(/G 7
cE

[t FRopee Ues o Ve Desi 71 s -

fsme £, 2: URTSRT A6 ot K let < be o oty
e Const- Reke! b()= c€) Mhe Dh(%)= cOFCR
© Sum Rk i hF) = ER)HR) fey DR ) = BF(R) < 59 (53)

 Prosdvet Rs =1, WR)= F55E) Ty DUcR, ) -G 7%

+F(,?;)0j()a

£y - S Ko )

* Qw 7%&{' ?(JQ ;m:/ ; j(f):' xé{/x} /Q@r «Dé(Xa,j = D'p()‘ojf((\'b) “TC/)(:) Of()?; )
I *

6’@;&9—‘? F(Xy2)= X tytepr g(x):)(3+>/3
e v 54 a2y
XYIr= ¥y e2g ¥y

24 2 o) - |
D“”%‘Z}*(Bx e, ;;}f) :(s*x 3y e 3x° 2%+ exy”
| Zng T3y Y 2B
2x*2 + 22)°)
o o DE 5r\ _ 7
DTO(?/;“ZJ = g;) %;’_/ 3-;2_,) - (ZX/ 2, 22) ‘F(X;X -?/:Xz-{'/?‘f—zz

D a(x,y :/?_Z?zaj =(3X%, 3,50
k) = g & B (3x%, %9

D§cx, 72) I (X7 2)€ “(x v'2) Df@g ) :(2)(,2%22)*(X3*¥§¢§&)
(X ey ¢ 2) ¥ (3% 73750

- g X

= (6x7+ 3xTy e 3xE €20 Sy Yo axy 3xzv1+3%1r32§i%z§)
L ffsl agcee. Fasle~ s to a0te Qﬁ\%ﬁ} @ X3y @d > x



Secztow 2 $ {(Gowd)
Prook of prodtut nle

liwy AFF) 78 - FRIT%) —f@ﬂ;ajgc,zj + $B) bR [ (X -5} [
ke Ix - %

badd —PRYH(R) + CR)5(R)
Use. trple wepeslity UP &) < YBI « 1&Y

& fow {E"f?)ﬂ-f;(x‘?}* D*F('Sc‘;)(x*—-?,,)//‘/?ﬂ

/\’—‘92, //f, Xi/
£ oy N _OF(R) (5% -7K) X-%)(
B2 ! x-5f
< lew (/?f*i')/!//ycm —~FCR) ~Drég) (ﬁ_gL//
£o) ys‘(’_)}j/
and cech prece #1ls Sfo e =



Secrron 2.5 (o)

Tt THE Ctm RAE - Fropa /<= RT ol

ﬁzl%uck”—aﬁm b og(u) <UV. Sgpese Z s A
At B oad s Akt Yo = IR Tl hXI=EFAR)
= Ll9cv) & A€ o X and D) (%)= OF(R) Dsist)

—

Exampl: 9 (xiy) = Eesx, stax, y)
Cluwm) = H°+ & § @

hixy)= £(3Cxun) = $( cosx 5% y)

= Costx 4 5mx t cosx-staX Y

(D/a) (Xw)= @é / ;?;/A) = ((—— Sta X + Cogzx) Y, Ceasx- Qﬂ/g)

LA e L

I i "
Dg;(xv) = |zx 3/\ =T 5 ©

9__3_""‘ P § = Ce3IxX ; ©

2K oy i

25 s o |

oX Dy/



Secrpw 25 Cov7)

LF (sl :(i—)f,g:;, o) é@/w

(za-u/a/ Utud, av)

Df ( gtxn) = (205X + YSax, 2stax+ yosx, X stox)

"5-(0)( O
DF (3en) D3Cxs) = [2osxerse esimv ey, asxsox | [ o

= (

= <~ZC¢5>€ Slax — YSbx + :zcosxscﬂx-p,vwx} CosSx _S‘ce-?)()

Cpletzs
O Corsbact  fhe cppbl—rotyn o petels

, 1 m
9: W =R se Z( M., x,) = ( 3ux,..., %), -, In (,n,-.-,/n))

> =% >
( = 24} o 2,
They Dg () 5 2\ € bty
hij/y o 95’@
2K éz‘ & ek recdl g,
@ Ma%rﬁx Mu/ﬁﬂzaé&@ il Cogle gl 070 . 70@}



Secrwew 2.5 Conr)

[ocnmucs rer ze Ao s

/37
/)'./E(}?—‘bﬁ/ —szn_-a//e ,?//\D -%F’?
Sf?_ A ls < ‘l%/fn&‘féof? o{'¢ CA’rJ---/ Uns /@ s 7

54} ‘F (s =« 6//1 é'l"?w/) s X{/- vy X

ﬁe,, Db _ 2 >y - -
Sy ) bX; Au, N OXa BU,
20 _ e B -+ Bt Bl

(—VCA/LLuw (Y Gl X(: X'((’{’:"",« ) ﬁr*ur /\/ﬁ: )(4(6(;_-,./ %/

gpgc:(% (€ C R>p l,(f) = .C(c:({:))

é( 4
oot « Dty = S8 EB oo gy gt

t— ¢
- by Xy Yol #l) ~ FCWcts . % teq
t2o &=ty
liy (‘C( B 1) Xarey) ~ £ ), Xalt), -, Xoteq)
€3¢,
& ~%o

fn /!/?? ﬂ X,('ta))_...j X, (ﬁ)} yﬂ/tg))u -f(x,(@))_..))(affa

Cogy = —_—
t "‘héa

— 2/

)



Math 350: The Chain Rule

The Chain Rule is a very useful tool for analyzing the following: Say you have a
function f of (xy, x3, ..., X;), and these variables are themselves functions of (uj, u,,
. Um). How does our function f change as we vary u; thru u,??? We’ll state
and explain the Chain Rule, and then give a DIFFERENT PROOF FROM THE
BOOK, using only the definition of the derivative. This is a slight modification of
notes I wrote years ago for a similar class at Princeton.

(I). Statement:

We’ll state the Chain Rule. First, some notation:

Let h: R™ - R say h is a function of (uy, uy, ..., uy)
f:R" 2 R say f isa function of (xy, X, ..., X5)
¢:R™ > R" say ¢ is a function of (u, uy, ..., Up)

Graphically, we have the following:
® h, ..., uy)
= f(X[, “xu Xn)

= fle(uy,...,um))

the function h

o o(uy, ..., up)

/ = (xl(ul,m,um)? et Xn(ul’ b4 um))
the function ¢

(U1, seey um)

Our function h lives on R™. So, you give it an m-tuple, (uy, ..., Up), and it
will give you a real number back. The function f lives on R". If you give
it an n-tuple, (x4, ..., X,), it will give you back a number. And what of the
variables x; thru x,? Well, they can be thought of as functions on R™: you
give them an m-tuple, (uy, ..., Uy), and they’ll return a number.

We cannot look at f(x;(uy, ..., uy)), for f composed with x; doesn’t make
sense: X; gives us just ONE number; f needs n numbers.

What do we do? Remember, we’re trying to understand the beast:
huy; s i) = KXy Bads v Xl 00 0is)



We define an auxiliary function, ¢, to help us. What will @(uy, ..., u,,) be?
Whatever we want. We now look for something useful. Look at the Right
Hand Side above—wouldn’t it be nice if we could choose a ¢ that would
give us this? We can! Just let:

oy, ..op Up) = (X1(Uy, woey Up), Xo(Up, weey Up)y wery Xn(U1, ooy Upy))

Now we can write h = fop, f composed with ¢. The advantage of this is
that we know that often compositions of nice functions are nice: if we
compose two continuous functions, we get a continuous function. In one
dimension, we have the 1-dimensional chain rule for compositions. We
hope to be able to do something similar here. Anyway, here is the long
awaited statement of:

The Chain Rule:

(Dh)(ula ey um) = (Df)((p (uls veey um)) (D(p)(ula eey um)
= (Df)(xls seey Xn) (D(p)(ula seesy um)

Let’s write out what this is: for the sake of space, I will not explicitly write
WHERE the functions are being evaluated—we always evaluate h at

(Ui, .., Um), fat @(uy, ..., um) = x;(uy, «.., Un), .., Xp(Uy, ..., Uy)), and @ at
(ug, ...s Up).

The Chain Rule:
ch ¢ch ch of of of
Dh = (-, juy—=) Df = (==, .., —-)

D¢ is more complicated: Unlike Df and Dh, which are vectors, Do is a
matrix quantity. This is because ¢ is really a collection of m functions,

Oy w5 g} = (T Wiy e Wi Vs nmws Py (i 55 Wiy )
=AW o5 Mg s X (W5005 Vi)

We obtain:



[ 0% 0% Oy \
| all1 5 6“2 ? 9 al-lm l
| % 0xz 0xy .|
(Do) = ] Ouy, Ouy, , Oup [
| |
| |
| OXn OXn 0x, |
\ ou;, Ouy, .. Ouy /

Combining the above expressions for Dh, Df, and D¢ yields:

Cain Rule: \

oh = of ox, + A Oxy + ..+ O O,
al.l] 6x1 611; aX2 alll axn 6“1
h = O ox, + O Ox + ..+ O Ox,
allz axl allz 6x; allz axn 8“2
and so on till

oh = of x + of Ox +..+ O Ox,

\ allm aX1 6um 3Xz allm

g
#

II). One Dimensional Case:

OK. We now have the above formula, but WHERE DID IT COME FROM?
Let’s go back to one-dimension, and take a look at what is happening:



Translating from our language to what we spoke in High School:

h(u) = flo(w)) = b’ = £(eW)¢’(w)

How do we go about proving this? Always go back to what you know: here
we’re trying to find the derivative. Okay, so, let’s recall the definition of the
derivative. We know that. The derivative is defined by:

h’(u) = limy_,, {h(y)-h(u)} / {y-u}
= limy,, {f{e(y)) - flpw))} / {y-u}
flo(y)) - flo(w))  o(y) - o(u)
=l sy ¥

o(y) - o(u) y-u

All we did was multiply by 1 in a very clever way. Why did we do this?
Our function f is a function of one variable. The second term looks like
@’(u) in the limit, and the first term looks like f* evaluated at p(u). As the
two limits exist, the limit of the product is the product of the limits, so we
can conclude:

h’(w) = £(o(u) ¢’(v)

Why isn’t this proof rigorous? The definition of f’(z) is the following:
£(z) = limy_,, {f(w)-1f(z)}/{w-z}

We cheated in the above: this limit has to hold FOR ALL paths where w
heads to z. We didn’t consider all paths, only a special path. But maybe
this isn’t too bad: if the limit exists, then it doesn’t matter WHICH path we
take. In better words: look, I know f’(z) exists, and I know the value is
INDEPENDENT of the path I take. So why don’t I just make life easy on
myself and take this nice path? What a great idea! We leave for the
interested, rigorous reader what to do if @(y) equals @(u) infinitely often
(this cannot happen if ¢’(u) # 0). Hint: go back to the definition of 6h/du
and calculate it directly, going along points where @(y) = @(u).

(II). Higher Dimensions:

We now argue as in above, but in higher dimensions. To make things easier
to view, let’s just look at n = 3, m = 2, so we have (xy, X,, X3), which we
denote by (x, y, z) for convenience, and (u;, uy), which we denote by (u, w).

4



h(u,w) = f(x(u,w), y(u,w), z(u,w))
We calculate oh/0u, at the point (u,w), and compare with ch/du; from page 3.
oh/ou =lim,_,, {h(v,w)-h(u,w)}/{v-u}

f(x(v,w), y(v,w), z(v,w)) - f(x(u,w), y(u,w), z(u,w))
=lim y

vV - 1u

So, we start at the point (x(u,w), y(u,w), z(u,w)) and we finish at the point
(x(v,w), y(v,w), z(v,w)). We cannot directly mimic the 1-dimensional case,
but what if our starting point were (x(u,w), y(v,w), z(v,w))? Then all we
would’ve done is change the x-coordinate of the 3-tuple, and we could
multiply and divide by x(v,w) - x(u,w). We would then have:

of/ox 0Ox/ou

Sadly, life isn’t quite that simple: we don’t have that as our starting point.
But, what if we added and subtracted f(x(u,w), y(v,w), z(v,w)) in the
numerator? Then we would get:

oh f(x(v,w),y(v,w),z(v,w)) - f(x(u,w),y(v,w),z(v,w))
---=lim +
au v-u V=1

f(x(u,w),y(v,w),z(v,w)) - f(x(u,w),y(u,w),z(u,w))

lim,_,,
V-u
We now multiply the first term by 1:
oh  Hx(V,W)y(v,w),2(v,W)) - f(x(u,w),y (v, W),2(v,W)) . x(v,w) - x(u,w)
;3; _31-131 x(v,w) - x(u,w) vV-u
f(x(u,w),y(v,w),z(v,w)) - f(x(u,w),y(u,w),z(u,w))
G 1 o ¢ S

vV -1u



ch of ox f(X(u,W),Y(V,W),Z(V,W)) - f(X(U,W),Y(u,W),Z(U,W))
= e e limy L,
du 0Xx Ou V-u

Now we just repeat what we did before! We’ve got two points, start at
(x(u,w),y(u,w),z(u,w)), end at (x(u,w),y(v,w),z(v,w)). Again, what if our
first point were (x(u,w),y(u,w),z(v,w))? Then all we would’ve done is
change the y-coordinate of the 3-tuple, and we could multiply and divide by
y(v,w) - y(u,w). We would then (in the limit) get 0f/dy Oy/du, plus
another term, the difference of the point we added and our true first point.
Let’s do it!

ch of ox f(x(u,w),y(v,w),z(v,w)) - f(x(u,w),y(u,w),z(v,w))
—e = e =+ lim, L,
ou Ox Ou vV -u

f(x(u,w),y(u,w),z(v,w)) - f(x(u,w),y(u,w),z(u,w))

+ li 5 50
vV - u

Multiplying the first limit by {y(v,w) - y(u,w)} / {y(v,w) - y(u,w)} we get:
ch of ox of oy f(x(u,w),y(u,w),z(v,w))-f(x(u,w),y(u,w),z(u,w))

SHiEY QSSRGS Senp— + lim

5u aX al.l 8y 611 V—ru v-u

Multiplying the last term by {z(v,w) - z(v,w)} / {z(v,w) - z(v,w)}, we get
that this term, in the limit, is just 0f/0z 0z/du.

Hence we get:

ch of ox ofdy of oz
—— = = =t e e + ------  which is The Chain Rule!
Ou OxOu Oy du Oz du
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