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A Hybrid Regularization Model for Linear Inverse Problems

Ximing Fang?

#School of Mathematics and Statistics, Zhaoging University, Zhaoging, 526000, China

Abstract. For the ill-posed linear inverse problem, we propose a hybrid regularization model, which
possesses the characters of Tikhonov regularization and TV regularization to some extent. Through
transformation, the hybrid regularization is reformulated as an equivalent minimization problem. To
solve the minimization problem, we present two modified iterative shrinkage-thresholding algorithms
(MISTA) based on the fast iterative shrinkage-thresholding algorithm (FISTA) and the iterative shrinkage-
thresholding algorithm (ISTA). The numerical experiments are performed to show the effectiveness and
superiority of the regularization model and the presented algorithms.

1. Introduction

In this paper, we consider the numerical method for solving the linear inverse problem

b=Hu+n, 1)

where H € R™" is a nonsingular matrix, b is the observed result, u is the true solution to be recovered and
n is a noise vector. The linear inverse problem arises in a wide range of applications, such as astrophysics,
signal and image processing, see [2, 10, 15, 23] and the references therein.

It is well known that if the condition number of H is very large, the recovering problem of u is ill-posed.
In order to obtain a satisfactory numerical solution, some regularization approaches are usually required.
The basic idea of regularization is to replace the original ill-posed problem by an approximate well-posed
problem, and for detailed materials, see [4, 7, 8, 10-12, 15-17, 20-22]. One popular regularization approach
is to transform (1) into a least squares problem, that is,

min |Hu - blf3 + AllLulf, @
where [ = 1,2, L is the approximating matrix of the first order derivative operator, A(> 0) is a regularization
parameter, which trades off the matching term [|[Hu — bllé and the regularization term ||Lu||f. For ! =1, the
model (2) is called the total variation (TV) regularization and is usually applied to solve the discontinuous
problems. For | = 2, the model (2) is called Tikhonov regularization and is usually applied to solve the
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continuous and smooth problems. Both regularization models have some drawbacks, which are mainly
determined by the models themselves. For example, Tikhonov regularization is not good at judging the
discontinuous points and solving the constant functions, and the numerical solutions obtained by the TV
regularization often suffer the staircase effects and loss fine details. For the two regularization methods,
readers can refer to [3, 5, 6,9, 14, 15, 18, 19, 22-25] and the references therein.

In this paper, by introducing two positive parameters «, f and a parameter vector w, we consider the
hybrid regularization model for the linear inverse problem (1), that is,

r{‘lglIIHu—bllﬁ + allLu — w3 + Bliwlh. 3)

In applications, we usually have no information for the true solution(s) in advance, such as the smoothness
and the continuity. We expect that the hybrid regularization (3) possesses some good characters of both
Tikhonov regularization and the TV regularization by selecting proper parameters. In order to solve
the hybrid regularization (3), we first reformulate it as an equivalent minimization model, then present
two modified iterative shrinkage-thresholding algorithms (MISTA) based on the fast iterative shrinkage-
thresholding algorithm (FISTA) and the iterative shrinkage-thresholding algorithm (ISTA). For the hybrid
regularization and the MISTA, we provide some numerical experiments to show the effectiveness and
practicality.

The outline of this paper is as follows. In Section 2, we discuss the regularization model (3) and
reformulate it as an equivalent minimization problem. In Section 3, we present the MISTA for solving (3).
In Section 4, we illustrate some numerical experiments for the hybrid regularization model and the MISTA.
Finally, we end this paper by some conclusions in Section 5.

2. Reformulation

In this section, we discuss the transformation problem of the hybrid regularization model (3) for the
linear inverse problem (1).

If we denote the objective function in (3) by F(u, w), then

min, ||[Hu - b5 + allLull}, when [wl; — 0,

i F,w) =
) {minu||Hu—b||§+ﬁllLu||1, when [[Lu = wl >0,

which are Tikhonov regularization and the TV regularization, respectively. So the regularization model (3)
implies the characters of both regularization models to some extent.
It is well known that both the ISTA and the FISTA can solve the following minimization problem
min f(w) + G(w). 4)

Here, j(w) is a continuous convex function, and f(w) is a smooth convex function of type C!!, i.e.,
continuously differentiable with Lipschitz constant C¢ > 0, that is,

IVf(w1) + Vf(wa)ll < Cllwy — wall. (5)

For the difference and the relationship between the ISTA and the FISTA, see [1] and the references therein.
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According to the matrix theories, for the hybrid regularization model (3), we have
min||Hu - bl + allLu — wlf3 + Bliwlh

=min { min{|[Hu - bl}} + allLu - wi} + Bliwlh}

el 2 Jo-{ B, )+

T
. H T v H b 2 (6)
_nEnH(( JaL )(H H+al'L) ( JaL ) —1)( Jow [+ il
= rrb\i,n | VaAiaw + Aq1blf3 + Bliwll
£ min f(w) + §(w)
2 min F(w),
H H \
where A := ( JaL )(HTH + aLTL)‘l( valL ) —1,A1 =A(G1:n),Apn =A(G,n+1:2n),and
1.0 - 0
1 1 --- 0
L = : . 7 (7)
0 O 1
0 O -1

(n+1)xn

where L is the approximation matrix of the first order derivative operator with the zero boundary conditions.
Here, we introduce f(w) and g(w) for convenience, and the hybrid regularization model (3) is reformulated
as (4).

For model (6), if we denote

Qetw,v) = f8) + (W = v, VFW) + 5w = vIP + g(w) ®
and
Pe(v) - = argminiQc(w, ) - w € R')
= argmin( Sliw — (v~ ZV/W)IP + Gw) : w € R') o)
= argmin( Zliw - (v - = VaAL(VaAiv + Aub))IP + Blwil : w < R,

where C > 0 is a positive number, and v is a given vector, then both the ISTA and the FISTA can be applied
to solve (6) for w based on (8) and (9) (see [1]). We show the basic step of the ISTA below.

Wi = Pe(wi-1)

- 2
=TprcWi-1 = 5 VaAl(VaApwi + Anb)) (10)

2 . 2
= max{lwy_ — = VaAL(VaAwi + Apb)| - E,0} -sign(wi_1 — = VaAL(VaAwi + Anb)),
C C C

where 7, : R" — R" is the shrinkage operator defined by

T5(0)i = (Ixil — y).sign(x;)
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Algorithm 1 MISTA for (6)

1 Take Cp >0, >1and wy € R". Setv; =wy,t; =land k =1.
2 Repeat .
3 Find the smallest nonnegative integer i such that C = n*Cy satisfies

F(Pc(vi) < Qe(Pe(vi), i)

4 Set Cy = *Cy and compute i
wi = P (i),

1+ 1/1+41‘i
tee1 = -5

te—1
k+1

Vie1 = W + (Wi — Wg—1).

5  If F(vie1) > F(wy), set vip = wy.
6  Set Cop = max{Co, M(Cy)} with M(Cy) < C;.
7 Until the stopping criterion is satisfied.

Algorithm 2 MISTA for (6)

1 Take Cp > 0,7 >1and wy € R". Setk = 1.
2 Repeat . '
3  Find the smallest nonnegative integer i, such that with C = n*Cy_4

F(Pe(Wi-1)) < Qe(Pe(Wi-1), Wi1).

4  Set Cy = n*Cy_; and compute )
Wi = P, (Wi-1).

5  Set Cy = max{Cy, M(Cy)} with M(Cy) < C.
6 Until the stopping criterion is satisfied.

and the positive constant C will be changed in the iteration processes.
Once we obtain the solution w in (6), then we can obtain u in (3) by

T
u=(H"H+aL™L)! ( \/%L ) ( \/gw )
= (H'H + aL'L) " (H™b + aLTw).

We can find that u is the function of w, a and .

3. MISTA

(11)

In this section, we mainly discuss the solving method of (6) for w. Based on (8), (9), (10) and the
FISTA and the ISTA, we have two modified iterative shrinkage-thresholding algorithms (MISTA), that is

Algorithm 1 and Algorithm 2 as follows.

In Step 6 of Algorithm 1, M(Cy) is a function of Ci, which has many forms, such as, M(Cy) = C with
C(= Cp) being a positive constant, M(Ci) = 7C; with 7(< 1) being a positive constant and M(Cy) = VCy if
Cr 2 1. We set Cyp = max{Cp, M(Cy)} in Step 5 so that the new constant Cy will not less than the original Cy.

The main difference between Algorithm 1 and the FISTA with backtracking is that Algorithm 1 has Step
5 and Step 6. The FISTA with backtracking does not have Step 6, and the process of searching for Cj is
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based on Ci_1. However, for Algorithm 1, Cy is based on the new Cy, which is less than Cy_;. So, the two
algorithms have different changing ways of Ci. For the FISTA with backtracking, C; will increase till a
larger value Ci > Cyappears, then the value C; will be fixed in the latter iteration processes (see Lemma 2.1
in [1]). So, the iteration process of the FISTA can be regarded as the searching process of C;. However, for
Algorithm 1, the C; does not always increase but can restart from a lower value due to Step 6. In a word,
if we denote the parameter Cis generated by the FISTA and Algorithm 1 by Ci(F) and Ci(M), respectively,
then the inequality Cx(M) < Ci(F) holds. So from (8), the inequality

min Qe (w, vi) < min Qcr) (W, Vi) (12)

holds for a given vector vi. In other words, when we search for the wy = P, (v) in Step 3, Algorithm 1
owns a smaller upper boundary than the FISTA with backtracking. In this sense, we say that Algorithm 1 is
better than the FISTA with backtracking. Meanwhile, from Step 3, we know that since the Cj in Algorithm
1 is lower than Cy_;(F) in the FISTA with backtracking, the searching process of Cx(M) in Algorithm 1 may
take more time.

For the convergence of Algorithm 1, from (8), (9), Step 3 and Step 5, we have

F(w*) < F(wy) = F(Pe(vi))
< Qe(Pe(vi), vi)
= f(vi) + (Pe(vi) = vie, V(i) + §||¢)C(Vk) — Vil + §(Pc(vr))

< f(vi) + g(vi)
= F(vy) < F(wy_1).

Thus, {F (Wk)},:{ is a decreasing sequence. Similarly, we know that {F (Wk)}f::{ generated by Algorithm 2 is
also a decreasing sequence.

4. Numerical examples

In this section, we present several experiments to show the performance of the hybrid regularization
model (3) and the MISTA, that is Algorithm 1.
For one dimensional problem, the coefficient matrix H in (6) is obtained by discretizing the function

1 = .
e 22  with 0=0.05

H(x,t) =

oV2n

at the grid point (x;, t;) = (%, %) fori,j=1,2,...,n. For two dimensional problem, the coefficient matrix H
in (6) is obtained by discretizing the function

1 _ @+t

e 22 with o =0.05,
oV2n

where (x,y,s,t) € [0,1]*. The true solution is generated by discretizing

H(x,y,s,t) =

1, x€[0.1,04],y €[0.1,04],
sin(4r(x — 0.5)(y — 0.5)), (x—0.75)> + (y — 0.25)*> < 0.15,

Ug(x, y) = {1.5x + 0.3, x €[0.1,0.4],y € [0.6,0.9], (13)
us(x, v), x €[0.6,0,9],y €[0.6,0.9],

0, elsewhere
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at the grid point (x;, y;) = ﬁ, %) fori,j=1,2,...,n and reordering the resulted matrix column by column to

get the n2 x 1 solution vector Uy, where
u4(x, y) = 2000(x — 0.6)(0.9 — x)(y — 0.6)(0.9 — y).

In Example 1 and Example 3, The observation data b is generated by

b= Huy, + 6(rand(n, 1) — 0.5),  for one dementional problem,
" |HU,, + 6(rand(n%,1) — 0.5), for two dementional problem,

where 0 is the noise level and “rand” is a function in Matlab.

The elapsed time is denoted by CPU (unit: second) and the number of iteration steps is denoted by IT.
The absolute error and relative error of the recovered solutions are denoted by Er,, and Er,,, respectively.
Here, we consider the 2-norm |[|.||; in Ery and Ery. It is well known that for a regularization model, the
proper regularization parameters is very important, and for the parameter selecting methods, readers can
refer to [13, 23] and the references therein. We select the best parameter values a and f in our experiments
by comparing many numerical results.

Example 1 (The comparison of different regularization models)

In this example, we compare the hybrid regularization model (6) with (2). We use the MISTA; to solve
the hybrid model (6) with (11), that is Algorithms 1 with M(Cy) = VCy in Step 6 with = 1.5 and Cy = 3.
For Tikhonov regularization model and the TV regularization model, we apply the directly method and
the lagged diffusivity fixed point algorithm (LDFPA) to solve them, respectively. For the two dimensional
problems, we consider the matrix L in (6) with the zero boundary conditions, that is,

L D\_(LeL
D, I,®L )’
where the matrix L in the bracket is given by (7), the symbol ® denotes the Kronecker tensor product of two
matrices, I, denotes the identity matrix of order n.

The regularization term «||Lu|; in (2) is approximated by a smoothing function with a parameter €, and
the concrete forms are

=l (L +e,
allLulh =3 _ ,
Wt =\ e B e + 5 JDyue+e,

for one dimensional and two dimensional problems, respectively, where the subscript i denotes the i-th row
of a matrix. The noise levels are set to 6 = 1e —2 and 6 = 1e — 1, respectively. The initial iteration vectors
are set to be wy = 0.1lones(n1, 1) with n = 300 and wo = 0.1lones(2n® + 2n,1) with n = 32, respectively. The
number of iteration steps is 100. We obtain Figure 1, Table 1 and Table 2 as follows.

Table 1: The parameters for one dimensional problem

one dimension

Ex 1 Ex 2 Ex 3 EJC4
a B € a B € a B € a B €
Hybrid 3 le-2 5 1 2 0.06 2 2e3
Tikhonov 3 5 2 2

TV 3 le-3 5 le+l 2 le+1 2 le-3
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Figure 1: The comparison of Tikhonov, TV and hybrid regularization.
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Table 2: The parameters, Errors and CPU for two dimensional problem

two dimension

a B € Ery Er,
hybrid 1 8e-2 0.3344 0.0262
Tikhonov 6 2.1358 0.1674
TV 1 le-3  0.5082 0.0398

The first four sub-figures in Figure 1 are for one dimensional problem. The four lines in each sub-
figure represent the true solution and the numerical solutions generated by different regularization models.
The other four sub-figures are for two dimensional problem, they are the true solution (e), the hybrid
regularization solution (f), Tikhonov regularization solution (g) and the TV regularization solution (h) in
turn. The parameter € in the TV regularization model is selected the best in many numerical experiments.
From Figure 1, we can find that the hybrid regularization model (6) possesses the characters of Tikhonov
regularization and the TV regularization to some extent.

Example 2 (The comparison between the MISTA and the FISTA)

In this example, we compare the numerical results of the MISTA and the FISTA for solving (3), that is
(6) for F(wy) . Since the regularization parameters «, 8 are not required, we set a = 5, = 0.01, n = 300
for convenience, then the Lipschitz constant of f(w) is that C 7 =10. The true solution uy is obtained by
discretizing the function

0.2, t €(0.15,0.3],

05-t¢, t€(0.3,0.5],
utr(t) =

3(t-0.6)(09 1), te[0.6,09],

0, otherwise

at the grid points t; = %, i=12,...,n. Setb = ones(n,1)in (3), n = 300, n = 1.2, Cp = 2 and wy =
randn(n + 1,1) in Algorithm 1, then we obtain Figure 2 and Table 3 as follows.

-~ FISTA -~ FISTA
o MISTA, —— MISTA_
4 MISTA, . s MISTA,,,

| sl 25}
N 2| 2
T 15 N spN
| N 1 e 1
05 SR 05 eSS 05 \‘\

o 0 T 0

0 50 100 150 200 250 300 0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500 600 700 800 900 1000

(@) (b) (©

Figure 2: The function F(wy)

MISTA. and MISTAg;: denote the two cases of Algorithm 1 with Cy = C = 2 and Cy = max{Cy, Gy} in
step 6, respectively. In Figure 2, the horizontal axis denotes IT and the vertical axis denotes F(wy). Figure 2
shows that both the MISTA. and the MISTA,+ have the smaller value F(wy) compared with the FISTA when
the iteration steps are same. Meanwhile, we can see that the iteration sequence {F(wi)}"] is decreasing,
and although the MISTA, has a larger range of Cy compared with the MISTAq since Cy < max{Cy, VCi)
in step 6, the values F(wy) generated by the MISTA, are similar to that generated by the MISTAq;. Table 3
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Table 3: The comparison between the MISTA and the FISTA

IT=300 IT=500 IT=1000
CPU min F(wy) CPU min F(wy) CPU min F(wy)
FISTA 1.188660 1.5420 1.875522 0.9928 3.657459 0.3670
MISTA,.  6.408545 0.4276 9.545819 0.0099 14.272323 0.0052
MISTAsq:  5.850016 0.3185 9.065983 0.0052 13.771557 0.0052

shows the minimum values of F(wy) and the elapsed time CPU, which correspond to Figure 2. From Table
3, we can see that the MISTA has more efficient that the FISTA although the latter has a shorter single step
running time. Besides, We point out that since the initial iteration vector wy is arbitrary in our experiments,
the numerical results are different each time, however, the basic situation is similar.

Example 3 (The numerical results of the MISTA and the FISTA)

In this example, we compare the recovered results of the MISTA and the FISTA for solving u in (6)
under the same iteration steps, that is, IT = 100. We consider one dimensional problem and set 6 = 1e - 1,
wo = 0.1ones(n + 1,1) with n = 201. The numerical results are shown in Figure 3 as follows.

TRUE TRUE
- MISTA_ - MISTA,

o2 + FIsTA |4

o 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1

(@) (b)

TRUE
. MISTA - MISTA

Sart Sart
oz2f + FISTA o oz2f + FISTA |4

0.1 H 0.1} B
0.05 | 0.05 1
o - 5 o /;'

o 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 o8 1

TRUE

(© G
Figure 3: The numerical results of the MISTA and the FISTA.

From Figure 3, We can find that the numerical solution obtained by the MISTA is better than that
obtained by the FISTA sometimes. The parameter a, 3, 17, Cy in the four figures are as follows: 20, 0.1, 1.2, 2;
10,0.1,1.2,12; 40, 0.1, 1.2, 40; 20, 0.1, 1.2, 10, respectively.

5. Conclusions

In this paper, a hybrid regularization model is proposed for the ill-posed linear inverse problem. Then
we reformulate the regularization model as a concrete minimum problem and present the MISTA to solve
it. Compared with Tikhonov regularization and the TV regularization, the hybrid regularization model
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shows its superiority. In addition, the numerical experiments illustrate the high-efficiency of the MISTA
compared with the FISTA.
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