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2.1 Matrix derivation

Matrix derivation refers to the process of computing the derivative of one matrix with respect to
another matrix, or the derivative of a scalar function to a matrix. In this section, we study the latter
with the matrix X € R™*" and the scalar function f(X) € R. The derivative of f(X) to X can be

defined using element-wise derivation:
o _[or] o

0X  |0Xy;

Computing element-wise derivation is difficult, and we consider scalar derivation where the deriva-
tive is defined using differential:

df = f'(z)dx

where df is the differential, f’(x) is the derivative. Similarly, we can write the derivative of scalar to
matrix using total differential formula:

m n T
of of of

df = ——dX;;=Tr | == dX| =( =%,dX 2.2

! ;j;‘axm " r[f?X } <3X’ (22)

where Tr(-) represents matrix trace, which is the sum of the diagonal elements of a square matrix,

and satisfies the property: for matrices A and B, Tr(ATB) =3, ; AijBij, Le., Tr(AT B) is the inner

product of matrices A and B. Now we can use differential to compute derivative, we first build rules
for basic differential operations.

2.1.1 Differential formulas
1. (X +Y)=dX +dY (Addition)
2. d(XY)=dX Y + X -dY (Multiplication)

3. dX ! = - X"1dX X! (Inverse)
This formula can be proven using dX X! = dI

4. d(X0Y)=dX oY + X 0dY, (Element-wise multiplication)
where ® represents element-wise multiplication of matrices X and Y of the same size.

5. do(X) =0'(X) ©dX,0(X) = [0(X};)], (Element-wise function)
where 0(X) = [0(X;)] represents element-wise function, ¢’(X) = [0/(X;;)] represents element-
wise derivative.

. X1 Xl?}
eg. For matrix X = ,
& [Xm Xon

=cos(X)®dX

dsin (X) —d I:SinXH SinX12:| o [COSXHdXH COSXlng12

sin X21 sin X22 COS X21dX21 COS X22dX22
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Suppose the scalar function f(X) is formed through operations such as addition, subtraction, multi-
plication, inversion, and element-wise functions on the matrix X. In that case, we can use the above
formulas to transform df into dX. Then we apply trace on df to obtain 5% 91 hased on Equation Equa-
tion (2.2). To accomplish this, we need some trace tricks.

2.1.2 Trace tricks

1. If a € R™!, B € R™*",
a’Ba = Tr(a” Ba) = Tr(aa’ B) (2.3)

aTBa = Z?:l aj1 Z?:l ailbij = Tr(aTBa) = TI“(G,GTB)

2. If A,B,C € R™™,
Tt (AT(BoC)) =Tr [(A® B)TC)] (2.4)

Tr (AT(B ® C)) = Z:il Z;n:l aijbijcij =Tr [(A ® B)TC)]

Now the basic operation rules are prepared, to compute complex function derivative, we have one
more topic to cover — composite function derivative.

2.1.3 Composite function derivative

If Y is a function of X and g—{i is known, we want to compute g—;( using composite function derivative.

In scalar derivation, we use the chain rule to compute 88—;(. But in matrix derivation, the derivative
between two matrices g}; is undefined yet. However, we can still use the same differential operations

rules to transform dY into dX. In this way, it is natural to derive the derivative %. For example,
if Y = AX B, we get for df,

B af T 8f T B 8f T
Compare with Equation (2.2), we obtain the derivative of f to X as,
of _ ,r0f o1
ox ~ 4 ov?

Next, we take the above methods into practice.

2.1.4 Example: logistic regression

In logistic regression, y € R**! is a one-hot vector acting as label for input € R™*!, the weight
matrix is W € R¥*". We define a probability vector p € R¥*! with p; representing the probability
of x belonging to category i. The maximum likelihood form of logistic regression can be expressed as:

k
L= mapril
Pi -
=1

where y; is the i-th element of y, p; is the i-th element of p.
Next, we want to transform [] into ) using the log trick:

—logL = mm( Zyﬂogp,)

where log represents the natural logarithm.
Therefore, we define the loss function of logistic regression as:

I(x; W) = —y’ log softmax(Wx) (2.5)
—_———
P
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To optimize [, we need to compute the derivative of [ to W. To simplify notations, we can view
Wz as a new variable a, and Equation (2.5) transforms to:

I(x; W) = —logsoftmax(z? W)y = — logsoftmax(a” )y,

exp(a)
17 exp (a)

l(@; W) = —log [eXp(aT)} y

recall that softmax(a) = , where 1, is a k-dimensional all-ones vector, then we get for I(x; W),

exp(aT)1y
= —log [exp(aT)] y + log [exp(aT)lk] 17y log(u/c) = log(u) — 1log(c)
=—yTa+log [exp(aT)lk] y'1=1

Then, we differentiate both sides of the equation,

dl = —yTda + [d exp(aT)} 1

exp(al)1,

= —yTda + [exp(a”) ® da’1,] do(a) = o'(a) ® da

exp(a’)1g

According to Equation (2.2), we apply the trace operator to both sides of the equation,

dl =Tr (—dea + exp(a®)(da ® 1k))

exp(a’)1

Therefore,

ol

da

Then we apply composite function derivative rules on a,

T T T
dl =Tr (E)l da> =Tr (E?l dWw) =Tr (mal dW>

= —y + softmax(a)

da da da
Therefore,
W et YT + softmax(a)x

2.2 Numerical analysis

2.2.1 Norm

Norm maps a vector into a scalar "magnitude”: f(x) : R® — Ry, often written as ||z||. A function
||| : R™ — Ry is called a norm if and only if it satisfies the following conditions:

L |lz|=0<=x =0
2. |laz|| = |afz]

3. x| >0

4l +yll <zl + [yl
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A specific norm is determined with a parameter p, referred to as p-norm. If we have € R?*1,
the p-norm of x is defined as:

lzllp = laal? (2.6)

when p = oo,
l2]|oo = max |z (2.7)

The oco-norm of a vector is the maximum absolute value of its elements.
when p = 0,

n
lzllo = 1{z; # 0} (2.8)
i=1
where 1{-} is an indicator function. The 0-norm counts the number of non-zero elements in the vector.

Further, we discuss matrix norm. We begin with the Frobenius norm, if we have A € R"™*" the
Frobenius norm of A is:

n m
JAIE =" af; = [[Vec(A)|? (2.9)
j=1i=1
where the m xn matrix A can be viewed as the vector obtained by concatenating together the columns
of A, and the Frobenius norm can be viewed as applying the 2-norm on this new vector.
Next we introduce the operator norm. If X and Y are two vector spaces with norm |||, and
llyllq, respectively. A is the matrix that maps X to Y, A: X — Y. Operator norm || A||p, is induced
by vector norm:

[ Allpg = inf {C'>0[[|Az[l, < Cllz|l,, Ve € X} (2.10)

In this definition, || A||pq is the maximum scaling factor that transforms the norm of vector x in space
X to the norm of Ax in space Y. The relative scaling effect of A on x is not influenced by the norm
of x. Therefore, if we simply consider the situation where |||/, = 1, we can get for || A[|,q,

| Allpg = max [[Az|, (2.11)

llzllp=1
Taking p = ¢ = 2, we have the following inequality,
[Az[y < [|All2]lz2, V& € X (2.12)
On the unit sphere in the vector space, the norm of « equals 1,

[Az|2 < [[All2, V]|z]2 = 1,2 € X

2.2.2 Conditioning

Conditioning refers to a measure of sensitivity of a function’s output to input perturbations, often
affecting the numerical stability and accuracy of computations. Relative condition number is defined
as the maximum ratio of the relative error in the output of a function to the relative perturbation
in the input. If we have an input vector & € R”*! and a perturbation vector h € R™*!, we give the
definition of condition number on function f(-) of x as:

@b — @)/ 1f@)
i) RNED o1

k(f)=1lm max k(f;x,h
( ) e—=0 z,||h|| <€||z]| ( )

where the norm of h is controlled by | x||.
Concisely, we will simply refer to the relative condition number as the condition number in the following
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analysis.
Consider matrix transformation of x, if A € R™*" and y = f(x) = Ax, then we have:

y=Ax
y+ oy = A(x + dx)

Taking the norm of dy, we have,
[0yl = [[Adz|| < |l All[[ox]]

We consider three cases,
— If A is a square matrix and the inverse of A exists, we have

z= A"y = |z < A7y = Tl = <A™ lHH

Multiplying this inequality with the above inequality of ||0y||, we get,

oy ||
Loyl a4 1021
vl

Based on Equation (2.13), we can compute the condition number of matrix A as:

1oyll/llyl 1

=r(A li T All|lA 2.14

() = n(A) = lim my 00— AfA7 (2.14)

— If m < n, consider the situation that & | A, which means that the n-dim vector x is perpendicular
to m row vectors in A. In this case, ||y|| = 0, and the condition number is:

k(A) = lim max — - loyll/lly| =00 (2.15)
—If m > n, then
T=ATAz = ATy = |z = |ATy| < ATy

where ATA =1.

||5y||/HyH +

To compute AT, we can use singular value decomposwlon (SVD) on A.

Intuitively, if A’s rank r = n and A is a square matrix, the equation y = Ax has only one solution,
and the condition number can be expressed using A~!. If r < n, we refer to the equation y = Ax as
underdetermined, there are infinite solutions for this equation. If r = n and A is not a square matrix,
we refer to the equation y = Ax as overdetermined, there’s no solution to the equation, but we can
use the least square method to compute the approximate solution.

2.3 Orthogonal matrices

Orthogonal matrices are square matrices whose rows and columns are orthonormal vectors, the trans-
pose of an orthogonal matrix equals its inverse, we define orthogonal matrices as:

Q'=qQ (2.17)
We can compute the norm of an orthogonal matrix:
IQIF = max [|Qz]*
(2.18)

= ”m”ax 2'QTQx =1
1

where QTQ = 1.

Similarly, we can derive the norm of the inverse of an orthogonal matrix:

Q711 = mas Q7w = max Q7| = maxa’ QQ"z = 1 (2.19)
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2.4 Singular value decomposition

SVD factorizes any matrix into three matrices consisting of two orthogonal matrices and a diagonal
matrix of singular values. For matrix A € R™"*™,

A=Uxv? (2.20)

where U and V are two orthogonal matrices, the columns of U are referred to as left singular vectors
of A, the columns of V' are referred to as right singular vectors of A, ¥ is a diagonal matrix whose
diagonal elements are the singular values of matrix A.

The rank of A satisfies 7 < min(n, m), then

A= Unxrzrxr(VT)'rxm = ZsiuiviT (221)

=1

where s; is the i-th element in the diagonal of X, also the ¢-th singular value of A, w; is the i-th
column vector in U and wv; is the i-th column vector in V.

This equation indicates that a matrix is the summation of the multiplication of its singular values
and corresponding singular vectors. In some cases, we only need the first (max) k singular values
and singular vectors to express A and eliminate the influence of dimensions with lower singular value,

truncated SVD can be expressed as:
k

A=) suuv] (2.22)

i=1
Next, we examine the norm of A from SVD perspective,

AL < IUNISIVE = 2] = omax

where [|U|| = ||V = 1.
Similarly, ¥ can be expressed using A,

»=UTUxv'v =UuTAV
The norm of ¥ satisfies the following inequality,
1= < [T AV =11l

Therefore,
[A] = %] = omax (2.23)

This equation indicates that a matrix’s norm equals its maximum singular value.
Now we consider the situation of AT A, AT A can be expressed using the SVD form of A:

ATA=vyuTuxv? =vyivT (2.24)

where UTU = 1.
This equation shows that the diagonal elements in %2 are eigenvalues of AT A.
Using SVD, the pesudomatrix of A can be defined as:
AT =V X (U)o (2.25)

TXT
Similar to ||Al|, we can derive the norm of A™ as:

1
AT = — (2.26)

min
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2.5 Positive semi-definite

A matrix is positive semi-definite (PSD) if any quadratic form it defines yields no negative values.
z’ Az > 0,Vx (2.27)

PSD matrices are real symmetric matrices with non-negative eigenvalues. For a PSD matrix A, it can
be factorized using eigenvalue decomposition:

A=UxUT (2.28)

where U is an orthogonal matrix, and ¥ is a diagonal matrix with diagonal elements being eigenvalues
of A.

In the attention mechanism, we have query matrix @ and key matrix K, the similarity between Q
and K is often defined as the inner products of Q and K through the exponential function, exp(QK™).
If we consider a matrix X composed of Q and K:

I8

Then the matrix exp(X X7T) is a PSD matrix with exp(QK7) as its right upper component,

T T
o) - o[22 9T))

2.6 Revisit linear regression

Recall that the optimization objective of a linear regression model can be described as the equation

below:
B =argmin< X-Y ,XB8-Y > (2.29)
B

we make the inner product term as a function f(/3), then take the first derivative of the square loss
using matrix derivative rules,
of

a8 0= B (2.30)

If X7 X is invertible, we can derive the closed-form solution of B ,
B=(XTX)"'XxTy (2.31)

The numerical stability of (X7 X)~! is dependent on X7 X. Based on Equation (2.14), we compute
the condition number of X7 X as

R(XTX) = | X1 X2 (2.32)

Using QR factorization X = QR, where @ is an orthogonal matrix and R is an upper triangular
matrix. Then we have,

XT'xXp=X"Y = R"Q"QRS = R"Q"Y

= Q"QR}=Q"Y

= RG=Q"Y

=p3=R'Q"Y

F(R) = Q7' X) = r(X) = | X[ X ]| (2.33)
Using Equation (2.23) and Equation (2.26), the condition number can be further expressed as
2

Tmox (2.34)

2
O min

R(XTX) = w(VEVT) = k(22 =
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Revisit the variance of B ,
Var(f) = o*(XTX)™! (2.35)
If we fix the norm of X as 1, then the maximum eigenvalue op,,x equals to 1. Condition number of
X7TX can be written as:
R(XTX)= ——
Taking the norm of variance on 3, we can have for |[Var(8)],

0.2

IVar(B)l| = [lo*(X T X) | = —5—

min

In this case, if the smallest eigenvalue of X is close to 0, the colinearity between variables is relatively
large, which is also reflected in the condition number and the estimation variance.



