MA123, Chapter 2: Change, and the idea of the derivative (pp. 17-45, Gootman)

|Chapter Goals :| o Understand average rates of change.
o Understand the ideas leading to instantaneous rates of change.
Understand the connection between instantaneous rates of change and the derivative.
¢ Know the definition of the derivative at a point.
Use the definition of the derivative to calculate derivatives.

Understand the connection between a position function, a velocity function, and the
derivative.

e Understand the connection between the derivative and the slope of a tangent line.

Assignment 02 Assignment 03

Roughly speaking, Calculus describes how quantities change, and uses this description of change to give us
extra information about the quantities themselves.

» | Average rates of changg’ We are all familiar with the concept of velocity (speed): If you drive a

distance of 120 miles in two hours, then your average velocity, or rate of travel, is 120/2 = 60 miles per hour.

In other words, the average velocity is equal to the ratio of the distance traveled over the time elapsed:

distance traveled _As
time elapsed At

average velocity =

— A
In general, the quantity 2740 _ _A_Z is called the average rate of change of y with respect to z.
Iy — 1

Often, a change in a quantity g is expressed by the symbol Ag (you should not think of this as A
times g, but rather as one quantity!).

Finding average rates of change is important in many contexts. For instance, we may be interested in
knowing how quickly the air temperature is dropping as a storm approaches, or how fast revenues are increasing
from the sale of a new product.

Note:| In this course we use the terms “speed” and “velocity” for the same concept. This is not the case
in some other courses. Thus “instantaneous speed” and “instantaneous velocity” have the same meaning, and

“average speed” and “average velocity” have the same meaning.

Example 1:| A train travels from city A to city B. It leaves A at 10:00 am and arrives at B at 2:30 pm. The
distance between the cities is 150 miles. What was the average velocity of the train in miles per hour (mph)?

Do you think the train was always traveling at the same speed?

NGO piles
oo, = _DisTance teaue led . I%
A\/eraf Ve(C‘T} Time- Eflapred — 45 hourg

- _1_,_2,9, riules hour = 373, 33 V*v/?/I-
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Example 2:| A train leaves station A at 8:00 am and arrives at station B at 10:00 am. The train stops at

station B for 1 hour and then continues to station C. It arrives at station C at 3:00 pm. The average velocity

from A to B was 40 mph and the average velocity from B to C was 50 mph. What was the average velocity

from A to C (including stopping time)? , _
(?000»41 +O ?‘mlah‘)

To'h(g ‘éfme Q/afsea' — 7 Wours )
Distaqce Ato B = @0 Mwh)(;? howr) = 80 Milef
oo iles.
Dilamce B te C = (50 w/h)[4 how ) = 4 -
/4(/64"6(?:& /yfz[omf‘} Qgg _ L{—O ;,.,,Fh

Generally, in computing average rates of change of a quantity y with respect to a quantity z, there is a function
that shows how the values of z and y are related.

> IAverage rates of change of a function:] Y

y = f(z)

The average rate of change of the function y = f(z)
between x = z; and z = x5 is

flz2)t

change iny _ f(z3) — f(z1)

average rate of change = -
change in z To — I

flzi)

The average rate of change is the slope of the secant line
between z = x; and z = x5 on the graph of f, that is, the ; ;
line that passes through (x1, f(z1)) and (z2, f(x2))- 0 z1 2 z

Example 3:| Find the average rate of change of g(x) = 2+ 4(z — 1) with respect to = as = changes from —2

to 5. Could you have predicted your answer using your knowledge of linear equations?
N
Cimea (x) is [mear, g (x) 15 idedial | AlFn .,e,? _
to 0{”'513 dF ;‘fﬁ se capd  l(nes -2)= Q{»#(—-Z\/) ) /0
5o ' /X/ _ 4 %(7): ‘Q+4(9")“ )
AROC= Shpe of 357 % (6)-g(-2) 18=C

akoc = ooy T -G
25 _ o
= S '

Find the average rate of change of k(t) = /3¢t + 1 with respect to ¢ as ¢ changes from 1 to 5.
)- k() ~7_ _
AROC = Eﬂ——/’y‘ now H ()= J3l+( = /¢ =2

Ris)= Jaae) = JG=4

. ®R _ L
Zi 12: T 2

o AROC —

P
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Example 5:( A particle is traveling along a straight line. Its position at time ¢ seconds is given by
s(t) = 2t + 3. Find the average velocity of the particle as ¢ changes from 0 seconds to 4 seconds.

Displacer e = As = 7(4/-5/0) /4vemg£ 7/12/0”*}
) =243 = 27 . ar_ 22z

—TN

cio) =0 +%=7% ~  2e

o e = 353 = 32

1 .
Example 6:| Let g(z) = > Find a value for 2 such that the average rate of change of g(x) from 1 to z

equals —%. o (X)’—ﬁ (/) We re 6:(‘11‘911 /‘”QOC = = /0/
= _ ==
—= = 0
-1)
/(/W’ J_ o _/_*i( X—(}r ! ~ X//\” /)
4 (X)”g (V= x ~ 7 - £ioTl-x)

(’l_—;A_—) | =X /0()(\\1):: X (o=

o AOCT S )

Find the average rate of change of k(t) = 2 — 5 with respect to ¢ as ¢ changes from 1 to 1+ A.
lo (1+h) = k (U _ k(1+h] - (1) > 44/4& C il v B Qgarh -

AROS = - ' _h " ( )= () h)(1h) = (1+2h +h?)(144)
Mow, k()= 1%7 = 1=7= =L ||~ [ 1+ 2h+h + (1 h+hDh
() = (/w)z—-?:-‘f*%*;“h - he h% b ab s h?
and R(1h) = h+3ha+h3)—f—1k} = [ Eae 2 -2
%0 Aﬂac;ﬁ\**} h = [+ 32h+32h+h

% L <

» | Instantaneous rates of change:| The phrase ‘instantaneous rate of change’ seems like an OXymoron,

a contradiction in terms like the phrases ‘thunderous silence’ or ‘sweet sorrow’. However, because of your
experience with traveling and looking at speedometers, both the concept of average velocity and the concept
of velocity at an instant have an intuitive meaning to you. The connection between the two concepts is that if
you compute the average velocity over smaller and smaller time periods you should get numbers that are closer
and closer to the speedometer reading at the instant you look at it.

The instantaneous rate of change is defined to be the result of computing the average rate of
change over smaller and smaller intervals.

The following algebraic approach makes this idea more precise.
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Algebraic approach: l Let s(t) denote, for sake of simplicity, the position of an object at time £. Our goal
is to find the instantaneous velocity at a fixed time ¢ = a, say v(a). Let the first value be t1 = a, and the second

time value t2 = a + h. The corresponding positions of the object are

s1=s(t1)=s(a)  s2=s(t2) =s(a+h),

respectively. Thus the average velocity between times t; = a and ¢, = a + h is

s2—81 _ s(a+h)— s(a)

to — 1 - h )
To see what happens to this average velocity over smaller and smaller time intervals we let A get closer and
closer to 0. This latter process is called finding a limit. Symbolically:

s(a+h) —s(a)

v(a) = fim h

We can discuss the instantaneous rate of change of any function using the method above. When we
discuss the instantaneous rate of change of the position of an object, then we call this change the instantaneous
velocity of the object (or the velocity at an instant). We often shorten this phrase and speak simply of the
velocity of the object. Thus, the velocity of an object is obtained by computing the average velocity of the
object over smaller and smaller time intervals.

Example 8:| A particle is traveling along a straight line. Its position at time ¢ is given by s(t) = 5t + 3.
u Flnd the velocity of the particle when ¢t = 4 seconds. VC/ oc l‘f

W §(4+1,, [4} (q {4+ % 3147-' G 43 3) | ot h—> 0
. ~ 7'0/ 0
- (‘w shrb?)r3 — o6 =3 Lo Gh —> 40+ "/

sash + Th ﬁ‘%:fi)_tlf_ Yol

h

Example 9:| A particle is traveling along a straight line. Its position at time t is given by s(t) = 5t + 3.
Find the velocity of the particle when t = 2 seconds. ) Va /@ c {+

A M E@ﬁ@ G| ) hso
}——-3’ g\ 20+q‘h/920+7'0
g’(g+ L\—Fh 2 -4

" — :0’20/

200+ (714:2’ @%@: 90"['7/1
h

——
——
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The approach we will see now has the tremendous advantage that it yields a formula for the instantaneous

velocity of this object as a function of time ¢.

] !
Example 10:| A particle is traveling along a straight line. Its position at time ¢ is given by s(t) = 52 + 3. \1

Find the velocity of the particle as a function of ¢.

Avega ¢z

)= 58 (5 (th)3+3) ~(5¢%3)

. = (OT
e Ustv v (6 / /

#5eq by kg
v ()= l0e4=40 L v(D=02=R0

/N
\

b h
_ g (dPatne 3 = =

h
2

(0E+ T 1psec

. d c
i a<area
o (0E+D h 5)
a .~
M/ﬁ £ = vt /L_ o

0E+70

—
—

Even if you have s formula for a quantity, knowing how the quantity is changing can give you extra
information that is not obvious from the formula. For example, if 5(t) denotes the position of a ball being

thrown up into the air, how high does the ball go? Observe that when the ball is going up it has positive

velocity, because its height is increasing in time, whereas when the ball is going down it has negative velocity,

because its height is decreasing in time. Thus, the instant at which the ball reaches its highest point is exactly

the one when its velocity is 0.

Example 11:

A particle is traveling along a straight line. Its position at time ¢ is given by s(t) = —2t% + 6¢ + 5.

(a) Find the velocity of the particle as a function of t;

(b) When is the velocity of the particle equal to 5 feet per second?

)

s (44~ s &)
Avafq?v

h
A/ /
9”;:#4):_ () 6 BN+ T

2 gth-an® §L46h+7

Ye /0cn+3 =

2 2 Uth-ah s
Sy — s (2)_ (2442

h
_gtn-20n%Eh (- 4t=ahtdr
= g s

+6

= ~ Xh
Lle_ : O\o‘famQJ

o VQ'O_Q‘}Q’ 'S
) = —dtt6 /S 1

(c) When is the velocity of the particle equal to 0 feet per second?

g E)- (26 reE+5)

(e‘fh'ﬂj h—>0

() wat vO=5

. F 8o i’(.Mo
Velocity s T ©
[s u‘ynlxwmm,
So ‘L‘Lf—*—é:g

2 _ye=-1 DR

&) tast vE)=O
So -({fi—g =0




Notice TH anéwer to FlL Can pe
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Find the instantaneous rate of change of g(k) = 2k* + k — 1 at ’.ég =3. ]
AROC  q(z+h)—2(3)  (2(3+W)% (m)—1) — (2. 37+3-1) o
2 (3% Eh+ ™)+ 3+h={— 23 3L — 12k ";’21’) +h _ —LZ‘{CE_‘
W
(3x2h)h _ = oc: Lot WO .
— 5 = lg—\'Ql’l—"; ,I’R '3+200 :@

-

Example 13:| Find the instantaneous rate of change of g(k) = 2k + k — 1 as a fugction of k. ]

MOC- alkih)—g(® _ [20k+n)+ (kth)— | |— [2k™ k-1
an (<4 -

' 2 1 2 e 2h+Dh
(b 2k ) ashot - Ul cthh Zhvh_ ( 2 /,

]l

= UYfpr2h+H
T ROC : Let h>0 @u/: Thst. RO /v R

> | The derivative: | The derivative of f with respect to x, at x = x1, is the instantaneous rate of change of

f with respect to z, at z = 1, and is thus given by the formula

i flz1+h) = f=1)
h—0 h

Now just drop the subscript ‘1’ from the z in the above formula, and you obtain the instantaneous rate of
change of f with respect to x at a general point z. This is called the derivative of f at = and is denoted with

f(@): .

| Alternative notations: |

As we remarked earlier, a change in a quantity g is often expressed by the symbol Ag (you should not think of
this as A times g, but rather as one quantity!). Thus the above formulas are often rewritten as

fl(z) = lim A _ 4

Az—0 Az dx

Given a general function f(z), it is often common to think in terms of y = f(z) so that the above formulas are

often rewritten as
/ . Ay _ @

V= B0 Az ~ 4z

A preview:

Often, the information you have about a quantity is not about the quantity itself, but about its rate of change.
This means that you know the derivative of a function, and want to find the function. This occurs frequently
in Physics. Newton’s formula gives information about the acceleration of an object, that is, about the rate of
change of velocity with respect to time. From this, one can often get information about the velocity, the rate

of change of position with respect to time, and then information about the position itself of the object.

16



Let f(z) = mz + b be an arbitrary linear function (here m and b are constants).
Use the definition of the derivative to show that () =m. Go Om@ﬁ" e < /‘(-RCK = g/ Ofe
e WMethod ‘ >
Algebreale n -6 (Mo(kJthk)-'("”’(*") smce  Lh) 2 bwneor
AR0C —= £ ()('V—t = o

o — e n o AROC = m

— h _ /( ) = ,é{/m W = .
‘ - h-3o
Mo (b h>0, DBt AKGC ofcesat +
At e C m
'(} (x) = h-3o0 m =
Let f(z) = az® + bz + ¢ be an arbitrary quadratic function (here a, b and ¢ are constants).
Use the definition of the derivative to show that f'(z) =2az +b.

ARIC: Picah)—F6) _ (alxn)®™+ boﬂ:)«fc ) — (axybxte)
h - .
9(4@ Yy ol o 1’19\—-‘*,191’+ bh +e — ﬂﬁ?z- b~ <
_ 20( A"h " O(L’Q_{, 101/7 - (goo("—\—fh + L)h\
= - —
— Aax +ah +b

» — a0+ b
fo _P/[)();— L\{;‘Z’ Ko + a’fH—b—w Aax + a

= @w: F4) /

Example 16:| Let g(z) = 222+ z — 1. Find a value ¢ between 1 and 4 such that the average rate of change

of g(x) from z = 1 to = = 4 is equal to the instantaneous rate of change of g(z) at z = c.

H5
AW; FN; e TR mwfmaﬂz
— /0 Qoqu "’ ",Q-l'f' - /(X): Q' QX’)‘ - |

(lj)/l - —/( % 9
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2
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Let g(a:) = 2x2+1:— 1. Find a value g such that ¢'(zg) = 4. ,\/ W/\Lfe (7 4/\,”): (/
&)x x| F‘“”> 9 Ix)= Qax—4y | W v '

=axboasd) :ﬁjxﬂ o dagtl= 4

R

> LThe geometric meaning of derivatives:| Let f(x) be a function and consider its graph y = f(z) in

the Cartesian coordinate system. Consider the following two points P(z1, f(z1)) and Q(z1 + h, f(z1 + h)) on
the graph of f. It should be clear from our discussion that the slope of the straight (secant) line through P

and
fl@m+h) - flz1) _ flzath)—flz) Ay
(z1+h)—z1 h T Az

is nothing but the average rate of change of f with respect to z, as the variable changes from z; to z; + h.

As the value of h changes, you get a succession of different lines, all passing through P(z1, f(z1)). As h gets
closer and closer to 0, the lines get closer and closer to what you probably intuitively think of as the tangent
line to the graph of f at the point P(x1, f(z1)).

y y = f(z)

tangent/ line

Thus the derivative of f at x;, namely
f'(z1), is the slope of the tangent line to
the graph of f at the point P(zy, f(z1)).

f(z1) §

By

by

——ihg
:ha

The tangent line to the'graph of a function f at a point P(zy, f(x1)) on the graph is the line
passing through the point P(z1, f(z1)) and with slope equal to f/(z;). Thus, the equation of the tangent
line at the point P(z;, f(z1)) is: '

| y=F@)+ @) —=) |
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Example 18:| Let f(z)=22+ 2+ 14.

What is the value of = for which the slope of the tangent line to the graph of y = f(z) is equal to 57
2 - N2
p(*/'/; aAx 4 plk+c _p/()(/: 5/0/3 pyﬂ Ta«qﬁ»)/ ZH"
— : e
=) Q‘-?/( ;79// (//4/ ’Wﬂ/'\)L A o

S0 _p/(x)z ;’"a-y’*b _p/()(): 7

= )""‘""L/ 7
A ?ﬂ&))('{’l::%
Sax=4
(=<2 |

Example 19:| Let f(z)=22+ 2+ 14.

What is the value of 2 for which the tangent line to the graph of y = f(z) is parallel to the x-z%i—s?b
¥ - X ) = X +C
TW‘L”"X_ Line ,’)Ou”aﬂadp to x—-qxis _/f_/_ﬂ_f(/g For Plc)= ax e

Hoci sontad Vertox occws wirel

>> TM%% Line . | Ta,v,;y/»d lne 15
= Slpe = O~ /
/ —
Wi, Llix)= A+

(= O P e
25 =~ gt ]
that can be recore” ﬁ i Goloutus,

E.inear approximation of a function at a poinﬂ The importance of computing the equation of the
tangent line to the graph of a function f at a point P(zy, f(z1)) lies in the fact that if we look at a portion of
the graph of f near the point P, it becomes indistinguishable from the tangent line at P. In other words, the
values of the function are close to those of the linear function whose graph is the tangent line. For this reason,
the linear function whose graph is the tangent line to y = f(z) at the point P(zy, f(z1)) is called the linear
approximation of f near z = ;. We write

f(x) = f(z1) + f(z)(z - 1) near r = x.

For example, to find an approximate value for v/2 we can proceed as Y
follows. Consider the function f(z) = \/z. We will learn in Chapter 4

. 1 ; 15
that the derivative of f is given by f/(z) = ——=. Thus the equation of D e —— ~
the tangent line at the point P(1,1) can easily be seen to be . P

1
y:1+—;-(:1:—1) so that \/:Ez1+§(w—1) near z = 1. p

If we substitute z = 2 into the above approximation we obtain the value
3/2 = 1.5, which is very close to v/2 = 1.4142... The picture on the 0 1 2 z

right illustrates the situation.
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