Co 189 / 289A  Introduction to Machine Learning
Fall 2024 Jennifer Listgarten, Saced Daremi DISO

| Vector Calculus

Below, x € R? means that x is a d X 1 column vector with real-valued entries. Likewise, A € R%“
means that A is a d X d matrix with real-valued entries. In this course, we will by convention
consider vectors to be column vectors.

Consider x, w € R? and A € R, In the following questions, V, denotes the gradient with respect
to x, which, by convention, is a column vector. See the appendix for more details on definitions
for vector calculus.

Calculate the following derivatives.

(@) Vy(w'x)

Solution: We discuss two ways to solve the problem.

Using computation via first principle: We use f(x) = w'x. Then we have
FE+A) =w (EX+A) =wx+WA=f(x)+W'A.
Comparing with equation (I)), we conclude that

ow'x
ox

- - ow'x\"
=w' and, thus, Vi(w'x)= =W.

15).¢

Using the formula (2): The idea is to use f = w'x and apply equation (2). Note that w'x =
Z,‘ w;x;. Hence, we have

of 0%y
6xl- ax,- "
Thus, we find that
T LY
aw X az/M)]'XJ (9ijjxj OZjoXj l’)ZjoXj T
= = = Wi, W, ..., Wyl =W .
15).¢ 15).4 ox;  ° Ox > dxg

_ow'x ! _
And VX(WTX) =" =W

(b) Vx(W'AX)

Solution: We discuss three ways to solve the problem.

s
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Using part (a): Note that we can solve this question simply by using part (a). We substitute
u = A" w to obtain that f(x) = u"x. Now from part (a), we conclude that

Vi(wTAX) = V,(u'x)
=u
=A'w

Using computation via first principle: Taking f(x) = w' Ax and expanding, we have
Fx+A) =wAX+A) =w AX + W AA = f(X) + w AA.
Comparing with equation (I)), we conclude that

OwTAx\ "

ow'Ax ) CATw,
0x

ox

=w'A and Vy(w'Ax)= (

Using the formula (Z): The idea is to use f(x) = w'Ax, and apply equation (2). Using the
fact that wTAx = 3¢ Z?:l w;A;;x;, we find that

of 62?:1 27:1 WiAijxj 52, 1%(2, 1A11W) d d

— = = § iWi = E AT i = AT jo
(9Xj axj =1 it =1 i ( W)J
where in the last step we have used equation (??). Consequently, we have

o(wTAXx)

= [(ATW)I, (ATW), ..., (ATw)d] =(ATwW) =w'A,

and

I(WTAX) )T CATw

Vi(WTAX) = ( o

(¢c) Va(wTAx)
Solution:

We discuss two approaches to solve this problem.

Using computation via first principle (6): Treating y = w'Ax as a function of A and expanding
with respect to change in A, we have
YA+A) =w (A+A)x =wAX + W' Ax.

Note that, for two matrices M € R™" and N € R™™, we have

trace(MN) = trace(NM).
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Since w'AX is a scalar, we can write w'Ax = trace(w'Ax). And using the trace trick, we
obtain

w'AX = trace(w' AX) = trace(xw ' A).
Thus, we have
YA +A) =w (A+A)x=wAx +w' AX = y(A) + trace(xw ' A),
which on comparison with equation (6] yields that

o(wTAx)
0A

O(W'AX)

A xw' and VA(WTAX):[

.
] = wx'.

Using the formula (5): We use y = w'Ax and apply the formula (§). We have w™Ax =
L, 29, wiA;x; and hence

=W;X; = (XWT)Z'J'.

[G(WTAX)] _ d(W'Ax)
oA |, 0A
Consequently, we have

% = [(XWT)ij] =XW',
and thereby VA (WwTAX) = wx'.

(d) Vi(xTAXx)
Solution:
We provide a few ways to solve this problem. Taking f(x) = x" Ax and expanding, we have

fx+A) =xX+A)TAX+A)
=x'AX+ ATAX + X"AA + ATAA
= fx)+ xX"AT +x"A)A + O(|AIP)

which yields
.
A
Ix_AX) =x'(AT+A) and,
0x
T T
V, (xTAX) = [8(" AX)] —(A+ANx

Using the chain rule, and parts (b) and (c): We have

Ow'TAx
ow

O(x"Ax) Ow'Ax

=W Ahx +FX ATyex =X (A+A")
1), ox

(x)

+

(W)

W=X W=X

and thereby V,(x"Ax) = [%]T =(A+A"x.
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Using the product rule: We have

O(x"Ax) L 0(Ax)
0x - X 0x -

+0(x)

=x'A+x'AT=x"(A+A")

and thereby Vy(x"Ax) = [25A9]" = (A + AT)x.

Using the formula (Z): We have x"Ax = Zf’: | Zj{:l x;A;jx;. For any given index ¢, we have
X AX = A[gxg + Xy Z(Ajg + Agj).xj' + Z Z XiAinj.
j#t =l jEl

Thus we have

OX"Ax d
o 2Aux; + Z(A e+ Ag)x; = Z(Aje +Arpxj = (AT + A)X),.
4 j#l J=1
And consequently
Ox"Ax [axTAx OxT Ax ﬁxTAx]
ox Lo om0 oy

= [(AT + A)x)1, (AT + A)x)s,.... (AT + A)x),]
= (AT +A)x)"
=x"(A+AT),

and hence V,(xTAx) = [%]T =(A+A")x.
(e) Vi(x"Ax)
Solution:

We discuss two ways to solve this problem.

Using computation via first principle: We expand z(x) = Vf(x) = (A + A")x and find that
(X+A) =A+ANDX+A+ANDA=Vf(x)+(A+ATA.
Relating with equation (TT]), we obtain that V2 f(x) = A + A",

Using the formula (I0): A straight forward computation yields that

o f
—— =A;+A;
6xl-(9xj / * J
and hence
o f
Vi f(x) = laxiaxj} =[(A;; +A)] =A+A".
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(f) Now let’s apply our identities derived above to a practical problem. Given a design matrix
X € R™ and a label vector Y € R”, the ordinary least squares regression problem is

!
w* = argmin —||Xw — Y|[3
w2

Using parts (a)—(e), derive a necessary condition for w*. Note: We do not necessarily assume
X is full rank! Hint: A necessary condition for a minimum point of a function is that it is a
critical point, i.e. where the gradient is 0.

Solution: Let L(w) = %lle - Y||§. From calculus, we know a necessary condition of any
potential solution w* is that it must be a critical point of L, that is V,,L(w*) = 0. (It turns out,
this function is also convex, so this is also a sufficient condition). Thus, we have

vV, L(w) = VW%HXW - Y5
= VW%(XW -Y)"Xw-Y)
= %VW(WTXTXW -2Y'Xw+7Y'Y)
= %VW(WTXTXW) -V, (Y Xw) + %VW(YTY)

Because Y'Y is constant w.r.t w, that term disappears from the gradient. Additionally, from
(e), and the fact that X' X is symmetric, we know

V,(w XTXw)=(X"X+ X" X)NHw =2X" Xw
Finally, we apply (b) to the second term to get
V,Lw)=X"Xw-X"Y
Setting the gradient equal to zero we arrive at the necessary (and sufficient) condition
X'"Xw" -Y)=0

Note: If X is full rank then XTX is invertible, and we can solve for w* exactly: w* =
(XTX)"!1XTY. Otherwise, there may be infinite possible w that satisfy the above condition

Note for the mathematically adventurous: The above condition says the residual error vec-
tor, Xw* —y, is in the null space of X ™. However, by the fundamental theorem of linear algebra,
we know that N(XT) L Range(X). Thus, the above condition is equivalent to saying that the
error vector of the optimal projection onto Range(X) is orthogonal to Range(X), hence the term
“orthogonal projection.”
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2 Back to Basics: Linear Alge]ora

Let X € R™”. When we write C, it means “is a subspace of.” We study a few important subspaces
in the theory of linear maps:

e The columnspace, also called the range or span, of X is Range(X) := {Xv : v € R"} C R".
Consists of all vectors in the span (the set of all linear combinations) of the columns of X.

e The rowspace is Row(X) := {X"v : v € R"} C R™. Consists of all vectors in the span of the
rows of X.

e The nullspace, also called the kernel, of X is N(x) := {v e R" : Xv =0} C R™.

e The orthogonal complement of a subspace U in some vector space V is a subspace, denoted
Ut, suchthatu € U,v € U* = u-v = 0and U and U+ together span V. (These facts
imply that dim U + dim U+ = dim V. It also implies that U+ = U.) For example, in the
three-dimensional Euclidean space V = R3, if U is a plane through the origin, then U~ is a
line through the origin perpendicular to U.

For this problem we do not assume that X has full rank.

(a) Show that the following facts are true.

(1) Row(X) = Range(XT)

Solution: This follows immediately from the definitions: Row(X) = {X"v : v € R"} =
Range(X"). Intuitively, the rows of X are the columns of X', and vice versa.

(i) N(X)* = Row(X).

Solution: The vector v is in the nullspace of X if and only if Xv = 0, which is true if
and only if (X;,v) = 0 for every row X; of X. That is, v is perpendicular to each row of
X. It follows that v is also perpendicular to any vector in the span of the rows of X, i.e.
any vector in the rowspace Row(X), which means v is in the orthogonal component of
Row(X), Row(X)*. We can write N(X) = Row(X)"* to express the fact that v is in the
nullspace of X if and only if v is in the orthogonal complement of the span of the rows of
X. This is equivalent to the statement N (X)* = Row(X).
(iii)) N(XTX) = N(X). Hint: ifve N(X'X), then v X" Xv = 0.

Solution: If v is in the nullspace of X (thatis Xv = 0), then (X" X)v = X" (Xv) = X0 =0,
meaning v is also in the nullspace of X' X. Proving the reverse implication is a bit harder.
If v is in the nullspace of X" X, i.e. X" Xv = 0, then we have v' X" Xv = v'0 = 0. Observe
that vT X" Xv = [|Xv|3. It follows that |Xv||3 = 0, which implies that Xv = 0, meaning v is
in the nullspace of X.

Here is an alternative way to prove the reverse implication: let z = Xv. Then, X" Xv =
0 = X'z = 0. This is true if and only if z is orthogonal to every column of X, i.e.,
z is orthogonal to Range(X). However, note that z = Xv is an element of Range(X); the

only vector that can be within a subspace and its orthogonal complement is 0. Thus,
z = Xv = 0, which implies that v € N(X).
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(b) We now prove an important result of linear algebra, the rank-nullity theorem. Let Rank(X) =
dim Range(X) = dim Row(X) and Nullity(X) = dim N(X). (The fact that dim Range(X) =
dim Row(X)—that is, the dimension spanned by the rows equals the dimension spanned by
the columns—is itself a pretty important result, which you should always remember when you
hear the word “rank.”) The rank-nullity theorem says that for any X € R™™,

Rank(X) + Nullity(X) = m.
Use the above results to prove this theorem. Hint: Use the orthogonal complement of the
nullspace to connect the rank to the nullity.

Solution: Since N(X) is a subspace of R”, it has a complementary subspace N(X)* with the
property that
dim N(X) + dim N(X)* =m

From (ii) we know dim N (X)* = dim Row(X) = Rank(X), yielding

Nullity(X) + Rank(X) = m.

Gilbert Strang has proposed that a collection of four facts be called “fundamental theorem of linear
algebra.” Two of these facts are the rank-nullity theorem, part (b), and the fact that the rowspace
is the orthogonal complement of the nullspace, part (a)(i1). The other two facts are related to the
singular value decomposition, which we’ll learn late in the semester.
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3 Eigenvalues

(a) Let A be an invertible matrix. Show that if v is an eigenvector of A with eigenvalue 4, then it
is also an eigenvector of A~! with eigenvalue A",

Solution: By definition, this means Av = Av. Then
v=ATtAv=A"1Uv) = 1A v
We know A # 0 since A is invertible, so division by A is valid, giving -'v = A™'v.

(b) A symmetric matrix A is said to be positive semidefinite (PSD) (A > 0) if Vv # 0,v'Av > 0.
Show that A is PSD if and only if all of its eigenvalues are nonnegative.

Hint: Use the eigendecomposition of the matrix A.

Solution: Start with the reverse direction. We wish to prove: if the eigenvalues are nonnega-
tive, A is PSD.

The spectral theorem of A allows us to decompose a symmetric matrix A into UAU", where A
is diagonal with eigenvalues A; on the diagonal and U is orthonormal. Define z = U'v; since
U is orthonormal, there exists a one-to-one mapping between all z, v.

vIAv = vVI(UAU )V =z"Az = 2 | A;7

We assume 4; > 0, so Vv, vTAv = Y7 | /liziz > 0, which is the definition of PSD.

Next, take the forward direction. We wish to prove: if A is PSD, the eigenvalues are nonnega-
tive.

Since A is PSD, we know Vx,x"Ax > 0. So for all i, take the ith eigenvector u; for A. Then,

2
u/Au; = u/ () = 4w/ w; = 4lull; >0
Since A;|ju;|> > 0 and |ju;|? > 0, we must have that 4; > 0

(c) Let A be a PSD matrix. Show that its eigenvalues are equal to its singular values.

Solution: The eigenvalues of A are defined such that Av = Av. Multiplying both sides by A
tells us that A2 is an eigenvalue of A%, Notice that, because A is symmetric, then A2 = ATA,
The singular values of A are equal to the square roots of the eigenvalues of ATA = A2, thus
the singular values are equal to |4|, the absolute value of the eigenvalues. Since A is PSD, we
know that all the eigenvalues are nonnegative, thus we can remove the absolute value sign, and
thus the singular values are directly equal to the eigenvalues.
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4 Pro]oa]oility Review

There are n archers all shooting at the same target (bulls-eye) of radius 1. Let the score for a
particular archer be defined to be the distance away from the center (the lower the score, the better,
and O is the optimal score). Each archer’s score is independent of the others, and is distributed
uniformly between 0 and 1. What is the expected value of the worst (highest) score?

(a) Define a random variable Z equal to the worst (highest) score, in terms of random variables
that indicate each archer’s score.

Solution: Z = max{Xi,...,X,}.

(b) Derive the Cumulative Distribution Function (CDF) of Z. Hint: Recall the CDF of a random
variable Z is given by F(z) = P(Z < 7)

Solution:
F@)=PZ<2)=PX,<7)PX,<7) -+ P(X,<7) = H P(X; < 7)
i=1

Since each X; is uniformly distributed between 0 and 1, P(X; < z) = z. Thus,

0 ifz<0,
F(z)=1 7" if0<z<1,
1 if z > 1.

(c) Let X be a non-negative random variable. The Tail-Sum formula states that

E[X] = foo P(X > 1) dt
0

Using both the Tail-Sum formula and the CDF of Z you derived, calculate the expected value
of Z. Hint: Write P(X > t) in terms of the CDF of X.

Solution:
E[Z] = f P(Z > 1) dt
0

= fw(l —-P(Z < 1t)dt
0

:f (1-F(@))dt
0

1 00
:f(l—t”)dt+f (I=-1)drt
0 1
_ n

n+1
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(d) Consider what happens to E[Z] as n — oco. Does this match your intuition?

Solution: E[Z] increases as n increases, and as n — oo, E[Z] — 1. This makes intuitive sense
because increasing the number of archers increases the likelihood that more extreme values are
encountered, which causes the max to tend towards the positive extreme (in this case, Z = 1).
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5 Vector Calculus Appendix

Let us first understand the definition of the derivative. Let f : R? — R denote a scalar function.

Then the derivative g—f: is an operator that can help find the change in function value at x, up to first
order, when we add a little perturbation A € R? to x. That is,
of
f&E+A) = f(x)+ a—XA+0(|IAII) (1

where o(]|A||) stands for any term r(A) such that 7(A)/||Al| — 0 as ||A]] = 0. An example of such a
term is a quadratic term like ||A|*>. Let us quickly verify that r(A) = ||A||? is indeed an o(||A]]) term.
As ||All = 0, we have

A _ AP _
1AL~ Al

thereby verifying our claim. As a rule of thumb, any term that has a higher-order dependence on
|A]| than linear is o(]|A||) and is ignored to compute the derivativeE]

1Al — 0,

We call % the derivative of f at x. Sometimes we use fl—i but we use d to indicate that f may depend
on some other variable too. (But to define % we study changes in f with respect to changes in x
only.)

Since A is a column vector, the vector ‘;—{ should be a row vector so that g—iA is a scalar. So one way
to compute the derivative is to expand out f(x + A) and guess the expression for the derivative. We
call this method computation via first principle.

The gradient of f at x is defined to be the transpose of this derivative. That is Vf(x) = (g—{;)T.

We now write down some formulas that would be helpful to compute different derivatives in various
settings where a solution via first principle might be hard to compute. We will also distinguish
between the derivative, gradient, Jacobian, and Hessian in our notation.

1. Let f : RY — R denote a scalar function. Let x € RY denote the vector input to f. We have

Of _ ixa af | of of of
o eR such that ox |on o s )
o
p
T oaf
vxf:(‘;_f) _ 7=, 3)
X .
of
| Oxy |

1Good resources for matrix calculus are:
e The Matrix Cookbook: https://www.math.uwaterloo.ca/~hwolkowi/matrixcookbook.pdf
e Wikipedia: https://en.wikipedia.org/wiki/Matrix_calculus

e Khan Academy:
https://www.khanacademy.org/math/multivariable-calculus/multivariable-derivatives

e YouTube: https://www.youtube.com/playlist?1ist=PLSQl0®a2vh4HC5feHab6bRc5cOWbRTX56nF7.

2Note that r(A) = V[JA[[ is not an o(J|Al|) term. Since for this case, 7(A)/||All = 1/ V]JA]] = oo as ||A]| = O.

DIS0, ©UCB CS 189/289A, Fall 2024. All Rights Reserved. This may not be publicly shared without explicit permission. 11


https://www.math.uwaterloo.ca/~hwolkowi/matrixcookbook.pdf
https://en.wikipedia.org/wiki/Matrix_calculus
https://www.khanacademy.org/math/multivariable-calculus/multivariable-derivatives
https://www.youtube.com/playlist?list=PLSQl0a2vh4HC5feHa6Rc5c0wbRTx56nF7

2. Lety : R™" — R be a scalar function defined on the space of m X n matrices. Let B denote
the matrix input to f. Then, the derivative of f with respect to B is an n X m matrix given by

Ay 9y 9y

— e R™ suchthat |=| = —, 4
B ! [6BL 0B, ®
As in the vector case above, the gradient and derivative with respect to a matrix are also
transposes of each other. So, the gradient of f with respect to B is an m X n matrix given by

W\ dy
Vey = (@) € R™" suchthat [Vgy]; = @ 5)
An argument via first principle follows as:
0
Y(B + A) = y(B) + trace (a_ly; A) + o(|Al. ©6)

3. For z : R? — R, a vector-valued function, its derivative % is an operator that can help find
the change in function value at x, up to first order, when we add a little perturbation A to x:

0z
z(x+ A) = z(x) + o A+ o(J|A]]. @)
A formula for the same can be derived as
[021] [0z da 9z |
ox ox;  Oxp "7 Oxg
oz [4) I 0n On
J@)= oo e R = | = 0 ®)
ox : : oo
Oz Oy Ou Oz
| ox ] »6x1 ﬂxz e (9di
That is,
0z 8z,~
J@); == = =. 9
@), [ax] o ©)
ij
4. The Hessian of f : RY — R is the generalization of a second derivative and is defined as
[ o2f Pf Pf |
@ Ix10xy "7 Ox10xy4
*f Pf *f
X20x x2 te X200,
H() = Vi) = JVpHT =" % i (10)
Of Of &Pf
76)@15){1 0xg0x) e 6x421 :
A first principle definition is
Vfx+A) sz(x)+V2f(x)A (11)

or equivalently
Vf(x+A) = VIx) + V2 f(0)A + o(|All).

For sufficiently smooth functions (when the mixed derivatives are equal), the Hessian is a
symmetric matrix. Most of the functions we cover in this class will have symmetric Hessians.
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