Chapter 2
Minimum-Norm-Based Source Imaging
Algorithms

2.1 Introduction

In this chapter, we describe the minimum-norm and related methods, which are
classic algorithms for electromagnetic brain imaging [1, 2]. In this chapter, the
minimum-norm method is first formulated based on the maximum-likelihood princi-
ple, and the properties of the minimum-norm solution are discussed. This discussion
leads to the necessity of regularization when implementing the minimum-norm
method. We discuss two different representative regularization methods: the
Lo-norm regularization and the L |-norm regularization. The minimum-norm method
is, then, formulated based on Bayesian inference—Bayesian formulation providing
a form of the minimum-norm method where the regularization is already embedded.

2.2 Definitions

In electromagnetic brain imaging, we use an array of sensors to obtain
bioelectromagnetic measurements. We define the output of the mth sensor at time
t as y, (1), and the column vector containing outputs from all sensors, such that

y1(1)
y2()

y@) = ; 2.1)

(o)

where M is the total number of sensors. This column vector y(¢) expresses the outputs
of the sensor array, and it may be called the data vector or array measurement.
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10 2 Minimum-Norm-Based Source Imaging Algorithms

A spatial location is represented by a three-dimensional vector r: r = (x, y, z).
A source vector is defined as a three-dimensional column vector s(r, t):

sx(r,t)
s(rit) = | sy(r, 1) |, 2.2)
s;(r,t)

where sy (r, 1), sy(r,t), and s.(r, t) are the x, y, and z components. The physical
nature of the source vector is the electromotive force generated by neuronal activities
in the brain. Additional discussion regarding the nature of the sources is presented
in Sect. A.1 in the Appendix. The magnitude of the source vector is denoted as a
scalar s(r, t), and the orientation of the source is denoted as a three-dimensional unit
vector n(r) = [nx(r), ny(r), n; ("1, where the superscript T indicates the matrix
transpose. Then, the relationship

7x (1)
s(r,t) =sr, 0nr) =s(r, 1) | ny) (2.3)
nz(r)

holds.

2.3 Sensor Lead Field

We assume that a unit-magnitude source exists at ¥. We denote the output of the mth
sensor due to this unit-magnitude source as I, (r), L) (r), and [% (r) when the unit-
magnitude source is directed in the x, y, and z directions, respectively. The column
vectors I, (r), 1, (r), and I, (r) are defined as

L(r) =[5 (). (), ... L1,
Ly(r) = ). 5, .. Ly (O],
L(r) =), ), ... 5,m1".
These vectors express the sensor array sensitivity for a source located at r and directed

in the x, y, and z directions. Using these column vectors, the sensitivity of the whole
sensor array for a source at r is expressed using an M x 3 matrix:

L(r)=[lx(r), 1), 1:(r)]. 2.4

This matrix L(r) is called the lead-field matrix. We also define the lead-field vector,
I (r), that expresses the sensitivity of the sensor array in a particular source direction
n(r), such that

I(r) = L(r)n(r). (2.5)



2.3 Sensor Lead Field 11

The problem of estimating the sensor lead field is referred to as the bioelectromagnetic
forward problem. Arguments on how to compute the sensor lead field are presented
in Appendix A.

2.4 Voxel Source Model and Tomographic Source
Reconstruction

Using the lead-field matrix in Eq.(2.4), the relationship between the sensor data,
y(1), and the source vector, s(r, t), is expressed as

y(@) = /L(r)s(r, t)ydr. (2.6)

2

Here, dr indicates the volume element, and the integral is performed over a volume
where sources are assumed to exist. This volume is called the source space, which
is denoted £2. Equation (2.6) expresses the relationship between the sensor outputs
y(¢) and the source distribution s(r, t).

The bioelectromagnetic inverse problem is the problem of estimating the source-
vector spatial distribution, s(r, #), from the measurements, y(¢). Here, we assume
that we know the sensor lead field L (r), although our knowledge of the sensor lead
field is to some degree imperfect because it must be estimated using an analytical
model or numerical computations.

When estimating s(r, t) from y(¢), s(r, t) is continuous in space, while y(#) is
discrete in space. A common strategy here is to introduce voxel discretization over the
source space. Let us define the number of voxels as N, and the locations of the voxels

are denoted as r1, ro, ..., ry. Then, the discrete form of Eq. (2.6) is expressed as:
N N
Y0y =D L@pstrj.0) =) Lrjs;@). @7)
j=1 j=1

where the source vector at the jth voxel, s(r;, t), is denoted s ; (t) for simplicity. We
introduce the augmented lead-field matrix over all voxel locations as

F =[L(ry),L(r2),...,L(rn)I, (2.8)

which is an M x 3N matrix. We define a 3N x 1 column vector containing the source
vectors at all voxel locations, x(¢), such that

s1(1)

s2(1)
xo=| . |. (2.9)

sn (D)
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Equation (2.7) is then rewritten as

s1(1)
s2(1)
y(t) =[L(ry), L(r),...,L(ry)] : = Fx(1). (2.10)

sn (1)

Here, since the augmented lead-field matrix F is a known quantity, the only unknown
quantity is the 3N x 1 column vector, x (7). This vector x (¢) is called the voxel source
vector.

The spatial distribution of the source orientation, 7(r), may be a known quantity
if accurate subject anatomical information (such as high-precision subject MRI) can
be obtained with accurate co-registration between the MRI coordinate and the sensor
coordinate. In this case, the inverse problem is the problem of estimating the source
magnitude, s(r, t), instead of the source vector, s(r, t). Let us consider a situation
in which the source orientations at all voxel locations are predetermined. Defining
the orientation of a source at the jth voxel as 7;, the lead field at the jth voxel is
expressed as the column vector [ ;, which is obtained as [ ; = L(r j)n j» according to
Eq.(2.5). Thus, the augmented lead field is expressed as an M x N matrix H defined
such that

H = [L(ri)ny, L(r))n,, ... Lry)nyl = D, ..o D], 2.11)

whereby Eq. (2.10) can be reduced as follows:

[ s1(2)
s2()
y(0) =[L@r). L), ... Len] | .
| sn (D)
0 0
. : 52(1)
—[LGr1). L(ra),.... L] | O ™ : .
- 0 :
L0 - 0 7y sy (1)
s1(t)
52(t)
= (LoD, Lo, . Leynyl | . | =Hx@.  (212)

sv (D)



2.4 Voxel Source Model and Tomographic Source Reconstruction 13

Thus, the voxel source vector x (¢), in this case, is an N x 1 column vector,

s1(1)

s2(1)
x(t) = : , (2.13)

sy (1)

in which the jth component of x(¢) is s;(¢), which is the scalar intensity at the jth
voxel. In this book, the same notation x (¢) is used to indicate either the 3N x 1 vector
in Eq. (2.9) or the N x 1 vector in Eq. (2.13), unless any confusion arises.

In summary, denoting the additive noise in the sensor data e, the relationship
between the sensor data y(¢) and the voxel source vector x (¢) is expressed as

y(1) = Fx(t) +¢, (2.14)

where x () isa 3N x 1 column vector in Eq. (2.9). When voxels have predetermined
orientations, using the augmented lead field matrix H in Eq. (2.11), the relationship
between y(¢) and x (¢) is expressed as

y(#) = Hx(t) +e, (2.15)

where x(¢) is an N x 1 column vector in Eq. (2.13).

2.5 Maximum Likelihood Principle and the Least-Squares
Method

When estimating the unknown quantity x from the sensor data y, the basic principle
is to interpret the data y as a realization of most probable events. That is, the sensor
data y is considered the result of the most likely events. We call this the maximum
likelihood principle. In this chapter, we first derive the maximum likelihood solution
of the unknown source vector x.

We assume that the noise distribution is Gaussian, i.e.,

e~ N(l|0, o).
Namely, the noise in the sensor data is the identically and independently distributed

Gaussian noise with a mean of zero, and the same variance o2. According to (C.1)
in the Appendix, the explicit form of the noise probability distribution is given by

1 1
P(E) = Gy &P [—ﬁneﬂ : (2.16)
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Since the linear relationship in Eq. (2.14) holds, the probability distribution of the
sensor data y(¢) is expressed as

1 1
p(y) = Wexp [—ﬁ“)’ - Fx||21| , (2.17)

where the explicit time notation (¢) is omitted from the vector notations x(¢) and
y(¢) for simplicity.'

This p(y) as a function of the unknown parameter x is called the likelihood
function, and the maximum likelihood estimate ¥ is obtained such that?

X = argmax log p(y), (2.18)
X

where log p(y) is called the log-likelihood function. Using the probability distribu-
tion in Eq. (2.17), the log-likelihood function log p(y) is expressed as

1
log p(y) = =3Iy — Fx|*+cC, (2.19)

where C expresses terms that do not contain x. Therefore, the x that maximizes
log p(y) is equal to the one that minimizes F (x) defined such that

F(x) = |ly — Fx|>. (2.20)
That is, the maximum likelihood solution X is obtained using

X = argminF(x) : where F = ||y — Fx|>. (2.21)
X

This F(x) in Eq. (2.20) is referred to as the least-squares cost function, and the
method that estimates x through the minimization of the least-squares cost function
is the method of least-squares.

2.6 Derivation of the Minimum-Norm Solution

In the bioelectromagnetic inverse problem, the number of voxels N, in general, is
much greater than the number of sensors M. Thus, the estimation of the source vector
x is an ill-posed problem. When applying the least-squares method to such an ill-
posed problem, the problem arises that an infinite number of x could make the cost

! For the rest of this chapter, the explicit time notation is omitted from these vector notations, unless
otherwise noted.

2 The notation argmax indicates the value of x that maximizes log p(y) which is an implicit function
of x.
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function equal to zero. Therefore, we cannot obtain an optimum solution of x based
only on the least-squares method.

A general strategy for overcoming this problem is to integrate a “desired property”
of the unknown parameter x into the estimation problem. That is, we choose x so as
to maximize this “desired property,” and also satisfy y = Fx. Quite often, a small
norm of the solution vector is used as this “desired property,” and in this case, the
optimum estimate X is obtained using

X = argrnin||x||2 subjectto y = Fx. (2.22)
X

In the optimization above, the notation of “subject to” indicates a constraint,
(i.e., the above optimization requires that the estimate X be chosen such that x
minimizes ||x||> as well as satisfies y = Fx.) To solve the constraint optimization
problem in Eq. (2.22), we use the method of Lagrange multipliers that can convert a
constrained optimization problem to an unconstrained optimization problem. In this
method, using an M x 1 column vector ¢ as the Lagrange multipliers, we define a
function called the Lagrangian L(x, ¢) such that

Lx,¢) = [|x|> + ¢’ (y — Fx). (2.23)

The solution X is obtained by minimizing LL(x, ¢) above with respect to x and
c—the solution X being equal to X obtained by solving the constrained optimization
in Eq. (2.22).

To derive an x that minimizes Eq. (2.23), we compute the derivatives of L(x, c)
with respect to x and ¢, and set them to be zero, giving

ILx.©) _ oy pTe—o, (2.24)
Ox

OL(x. ) _ y — Fx = 0. (2.25)
Jdc

Using the equations above, we can derive

F=FT (FFT)_1 y. (2.26)

The solution in Eq. (2.26) is called the minimum-norm solution, which is well known
as a solution for the ill-posed linear inverse problem.

2.7 Properties of the Minimum-Norm Solution

The minimum-norm solution is expressed as

=F(FF') " (Fx+¢)= F(FF') 'Fx + FT(FF")"'e. (227)
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The first term on the right-hand side is expressed as E(X), which indicates the
expectation of X. This term represents how the solution deviates from its true value
even in the noiseless cases . The second term indicates the influence of the noise €.
The first term is rewritten as

E®) = FI(FF")"'Fx = QOx, (2.28)
where
Q0=FI(FF")7'F. (2.29)

Apparently, the first term is not equal to the true value x, and the matrix Q in
Eq. (2.29) expresses the relationship between the true value x and the estimated
value E (¥).

Denoting the (i, j)th element of Q as Q; ;, the jth element of E(X), E(X}), is
expressed as

N
E®j) =Y 0jix. (2.30)

k=1

The above equation shows how each element of the true vector x affects the value of
E(X}). Thatis, Q; x expresses the amount of leakage of x; into X; when j # k. If
the weight Q; 1, ..., Q; v has a sharp peak at j, X; may be close to the true value
x;. If the weight has no clear peak or if the weight has a peak at ;' that is different
from j, X; may be very different from x ;. Because of such properties, the matrix Q
is called the resolution matrix.

We next examine the second term, which expresses the noise influence. The noise
influence is related to the singular values of F. The singular value decomposition of
F is defined as

M
F=> yjuvl, 2.31)
j=1

where we assume that M < N, and the singular values are numbered in decreasing

order. Using N

1
FT(FFT)™! = z —vju’, (2.32)
— vj ’
J_
we can express the second term in Eq. (2.27) as

Y le)

> v (2.33)

=1 i

The equation above shows that the denominator contains the singular values. Thus,
if higher order singular values are very small and close to zero, the terms containing
such small singular values amplify the noise influence, resulting in a situation where
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Fig. 2.1 Typical plot of the singular values of the lead field matrix F'. We assume the 275-channel
CTF Omega whole-head MEG sensor system (VMS MedTech Ltd., BC, Canada). A typical location
of the subject head relative to the whole head sensor array is assumed. An 8 x 8 x 10 cm region is
also assumed as the source space within the subject’s head. The spherical homogeneous conductor
model is used for computing the sensor lead field. The singular values are normalized with the
maximum (i.e., the first) singular value

the second term is dominated in Eq. (2.27), and the minimum norm solution would
contain large errors due to the noise.

A plot of a typical singular-value spectrum of the lead field matrix F is shown
in Fig.2.1. To obtain the plot, we used the sensor array of the 275-channel CTF
Omega whole-head MEG sensor system (VMS MedTech Ltd., BC, Canada) and
spherical homogeneous conductor model to compute the sensor lead field [3].3 The
plot shows that higher order singular values of the lead field matrix are very small.
In Fig. 2.1, the ratio of the maximum and minimum singular values reaches the order
of 10~7. Therefore, the minimum-norm method in Eq. (2.26) generally produces
results highly susceptible to the noise in the sensor data.

2.8 L,-Regularized Minimum-Norm Solution
When a large amount of noise is overlapped onto the sensor data y, if we seek a

solution that satisfies y = Fx, the resultant solution x would be severely affected
by the noise. In other words, when noise exists in the sensor data, it is more or less

3 Computing the lead field using the spherical homogeneous conductor model is explained in
Sect. A.2.4 in the Appendix.



18 2 Minimum-Norm-Based Source Imaging Algorithms

meaningless to impose the constraint y = Fx, so, instead of using the optimization
in Eq. (2.22), we should use

% = argmin|x||> subjectto |y — Fx|? <d, (2.34)
X

where d is a positive constant. In Eq. (2.34), the condition ||y — Fx 12 < d does not
require Fx to be exactly equal to y, but allow Fx to be different from y within a
certain range specified by d. Therefore, the solution X is expected to be less affected
by the noise in the sensor data y.

Unfortunately, there is no closed-form solution for the optimization problem in
Eq. (2.34), because of the inequality constraint. Although we can solve Eq. (2.34)
numerically, we proceed in solving it by replacing the inequality constraint with
the equality constraint. This is possible because the solution of Eq. (2.34) generally
exists on the border of the constraint. Thus, we can change the optimization problem
in Eq. (2.34) to

% = argmin||x||> subjectto |y — Fx|*> =d. (2.35)
X

Since this is an equality-constraint problem, we can use the method of Lagrange
multipliers. Using the Lagrange multiplier A, the Lagrangian is defined as

Lex o) = x12 + A (Iy - FxI? - a). (2.36)
Thus, the solution X is given as
% = argmin L(x, ¢) = argmin [||x||2 FAlly — Fx||2] . (2.37)
X X

In the above expression, we disregard the term —\d, which does not affect the results
of the minimization. Also, we can see that the multiplier A works as a balancer
between the Ly-norm®* term ||x||% and the squared error term ||y — Fx 2.

To derive the solution of x that minimizes LL(x, ¢), we compute the derivative of
L(x, ¢) with respect to x and set it to zero, i.e.,

L(x, 1
% =5 (yTy —xTFTy — yTFx +x"FTFx +§xTx)
- —2FTy+2(FTF+§I)x —o, (2.38)

where we use 1/ = £. We can then derive

F= (FTF + 51)_l FTy. (2.39)

4 A brief summary of the norm of vectors is presented in Sect.C.4 in the Appendix.
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Using the matrix inversion lemma in Eq. (C.92), we obtain

= T T -1

T=F (FF +§1) y. (2.40)
The solution in Eq. (2.40) is called the L;-norm-regularized minimum-norm solution,
or simply L»-regularized minimum-norm solution.

Let us compute the noise influence term for the Ly-regularized minimum-norm
solution. Using Eq. (2.31), we have

Vi T
vjuj,

FT (FFT n 51)_l S (2.41)

j=1 7 +¢

and the L,-regularized minimum-norm solution is expressed as
= T T -
$=F (FF +§1) (Hx + ¢)

N
-1 .
— FT (FFT n 51) Hx+> Y vule. (2.42)
Ste T

The second term, expressing the influence of noise, is

N T
vj(uie)
Z—’2 L ;. (2.43)

In the expression above, the denominator contains the positive constant &, and it is
easy to see that this £ prevents the terms with smaller singular values from being
amplified.

One problem here is how to choose an appropriate value for £. Our argument
above only suggests that if the noise is large, we need a large &, but if small, a smaller
& can be used. However, the arguments above do not lead to the derivation of an
appropriate £&. We will return to this problem in Sect.2.10.2 where L,-regularized
minimum-norm solution is re-derived based on a Bayesian formulation, in which
deriving the optimum ¢ is embedded.

2.9 L;-Regularized Minimum-Norm Solution

2.9.1 L{-Norm Constraint

In the preceding section, we derived a solution that minimizes the L,-norm of the
solution vector x. In this section, we argue for a solution that minimizes the L {-norm
of x, which is defined in Eq. (C.64). The Li-norm-regularized solution is obtained
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using [4-6]

N
¥ =argmin »_ |x;| subjectto ||y — Fx||* =d. (2.44)
X .
j=1

The only difference between the equation above and Eq. (2.35) is to minimize either
L> norm ||x||? in Eq. (2.35) or L| norm, ||x||| = Zj |x ;| in Eq. (2.44). Although it
may look as if there is no significant difference between the two methods, the results
of source estimation are significantly different. The L-norm regularization gives a
“so-called” sparse solution, in which only few x; have nonzero values and a majority
of other x; have values close to zero.

Using the method of Lagrange multipliers and following exactly the same argu-
ments as in Sect.2.8, the L-norm solution can be obtained by minimizing the cost
function F, i.e.,

N
T=argminF: F=|y-Fx|>+£> ;. (2.45)
X .
j=1

where again £ is a positive constant that controls the balance between the first and the
second terms in the cost function above. Unfortunately, the minimization problem
in Eq. (2.45) does not have a closed-form solution, so numerical methods are used
here to obtain the solution X.

2.9.2 Intuitive Explanation for Sparsity

Actually, it is not easy to provide an intuitive explanation regarding why the opti-
mization in Eq. (2.44) or (2.45) causes a sparse solution. The straightforward (and
intuitively clear) formulation to obtain a sparse solution should use the Ly-norm
minimization, such that

N
X = argmin ZT(xj) subjectto ||y — Hx||2 =d, (2.46)
X .
j=1

where the function 7 (x) is defined in Eq. (C.65). In the above formulation, since
Z;V:l 7 (x ) indicates the number of nonzero x ;, X is the solution that has the smallest
number of nonzero x; and still satisfies ||y — H x||?> = d. The optimization prob-
lem in Eq. (2.46) is known to require impractically long computational time. The
optimization for the L {-norm cost function in Eq. (2.44) approximates this Ly-norm
optimization in Eq. (2.46) so as to obtain a sparse solution within a reasonable range
of computational time [7].
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The regularization methods mentioned above can be summarized to have a form
of the cost functions expressed as

F =y — Hx|> + £o(x). (2.47)

The first term is the data-fitting term, and the second term ¢(x) expresses the con-
straint, which has the following form for general L ,-norm cases (0 < p < 1):

N
o(x) = Z’T(xj) for Lo-norm, (2.48)
j=1
N
o(x) = Z |x;| for Li-norm, (2.49)
j=1
N I/p
dx) = > x! for L ,-norm. (2.50)
j=1

The plots of ¢(x) with respect to the x; axis are shown in Fig.2.2. In this figure, the
four kinds of plots of ¢(x) = ||x|, when p =0, p =03, p =0.7,and p = 1

cost func

Fig. 2.2 Plots of objective function ¢(x) defined in Egs. (2.48)—(2.50) with respect to the x; axis.
The four cases of p =0, p = 0.3, p = 0.7, and p = 1 are shown. The casesof p = 0,and p = 1
correspond to the Ly and L norm constraints (A brief summary of the norm of vectors is presented
in Sect. C.4 in the Appendix.)
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are shown. It can be seen in this figure that the Ly-norm constraint is approximated
by the L ,-norm constraint, and as p becomes closer to 0, the L ,-norm provides a
better approximation.

Let us see how the L ,-norm regularization causes sparse solutions when 0 <
p < 1. To do so, we consider a simplest estimation problem in which only two
voxels exist and the voxels have source intensity of x| and x,. We assume a noiseless
measurement using a single-sensor; the sensor data being represented by a scalar y.
The optimization for the L-norm solution is expressed in this case as

X = argmin (|x1| + |x2|) subjectto y = hix] + hoxo, 2.51)
X

where ¥ = (x1,%2)7, and h; and h, are the sensor lead field. For the sake of
comparison, we also argue the L,-norm regularization whose optimization is given
as follows:

~ . 1/2 .
X = argmin (xlz + x22) subjectto y = hyxy + hax;. (2.52)
X

The optimization process is depicted in Fig.2.3. In Fig. 2.3a, the tetragon at the
center represents the L |-norm objective function, |x |+ |x2| = constant. The broken
line represents the x| and x; that satisfy the measurement equation y = hyxj +hoxs.
Thus, as a result of the optimization in Eq. (2.51), the x; and x; on the broken line that
minimize |x1|+ |x2| should be chosen as the solution, i.e., the point (x1, x2) at which
the tetragon touches the broken line is chosen as the solution for the optimization.
Such solution is indicated by the small filled circle in Fig.2.3a. In this solution, x;
has a nonzero value but x; is zero, i.e., a sparse solution is obtained. It can be seen
in this figure that in most cases, the point at which the tetragon touches the broken

@ ® =

Fig. 2.3 The optimization process is depicted for the simple case in which a single sensor and
two voxels exist. Source magnitudes at the voxels are represented by x; and x;. The broken lines
represent the x| and x; that satisfy the measurement equation, y = hjx; + hax>. The filled black
circles indicate an example of the solution for each case. a L-norm regularization in Eq. (2.51).
The tetragon at the center represents the Lj-norm objective function |x|| + |x2| = constant.
b L;-norm regularization in Eq. (2.52). The circle at the center represents the L;-norm objec-
tive function xl2 + x% = constant. ¢ L ,-norm regularization where 0 < p < 1



2.9 Lj-Regularized Minimum-Norm Solution 23

line is likely to be located at one of its vertices, so a sparse solution is likely to be
obtained.

Figure2.3b shows the case of the L>-norm minimization in Eq. (2.52). In this
figure, the broken line again represents the x; and x; that satisfy the measurement
equation y = h1x1 + hox», and the circle represents the L,-norm objective function
x% + x% = constant. In this case, the x; and x» on the broken line that minimizes

xl2 + x% should be chosen, and the resultant solution is (xi, x) at which the circle
touches the broken line. An example of such solution is indicated by the small filled
circle. In this case, both x; and x, have nonzero values, and a non-sparse solution is
likely to be obtained using L;-norm regularization.

Finally, Fig. 2.3c shows a case of the general L , norm minimization (0 < p < 1).
An example of such solution is indicated by the small, filled circle. Using the general
L, norm regularization, the solution is more likely to be sparse than the case of the
L1-norm minimization. However, the computational burden for the general L , norm
minimization is so high that it is seldom used in practical applications.

2.9.3 Problem with Source Orientation Estimation

When applying the L |-norm regularization to the bioelectromagnetic source localiza-
tion, it has been known that the method fails in estimating correct source orientations.
The reason for this is described as follows: The components of the solution vector x
is denoted explicitly as

) ) T
x:[sf,sf,sf,...,s}‘,s;,si,...,st,s,y\,,sfv] ,
where s}‘, s]y. , sj are the x, y, and z components of the source at the jth voxel. When

Y
J
values. However, when using the L regularization, only one of s%, 57, s% tends to

have nonzero value, and others tend to be close to zero because of the nature of a
sparse solution. As a result, the source orientation may be erroneously estimated.

To avoid this problem, the source orientation is estimated in advance using some
other method [4] such as the L;-norm minimum-norm method. Then, the L{-norm
method is formulated using the orientation-embedded data model in Eq. (2.15). That
is, we use

the jth voxel has a source activity, it is generally true that s;.‘ 87, sj have nonzero

N
T=agminF: F=|y— Hx|?+£> |xl. (2.53)

X le
In this case, the sparsity is imposed on the source vector magnitude, s1, 52, ..., Sx,
and only a few of 51, 52, .. ., sy have nonzero values, allowing for the reconstruction

of a sparse source distribution.
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2.10 Bayesian Derivation of the Minimum-Norm Method

2.10.1 Prior Probability Distribution and Cost Function

In this section, we derive the minimum-norm method based on Bayesian inference. As
in Eq. (2.16), we assume that the noise ¢ is independently and identically distributed
Gaussian, i.e.,

e~ N(l0,37'D), (2.54)
where the precision /3 is used, which is the inverse of the noise variance, 5~ = 0.
Thus, using Eq. (2.14), the conditional probability distribution of the sensor data for
a given x, p(ylx) is

M/2
p(ylx) = (?) exp [—ény — Fx||2] : (2.55)
i 2

This conditional probability p(y|x) is equal to the likelihood p(y) in the arguments
in Sect.2.5. Since x is a random variable in the Bayesian arguments, we use the
conditional probability p(y|x), instead of p(y).

Let us derive a cost function for estimating x. Taking a logarithm of the Bayes’s
rule in Eq. (B.3) in the Appendix, we have

log p(x|y) = log p(y|x) +log p(x) +C, (2.56)

where C represents the constant terms. Neglecting C, the cost function F (x) in general
form is obtained as

F(x) = —2log p(x|y) = Blly — Fx|* — 2log p(x). (2.57)

The first term on the right-hand side is a squared error term, which expresses how
well the solution x fits the sensor data y. The second term —2 log p(x) is a constraint
imposed on the solution. The above equation indicates that the constraint term in the
cost function is given from the prior probability distribution in the Bayesian formu-
lation. The optimum estimate of x is obtained by minimizing the cost function F(x).

2.10.2 Lj-Regularized Method

Let us assume the following Gaussian distribution for the prior probability distribu-
tion of x,

p(x) = (%)N/2 exp [~ lxI12]. (2.58)
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Substituting Eq. (2.58) into (2.57), we get the cost function
F(x)=pBly — Fx|I* + alx|. (2.59)

The cost function in Eq. (2.59) is the same as the cost function in Eq. (2.37), assuming
A = (/a. Thus, the solution obtained by minimizing this cost function is equal to the
solution of the L-norm regularized minimum-norm method introduced in Sect. 2.8.

To obtain the optimum estimate of x, we should compute the posterior distribution.
In this case, the posterior is known to have a Gaussian distribution because p(y|x)
and p(x) are both Gaussian, and the mean and the precision matrix of this posterior
distribution is derived as in Egs. (B.24) and (B.25). Substituting @ = ol and A = 51
into these equations, we have

I'=ol +3FTF, (2.60)

£(1) = (FTF + g1)
B

1
FTy@). (2.61)

The Bayesian solution which minimizes the cost function in Eq. (2.59) is given in
Eq. (2.61). This solution is the same as Eq. (2.39). Comparison between Eqgs. (2.61)
and (2.39) shows that the regularization constant is equal to o/ 3, which is the inverse
of the signal-to-noise ratio of the sensor data. This is in accordance with the arguments
in Sect.2.8 that when the sensor data contains larger amounts of noise, a larger
regularization constant must be used.

The optimum values of the hyperparameters o and (3 can be obtained using the EM
algorithm, as described in Sect. B.5.6. The update equations for the hyperparameters
are:

1 [1 T _1]
O =—|= > x(tx) +tc(l , (2.62)
2[4 S wr s (e
~ 1 1 K _ 2 T -1
B = | = 2y - FEawl +tr(F FI ) . (2.63)
k=1

Here, we assume that multiple K time-point data is available to determine « and f3.

The Bayesian minimum-norm method is summarized as follows. First, I' and
X () are computed using Eqgs. (2.60) and (2.61) with initial values set to a and £3.
Then, the values of o and 3 are updated using (2.62) and (2.63). Using the updated
« and [, the values of I" and X (#;) are updated using Egs. (2.60) and (2.61). These
procedures are repeated and the resultant x () is the optimum estimate of x (#;).

The EM iteration may be stopped by monitoring the marginal likelihood, which
is obtained using Eq. (B.29) as

K

1 1
log p(y(n). ... y (1K)l B) = =5 Klog | Zy| = 2 > y" @) Ey y(1)., (2.64)
k=1
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where according to Eq. (B.30), X' is expressed as
Y, =08"'"T+a 'FFT. (2.65)

If the increase of the likelihood in Eq. (2.64) with respect to the iteration count
becomes very small, the iteration may be stopped.

2.10.3 Li-Regularized Method

The method of Li-norm regularization can also be derived based on the Bayesian
formulation. To derive the L|-regularization. we use the Laplace distribution as the

prior distribution
N

1 1
px) = H 35 &P [—qu . (2.66)

Jj=1

Then, using Eq. (2.57), (and replacing F with H), the cost function is derived as

N
F(x)=ply — Hx|* +2b D" |x)l, (2.67)
j=1

which is exactly equal to Eq. (2.53), if we set £ = 2b/0.

Another formulation for deriving the L1-regularized method is known. It uses the
framework of the sparse Bayesian learning described in Chap. 4. In Chap. 4, assuming
the Gaussian prior,

N N
- , -1y _ aj\1/2 )
p(xla) = EN(x,|0, a7l = ,Ul (ﬁ) exp [—ij], (2.68)
we derive the marginal likelihood for the hyperparameter @ = [aq, ..., ay],

p(yla), using,

pole) = [ pyiop(lads. 2.69)
and eventually derive the Champagne algorithm. However, instead of implementing
Eq. (2.69), there is another option in which we compute the posterior distribution

p(x|y) using

p(x|y) a/p(ylx)p(xla)p(a)da = p(ylx)p(x), (2.70)
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where

p(x) =/p(x|a)p(a)d0t~ 2.71)
The estimate X is, then, obtained by
X = argmax p(ylx)p(x).
To compute p(x) using Eq. (2.71), we need to specify the hyperprior p(c).

However, we usually have no such information and may use noninformed prior
p(a) = const. Substituting this flat prior into Eq. (2.71), we have

p(x) oc/p(xla)da.

However, the integral in the above equation is difficult to compute. The formal
procedure to compute p(x) in this case is to first assume the Gamma distribution for
the hyperprior p(ca), such that

N N
ple) = [T rp =] r@="o%a) " e (2.72)

J=1 J=1

Then, p(x) in Eq. (2.71) is known to be obtained as Student ¢-distribution, such
that [8]

p(x)) =/p<xj|aj)p(aj>daj

- () ool g e

—a+1)

bI(a+1) X3 2
=—— 2 {p4+ L . 2.73
V27T (a) ( 2 79

We then assume that a — 0 and b — 0, (which is equivalent to making p(a) a
noninformed prior,) p(x;) then becomes

1 N
pxj) - — ie. px) — — (2.74)
x| X
Jj=1

Using Eq. (2.57), the cost function, in this case, is derived as

N
F(x) = Blly — Fx|* + > log|x;|. (2.75)
j=1
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This Eq. (2.75) is not exactly equal to the L-norm cost function, since the constraint
term is not equal to ij:l |x ;| but has form of ij:l log |x . Since these constraint
terms have similar properties, the solution obtained by minimizing this cost function
has a property very similar to the Lj-norm-regularized minimum-norm solution.
Related arguments are found in Chap. 6.
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