) has C = f(a,b), so is f(x,y) = f(a,b).

of of
The rate of change of f(x,y) in the x-direction is % (a,b), and g (a,b) is the rate of change in the y-direction.

of of
At each point P(a,b) the gradient vector is defined as: [1f= grad f (a,b) = [& (a,b), g (a,b)}
The rate of change of f(x,y) in the direction of the unit vector u = [cos a, sin o], namely the directional

of of of
derivative (denoted by 3 ), is given by either grad f (a,b) *u = % (a,b) cosa+ g (a,b) sin o or,

of of
equivalently, by \/ (& (a,b))2+(g (a,b))2 cos 0, where 0 is the angle between grad f(a,b) and u.
The direction of grad f(a,b) is perpendicular to the level curve through P(a,b) (i.e perpendicular to f(x,y) =
f(a,b)).
The maximum rate of change of f(x,y), at the point P(a,b), is in the direction of grad f(a,b) (since this maximum
rate of change occurs when cos 0 = 1, or 0 = 0, meaning u points in the direction of grad f(a,b)).

of of
The magnitude of this maximum rate of change is \/ (& (a,b))2+<g (a,b))2 .

S:  Huh? Where did that come from? I mean, we never talked about what the maximum rate was ... just how to move to achieve
it.

P: Si a ﬁb2+ﬁb2 0 and th i hen 6 =0 hat thi i is?

¢ Sincezo = ( ox (a, )) ( By (a, )) cos 0 and the maximum occurs when 0 = 0, guess what this maximum is?

S:  So grad fnot only gives the direction but also the size of this maximum increase, right?

P: Right! Since grad fis a vector it has both length and direction. The length provides the maximum rate of change and the
direction provides the direction in which this maximum increase takes place. Nice, eh?

S:  Mamma mia! You sure get your money's worth from good ol' grad f, right? When we were standing on the side of the
mountain, z =95 - x2 - y2 +2x + 4y and grad z = [-2x+2, -2y+4] = [2,4] at P(0,0) so the maximum rate of increase was
\ 22442 = 20 , right?

P: In metres/metre.

S:  And when the level curves were ellipses, like f(x,y) = 100 - (x-1)2 - 2(y-2)? = constant, then grad f=[2,8] at P(0,0) so the
maximum change was (2)2+(8)2 =

P: The maximum rate of change was \/@ metres/metre. Right.

S: 1think the gradient vector is probably pretty useful, right?

*  If T(x,y,z) is the temperature at P(X,y,z) where X, y and z might be the latitude, longitude and elevation of the
point P, the heat flows in the direction of maximum decrease in T(x,y,z), namely in the direction of - grad T. In
fact, if H is the heat flow vector (measured in, say, calories/metres?/second) then H = - k grad T where k
depends upon the conductivity of the medium in which the heat is flowing.

* IfV(x,y,z) is the voltage potential at P, then E, the electric field, is in the direction - grad V.

In fact, E=-grad V.

» IfU(x,y,z) is the gravitational potential at P(z,y,z), then F, the force of gravity acts in the direction - grad V.
In fact, F =-grad V.

S: Idon't know anything about that potential stuff ...

P: It doesn't matter. Just be impressed with the usefulness of the gradient vector.

Example: The distribution of a certain type of plant is given by its density: P(x,y) = 100 sin?x e-3Y

plants/km?, where x and y measure distance, in kilometres, from some origin. Compute:

(a)

the rate of change of P(x,y) at x =2, y = 1, in both the x- and y-directions,
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(b) the magnitude of the maximum rate of increase of plants at (2,1), and
(©) the direction in which this maximum increase occurs.
Solution:

oP oP

(a) grad P = [a_x , g 1= [ 200 sin x cos x e-3Y, -300 sin?x e-3¥] = [200 sin 2 cos 2 ¢-3, -300 sin2 ¢3] at

oP oP
(2,1). We have x - 200 sin 2 cos 2 73 and 6_y =-300 sin?2 ¢3 at (2,1).

(b) The length of gradP is \/(200 sin 2 cos 2 €3)2 + (-300 sin?2 ¢3)2 and this is the maximum rate of
increase (measured in plants/km?/km).

(c) The direction of grad P gives the direction in which this maximum increase takes place.
But what are those numbers ... and that angle?
oP oP
P: I'lllet ® MAPLE doit™ BMIAPLE . I'll define P, then compute Py = 7x andPy= ] using the

¥ MAFPLE commands diff(P,x) and diff(P,y), then I'll substitute x =2 and y = 1 and evaluate as a floating (decimal)
number (using the subs and evalf commands), then I'll take the length of the gradient vector as

sz + Py2 (and uses sqrt to denote the square root) and that'll give me the maximum rate of change,

P
then I'll compute F\L and that'll give me the tangent of the angle, then I'll use the arctan function to get the angle, but
X

¥ MAPLE is pretty smart and knows that the range of arctan is - % to% so it'll give me the angle in that range but |

notice that my gradient points into the third quadrant so I'll just add © (which % MAPLE calls Pi) and I'll ask
¥ MAFPLE (o evalf this angle:

e P:=100*sin (x) "2*%*exp (-3*y) ;

P := 100 sin(x)2 exp (- 3 vy)
e Px:=diff (P,x);
Px := 200 sin(x) exp(- 3 y) cos(x)
e Py:=diff(P,vy);
Py := - 300 sin(x)2 exp (- 3 v)

e Px:=evalf (subs (x=2,y=1,Px));
Px

-3.767897758

e Py:=evalf (subs (x=2,y=1,Py));

Py := -12.34951020
¢ MaxRate:=sqrt (Px"2+Py"2);
MaxRate := 12.91152414
* TanTheta:= Py/Px;
TanTheta := 3.277559794
¢ Theta:=arctan (TanTheta) ;
Theta := 1.274662618

e Theta:=evalf (Theta+Pi);
Theta := 4.416255272
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3I‘d

4

That angle isn't in the quadrant, it's ...
P: That angle IS in the 3rd quadrant. Remember, it's in RADIANS. In degrees it'd be

180
about 4.4( T) or about 252°.

How did Maple know to give it to you in radians?

Maple has a PhD in mathematics.

Could you plot a few level curves. I'd like to see that grad P really is
perpendicular.

nye

P: Be glad to. I'll have to plot 100 sin?x e=3Y = C for various values of the constant
2

100
C and that means e3Y = < sin“x and that means

100 100
3y=iIn ( < sinzx) =In < t In sin?x and that 2
1 ) y =K +% Fsinex
means I can ploty =K + 73 /n sin“x for various values of
the constant K. I'd better avoid places where sin x = 0, of
course (because of the logarithm), but we want the level
curve which passes through x =2, y = 1 and that means

1
choosing 1 =K + 3 In sin2 so we'll just choose K-

values near this. Here's a plot of a few level curves.
Notice that the gradient vector at (2,1) is indeed
perpendicular to the level curve through (2,1).

S:  And look at how the level curves head off to infinity as x
approaches 0 or 7 ... that's where the sin x = 0 so the /n
blows up, right?

P: Yes indeed.

S: But weren't we talking about plants? Are you saying that
the density of plants becomes infinite as x approaches n
kilometres? Is that reasonable?

P: No, no. Everywhere along the level curve through (2,1)
there is a constant density, namely P(2,1). In fact

the equation of this level curve is P(x,y) = P(2,1) or 100 sinZx e73Y = 100 sin2 e-3= 4.1 so that's the density and what the
2

graph shows is that if you want to maintain the same constant density of 4.1 plants/metres
curve and that means heading due south as you approach x =« kilometres.

you'd have to follow this level

S:  So nothing is really infinite, right? But it sure looks that way, right?
P: Ifthat level curve were a picture of a highway taken from an airplane, would you see any infinities? No.
S:  One other thing. What happens beyond x =  or maybe x < 0. Are there no plants there?
P:  You figure it out. 4
S:  Well ... I'd look at the level curves 100 sinx e-3Y = C or,
. 1 .
as you putit,y=K + 3 In SIHZX, and I'd see that ... uh ... W
2

sin“x repeats itself so the curve repeats itself so you've

just plotted the level curves in 0 < x <z but there would

be others and they'd look the same except

they'd be shifted right or left by x kilometres so they'd look something like this <t ... how'm I doin' boss?
P: Have you taken this course before?

The CHAIN RULES

It is tempting to repeat everything that we did for functions f(x) of a single variable, generalizing to
functions of two (or more) variables. Although many of these recipes generalize quite easily (... we've already seen
parametric equations of a line in 3-D, and first and second derivatives, and we've even managed to get derivatives in
a general direction which was a problem which didn't even arise in single-variable calculus!).

Now it's time to generalize the Chain Rule!
Alas, it's not clear what we should consider. Should we consider z = f(x,y) and each of x and y are functions
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of two other variables? Or maybe z = f(x,y) and each of x and y is a function of just a single other variable. Or
perhaps u = f(z) where z is a function of two variables, such as z = f(x,y) !?"%$*
Let's do the last, first:

Example: Ifu=sin z and z = x2 + y2 (so that u is indirectly a function of two variables x and y), then
du ou
compute 7 andg .
0
Solution: We can clearly just substitute for z and get u = sin (x2+y2), hence i = cos (x2+y?) 2x and
0
% = cos (x2+y?) 2y ... and we're finished. However, we'd like to identify the "Rule", so we notice that the factor
I NI . .. du . . 0z 0z . .
cos (x~+y#) is just cos z which is just i and the two pieces 2x and 2y are just % and g respectively. This means

0 duo ou duod ou
6_;1 = d—lzlé—)z( an g = d—lzlgz and that's the "Rule". Notice that we needn't write 2 because u is a function of the

single variable z and we need only differentiate using our familiar single-variable calculus.

We make a fuss about this new Chain Rule:

ou duoz ou duoz

Ifu=1(z) and z = z(x,y) then ox — dz ox and 8y = dz by

Notice how the terms are formed. If u is measured in degrees, z in metres, x in kilograms and y in seconds,
then %2 is measured in degress/kg and so is %% because it's (degrees/metre) (metres/kg). That observation alone
is almost enough to generate this Chain Rule. How else would you combine the various derivatives
d—lzl degrees/metre, % metres/kg and % metres/second to form degrees/kg ?

Another observation: derivatives (even partial derivatives) are "rates of change" and indicate how rapidly

. du ) } ) Z
one variable changes compared to another: 4, compares the change in u with the change in z whereas ox compares

du
the change in z with the change in x. Hence, if qz — 0 itmeans that u changes 6 times more rapidly than z, while

0 0
a—i = 7 means z changes 7 times more rapidly than x. So what's a—;l , which tells how rapidly u changes compared to
changes in x? Obviously it's (6)(7) = 42.

The Canadian humorist Stephen Leacock knew all about the chain rule when he wrote of A working twice
as hard as B who worked twice as hard as C.

This Chain Rule: common sense couched in mathematical jargon.

Example: Compute:
0
(a) a—;l if u=e?and z=sinx e2Y
oT
(b) By if T=u2andu=1InxeX"y
ov . >
(c) T ifV=tanw and w=T=V + cos(VT)
oP
@ 5 itP=cv andu=x2+y22 +zsint
Solution:
odu duoz T dT du

(a) X “dzox = (cos x e2Y) (b) oy “dudy 2u (In x eX1Y)
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\ \

P dp
) g—z :?1_112_2 —2uev? (2y22 + sin t)

S:  That's pretty easy ... I think, but does one example prove this new chain rule?
P: Pay attention. I'll go through it, but with different variable names:

Suppose that P = f(u) and u depends upon a host of other variables, one of which is z. Let z change by an
amount Az so that u will change by some amount, call it Au (which we'll assume isn't zero because we're going to
divide by Au !), and that'll make P = f(u) change by some amount, call it AP. The partial derivative we seek is

and we SlmpywrleAZ _Au Az

AzD0

then take the limit as Az—>0 (and that'll make Au—>0 as well) so we get,

dP o
in the limit, 56_2 where we use "d" when we're differentiating a function of a single variable and "0" when we're

differentiating a function of many variables. That gives us our Chain Rule.

Of course we've been considering the case where P depends upon a single variable u which in turn depends
upon many others. It's like saying the pressure P of a bottle of gas depends upon its temperature u (and nothing else),
but the temperature u depends upon the location of the bottle ... for example, x = latitude, y = longitude and z =

. . . . . oP .
elevation, because these three variables will determine the temperature. In asking for 3, Weare asking for the rate of

change of pressure (within the bottle) as the elevation increases (assuming a change in elevation will change the
temperature, u).

S:  You began with the title "Chain Rules". That's plural. I assume ...
P: Yes, there are others ... lots of them.

Suppose, now, that P depends upon many variables and each of these depends upon a single variable. In a
sense this is the opposite of what we've just considered. We write P = f(x,y,z) where x = x(t), y = y(t), z = z(t). It's
like saying the pressure of our bottle of gas depends upon its location (x,y,z), but we're in an airplane so the location
is changing with time, t. In fact, x = x(t), y = y(t), z = z(t) are parametric equations for the path of the plane!

dp
Now how does the pressure P change with time? We want aqt

We change time from t to t + At, causing a change in position from (x,y,z) to (x+Ax,y+Ay,z+Az), hence a

. AP
change in pressure from P(x,y,z) to P(x+Ax,y+Ay,z+Az): call this change AP. What we want is 1im A
AtH0

lim P(x+AXx,y+Ay,z+Az) - P(X,y,2)

. There's a trick here and we've done it before. Remember?

At—>0 At

S:  Nope.

P:  When we have too many things changing at once, like x and y and z?

S:  Nope, my mind is a complete blank.

P: Remember when we wanted to find the rate of change of f(x,y) is some direction and both x and y were changing? What did

we do?
S:  Aah, yes ... we changed them one-at-a-time. Go ahead, do it!

We write the total change in P, namely AP = P(x+Ax,y+Ay,z+Az) - P(x,y,z), as the sum of changes when
each of x, y and z change one-at-a-time, and we'll call the individual changes APy, APy and AP;:

APy = P(x+Ax,y,z) - P(X,y,z) is the change in P when only x changes, and we move from (x,y,z) to (x+Ax,y,z).
APy = P(x+Ax,y+Ay,z) - P(x+Ax,y,z) is the change when we move from (x+Ax,y,z) to (x+Ax,y+Ay,z).
AP, = P(x+AX,y+Ay,z+Az) - P(x+AX,y+Ay,z), when we move from (x+Ax,y+Ay,z) to (x+AX,y+Ay,z+Az).
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AP APX APy AP,
Then AP = P(x+Ax,y+Ay,z+Az) - P(x,y,z) = APx + APy + AP, hence == At At +— At + At and we need

only compute each of these three limits, as At—>0, which shouldn't be so bad because only one variable is changing!

. APy
We'll start with lim A
A0
APy P(x+A P _P(x+A P Ax
Note that — (ctAx,y.2) - Pcy.z) _ POctAxy.z) - Px.y.z) Ax where again we used the same trick
At At Ax At
P(x+A -P A
as we used when considering directional derivatives, because now each of (x X’y’AZl (x,y.2) and X)t( has a
recognizable limit.
. APy gPd dx
We get Altl—rZO Ttx x d)t( (Where we use "d" in" g because x depends upon a single variable, t) .
- . . APy . AP,
In a similar manner we can compute the limits of lim At and lim At

A0 A0

dp oP
The sum of the three limits we'll call ar rather than ot because there is only a single independent variable
which all others depend upon:

dP oPdx oOPdy oJPdz
If P =1(x,y,z) and x = x(t), y = y(t) and z = z(t), then dt T oxdt T By a% o7 dt

Although you may be tired of this dimensional stuff, I'll repeat it anyway:

. . . . dP .
If P is measured in hectares and X, y, z in kilograms, metres and seconds and t in years, then FT

. oPd
measured in hectares/yvear as are each of the three terms. For example, Ea% = (hectares/metre) (metres/year).

Example: The air pressure at a point (x,y,z) is given by P(x,y,z) = K (3-2sin x) (1+cos2y) eZ pascals, where
K is some constant and x, y and z are measured in kilometres. If the point moves along a curve descibed by x =t2, y

. L dp )
= [n (1+t), z=t, where t is the time in hours, then compute at at the time t = 2 hours.

d
Solution: When t = 2, we are at the point: x =4, y = [n 3 and z =2 and moving so that d_)t( =2t=4,
dy 1 dz
a% =— =5and 37 dt =1 km/hour.

Jol
Further, x - K (-2 cos x) (1+coszy) eZ2=K (-2 cos 4) (1+cosz(ln 3)) e2~ 214K and

oP
oy = =K (3-2sin x) (- 2 cos y sin y) €Z =K (3 - 2 sin 2) (- 2 cos(/n 3) sin(ln 3)) 2 = - .495 K and

ap
55 =-K(3-2sinx) (I+cos?y) e#= - 737 K.

dP
Hence" g = (214 K) (4) + (- 495K) (:5) +(-.737K) (1) =-.131 K pa/hour.
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LECTURE 18

another CHAIN RULE

S: Ihave to tell you that the title scares me!
P: But suppose we have z = f(x,y) and each of x and y depend upon, say, two other variables u and v. Then we'd have z
= f(x,y) and x = x(u,v), y = y(u,v) and when either u or v change, so will x and y, hence so will z, so we might want to

0z oz
compute 5 or maybe v

S:  When would that problem ever occur ... outside of this calculus course?

P: Well, maybe z = f(x,y) and we want to switch to polar coordinates r and 6 so x =r cos 0 and y =r sin 0 and that means x and
y depend upon two other variables so that z ...

S:  Yeah, I get it ... but that still sounds like a "math" problem, not a "real" problem.

P: Okay, suppose H(x,y) is the hardness (measured in some convenient unit!) at a point (x,y) in a flat sheet of material.
Suppose, too, that a laser beam is cutting the material and the x- and y-position of the laser beam is controlled by two gears
which rotate, the angles of rotation being given by 61 and 6. Then we'd have H(x,y) with x =x(61,02) and y = y(61,62).

Now we want to compute the rate at which the hardness changes when, say, 0 changes. Got it?

S:  Sounds like a pretty fishy "real" problem to me.

P: We're doing all this good stuff so if you ever run across a "real" problem you can at least say: "I remember doing problems
like that." Of course they won't be exactly like the ones I invent, but is that really important? Techniques ... that's what we're
learning. When you learn to play scales as a preamble to playing the piano, do you say: "Will these little songs ever occur
outside of these piano lessons?"

S: Yes.

Consider the following problem:
z = f(x,y) where x = x(u,v) and y = y(u,v) so that z is a function, indirectly, of both u and v. We want to

0z A
compute = . That means we change only v (leaving u fixed) and deduce the change in z and take the limit lim =2
ov Av0 Y

and, to do this, we let Ax and Ay be the changes in x and y when v changes by Av and write (as we've done before!)
the change in z as Az = Azy + Azy (these being the changes when x and y change one-at-a-time) so we get

Az Max Ary Amax | Aryay
Av AV AV AXx Av Ay Av
partial derivatives (being careful to use "0" rather than "d" when we're differentiating a function of more than a

0z 0z0x 0z0 0z 0zox 0z0
single variable) and we get: 6\Z/ = éa—t (;]5% and, in a similar manner, we can get: 8121 a}z{ 63 6_;5% .

and now we can take the limits of all four parts and recognize the various

If z= f(x,y) and x = x(u,v), y = y(u,v) then

0z 0z 0X aZQX 0z 0z 0X aZQX

ov ~oxov Toyov ™ 3y “axou Tayau

I think that's enough on Chain Rules. I think you can see how it goes. If K = f(x,y,z,u,v) and each of these

oK o0Kox KO 8K8 6K6 8K8
five variables depend upon p, q, r and s, then =~ ar &6_: By 5% o7 af Bu alrl oy 8\r/ and so on and so on

and so on and so on ...

Example: Compute the indicated derivative(s):
0z 0z
2y3 and x = v sinu, y = uZe¥

(a) u andg ifz=x
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P C
(b) 20 ifP=% and V= (x2 + y2) sin nt

Solution:

0z 0z0x  0z0y

@ B oot aiau (2xy3)(v cos u) + (3x%y?)(2ue’) and
0z 0z0x 0Oz .
v " oxov +8_y%% = (2xy3)(sinu) + (3x2y2)(uZeY)

oP dP oV C
(b) A AV s (— W) (7 (x2+y2) cos nt)

dp
In this last example, we write av because P is a function of the single variable, V. There's no harm in
.. ©OP . . . .
writing >y of course. If someone asks "Why are you using the partial derivative?" you can always say "I'm keeping
. . . . . oP .
C constant." In fact, when dealing with a host of variables, it's not always clear from the notation v Just what is

oP
being held fixed. If P is pressure and V and T are volume and temperature, then it's often convenient to use (W) T

to indicate a rate of change in pressure at constant temperature. You see this convention in thermodynamics which

(&), (&)
or\aT)p °T\oP) v

seems to have its own name! Indeed, a book on thermodynamics is cover-to-cover partial derivatives.

oP
deals with gases ... among other things ... and every conceivable partial derivative (av)

Let's collect these Chain Rules:

a COLLECTION of CHAIN RULES
ou duoz ou duoz

Ifu=1(z) and z = z(xy) then 7 =7, 5, and 7 =4, 50
dP _oPdx A oPdy , OPdz
IfP =1(x,y,2) and x = x(1), y = y(t) and z = z(1), then g =3, "3 59 ?1% a7 dt

0z 0z 0x GZQX 0z 0z 0x GZQX

Ifz=f(xy) and x =x(u,v), y =y(uv) then 50 =550 +505, and 50 =55, 5y u

dP 0P dx 6P_X OP dz

P: When you see at S ox dt 6y at Tz ar doesit remind you of anything?

S: Uh ... it's something like ... uh ... no, it doesn't.

P: It has the form AB + CD + EF, doesn't it?

S:  Yes! The DOT product, right? In fact, AB + CD + EF = [A, C, E] * [B, D, F], the DOT product between these
two vectors. Am I a genius or what?

P: Very good. Now write ((11[,: gi ((11): 25%% + g}; ((1; as a dot product.

[P 0P &P Tdx dy dz
S: Easy. It's [6){’ dy’ 62} [dt v dt}
JoP oP oP dx dy d
P: These two vectors, [&, E’ §:| and |:d_)t(’ a%, d_ﬂ , do they remind you of anything? Do you recognize them?

Think.
S:  One's the gradient ... but in 3-D, and the other is ... is ...
P: The velocity of a moving point (X,y,z), assuming t is the time.
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dp
S: So I can write at s grad P « 'V where V is the velocity. But what does it mean?

It depends upon the problem. If the position of a plane is changing with time, say x = x(t), y = y(t), z = z(t), and
P(x,y,z) is the air pressure at the position (x,y,z), then the plane will experience a changing pressure and it will
change at the rate grad P « V where grad P is the local gradient (at the position of the plane) and V is the plane's
velocity vector at the time t. Nice, eh? In fact ...

S: In fact I can tell you how the plane should move so as to experience the greatest increase in pressure! We'd want
V in the direction of grad P. Not only that, but the length of grad P would actually give this maximum rate of

dp
change of pressure. In fact I can tell you right now that the maximum value of at is

oP oP oP
\/(a_x>2+<6_x>2+(8_x)2 . What a genius!

., dP . . . .
P: Well ... not quite: ar 18 measured in pascals/hour whereas grad P is measured in pascals/kilometre and so

oP oP oP
is \/ (6_x>2+<6_x)2+(6_x)2 so you need to multiply the length of grad P by something with the dimensions of ...

what?

S: That's confusing.

P: No it's not. To get pascals/hour you multiply pascals/kilometre by kilometres/hour. Where do you get this
kilometres/hour?
Uh ... kilometres/hour ... that's V, right?

dp
P: Right. Notice thata =grad PV =|grad P ||V |cos 6 where 0 is the angle between these two vectors and

dp
to get the maximum at (measured in pascals/hour) you fly your plane so 6 = 0 and that gives a maximum ...

S: The maximumis | grad P ||V |... the length of grad P times the length of V. Nice!
P: Now let me show you something interesting ...

Directional Derivatives, revisited

When we considered the rate of change of f(x,y) in some a-direction (making an angle o with the positive
x-axis), we measured distance in this o-direction with the variable "s" and obtained, eventually:

of of
s~ ox cosat E sin o.| . Now let's do the following. We let z = f(x,y) and let x and y move from (a,b) in the a-

direction along the line: x =a + s cos o, y = b + s sin a. (Parametric equations for the line through (a,b) with

L L o . Az . .
direction o). To compute the directional derivative we want lim —— but now we have a Chain Rule to cover this
AsD0
- oz _ozdx | dzdy _oz oz
situation: z = f(x,y) and x =a + s cos o, y = b + s sin o gives 2s —oxds T Gy ds ~ox cosa + gy Sino which is

precisely the result we obtained before ... which gives us a warm feeling.

0
St Hey! Why do you call it 5 ?
P: That's what we've been calling it.

But you should write it as d_z , right? I mean, we're talking about a function of the single variable "s", right?

d
P: Uh ... you have a point there. Yes, I guess we should call it d_z . Hmmm. Why didn't I think of that? Well, I suppose it made

sense when we started all this since we were buried in variables and ...
Excuses, excuses.

df
P: Okay, from now on I'll call it Js - Happy? Now watch this and I'll show you something really wonderful:
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Implicit Differentiation, revisited

d
Way back when, we wanted to find a% given some relation f(x,y) = C which didn't define y explicitly as a

function of x ... so we invented "implicit differentiation". Watch carefully as we go through the steps:

d
Example: Determine az if x2sin y + eXin (xy) = 1
d
Solution: Differentiating ax { x2sin y+ eX(Inx+iny)=1 } gives
d 1 1d
x2 cos ya% +2x siny + eXin (xy) +eX (;) +eX Q‘a%) =0.

Now we collect terms:

X d X
{xz cosy+% H)X( + <{2xsir1y+exln (xy)+%} =0.

eX
2x siny + eXln (xy) + Y

Now we solve for dx = -

2 eX
X< COsSy+
YTy
P: Do you recognize any of the terms, like maybe the numerator or denominator?
S:  Wait ... uh, no.
P: Th is just Z d the d i is &
: € numerator 1s just 5 and the denominator 1s dy -
S:  Huh? Who's z?
P: Oh, sorry, z= x2sin y + eXln (xy) and we're on some level curve z = 1, and if we want the slope of the tangent line to this
0Oz
dy . . . . . . dy ox
curve we can find dx by implicit differentiation OR (and this is the nice part) we can just use: dx ~" 3z
ay
of
L dy _ dy _
To determine dx implicitly from f(x,y) = C, use dx = " of
oy

S:  So ... one example proves it, right?

P:  Watch this. We have z = f(x,y) = C and we're going to stay on this level curve, so if we change x then y must change in some
particular way in order to keep f(x,y) equal to C so we don't move off the curve. In other words, y must follow the level
curve, so y is a function of x and of course x is a function of x (what else?). Okay, we write this out like so:
z=1f(x,y) and x = X, y = y(X). See? We've said that y is a function of x by writing y = y(x) and just by looking at these
equations you can see that we've got a Chain Rule going here. We have the function f(x,y) where each of x and y is a

d of d of d d
function of x. Hence: d_)z( = &d_z + 6_ya§ =0 because z =1 so clearly d_)z( =0. (If we don't have this we don't stay on the

of

d d d ox

level curve so when we get some az it won't be the slope we're looking for!) Now we put ﬁ =1 and solve for a% =-7f
oy

and voila! A simple expression for implicit differentiation. Now go to all your friends and defy them to beat you in the game
of Implicit Differentiation.

the GRADIENT vector is normal to the level curve

We've been saying for some time now that:
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(1 if we stand at the point P(a,b) on a level curve f(x,y) = C, namely the level curve f(x,y) = f(a,b), and
of of
2) we evaluate grad f at P(a,b) on this level curve, namely [& (a,b), 6_y (a,b)} , then

3) this gradient vector is normal to the curve.

We're now in a position to do something more than just illustrate this with examples and pictures.

of
. .| dy 0x of
On the level curve f(x,y) = C the slope of the tangent line at P(a,b) is dx —"of where each of x and
oy

of of of
6_y is to be evaluated at (a,b). On the other hand the gradient vector is [& (a,b), g (a,b)} and has a direction

of
y-component 0y

x-component  Of
0x

characterized by the slope: . Just stare at those two slopes. They're negative reciprocals! That

means grad f is perpendicular to the tangent line. In other words, grad fis NORMAL to the level curve!
There's another way to look at this. We can write ...

S:  Another way? Why another way?

P: Ireally don't like equations like the above which are good in 2-dimensions but it's hard to see what the analogous equations
would be in 3-dimensions, or 4 or 5.

S:  Okay, forge ahead!

One awkward thing about the "tangent line": it isn't clear what we should do in 3-D since there are infinitely
many tangent lines to a surface at a point P(a,b,c) on the surface so we won't be able to say "the gradient has a slope
perpendicular to the slope of the tangent line". On the other hand there is only ONE normal direction to the surface
(well ... two actually, pointing in opposite directions!). It would be nice if we could show that, for the 3-dimensional
analogue, we'd still have grad f pointing in a normal direction. Of course, for the 3-dimensional analogue we must
consider "level curves" f(x,y,z) = C rather than f(x,y) = C and these aren't even curves but surfaces ... but that's only a
change in wording, so we can call f(x,y,z) = C "level surfaces" if we wish.

of of of
Now, is we stand at a point P(a,b,c) and compute the vector grad f= [a—x (a,b,c), 5 (a,b,c), P (a,b,c)] , will

it be perpendicular to the level surface which passes through P, namely f(x,y,z) = f(a,b,c)? The answer is YES! In
fact, it will be perpendicular to every tangent line to the surface at the point P(a,b,c)! In fact, it will be perpendicular
to ... to what?

S:  Huh? I don't understand the question.

P: In order to be perpendicular to every possible tangent line the gradient vector must be perpendicular to what? Tell me what
contains every single tangent line.

S: Istill don't understand ...

P: The TANGENT PLANE at P(a,b,c)!!

LECTURE 19

the TANGENT PLANE

We must first investigate the nature of planes else how would we recognize one when we see its equation?
To see what form the equation of a plane must have, we go over lines in 1-dimensional calculus ... carefully, trying to
put things in a form which generalizes to 3-dimensions.

S:  Why lines? Why not parabolas or circles or ...
P: Because the 3-dimensional analogue of a line is a plane! Pay attention. It'll be clear soon enough.
S:  Come now. Lines are lines and the 3-D line is just as much a line as a 2-D line so why isn't the 3-D line just a line. [ mean,
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why is the 3-D analogue a plane? It doesn't make sense. I mean ...
P: Pay attention!!

Recall that the equation of a line in 1-variable calculus has the form Ax + By = C. If the line is to pass
through a given point P(x, yg), then Ax + Byg = C so this gives the required value of C, and all lines through (x,

yo) have the form Ax + By = Ax( + By, or, to put it more elegantly:
|A(x-x0)*B (y-y0)=0].
We immediately (!) recognize this as having the form of a DOT product: the DOT product between the
vector [A, B] and the vector [x - Xq, ¥ - Yol
Who are these vectors?
Since P(xq, y) is a fixed point on our line and (x,y) is a variable point, then the vector [X - Xg, y - yo] just

y-component Y-Yo

X-component we get X - X(

points along the line, from P(xq, y) to (x,y). It's a "tangent vector". In fact, if we take

which, of course, is the slope of the line (and the slope of the tangent vector!).
Now, how about [A, B]? Since the DOT product A (x - Xg)+B (y - yg) =0, then [A,B] must be

perpendicular to the tangent vector [X - X, V - yg], hence [A, B] must be a NORMAL vector!

In fact, if we write the equation of a line in the form y = mx + k, then put it into the form Ax + By = C (i.e
mx -y = -k), the vector [A, B] is [m, -1] and this is a normal vector. In fact, the slope of this normal is

y-component 1 . . . . . .
X-component ~ ~m which is certainly the negative reciprocal of the slope of the line.

Also, the equation of the tangent line to a curve y = f(x) is y = f(a) + f'(a) (x - a) and, in our "standard" form
1
Ax + By = C, this reads f'(a) x - y = constant so a NORMAL vector is [f'(a), -1] which, again, has slope - T
perpendicular to the line.
In general if we wish to construct a line we can begin with a point (x(, yg) and a NORMAL direction [A,
B] and ask "Where are all the points (x,y) which make [x - X(, ¥ - yo] perpendicular to [A, B]?" The answer? They
must satisfy A (x - x)+tB (y - yg) = 0, and that's the equation of a line.

Now on to planes in 3-D ... and we'll see why planes are the natural 3-D analogue of the line:
We consider a point (X, y0, zg) and a NORMAL direction, say [A, B, C] (which, of course, is now a vector

in 3-D with 3 components). "Where are all the points (x,y,z) which make [x - xg, ¥ - yo, Z - zg] perpendicular to [A,
B, C]?" The answer? They must satisfy A (x - x9)+B (y - yo) + C (z - zg) = 0, and that's the equation of a plane.

The equation of a plane through (x(, y0, z0) with normal vector [A, B, C] 1s
A (x-x0)tB(y-y0) +C(z-20)=0

Okay, now that we recognize the equation of a plane when we see it, let's find the TANGENT plane to some
surface z = f(x,y,) at the point P(a,b,c) where, of course, ¢ = f(a,b) (else our point wouldn't lic on our surface!). First
of all, it must have the form A (x - a)+B (y - b) + C (z - ¢) = 0. This represents every possible plane through (a,b,c).

Who are A, B and C?

S:  The normal to the plane!
P:  Yes, yes,of course, but if we have the surface z = f(x,y) and the point P(a,b,c) how do we calculate A, B and C?

How to find A, B and C so the plane through (a,b,c) is "tangent" to the surface z = f(x,y)?
One thing we've known for some time is the slope of two particular tangent lines to the surface z = f(x,y).
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z rr—, 51npe=%(a,b)-:.
: H = F

W
If we look at the intersection of the surface z = f(x,y) with the plane x = a (from a vantage point along the
positive x-axis, looking back, so the z-axis goes up and the y-axis goes to the right) we see a curve z = f(a,y) and the
tangent line to this curve must lie in our plane A (x - a)+B (y-b) + C (z - ¢) = 0. In fact, since we're in the plane x
= a, every point on this tangent plane must satisfy B (y - b) + C (z - ¢) = 0 which is where the tangent plane intersects
the plane x = a ... and this intersection is the tangent line to the curve z = f(a,y) at the point P. But we already know

of
how to calculate the equation of the tangent line to z = f(a,y) when y = b. It's z = f(a,b) + g (a,b) (y-b), or to put it
of
into a more elegant form, it's g (a,b) (y-b) +(-1) (z - ¢c) = 0 where we've put f(a,b) = c. Comparing with B (y - b)
of
+ C (z - ¢) = 0 we see that B and C must be proportional to g (a,b) and (-1) respectively. Or, to put it differently, if

o o
we find 6—§ from B (y - b) + C (z - ¢) = 0 by implicit differentiation ... giving B + C é =0 ... it must be the same as

of B of
6_y (a,b) and that means that | - c- 6_y (a,b)

of
Whoa! Proportional you say? Why aren't they equal? [ mean, why isn't B = 8_y (a,b) and C=-1?

I give you the equations 2 x + 4 y = 8 and x + 2 y = 4. They're the same line, right? (I'm talking about lines in the x-y plane.)
Yeah, they're the same line.

So are the coefficients exactly the same? Is 2 = 1 and 4 = 2 and 8 = 4? No. They're just proportional. After all, you can
multiply the equation of a line by some constant k and get the same line and all the coefficients will get multiplied by k so
the new coefficients won't be the same but they will be proportional with constant of proportionality equal to k.

S:  Okay, okay, okay!

vyor @2

of
Now, having obtained B =k 6_y (a,b) and C =-k we go to our other tangent line ... the one which we get by
intersecting z = f(x,y) with the plane y = b.
u

z z s]npe=%(a,h)—u

a a
We repeat the procedure: the tangent plane A (x - a)+B (y - b) + C (z - ¢) = 0 intersects the plane y =b in
the line A (x - a) + C (z - ¢) = 0 which must therefore be the tangent line to the curve z = f(x,b) at P, namely

of of
z = f(a,b) + % (a,b) (x - a) or, more elegantly, % (x-a) +(-1) (z-c) =0 where again we've put f(a,b) = c, and
of
again we compare the two equations and see that A is proportional to % (a,b) and C proportional to -1. Or, to put it

0 0
differently, if we find a_)z( from A (x - a) + C (z- ¢) =0 by implicit differentiation ... giving A + C é =0 ... it must
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of A of
be the same as % (a,b) and that means that | - C = x (a,b)

We collect all our results:

B of A of of of
-C = g (a,b) and - C “ox (a,b) and that means that A=-C % (a,b) andB=-C 5 (a,b) so the tangent

f f
plane A (x - 2)+B (y-b)+C(z—c)=Obecomes-C%(a,b) (x-a) -Cg—y(a,b) (y-b) -C(z-¢)=0.
We then have:

The TANGENT PLANE to z = f(x,y) at the point P(a,b,c) is:
of of
ox @b) (x-a) +5,(@b)(y-b) -(z-0)=0

or z=f(a,b) + % (a,b) (x-a) + g—}f] (a,b) (y-b)

See how the equation of the tangent plane mimics the equation of the tangent line to y = f(x), in 2-D?

| y=1f(a)+f(a) (x-a) | versus | z = f(a,b) + % (a,b) (x-a)+ % (a,b) (y-b)

It seems clear that a "surface" u = f(X,y,z) in 4-dimensions has a tangent "plane" at x=a, y=b, z=c given by
of of of
u="f(a,b,c) + x (a,b,c) (x-a) + g (a,b,c) (y-b) + P (a,b,c) (z-c¢) and so on and so on and so on ...

S:  Question: there seems to be a lack of symmetry here. I mean, why does z get the (-1) and x and y get the partial derivatives. I
mean ...

P: Very nice observation! In fact we've singled out z for special consideration simply by writing z = f(x,y). That destroys the
symmetry right there! It's like finding the tangent line to y = f(x) and writing it as y = f(a) + {'(a) (x - a) or "more elegantly"
(trying to regain the loss of symmetry): f'(a) (x - a) + (-1) (y - f(a)) = 0. See? y gets the (-1) and x gets the derivative. On the
other hand, if you had started NOT with y = f(x) ... which singles out y for special consideration ... but collected the x's and

y's together, writing f(x,y) = C, we'd get a more symmetrical equation for the tangent line. For example we start with X2+ y2

= C and ask for the tangent line at some point on this circle and we don't "solve for y" but leave it in this symmetrical form.
Do you know the equation of the tangent line at some point (a,b) on x2 + y2 =C?
S:  Uh ... it shouldn't be that hard. Let's see ... I have the point (a,b) so I need the slope and I get that by implicit differentiation,

of
. . d ox d 2 o .
but now I'll impress you by using a;‘i =- E where f=x2 + y2 and I get a;‘i =- ﬁ =- % at the point in question so the
oy
. . y-b L .
tangent line is XL-a = -% which is the same as ax +by = a2 + b2, Hey! That's pretty nice!
P: And, of course, a2 + b2 = C because (a,b) is on the curve x2 + y2 = C. But check it out ... your equation, I mean.
S:  Huh?
P: Does (a,b) lie on your line? Are the dimensions correct? At the point (a,0) do you get a vertical line? At (0,b) ...
S:  Yeah, okay ... let's see .. if everything is in metres then "ax" and "by" and "a2+b2" are all in metres? so that checks ... and,
uh ... everything else checks out too. So what's the equation of a tangent plane in a symmetrical form?
P: Figure it out yourself.
S:  Okay, pay attention:

Rather than writing z = f(x,y) we write F(x,y,z) = C. That's a surface, but all variables are collected on the left
of the equation and everything is nice and symmetrical. We're at a point P(a,b,c). We want the tangent plane at P.
We have the point and we now need ... uh ... a direction, the NORMAL direction, the vector [A, B, C], then we plug
into A (x-a)+B (y-b)+ C (z-c)=0. Okay, the normal to F(x,y,z) =0 is ... is ... well, I'll generalize from the 2-D
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problem. For the level curve f(x,y) = C, the normal vector is [% a%f/] so for the 3-D level surface F(x,y,z) = 0 the

normal will be [g—l):( 3_5 g—z] so our tangent plane is g—i (x-a) + 3—5 (y-b) + g—; (z-c) =0.

oF
P: Excellent! Except that the partial derivatives, 2 Ctc., must be evaluated at the point P(a,b,c). They're numbers, after all. The

only variables in your equation should be the x, y and z in (x-a), (y-b) and (z-c). And notice what happens if you start with z
= f(x,y) and put everything on the one side of the equation? You'd get F(x,y,z) = f(x,y) - z = 0 so the normal would be

f of
[ a_ax F(x,y), 6%/ F(x,y), % F(x,y)] and that's just [ % R g_y ,—1] so you can see where the (-1) comes from!

The tangent plane to the surface F(x,y,z) = C at the point P(a,b,c) is
OF OF OF
&(a,b,C) (X - a) + a_y(asbac) (y - b) + E(aabac) (Z - C) =0

S: I've noticed that you don't have too many pictures. What ever happened to your picture-worth-a-thousand-words?

y-cornponent  norrnal vector

glope = ——
I\.a x-component [g—; , g—;] incteaszing C
'=' ¥
¥
Ul g P
. ) = C
Us¥ = U] [¥] zos8 I o
| the DOT product | | slope of a vector [ the normal to a level curve |
increasing C af o
wear =l , =]
arf=[ M ] o
L . L ] .
a u=[cosa, sinG]

u=[coza, sing]

e ® U = rate of change of i ,y)
in u-direction

[ the directional derivative | [ grad fis normal to the level curve f(x,y) = C |
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aF  aF  aF

normal vector = [E: Sy 7]

af  of
[E{"a_':l .1_1]

nermal vector = L2, =0, -1 N — increasing C

| the normal to a level surface | | grad F is normal to the level surface F(x,y,z) = C |

P: And I've noticed you haven't asked if this will be on the final exam.

LECTURE 20

OPTIMIZATION

S: Ikind of like that symmetry stuff, like ax + by = C is the tangent line to x2 + y2 = C at P(a,b). What else can you do with
symmetry?

P:  Well ... let's see you solve this problem. You are to construct a rectangular wall of 100 metres® and around this wall you'll
put a gold border. Gold is expensive, so you want the length of the border to be a minimum. What should be the dimensions
of the wall?

S: Easy! I let the width and height of the wall be x and y so I want L = 2x + 2y to be a minimum; that's the border. There are

100
two variables so I look for a relation between them, and it's xy = 100 because that's the required area. That means y = ~

200 dL 200
so the length of the border is L = 2x + ~ and | minimize this function of a single variable, x. First I find ax - 2- >
X

. . . 200 . . 200
and see that it's negative when x is small because - 5 s large and negative. In fact, for small x, L = ~ and that's a
X

. dL . .. 200 .
decreasing function. Then I see that dx 1s positive for x large because - 5 s smaller than 2. In fact, for large x, L =~ 2x
X

and that's an increasing function. That means the graph goes down, then up, so when g—I}: =2- % =0 I have my minimum
and that means that x2 = 100 so x = 10. Since xy = 100, then y = 10 too. It's a square wall. The width is x = 10 and the
height is y = 10.

P: Okay, now suppose you call the width y and the height x. That's the opposiite to the last time. Do the problem again.

S:  You're trying to tell me something, right? Okay, I have L = 2x + 2y just like before and xy = 100 just like before and ... isn't
everything going to be the same?

P: Precisely! You'll get y =10 and x = 10 and how could you get anything else? The problem is perfectly symmetrical in x and
y ... so the answer must be symmetrical too ... so x and y have to be the same. You could have predicted this without any
calculus at all. In fact, if you lie on your side and look at the wall, the height looks like a width and the width looks like a
height. In fact, if you were just talking about a rectangle, who's to say what's the height and what's the width? Now suppose

you're building a closed box of side lengths X, y and z and suppose the volume had to be 100 metres3 and the amount of
cardboard had to be minimized. Then you'd want the area of all six sides, namely A = 2xy + 2yz + 2zx, to be minimum and
you'd want the volume to be xyz = 100. Now find the dimensions which minimize A.

S:  They're all the same, right?

P:  Sure! And I didn't even tell you which was the height or width or length. It makes no difference. These labels are ours. The
math doesn't know height from width. If the math says "x =5, y =5 and z = 4" and you build the box then you have to
decide what's the height and width and length. When you're finished I can turn the box on its side and now I've got a
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different height, width and length. Hence, unless there are several solutions to the problem, the answer must be symmetrical
in X, y and z and that means a cubical box ... and that means "x =5, y =5 and z = 4" is wrong, you made a mistake ... and
you don't need calculus to see that. Can you imagine solving this problem for a box manufacturer and you tell the boss "x =
5,y =5 and z=4" and he says you're all wet because it's symmetrical so x =y = z and he didn't even graduate from high
school! See? Don't rely too heavily on the math: it isn't as smart as people.

S: Can I solve that problem? I mean the box problem. We've got too many variables, I mean ...

P: I'm glad you asked that question ...

Whereas we've reproduced many of the ideas of 1-variable calculus, generalizing to higher dimensions, one
we haven't tackled is the optimization or max/min problem. We'll do the "box problem" to see what difficulties arise:

Example: A 100 m3 box is to be made with minimum cardboard. What are its dimensions?

Solution: If the side lengths are X, y and z then the amount of cardboard is A = 2xy + 2yz + 2zx, but these
100 100 100

variables are related by xyz = 100. If we put z = g then we still have A = 2xy + 2y (F) + 2(@) x whichisa

function of two variables. Any (positive) values for x and y will give a box, and the volume will definitely be 100

) 100 . . . .
metres3 if we choose z = g , so x and y are definitely "independent" variables ... so what's the best choice for x

and y ... so A is a minimum?

200 200
We stare at A =2xy +— — + T and realize that it's a surface and what we want is the lowest point on this

surface ... where we must ignore any parts of the surface where x <0 or y <0.

S: It's symmetrical in x and y so x =y!
P: Yes, but we want to generate a methodology for solving this type of problem and they won't a// be symmetrical. In fact, if
one side of our box was open, then that'd destroy the symmetry.

200 200
What characterizes the minimum point on this surface, A = 2xy + -~ t T ? Perhaps we should first

agree on what we mean by a "minimum" and maybe that'll help. By a minimum we mean a point P(a,b) where, if x
and/or y change, then A(x,y) gets larger ... or at least doesn't get smaller. That means the surface is flat at a minimum
point. We're in a valley ... mountains all around ... every direction is up. How can we say that mathematically?

The tangent line is horizontal ... every tangent line is horizontal ... I mean the tangent PLANE is horizontal!

And how do we say that ... mathematically?

The normal points straight up!

And how do we say that ... mathematically?

Uh ... why not compute the normal vector and see where it points straight up ... at what (x,y) points?

Not the normal vector ... but a normal vector. Remember, there are an infinite number of them, although they all point in the
same direction ... or the opposite direction. When we compute a normal vector using partial derivatives, we're just getting
one normal. What we want is for it to point up ... or down ... it doesn't matter which. Wherever this happens we have a
candidate for a maximum or a minimum.

TLILTFL

0x * 0y >~
zero X- and y-components in order to point up or down. (In fact we have little choice; the z-component is -1 so this

200 200
~—5 =0 and | 2x-—5 =0| and that gives
y

us two equations in two unknowns to solve for x and y (and if there's more than one solution we're in trouble!).

200 200 O0A 0A 200 200
For A=2xy+—~ +T a normal vector is [ 1:| =[2y-—5 ,2x-—5 ,-1] and it must have
X y

normal points down whether we like it or not!) Hence we want | 2y -

X

100 100
We have y ==~ from the first and x =5~ from the second and substituting "y" into the second gives
X y

4
X = fm or x (x3 - 100) = 0 so either x = 0 or x = 1001/3. Clearly x = 0 will not provide our minimum area (nor can

100
it provide a volume of 100 m3!). The solution is x = 1001/3. Since y = —5 ,thatgivesy= 100173 as well. Finally,
X
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100
since z = g , that givesz=y = 100173 as well. (Now we check to see that xyz = 100 ... which it is.)

100
S:  Why does the math give that x = 0 solution? I know that it doesn't make sense for our box because that'd make y = >
X

infinite. But the surface must look pretty weird, right?

200 200 11
P: Let's plotit. In fact, I won't plot A =2xy + ~ T 7 , [l plot z=xy + 7 ; . It'll have the same features. In fact, we'll

1 1
first try to predict what it'll look like. When I intersect this surface by planes x =k, I get a curve z=ky + T ; which, in
1
the y-z plane looks like the hyperbola z = ; when y is small, and like the line z = ky when y is large. As we move along the

x-axis, slicing the surface by planes x = k with ever increasing k, the curve of intersection continues to look like z = ; when

y is small, but the line z = ky has larger and larger slope. ("k" is the slop%!) I predict it'll look like the graph below.

S:  Okay, let's see it.

2

11!%?

=

P: Note that the edges of the surface, in the diagram, are intersections with planes x = A or y = B (for certain constants A and
1 1 1 1
B). The former is z = Ay + AT ; and the latter is z=Bx + X B Each has that characteristic flavour I mentioned ... a

hyperbola when x or y is small and a straight line when they are large. Nice, eh?
So why does the math give x = 0 as a place where the normal is straight up? That was my original question, remember?

200 200 200 200
P: Itdoesn't. For A =2xy + -~ * _y the normal vector is [2y - 5 2x - > -1] and when either x or y is small it has a
X y

very large and negative x- and y-component so it's almost parallel to the x-y plane. In other words, since the surface rises
very steeply, the normal vector is almost horizontal.

S:  But when you put these x- and y-components equal to zero ... so the normal would go straight up ... or straight down ... and
you solved the equations, you got x = 0!

P: Andy=oo! That's NOT a solution!

S: But why did the math do that to us ... uh, to you?
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200 200
P: Okay. We asked "At what points (x,y) are 2y - > = 0 and 2x - > ?" In trying to solve these two equations we got X =
X y

4
lxm which seems to imply a solution x =0 ... but that's NOT a solution to these two equations. I know, I know ... why did

the math do it to us? If you want to see something even scarier, we could write these two equations in the form x2y =100

and xy2 =100 so that means that x2y = Xy2 which can be written xy (x - y) =0 so x =0 OR y =0 OR x =y. It's only the last

that gives a solution to the original equations! You have to be careful when you manipulate equations. You could introduce
"solutions" which don't satisfy the original equations. If we think that Xy (x - y) = 0 has the same solutions as the pair of

200 200
equations: 2y - > = 0, 2x - > then we're mistaken. Of course some students would get more solutions, like x =0, y = o0
b'e

200 200
and they'd justify these solutions by substituting into 2y - — =0 and get 2(o0) - 0—2 =0 - 0 = 0 so it satisfies that one,
X

200 200 200
then they'd substitute into 2x - > and get 2(0) - —5 =0-0 (because everybody knows that > = 0) and it satisfies
y o0 o0

that one too. That's why I like to "check it out" when I get a solution. It has to be reasonable. Maybe I can check the
dimensions. Maybe I can estimate the answer. Maybe I can solve the problem in a different manner. Maybe ...

S:  Okay ... gotcha.

P: Before we forget, let's indicate how we solved this optimization problem:

To maximize or minimize z = f(x,y), we looked for points where the NORMAL vectors are parallel to the z-

of of
axis (pointing straight up or down). Since the normal vector is [& , g , -1], we look at points (x,y) where the x-

and y-components are zero (and that will give only a z-component and it will then point up or down). That is, we

of of
solve the two equations in two unknowns: x-0 and oy 0 | . We make a note of this:

of of
To maximize or minimize f(X,y), look for points where X - 8_y =

Just "look at points"? That's all?
If we solve these two equations and find a solution (x(), y() we can't guarantee that we have a minimum or maximum.

But if the normal points up ...
2

IS A

Let me give you an example. Remember the hyperbolic paraboloid? Its equation is z = f(x,y) = x~ - yz. Now we solve x

of
2x =0 and 6_y = -2y =0 and we get the point (0,0). The normal does indeed point up ... actually it points down ... | have to

., of of . . S .
remember that ... it's [& ’E , -1] and the z-component is negative meaning it points down. Anyway, if you stand at the

origin and move in the x-direction you go UP the surface but if you move in the y-direction you go DOWN the surface. It's
flat at the origin but you don't have either a maximum or a minimum.

S: How about a picture?

P: Okay, but look at the origin. It's a so-called SADDLE POINT. Go in one direction and the surface goes down. Go in an
orthogonal direction and it goes up. It's neither a maximum nor a minimum.
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Z

Y

[s there some kind of test? A first derivative test or something?

We can, of course, look at the partial derivative with z Z
of . . .
respect to x, that's X 2x, and notice that it's negative ] W
for x <0 and positive for x > 0 but that only tells us that
the surface comes down then goes up as x increases. The of af
. of , . T T = 2w
other partial, 5 = -2y, is first positive (for y < 0) then y ik

negative (for y > 0) so the surface goes

up then down, as y increases. That tells us that we have neither a maximum nor a minimum at the origin. We're lucky. Had
2 2

they both given us curves which are concave up, and that would be the case if % >0 and % >0 atx =y=0, then we

still couldn't tell if we had a minimum. It only says that the surface curves up when you leave the origin in either the positive

or negative x- or y-directions ... say east-west or north-south. But what about all the other directions?

Are there such surfaces?

Sure. Just imagine laying a bedsheet on the x-y plane and imagine the x axis going east-west and the y-axis going north-

south. Then get four people standing somewhere along the positive and negative x- and y-axes: east and west and north and

south of the origin. Now get them to lift the sheet. See? The surface you get will curve up when you leave the origin in

either a north-south or east-west direction. Now let the entire x-y plane fall away (except the x- and y-axes of course, else

we'll lose our four helpers). Now the sheet will still curve up in the direction of the axes, but will curve DOWN if you head,

say, north-west or south-west and so on.

A picture is worth ...

So you're telling me that there isn't any test for a maximum or minimum. That I have to just look to see what happens to the
surface when I go east-west or north-south. Is that it?
As a matter of fact there is a test ... a "second derivative test" ... which sometimes works, but I'd rather you didn't use it so I
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won't tell you what it is. What I want you to do is inspect the surface near the points where the partial derivatives are zero.
See if it goes up in every direction (a minimum)... or down in every direction (a maximum) ... or up in some directions and
down in others (a saddle point).

But how can I consider every direction, all at once?

of of
P:  You could start at (x(, y), a place where x (x0, y0) =0 and 8_y (x0, y0) =0, then you can move in some o-direction using

the parametric equations for a line in 2-D, namely x = x( + s cos o, y = y( + s sin o, then see how f(x,y) behaves as s

increases or decreases. If, for every angle a the value of f(x,y) increases, you've got a minimum. See?

S:  Sort of ... but isn't that complicated?

P: Sort of, but only because of the terms s cos o and s sin o. It's easier if you just put x = x( + u, y = yg + v and see if every "u"
and "v" will make z increase. But you only have to consider very small values of "u" and "v" and that makes it easier

because you can neglect ul compared to u? and v3 compared to v2 and so on. In other words, you can approximate the
values of your function, when u and v are really small, to see if the values increase or decrease.
S:  Sounds tough.

Example:

. 1 1 . . . .
Examine z=xy +1 + ; for a minimum, in x > 0, y > 0. (There is no maximum because z —> o as x —> 0)

0 1 0 1
Solution: We set 2 y-— =0and £ _ 5= 0, solve and obtain the solution x =y = 1, in which case
ox x2 oy y2

z =3 is the expected minimum value of z. Now substitute x =1 +u, y=1+v into z and get:

1 1
z=(1+u)(1+v)+m v - Since we are only interested in the behaviour of z when u and v are very small (to see if

. .1 1 .
z is always larger or smaller than 3), we can write T = l-utu?-ud+.. andm =1-v+v2-v3+ .. (obtained

by dividing into 1, or by recognizing the sum of an infinite geometric series) and get:

Z=1+u+V+uv+(1-u+u2-u3+...)+(1-V+V2-V3+...)=3+u2+uv+V2+...|

where the "..." indicates quantities which are very much smaller than uZ, uv and v2 (like u3, for example). We
conclude that, for u and v very small (meaning x and y are each near 1), z behaves like 3 + u? + uv + v2 so that it

does have the value z =3 when u =0 and v = 0 (meaning x = 1, y = 1). The question is: "Is u? + uv + v2 always
positive?" If so, it means that z > 3 for all points near u =0, v =0 (meaning x = 1, y = 1 gives a minimum). The

. L . v.2 3
answer to this question is "Yes". In fact, u2 + uv + v2 can be rewritten as (u + 7) t7 v2, where we've "completed

the square". In this form we see u? + uv + v2 as a sum of squares, so it is always positive, so z does have values
larger than 3 when u and v are small (meaning x and y are each near 1).

1 1
We conclude that x =y = 1 provides a minimum value for z=xy + 7t ; .

S: It's not always that easy, right? I mean, it's not always that easy to see how z behaves when u and v are small.
P: Let's do another example. But first, remember the scheme:

of of
(1) Set x 0, g = 0 and solve these two equations in two unknowns.

(2) Near each solution, (x(, yg), investigate the behaviour of f(x,y) by putting x = xg + u, y = yg + v and retaining

only the dominant terms (ignoring terms such as u3 or u2v etc. which are small in comparison to u? or uv or V2).

(3) The expression for f will look like | f(x0, yo) + Au? + B uv + C v2 | where everything else has been ignored.

(4) Investigate A u? + B uv + C v2, completing the squares or otherwise, to see if it's always positive for every u and
v ... in which case you've got a minimum since then f(x,y) > f(x(), y(), or perhaps it's always negative (in which

case you've got a maximum) or perhaps it's positive for some u,v and negative for others (so you have a
SADDLE point).

Example:

4
Examine f(x,y) =5 - x2 + 2x - y - % for extreme values (maximum or minimum).
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Solution:

of of . .
We set 3 = 2x+2=0 anda—y =-1-y3=0and get a single solution x =1, y = -1 and we wish to know if

25 . . .. y
f(l,-1)= 7 1s amaximum or a minimum. Hence we putx=1+u,y=-1+v (where u and v are the deviations of x

1
and y from the values 1 and -1) and get f(1+u, -1+v) = 5 - (1+u)2 + 2(1+u) - (-1 + V) - 7 (-1+v) 4. As before, we can

simplify this considerably, for small values of u and v, by ignoring "small terms", so we expand and write:

1 25 3 1
f(1+u,-1+v) = 5 - (1+2u+u?) + 2+2u +1-v - I (1-4v+6v2-4v3+vH) = T ul - 5 V2 +v3- I v4

25 3
and now we ignore the v3 and v# terms compared to the v2 term (when u, v are small!) and get f ~ 7 - u? - 2V

25 25
(when u, v are small!) so it's clear that f has values smaller than 7 for all small values of u and v, so 7 isa

2

. . . 3 .
maximum. In this case we didn't even have to "complete the squares" to see that - u? -5 v2 was always negative. If,
p q 2 ys neg

however, a "uv" term appears, then "completing the squares" almost essential.

S:  Are you saying that A u2 + B uv + C v2 can never be negative, or maybe never positive?
P: Sure. Look at u + uv + v2, from an earlier example. It's always positive, regardless of what you plug in for u and v (except

u=v =0 of course, where it's zero). But w2 +2uv - v2

is sometimes positive (try u =2, v = 1) and sometimes negative (try u
=1,v=2)and w2 -uv-2v2 s always negative. That means that when you put x = x¢+u, y = yo+v into f(x,y) and get
something like f(x,y) = f(xg, yp) + A w2 +Buv+Cv2 (after ignoring the smaller terms) then you can tell if f(x,y) > f(x,

yo) or f(x,y) <f(x(, yg) or neither of these just by investigating A w2 +Buv+Cv2 Nice, eh?

4

Yeah, but what if you get terms with u and v, like maybe f(x,y) = f(xg,yp) tAu+Bv+..?
P:  You won't, trust me. In fact, if you remember the equation of the tangent plane to z = f(x,y) at (x(, y(), it's

of of
z=1(x0, yo) + x (x0, y0) (x - x0) + 6_y (%0, y0) (v - yo) | and that's an approximation to the surface z = f(x,y) near x =

X0, Y = yo- However, the exact values of f(x,y) would really have to be written

of of
z = f(x(, yo) + x (X0, ¥0) (x - x0) + 5 (x0, y0) (v - yo) + ... | where the "..." contained everything you ignored and

would have stuff involving (x - X())2 and (y - y())2 and (x - xg) (y - yo) which, of course, is just u? and v2 and uv so we

of of . .
could write z = f(xq, yg) + % (x0,y0) u+ E (x0,y0) V+A w2 +Buv+Cv2 +.. where now the "..." includes stuff like
u3 and u2v and even smaller terms, but if we now consider what happens when (x(, y() is a point where both partial
derivatives are zero, then, near such a point we'd have:

non

z=1(x(Q, y0) + A w+Buv+Cv2+..| and you can see that there won't be any terms in "u" or "v". See? You won't

believe this, but the above expression is really a Taylor series about (x(), y() and we're neglecting the higher terms and
retaining only the quadratric terms, as an approximation, just to see whether f(x,y) is always larger or smaller than f(x¢, yo)
near the point (x(), yo). See? In fact, having said that, you might expect that the numbers A, B and C can be expressed in
terms of the second derivatives of f(x,y) at the point (x(, yg) and you could generate a "second derivative test" for a

maximum or minimum by investigating the sign or A u? +Buv + C v2. See?

S:  Hmmm.

P:  Don't worry, I only say these things to indicate how everything hangs together so nicely --- and in case you were wondering
"what about Tayor series for functions of several variables?" because they're really useful in determining the local
behaviour of functions and that's just what we need to investigate local maxima and minima. See?

S:  Hmmm.

P: Well, it's time to move on ...
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Least Squares Fit

It often happens that we make several
measurements, plot the points on a graph and notice that
they almost lie on a straight line. We might, for y
example, measure a persons height as a function of
his/her age and we'd obtain pairs of numbers (hy, a1), -
(hp, ap) , etc. where the height was h; when the age was
a, and so on. Or perhaps we'd measure the temperature
of some chemical solution as a function of time,
obtaining a temperature T at time t1, etc. Or maybe the I ®
cost of production as a function of the number of items
manufactured, getting (Cy, N1), (Cp, Np) etc.

In each case we'd have a number of points: (X1, y1), (X2, ¥2), etc., and we'd plot them and they might look
like they should lie on some straight line. What line? Clearly we want to find the "best" line, giving the "best" fit to
the data points ... which, of course, brings us to what we mean by "best".

A popular definition of "best line" is that line which "minimizes the squared error" ... whatever that means.

'::“-'4_.;44)

distance=rmxy+ k- Uy
':}"53.- ':|3:|I y=rmx+k
[::?{1 B I'n::{1 + k:l

‘;":K1J'=I1:'

® " s

Suppose we have points (X1, y1) etc. and we wish to find the "best" line: y = mx + k, meaning we must
determine the "best" values for "m" and "k". At x = X1, our data point has y = y| whereas the line has y =m x1 + k so
the error is (mx]+k - y1). At the next point, x = x7 and our data point has y = y, but the line (whatever line we
invent!) has y = mx+k so the error here is (mxp+k - y2). If we add all the errors we'd get (mxq+k - yq) + (mxp+k -
y2) + ... for as many data points as we have. Perhaps we can choose "m" and "k" so as to minimize this total error: it

is, after all, a function of two variables (m,k) and we now know how to do that. Alas, this is a bad choice for our
"best" line since some errors may be positive and some negative and they'd cancel even though the line was no where
near the data points ... and we'd be very unhappy with a "minimum" error of - c (and we couldn't do better than that
minimum, could we?).

We need a better definition of "best" and it should be such that the error somehow gets larger as the line
moves farther from the data points and we don't care whether a data point is below the line, giving a positive error
(mx1+tk - y1), or above the line where this error would be negative. So we take the squares of the errors and that's
what we'll minimize.

This definition of "best" has several nice features:

(1) The error is never negative; its minimum value is zero which is exactly what we'd like for the minimum error
(meaning every point lies precisely on the line ... if we manage to reduce the error to zero!).

(2) It makes no difference whether a point is 0.1 units below or above the line: it makes a positive contribution to
the error.

(3) Perhaps the most telling feature is that the math is easy! (We could also have chosen the sum of the absolute
values of each error, but the math would be messy.)



51

Example: Determine the line of "least squared error" to fit the points (.2,.6), (.6,.9), (.9,1.5) and (1.2,1.7).

Solution:

If the line has equation y = mx + k, the four errors are :

m(.2)+k - .6, m(.6)+k -.9, m(.9)+k - 1.5 and m(1.2)+k - 1.7 and
the sum of their squares is:

(2m+k - .6)2 + (.6m+k - .9)2 + (9m+k - 1.5)2 + (1.2m+k - 1.7)2
which is a function of two variables m and k and we can set the two
partial derivatives to zero. If we call the squared error f(m,k), then:

f
aa_m = 2(.2m+k-.6)(.2)+2(.6m+k-.9)(.6)+2(.9m+k-1.5)(.9)
+2(1.2m+k - 1.7)(1.2) = 0 and
% = 2(2m+k-.6)+2(.6m+k-.9)+2(.9m+k-1.5)+2(1.2m+k - 1.7) = 0

and this gives two equations in two unknowns, m and k.

We divide each equation through by 2, then rewrite them as:

| [(.2)2+(.6)2+(.9)2+(1.2)2] m + [(2)+(.6)+(9)+(1.2)] k = [(:2)(.6)F(-.6)(D+(9)(1.5)+(1.2)(1.7)] | and

[ [(2D)+(.6)+(.9)+(1.2)] m + 4 k = [(.6)+(.9)+(1.5)+(1.7)]] .

We've left things as they occur, without multiplying, so we can see what to do when there are 44 or 144 data
points, instead of just 4. In general, for "n" data points, we'd get:

| [x12+x22+...+xn2] m+ [xp+xo+...+xp] k = [X1y1TX2y2+... +Xnyn] | and

| [x1+tx0+...+xp ] m + n k =[y1+y2+...+yn] | .
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Anyway, now that we see what the general equations are, let's proceed
with our example.

We have:
[ (1) 2.650m+2.9k=4.050] and

[ 29m+4k=47]

4.7-29
so that, from (2), k= Tm which we substitute into (1) to get

4.7-2.
2.650 m + 2.9(%) =4.050 hence m = 1.174 and k = .324 and our

"best" line is:

[ y=1.174 x +.324 |

The graph at the right shows how well the line fits the data.

Let's solve the "general" equations so we can use the results for future problems. To make things simpler,
we'll use a short-hand SIGMA notation, writing

X]2+X22+...+Xn2:ZX2 X1yY1TX2y2+...TXn¥n ZZXy X1 TX2+... X ZZX and | y1+y2+...+tyn :Zy

so the general equations read:

(sz)m+(2x)k=(2xy) and (Zx)ernk:Z:y

We solve for m and k and get:

the "least squares" straight line fit is y = mx + k, where

nyxy-3xy Sx23y-3x ¥xy
m= and k=
n ¥x2-(¥x)2 n ¥x2 - (¥x)2

For our example above, we might make up a table like so:
2

X X y Xy
.04 .2 .6 12
.36 .6 .9 .54
.81 .9 1.5 1.35
1.44 1.2 1.7 2.04
¥x2 = 2.65 Tx = 2.9 Sy = 4.7 | ¥xy = 4.05

where the middle two columns are the given data points.

nYxy-3x¥y _4(4.05) - (2.9)4.7)

Thenm:anz—(Zx)z 4(2.65) - (2.9)2 =1.174 and
23y -
K= DXy -2xIXy (2.65)4.7) - (2.9)(4.05) _ 304

n Yx2 - (Ix)2 4(2.65) - (2.9)2

S:  Whew! I hope you don't expect me to memorize all that!
P: No, but you should be able to generate those equations on your own. After all, it's just squaring each error, adding them all,
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then a couple of partial derivatives then solving just two equations in two unknowns. Besides, look how nice the result is. If
the data points are measuring temperature at various times ... that is, y] and y) etc. are measured in degrees ... and x|, X2

etc. are in minutes so your measuring temperatures every few minutes ... then each term in the equation y = mx + k must

have the same dimensions, namely degrees (the same as y), so "k" is in degrees and so is "mx" and that means that "m" is
. . d . .

measured in degrees/minute (it is, after all, m = (—1;‘1 = the rate of change of y with respect to x). Now look at each Y in the

equations above:
sz is in minutes? , >X 1s in minutes, )y is in degrees and ) Xy is in minute-degrees.
Then k= Z&ZZKZX—ZZEX has the dimensions of %@fﬂ = degrees, as it should, and
n Yx“ - (Ix) minutes
m— nYXy-3xX>y has the dimensions of minutes-degrees _ degrees
nyx2 - (Zx)2 minutes? minute ’
S:  But what if you only have two points, like (x1, y1) and (x2, y2). Then there is a line which goes right through those points.

as it should.

Will the "least squares " line do that ... I mean go through those two points?

Y2 L . . .
P: Yes. You'll get m = which is the appropriate slope, and you also get the appropriate k. In fact, the line you get can

X2 -X]
b . y-¥y1 _ y2-yi q
€ written X-X] _ x2-X] as you'd expect.

S: But you'd be in big trouble if the denominator is zero, right? I mean, suppose you had points which made

n ¥x2 - (3x) 2= 0. Then m has a zero denominator and so does k. Right?
P: It won't happen. In fact the denominator is always greater than zero. In fact, if you look at the equations for "m" and "k" and

divide numerator and denominator by n? you see things which look like averages. For example, you'll see

1 X] +x2 +...+xq ) 2
qXX=T which is the average of the x-values, and Zn— which is the average value of x2 and
2
X . . X X X
_Zn_X , the average value of xy and so on. If we give them names, like 21;1_ =<x>and Zn— =<x?> and _Zn_X = <xy> and
so on, then after we divide numerator and denominator by n2 we can write:
<x){> - <X><X> <x2><y> - <x><xy>
m= 3 5 and k= 5 5
<XE> - <x> <XE> - <x>
2 2 2
. . X X . X - <x>
Now you won't believe this but <xZ>-<x>2 = Zn— - ( Zn—) is nobody else but Zln—L .

x12+x22+... x1+xo+ ..\ 2 (x1-<x>)2+(x2-<x>)2+...
That is, - =

0 so it's a sum of squares so it's always positive ... and

n
never zero. | leave that as an exercise for the student ... and guess who's the student?

S: But what if the data points don't look like they lie on a line?
P: Then assume some other function instead of y = mx + k. For example, you might expect populations to grow exponentially,

bx

so you'd assume y = K e®* where K and b are constants. Maybe they look like they lie on a parabola, so you'd assume y =a

+ bx2 where "a" and "b" are constants. In each case you'd find the sum of the squares of the errors and it would be a
function of the constants K and b, or a and b, or whatever. Then you'd set the partial derivatives to zero and solve for these
constants. See? There will be as many equations as there are unknown constants. Sometimes they'd be easy to solve, as was
the case for the least squares line ... sometimes they'd be difficult.

a difficult Example:

Data points (.1, 10), (.2, 16), (.3, 25) are given. Find equations for the least squares exponential fit: y =K ebx,
Solution:

The sum of the squared errors is E(K,b) = (Ke-10 - 10)2 + (K e2b - 16)2 + (K e3P - 25)2, a function of the two
variables K and b. We set

oE
2K = 2Ke' 1P - 10)e 10 +2(K e20 - 16)e:20 + 2(K e3P - 25)e30 =0 | and

OE
25 = 2(Ke'1b-10).1K +2(K 20 - 16).2K +2(K 30 - 25) 3K =0
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These terrible equations can be simplified somewhat by letting e-1? = x s0 ¢-2b = x2 and e3b = x3 (so we're

lucky the x-values were equally spaced!). Then we still get two terrible equations

| (Kx-10) + (Kx3-16x) + (Kx3-25x3) = 0 | and | (1Kx-1) + (2Kx2-3.2) + (3Kx3-7.5)=0 ] .

These look like | l:psK+pr =0 | and|2:p3 K+pp=0 | where p5 is a polynomial of degree 5, py is a

poly of degree 2, and so on. To eliminate K, multiply (1) by p3 and (2) by p5 and subtract, giving p3 p2> - p5spo =0,

a polynomial of degree 5 in the variable x = ¢-1?. To solve this we could use Newton's Method.

TLrF«L

That's awful!

Why? Because it's a lot of work or because you don't understand what's happening?

Because it's a lot of work.

I'm glad you said that. But remember, if you want to apply mathematics to real-world problems you'll often need some
functions which describe, say, the profit as a function of number items manufactured and time of year --- and so on. Where

do you think these functions come from? Nobody will walk up to you and say: "Please maximize my profit: P(x,y) = 5 - x2

4

¥y

t2x-y-7 ."You only find these ridiculous problems in text books.

Like this one?

Well ... yes. But in real life, you'll need to derive some functions, often from observations --- the data points we've
considered above --- and that often means finding the "best fit" --- and that may take time but you can have some faith in the
function because it's the best fit to actual observations.

Anyway, you may be interested to know that this course is over.

Hmmm ... too bad.

SOLUTIONS TO "ASSORTED PROBLEMS"

At the point of inflection, t =2 and F(2) = K/2, hence K =2 F(2) =2 (10,000) = 20,000 fish. To simplify, lety =

IB%)

F 1 F(0
K so the growth is described by: y(t) = T where yo = JK—Z . We have the following :
1+ et

Yo

FQ) 1 1 L-yg
When t =2 then y(2) = I(() =5 = $0 (—j ¢2T'=1{. When t = 3 then
1+( ) 2

Y0

F3) 3 1 1Yo 1
=" =3° Ty S0 ( ) e3r = 3 | - We now have two equations in two unkowns.

Yo

1
Solve for ef =3, hencer=1In3, and yo = 10 » hence F(0) = K yg =20,000(1/10) = 2,000 fish (at t=0).
. o dy 3 2 3
(a) The DE is LINEAR, so write it in "standard form": ax TxY=- x_2 . Now evaluate X dx =2 nxand

d
multiply the DE by the "integrating factor" e3 1 X = ¢ /1 3 =3 and get x> a%

+3 x2 y=-2x3 and the left-side
d
is exactly ix (x3 y) ... (meaning that we've calculated the integrating factor correctly!). The DE now reads:

.
x3

Sl

d 1
= (x3y) =-2x3 sox3y=- 5 x4 + C ... integrating both sides. The solutions are: y = -

b) The DE is LINEAR so we multiply by exp( | 2x dx ) = eX2 and get :
( ply by exp g
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d
ex? a% +2xe"2y:xeX2 or

Error!eX2 + C so the solutions are: y = Error!+ C e'Xz.
d d
Note: The DE is also "separable: write a% +2xy=x as rZLy = x dx and integrate each side, giving:

1 2 1
-5 In|1-2y|= X? + C which we could (if we really wanted to) solve for y =7 +K ex? (as before).

d d d 2y+5
Differentiate the DE to get 10 x + 4y + 4x a% +4y a% =0or a% =- 53%2); . The Orthogonal Trajectories

dy 2y+2
will satisfy a% = Ey-i-% (the negative reciprocal) .

ﬁ?
f(x,y) = constant gives 1 - x2 + y2 = constant which \\\\ ///

is the same as: y2 - x2 = constant, a family of

0 0
Ifz:x2+xy then, whenx =1, y=2, we have z=3 anda—i =2x+ty=4 andgZ =x=1. The tangent plane is

then (4)(x-1) + (1)(y-2) + (-1)(z-3) =0, or 4x + y - z=3 ... where we've used the standard equation
of of
% (a,b) (x-a) + 5 (a,b) (y-b) +(-1) (z - f(a,b)) = 0 for the tangent plane to z = f(x,y) at (a,b).

o0
(-D" . . . . . . .
(a) n oo Discussion: the exponential function 7" is much larger than n™, when n is large (... think of 3%
7 - n
n=1
0

. . 2 QY . . .
versus x3) so the series looks like 0 (when n is large) and this converges ... even if we sum the
bs

n=1
1
absolute values (... think of )’ n_“ which behaves like Y e where the terms will certainly go to zero quickly

enough for convergence) ... so we omit the alternating series test and consider, directly, whether the original
o0 o0

1
comparing it to - -In order effect this
: l, T

series converges absolutely ... so we test E

al-nT’
n=1 n=1
M M nmin : l/nn nT[ 1 : nmin
comparison we need the ratio of terms to approach "1", so consider —————- =1-——". To have a limit of "1
1/(n - n™) 7l

. n” . 0 . . n"
we need lim — = 0. This has the form _J so we can use I'Hopital's rule: lim o=
ndo T nDo T

Error!. We continue applying 1'Hopital's rule until we get Error!= Error!and now we have the form Error!so



(b)

(©)

(d)

(e)

®

(@
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e 0] e}
1
the limit is "0" ... and we conclude that p will converge (or diverge) depending upon whether -
: l, - n z ‘, T
n=1 n=1

converges (or diverges), but this is a geometric series with common ratio p which is less than 1 so it converges,

0 0
1 2 : -Hi
SO n _p converges, sO % converges absolutely.
z ‘,n -1 - n
n=1 n=1

o0
z e! . Discussion: we write this as e + e + e3 + ... and recognize a geometric series with common ratio "e"
i=1
which is larger than "1", so our series diverges. (Write out a few terms ... it's often useful.)
o0

2 2

n n 1
. Discussion: for large "n", the terms look like E =% hence they don't have a limit of zero so

2 +1

n=1

. 2 . 1
the series diverges. To get "full marks", write lim =

1
= lim == 40 h ies di .
(Do 202+ o 2412 2 # 0 hence series diverges

o0
1 . . . . 1 . .
—, - Discussion: the terms of this series are even smaller than those of 3’ — which converges (it's a
: l, ne e
n=1

o0

geometric series with common ratio P 1), hence the partial sums are increasing and bounded by 0
e

n=1
hence the partial sums converge ... and that's the definition of convergence for the original series (and since
every term is positive, it clearly converges absolutely!).
o0

2 : i i
Tl \/—1 . Discussion: for large "i" the terms look like 1—\/—1 = \ﬁ so they don't have a limit of zero. Consider,

i=1
.2 . Afi . % o -
then, lim ——= = lim 3/ which has the formT , so the limit is oo, so the series diverges.
iPoo 1+1‘\/_1 iGoo 1 +1
o0
sin n7 Th sin2n+sin31t+ —0+04+ h . 0.1 .
“inn - Thetermsare ™ == +7, =~ +..= ... s0 the series converges to 0. (It pays to write out a
n=2

few terms if you don't have a feel for what the terms look like!)

o0
-Hi 1 1 1 1
% - The terms are -5 + 3-3t5t-..50 it's the alternating harmonic series ... and since the terms
n=1

) 1 1 1 1 . .
decrease to zero, the series converges ... but not absolutely because 5tz t73 T35 t..is the divergent

harmonic series.
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d %2 %2
7. (a) f§ :fxdx + C gives: —eyf—+C or yf—ln( - )(wherer-C)

(b) j—L f(Hy l_—y) dy = fdx gives In |T$ |=2x+C or y= ﬁ(where K ==¢0)

"dy x2
(c) xdx gives In |y-1|— +Cory=1+KeX 212 (where K = + ¢C)
y—l

d d
) |[F =2 |5 gives Inly|=2in | +C=lnx2+C or |y|=eCx2 ory=Kx2 (where K =+ ¢cC)
y X

dy dy/dt 2cost = =2zi
8. (a) H% ax/Ldt = sint - cott=- 1 when t = /4 and x=zoost, y=zsint

2n 2n
= ‘\/4 sint + 4 cos2t dt =2 fdt = 47 (the circumference of a

. /1
0 0
circle of radius 2)

_3a sin2t cos t

(b) dx acosltsint =-tant=-1 att=m/4 w=dcos t y=asin t
/2
and L =4 f \/9azcos4tsin2t + 9a2sin?t cos?t dt
0
/2 /2
= 12a f\/coszt sin’t (coszt + sinzt) dt =12a f|cos t sin t| dt \/
0 0
/2 .
—12a fcostsint dt=12a[ S‘gzt ]”62 -6
0

w=2eost, y=3=zint

dy 3cost 3 _ _ z
(©) dx ~ st -2 cott=0att=mn/2
2n
and L= ‘\/4 sin?t + 9 cos2t dt (‘a so-called elliptic integral ) <
0

(a) f(a)=sina=0;f'(a)=cosa=1;f'"(a)=-sina=0; {'""(a) = -cos a=-1; f‘(4)(a) = sin a =0; f(S)(a) =cos a=I;
f(6)(a) =-sin a=0
Then Pg(x) = f(a)+f"(a)(x-a)+1"'(a)(x-a)2/21+"(a)(x-a)3/3 1+ (a)(x-a)}/41+1(5)(a)(x-a)>/51+ £{0)(a)(x-2)0/6!

x3 x>
gives sinx =X - 31 +—+

(b) Use f(n)(a) (from part (a)), evaluate at a =m/2, and get: 1,0, -1,0, 1, 0, -1

Y T T
. x-7)? x-3)* (x-3)°
Then sinx=1- BT + 2 -6l +...
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2

Note:putx—t+— and get sin(t + 2) cost=1-5y+77 -g1 +

(c) fM(a)=e?=¢ (fora= 1) so we get:
-1)2 13 4
eX:e+e(x—1)+e(X21!) +e(x31) (X41')

1+(X1)+£;1L L_L 2 .8

+ete. (ie el= = I+t5y 437 + .. with =x-1

Note: this gives eX"1 =
(d) f(a)=In (1+a) = 0; f'(a) = 1/(1+a) = 1; f"'(a) = - 1/(1+a)2— 1; £7(a) = 2/(1+a)3 = 21; f¥)(a) = -31/(1+a)% = -31;

2
Then f(x)=f(a)+f‘(a)(x-a)+f"(a)(x;;) () 0 +f(4)( )%L

. 2 3 x4
gives /n (1+x):x-7 +? T +

1 t4
Note: TH = 1-t+2-83+ T (an identity which follows from the sum of a geometric series) so

X X
dt 2 3 4
In (1+4x) =f1—+t = Ju-t+ 2By =x-T +5 -7+ (very nice!)
0 0
(e) fla)=tana=0;f'(a)= sec? a =1;f"(a) = 2sec2a tan a = 0; f'"(a) = 2sec2a (2tanza+secza) =2;
f(4)(a) = 8sec?a tan a (tan2a+2se02a) =0; f(s)(a) = 8sec?a (2tar14a+1 lseczatan2a+25ec4a) =16;
x3 x>
which gives tan x = x + 2§ + 165 + ..
Note: dividing sinx = x . X + 5 1 R SO X2 s
ote: dividing sin X = x - 37 + %5y by cosx = 1 -5y + 57 givestanx = x + 3~ +735 X7,
the same polynomial approximation as we obtained above.

(D) fla)=arcsina=0; f'(a) = 1\ 1-a2 = 1; f"'(a) = a/(1-a2)3/2 = 0; {""(a) = (1+2a2)/(1-a2)5/2 = 1;
giving arcsinx =x + ETIRE

(2) flay=\T+a = 1; f'(a) = 1/24[T+a =1/2; {"'(a) =-1/4(1+a)3/2 =-1/4; {""(a) = 3/8(1+a)>/2 =3/8;
1 x2 3x3
giving 4/1+x —1+2 X-77371 Tg31 -
Note: the terms in the polynomial approximation give the so-called "Binomial Expansion" of (1+x)1/ 2,
(h) f(a)=sinha=0;f'(a)=cosha=1;f"(a)=sinha=0;f"(a)=cosha=1; f(4)(a) = sinh a=0; f(S)(a) =cosha
. X3 XS
so we get smhx=x+§ ta +.

eX-eX
Note: sinh x = 3 so the approximation can also be obtained from the Taylor polys for eX and e X

(1) f(a)=cosha=l1; f'(a) =sinha=0; f'""(a) = cosha=1; f'""(a) = sinh a = 0; f(4)(a) =cosha=1; f(s)(a) = sinh a=0

x2 x4
sowe get coshx=1 toy tar T

X + X
Note: Since cosh x = £ 3 < the approximation can also be obtained from the Taylor polys for eX and eX .

() fla)=(1+a)/(1-a) = 1; f'(a) = 2/(1-a)% = 2; f"'(a) = 4/(1-a)3 = 4; '"(a) = 12/(1-a)* =12; so:

1+x x2 x3 ) 3
1X—1+2x+42, +123, o= H2x+2x4+ 2%+
Note thatg =1=x - 1 =2(1+x+x“+x°+...) - 1 Whereﬁ is the sum of the geometric series 1+x+x<+x+...
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(a)

(b)

(c)

(d)

(e)

®

11.

12.
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The Tavior serics about x = 0 i x 22 450 X e dim
e Taylor series about x = 0 is: x - 5~ + 73~ -~ +- ... The Ratio Test gives p =~ =7 X = x|

11
hence the series converges for -1 <x <1 and diverges for [x|> 1. Atx=1get 1 -5 +3 +-

which converges (the alternating series test: the terms decrease to zero ). At x =-1 get -1 -

1
3

=

the (-V€ ) harmonic series ... hence diverges. Hence, interval of convergence is -1 <x < 1.
2

=12 (t-1)3
2 T3

Put x =t-1 in series for part (a) and get /n t = (t-1) -

gx-l)z gx-1)3

lim
aboutx=1,is (x-1)-—5— + 3 T The Ratio Test gives p= oo % [x-1| = [x-1] hence series

- + ... hence the Taylor series for /n x,

converges for [x-1|<1, or -1<x-1<1, or 0<x<2 (and diverges for [x-1> 1, or x>1 and x<-1).
11 1 1
Forx=0 get-1 - 7 -3 which diverges. Forx =2 get 1 - 7 t3 t-. which converges.

Interval of convergence is 0 <x < 2.
X2 X3

The Taylor series for eX is 1+x+ T30 T Replace x with 2x and get the Taylor series for ezx, namely
20?2 (2x)3 lim 2
1+2x+ LzX,L + K?X,L +... The Ratio Test gives p= oo ﬁ =0 for all x, hence interval of convergence

is -0 < x < o0. (i.e series converges for all x.)

Taylor series for sin x about x =% is: sin% + cos% (x-%) - sin% (x-%) 21 - cos% (x-%) 331+

lim X%/

ndoo n+l

The Ratio Test gives p= = 0 for all x hence the interval of convergence is -00 < x < c0.

1 1
The Taylor series for Tx is1+x+x2+x3+... (the sum of the geometric series is T » Of you may use

lim x0tl
Taylors formula). The Ratio Test gives p= | X | = [x| hence the series converges for -1 <x <1
ndoo | yn
which is the interval of convergence (clearly the series diverges for x =+ 1).
The Taylor series for sin x—2(e +e7X) isy((I+x+or+37+. H{1-x+57-37+...
X x lim  x2

orx+3y +57 ... and the Ratio Test gives p= oo m = ( for all x hence interval is -co < x < o0,

d .
d—x(a()+alx+a2x2+...) =a0+a1x+a2x2+... gives

a] +2ap x + 3a3 x2+4a4x3+...=a0+a1 x+a2x2+a3 X3+ ...
a0 a0 a0 a0
hence a1 =ap and 2ap =aj soap =5 and 3a3 = aj so a3 =m =30 and 4a4 = a3 so ag =7 etc. ete.
x2 x3 x4
The power series ag + a1 x + ap X2 + a3 x3 + ... then becomes: agtapgxtagyy tag3zy tagyy +..

(namely ag eX ... which should be no surprise!)

into eX— 2 x _ B NS N B § o
Putx=1intoe —1+x+2! +37 +...andgete—1+1+2! +37 T31 T357 Tgr T s0 error in using just

fi 11+1+L+L+L'L+L+L+ —L1+1+L+L+
ive terms, namely 2ttty syttt =5t gt terg )
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I .11 1 1
which is less than5!(1 t57667 66 +...) =3

|’_‘

=.01 (where we recognize the geometric series!).
1-

N—

1
T+x+x24x3+... = 1= (the sum of the geometric series) and differentiating each side gives

14+2x+3x2+4x3+.. = and multiplying each side by x gives

(1-x)2

X+2x243x3+4x4+. = R = )2 and we have summed this series!
-X

X - ho
ho (1-x) _ho 1 2n
Hence <E>= 2 1L 2nl 1 = ho/2akT | -
1-x X
i

(a) Revolving the parabolaz=1 - x2 about the z-axis generates
the paraboloid z=1 - x2 - y2 (replacing x2 by x2 + y2 ).

L ——=M
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(b) The cone z= x2 + y2 is obtained by revolving z = \/x2 =|x|

about the z-axis (replacing x2 by x2 + y2 ).

(¢) z=x1isaline in the x-z plane and, moved parallel to the y-axis,

becomes the plane z = x. (It can also be called a cylinder ).

(d) The parabolay = x2, in the x-y plane, when moved parallel to

the z-axis, generates the (parabolic) cylinder y = x2.

(e) The hyperbola 22=1+x2 (or 22-x2= 1), when revolved about
the z-axis, yields the hyperboloid (of 2 sheets) described by

2=1+x2+ y2 (replacing x2 by X2+ y2 ).

(f) The hyperbola 22=1+x2 (or 72 -x2 = 1), when revolved
about the x-axis, yields the hyperboloid (of 1 sheet) described by

2=1+x2- y2 (replacing 22 by 22+ y2 ).

®




15. (a)

(©)

16. (a)

(b)

(©)

(d)

17. (a)

(b)

18. (a)
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==Y = :\;{2+2|=| 2=

A
\;

TSN
| // \\\///afgﬁﬁ;%
z —@@ - e wa - +1@2 st

1 1
hence equation of the tangent plane is: z = —% -5 x+1) - 5 y-1

0z 1 302 3 0z 1 302 4
ax 202 )T @) = 3 (34 and 5y =3 (2 4y?) TR -5 at(34)

1 3 4
hence equation of the tangent plane is: z = 3 t125 x+3) - 125 (y-4)

0z 22!22-)(2) —1 at(0.2) 0z 2X!X2-Xz!

ox = (x2 N y2)2 and oy = (x2 N y2)2 =0 at(0,2)

hence equation of the tangent plane is: z=0+1(x - 0) +0(y - 2) or z=x
0z 1 1 0z 1

= = XYy== = =
X "1y XYy 5 at(0,1) and 3 Y

eX¥Yx=0 at(0,1)

1 1
hence equation of the tangent plane is: z=/n 2 +75(x-0) +0(y-1) or z=In2+75 x

0 o2 0 o2
a—ltl = 2e2tsinx and 7121 = _ e 2t gin x hence a—ltl = kax—; with k=2

0 0
To simplify the computation of a—ltl and a—;l we use logarithmic differentiation:

Weitemuo X2 L, low 21 du ﬁL_g(ﬁ 1)
mtelnu=-"g -3 MUSOYT T42 "2t 0% U2 2t) T2e\2tC

1ou -x du 1 o%u 1 du 1 1 Ju
—— = —_ - = — = =) = —(u-=uxd) == =
Also Uox 2t S0 A =g ux Then ol 2t (u +x 6x> it (u TR ) ot SO k=1.

u | G

+ = - sin X sin 2y cos 3t - 4 sin x sin 2y cos 3t =- 5 sin X sin 2y cos 3t
ox2 6y2
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&%u Pu Pu 990 1 9 5
and—2:—9s1nxsm2ycos3thenceax—;Jr; :Eﬁ hencec—zzg soc:33£.
Pu %u

(b) 6_2+¥ =9 3x+4y+5t g 3x+TAy+5t_n5 J3x+4y+5t

X

&2 Pu Pu 2
and—u:25 e3X+4y+5thence—2 o = ;andCZI

o2 a2 a2 ot

dz oz dx azgz
- @) G Toxde "oy dt
(b) % =%% g;%% 2x (-sin t) + 2y (cos t) = 2(-1)(0) + 2(0)(-1) = 0 when t ==

ow _owdu  owdv
© 3 “udz Tovdz

=2x et + 2y cost=2(1)(1) + 2(0)(1) =2 when t=0

= Qutv); L @2 =01+ (0)2.1)= 1 whenz=1

dy Jydu dv 3
(d) _% :5uxdx %dz (Arctanv)(cosx)+ 2 sec2x = (4 )(\/_ )+ 1J1£2 (\/_)2_ \/_ lﬂ
dw owdx owd ow dz ]
(e) at T ox dt +6_y?1% t37 dt =2x cost+ 2y (-sin t)+2z(1):2(1)(0)+2(0)(_1)+25 —
dz 0zdx 0zd
S dt Tox dt ay?i% (-2x)(2) + (-4y)(2t) = (-2(7)(2) + (-4(4)(2(2)) =-28 - 64 =-92 when t =2
of
. (a) gy sives 2x+2ya§ =0s0 (solving)%}% :-§ and -a—); 2; :_§ as well.
oy
of
d . d d 2xy+yc0s(xy) 1 ox
(b) gx gives 2><y+x2—}i + cos(xy) (x—}i +y)-1=0 soa)x( =3 P =3
oy
d ives ———— d d . d
(c) dx 8gives l+(x2+y2)2(2x+2y5§) -1 'HE =0so0 (solving fora% ):
gx 55-1 &
dy  1Hx“Hy9) X
dx ~ ° 2y = o as well.
1+(x2+y2)2 -1 0y
g Lo
d . d 1 d “ Tl
(d) g gives eY-i-xeyHX + 1T =0 so a% - = a 100
oy
2 Y _ 1 Yy o=y  _ l i _ 1 1 x 1
. (a) 7 arctany = 1+(X>2 2 _X2+y2 =-3 ay arctan = H(X)ZX _x2+y2 =5 .. at(Ll)
X X

1 1
SO (1) Df=[—§ ) ] at(1,1)
. Yy . 1 1 T X-
and (ii) the tangent Iplane to z = arctan X s then z = Arctan T+ (x 1) + (y 1) = 1-

1 1
(b) 3 2 < In(x 2y =—— 21y 2x=0 andaa In (x2+y2) = 2 2y=2 ..at(0,1)

SO (1) [1f=10,2] at(0,1)
and (i1) the tangent plane is z=/n 2 + (0)(x-0) + 2(y-1) =/n 2 +2y - 2.
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4 0
() 7 flxy)=secxtanx=0 and 7 fxy)=secytany=0 ...at (0,0)

so (1) [1f=10,0] at (0,0)

and the tangent plane is z =sec 0 tan 0 + 0(x-0) + 0(y-0) =0 (i.e. the tangent plane is the x-y plane).
(d) % f(x,y)=2 and 6%/ fix,y)=3 ...at(1,1)

so (1) 0 f=1[2,3] at(1,1)

and (i1) the tangent plane is z=2(1)+3(1) + 2(x-1) + 3(y-1) = 2x + 3y

(i.e the tangent plane at any point on the plane z = 2x + 3y is this plane itself.)

of of
Of= [& ,g 1=1 4x3y5 , sx4 y4] =[4,5] atthe point (1,1). The directional derivative (or rate of change) in

the direction 0 is then 4 cos 0 + 5 sin 0 .
9 3 1

()for0=0,get4  (b)for® =mget-4  (c)forB=7% el @ foro- v et
Uf=[f1(a,b), fr(a,b) ] = [l,\ﬁ ] so the directional derivative in the 0-direction is
f1(a,b) cos 6 + f1(a,b) sin 6 =cos 6 + \/3 sin 6 = [l,\ﬁ ]+ [cos 0,sin 0] ... the DOT product between

of
the vector [ f= [l,\ﬁ ] and the unit vector [cos 0,sin 6]. (Note: we use the notation f7 to indicate x etc.)
(a) This DOT product is 0 if [cos 0,sin 0] is perpendicular to [ f= [1,\/§ 1.

5
[l,\ﬁ ] is in the directiong , 80 O must be in a direction% +% =6 T (+ any integer multiple of 7).

(b) The DOT product is as small as possible if [cos 0,sin 8] is opposite to the direction of [1 f.

4
Then 6 must be in a direction % tn=3 1 (Note: integer multiples of 2 may be added to this angle.)

(¢) The DOT product is a large as possible if [cos 0,sin 0] is in the direction of [] f.

Then 6 must be in a direction % (Note: integer multiples of 2m may be added to this angle.)



