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ABSTRACT

Proximal splitting-based convex optimization is a promising ap-
proach to linear inverse problems because we can use some prior
knowledge of the unknown variables explicitly. An understanding
of the behavior of the optimization algorithms would be important
for the tuning of the parameters and the development of new al-
gorithms. In this paper, we first analyze the asymptotic property
of the proximity operator for the squared loss function, which ap-
pears in the update equations of some proximal splitting methods
for linear inverse problems. Our analysis shows that the output
of the proximity operator can be characterized with a scalar ran-
dom variable in the large system limit. Moreover, we apply the
asymptotic result to the prediction of optimization algorithms for
compressed sensing. Simulation results demonstrate that the MSE
performance of the Douglas-Rachford algorithm can be well pre-
dicted in compressed sensing with the ¢; optimization. We also
examine the behavior of the prediction for the case with noncon-
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vex smoothly clipped absolute deviation (SCAD) and minimax
concave penalty (MCP) regularization.
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1 Introduction

Linear inverse problems, i.e., the reconstruction of an unknown vector from its
linear measurements, often appear in the field of signal processing. The linear
inverse problem is called underdetermined when the number of measurements
is less than that of elements of the unknown vector. In such underdetermined
problems, we often use some information about the unknown vector to obtain
a good reconstruction result. In compressed sensing [8, 7, 16, 9], for example,
the unknown sparse vector can be effectively reconstructed by leveraging its
sparsity. Another example of the underdetermined problems is the overloaded
signal detection in wireless communications [33, 23, 24], where we can use the
discreteness of the unknown vector.

A common approach to underdetermined linear inverse problems is to solve
an optimization problem using some regularizer based on the prior knowl-
edge of the unknown vector. In compressed sensing, one of the most widely
used optimization problems is the ¢; optimization. The objective function
includes the ¢; regularization term to promote sparsity. Even though the
objective function is not differentiable because of the ¢; norm, some proxi-
mal splitting methods can solve the problem with reasonable computational
complexity. Examples of such methods include the iterative soft thresholding
algorithm (ISTA) [15, 14, 21] and the fast ISTA (FISTA) [5]. Alternating
direction method of multipliers (ADMM) [22, 6] and the Douglas-Rachford
algorithm [28, 19, 13] can both be used to solve the ¢; optimization prob-
lem. Despite the requirement of matrix inversion for linear inverse problems,
ADMM and the Douglas-Rachford algorithm exhibit faster convergence than
some gradient-based methods, such as ISTA, in certain cases [11, 12].

The asymptotic error performance of several optimization-based ap-
proaches for linear inverse problems has been analyzed by using some tech-
niques [18, 3, 17]. Especially, the convex Gaussian min-max theorem
(CGMT) [36, 35] enables us to obtain the asymptotic error in a precise man-
ner for the optimizer of various optimization problems. For instance, the
asymptotic mean-square-error (MSE) of various regularized estimators has
been analyzed in [2, 35]. In [37, 27], the symbol error rate has also been
analyzed for the reconstruction of discrete-valued vectors.
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The above analyses have focused on the performance of the optimizer,
whereas the application of CGMT for the performance prediction of opti-
mization algorithms has been considered in [26]. In [26], we have proposed
a prediction method for the error performance of the tentative estimate at
each iteration of ADMM. Such performance prediction could be utilized to
understand the behavior of the algorithm, tune the parameter, and develop
a new algorithm. For optimization algorithms other than ADMM, however,
such asymptotic performance prediction has not been discussed for linear in-
verse problems in the literature. Expanding the prediction method to other
optimization algorithms would be important for the development of new algo-
rithms and the understanding of the behavior of the algorithms.

In this paper, we investigate the asymptotic behavior of algorithms using
the proximity operator of the squared loss function. As the target optimization
problem, we consider the objective function with the squared loss function
and a separable regularizer. Since the proximity operator of the squared loss
function is not element-wise, we investigate its asymptotic property via the
CGMT framework. Our main finding is that the optimization problem in the
definition of the proximity operator can be analyzed by using CGMT for the
squared loss function. Specifically, we show that the output of the proximity
operator for the squared loss function can be regarded as a scalar random
variable in the large system limit.

By using the analytical result, we also propose a prediction method for
the evolution of the asymptotic MSE in proximal splitting methods composed
of the proximity operator of the squared loss function and a separable reg-
ularizer. As an representative example of such algorithms, we here consider
the Douglas-Rachford algorithm in this paper. While the derivation of the
proposed method is partly non-rigorous, their simulation results for the ¢; op-
timization demonstrate their potential as a foundation for more rigorous dis-
cussion in future work. These findings would contribute to the broader under-
standing of optimization algorithms in high-dimensional settings. Moreover,
we also investigate the behavior for the case with nonconvex regularization
in the simulation, though only the convex optimization is considered in [26].
The effectiveness of the performance prediction across various scenarios high-
lights its potential to extend to other optimization algorithms, including those
involving nonconvex cases.

We use the following notations in this paper. The transpose and the
identity matrix are denoted by ()T and I, respectively. The ¢, norm and the
{5 norm for a vector u = [uy --- uy]' € RY are defined as ull, = 25:1 [un]

and |lull, = \/Z,ﬁ;l u2, respectively. We denote the sign function by sign(-).
For a lower semicontinuous function ¢ : RY — R U {+co}, the proximity

operator is defined as prox,(u) = arg mingcgn {QS(S) +1s— qu} We
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denote the Gaussian distribution with mean p and variance o2 by N (u,o?).
If random variables {©,} (n =1,2,...) with index n converge in probability
0, =06.

to ©, we use the notation ©,, ~» © as n — 0o or plim,,_,

2 Optimization for Linear Inverse Problems

2.1 Linear Inverse Problems

In this paper, we discuss the linear inverse problem, which means the recon-
struction of a vector & € RY from its measurement y € R™ given by

y=Ax +v. (1)

The measurement matrix A € RM*¥ is assumed to be known and v € RM
denotes a noise vector. We mainly focus on the underdetermined case where
the measurement ratio A := M/N is less than 1 and the solution is not
unique even in the noiseless case. A common approach in this situation is
the utilization of the structure of . In compressed sensing, for example,
the unknown vector is assumed to be sparse, i.e., the vector has many zero
elements. In some applications in wireless communications, the unknown
vector has other structures such as boundedness and discreteness [34, 30, 1,
25].

2.2 Optimization-Based Approach

Mathematical optimization is a useful method for underdetermined linear in-
verse problems. In this approach, we can design the objective function of the
problem to make the most of the structure of the unknown vector . As a
simple example, we discuss the following optimization problem

minimize {L(s) + f1(s)) (2)

in this paper. We refer to L(s) = 1 [ly — As|2 as the squared loss function.
The function fy(-) : RY — R U {+o00} is a regularizer that can incorporate
prior knowledge of the unknown vector . The parameter A determines the
balance between two terms in the objective function.

In the sparse vector reconstruction, for example, the ¢ regularization by
fa(s) = Alslly (A > 0) is widely used as a convex regularizer. The elastic
net [40] given by fi(s) = A1 [|s||, + 22 ||s||§, where A1, A2 (> 0) are the param-
eters, is also a popular convex regularizer. Other than these convex regulariz-
ers, various nonconvex regularizers have been proposed for the sparse vector
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reconstruction [38]. For example, the smoothly clipped absolute deviation
(SCAD) [20] regularizer is given by fi(s) = Zfl\’:l fa(sn), where

Alsi CES
20\ |s| — 2 — \?

fa(s) = 2a—1) (A< |s] <aX) (3)
e X (15 > aA)

and a (> 1) is the parameter. For the minimax concave penalty (MCP) [39]
regularizer, the function fy(s) is given by

82

~ Als| = o7 (Is| < bA)
=1, ¥ : (4)
— b)
. (1 >
where b (> 0) is the parameter.
Various optimization algorithms have been proposed for the optimization
problem in (2). For example, the Douglas-Rachford algorithm [28, 19, 13]
solves the optimization problem in (2) by using the proximity operators of
L(:) and fx(-). The update equations of the algorithm with the iteration
index k (=0,1,2,...) can be written as

s+ = prox, | (z(k)> , (5)
2D — o0 4 (PYOXm (23<k+1> _ z(k)) _ 8<k+1)) 7 (6)
where v (> 0) and p, € [,2 —¢] (¢ € (0,1)) are the parameters in the

algorithm. By definition, we can obtain the proximity operator of the function
L(-) as

. 1 2 1 2
= —\ly—A —||ls — 7
prox. 1, (2) arsgeﬂr;}lvmt ly — Asll; + o s ZIIQ} (7)
1 \! 1
= (ATA + I) (ATy + z) , (8)
0 Y

where z € RY and v > 0. The proximity operator of fy(-) can also be com-
puted efficiently for various regularizers. When fy(s) = A||s|;, for example,
the proximity operator of the function fy(:) can be written as

[proxﬁA (r)]n = sign(ry, ) max(|r,| — A, 0), (9)
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where r,, and [prox. ;, (r)]n are the n-th element of = and prox, ¢, (), respec-

tively. For the elastic net regularizer fy(s) = A1 [|s||, + 22 ||s]|3, the proximity
operator can be computed as

sign(ry, ) max(|r,| —yA1,0)

= ].
prox, ()], EErn (1)
As for the SCAD regularizer in (3), the proximity operator is given by
[prox. s, (r)],,
sign(ry) max(|rp| —7A,0)  (Jrn] < (147)A)
— 1. —si
(Cl )TTL blgn(rn)a’y)\ ((1 +’}/)A < |Tn| S CI,A) . (11)
a—1—7v

Tn (|rn| > aX)

for a > 14 +. Similarly, the proximity operator of the MCP regularizer in (4)
can be computed as

[prox,, ()],
0 (ral <)

= s = sign(raliN) (A<l <Y (12)
"o (Jra] > BA)

for b > . By computing (5) and (6) iteratively, we can obtain a sequence
{s™},_,, converging to the solution of the optimization problem in (2)
when the ’régularizer is convex. When the regularizer is nonconvex, the con-
vergence of the sequence is not necessarily guaranteed.

3 Main Results

3.1 Asymptotics of Proximity Operator for Squared Loss

We firstly analyze the output of the proximity operator prox.,(-) in (8). In
our analysis, we assume the large system limit M, N — oo (M/N = A),
where the sequence of problems with {x, A,v} indexed by N is considered
as in several high-dimensional analyses [35]. We also assume the following
conditions as in [26].

Assumption 3.1. The elements of the vector £ € R are independent and
identically distributed (i.i.d.). The distribution px of x is known and has
some finite mean and variance. The measurement matrix A € RM*N has
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ii.d. random variables with A/(0,1/N). The noise vector v € R has i.i.d.
random variables with N(0, 02).

Remark 3.1. We assume that each element of the measurement matrix A
follows a Gaussian distribution in Assumption 3.1. This is because we require
the Gaussian assumption in the analysis with CGMT [35]. Nonetheless, the
universality of random matrices discussed in [4, 32, 31] implies that the ana-
lytical result still holds for some other distributions. In [35, Section VIII-F],
for example, it is expected that the analysis via CGMT holds for i.i.d. sub-
Gaussian matrix. Computer simulations in [35, 26] show that the empirical
performance is well predicted even when the measurement matrix is composed
of i.i.d. Bernoulli distribution with p = 0.5.

Under Assumption 3.1, we can obtain the following result on the asymp-
totic behavior of the proximity operator prox, ().

Proposition 3.1. It is assumed that x, A, and v satisfy the conditions in
Assumption 3.1. We then consider the output of the proximity operator given
by

§ = prox.; (2), (13)

where z has i.i.d. elements with a distribution pz(z) and is assumed to be
independent of A. Here, we assume that the optimization problem

minmax{aﬁ;ﬁ 602[ 152+E[J(04,5;Z)]} (14)

a>0 5>0

has a unique optimizer (a*, 8*)!. In (14),
oz %( =
-0 (S(0.5:2) - X)
2i ( o, 5; Z) )2, (15)
S(a, B; Z) = /3\/Z1+1 (ﬁ‘aﬁ (X+\/O‘ZH)+iZ>, (16)
a

X ~px, H~N(0,1),and Z ~ pz. The expectation E [-] in (14) is calculated
over all random variables X, H, and Z. Then, the following statements hold:

IThe uniqueness of the solution can be established under certain conditions (e.g., the
boundedness of the set of minimizers). However, in the general case, completely removing
this assumption proves to be challenging. For further details, please refer to [35, Remark
19].
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1. The asymptotic MSE of § in (13) can be written as

1
plim NHé—wH; = (a*)? - o2 (17)
M,N— oo
2. Let pg denote the empirical distribution of § = [§; --- §N]T € RV

that corresponds to the cumulative distribution function (CDF) given by
Pi(s) = + 25:1 I(5, < s), whereI (5, <s)=1if §, < s and otherwise
I(8, < s) = 0. Then, the distribution us converges weakly in probability
to the distribution pg of S = S (a*, 8*; Z), i.e., [ gdus L [ gdus holds
for any continuous compactly supported function g(-) : R — R.

Sketch of proof. By definition in (13), § is characterized as the solution of the
optimization problem in (7). Similarly to the discussion in [27, Remark IV.1],
we can prove (17) by using the standard method with CGMT [35]. Moreover,
the second statement of Proposition 3.1 is proven in the procedure of [27,
Theorem II1.2]. Hence, we do not include the details of the rigorous proof.
For the overview of the derivation of (14), see Appendix A.1. O

The first statement in Proposition 3.1 means that the asymptotic MSE for
the output of the proximity operator can be predicted by solving the scalar
optimization problem in (14). The second one implies that the distribution
of the elements of the vector § can be characterized by the random variable
S = 5’(0(*,,6’*; 7). We can thus consider S (a*, 8*;Z) in (16) as a decoupled
version of the proximity operator in (13) intuitively. For a similar discussion,
see [26, Fig. 1].

The optimization of & and § in (14) can be performed by using searching
methods like the golden section search [29]. Since it is difficult to compute
the expectation in (14) exactly in general, we need to approximate it with the
average of many realizations of X, H, and Z.

3.2 Application to Performance Prediction of Optimization Algorithm

Although the proximity operator itself is not a valid reconstruction method
in general, we believe that the result in Proposition 3.1 is not only of theoret-
ical interest but also serves as a foundation for understanding and designing
optimization algorithms in linear inverse problems. By using Proposition 3.1,
for example, we can derive an error prediction method for the estimate s(¥)
in some optimization algorithm. To obtain the prediction method, we make
an additional assumption that the regularizer f)(-) is convex and separable
as follows.

Assumption 3.2. The function fy(-) : RN — R U {+o0} is separable and
can be written as fy(s) = ZnNzl fa(sn) with a convex function fy(-) : R —
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RU{+4o00}. We sometimes use the notation f(-) for the corresponding function
fa(+) with the slight abuse of notation.

Remark 3.2. For the separable regularizer fy(-) in Assumption 3.2, the prox-
imity operator prox, s, () : RN — RY becomes an element-wise function. In
other words, the n-th element of the output of the proximity operator is the
function of the n-th element of the input only.

To predict the performance of an algorithm by using Proposition 3.1, it is
necessary that the update equations except for prox, ; (-) are element-wise. As
a representative example of such algorithms, we derive the conjecture below
for Douglas-Rachford algorithm in (5) and (6). Note that the derivation of
the conjecture is partly non-rigorous as [26, Claim III.1].

Conjecture 3.1. Suppose that Assumptions 3.1 and 3.2 hold. We define the
stochastic process

Si1 =S (o, By Zn) (18)
Zs1 = Zi+ pr (prox g, (28041 = Zi) — Se1) (19)

with the index k. We here assume that the optimization problem

A 2V/A 1
gl;r(}%lg(})( { aﬁf + 605{ — 552 +E[J(a, B; Zk)]} (20)

has a unique optimizer (af, ;). Then, we have the following conjecture:

1. The asymptotic MSE of s(**1) in (5) can be written as

(21)

2
s —al| = (ap)” ~ o2,
2

2. The empirical distribution of s(**1) converges weakly in probability to
the distribution of Sk1.

Outline of derivation. Since z*) in (5) and (6) is not independent of A,
Proposition 3.1 cannot be used to (5) directly. We thus take the same pro-
cedure as the approach in [26, Claim III.1], where an unproven extension of
CGMT has been assumed for the performance prediction of iterative algo-
rithms. Under the assumption, when the element of 2(*) can be regarded as
the random variable Zj, the distribution of the element of s**1) in (5) can
be described by the distribution of the random variable Si41 in (18) as in
Proposition 3.1. As for (6), the update of z(¥) can be decoupled into (19) be-
cause the update is element-wise under Assumption 3.2. Since the procedure
of the derivation is the same as [26, Claim III.1], the detailed explanation for
the derivation is omitted. O
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Conjecture 3.1 implies that the evolution of the asymptotic MSE in the
Douglas-Rachford algorithm can be predicted by solving the optimization
problem in (20) and computing (21) for each k. The updates of S and
Z), in (18) and (19) can be seen as a simplified version of the update of s(*)
and z® in (5) and (6), respectively.

From the result in Conjecture 3.1, we can tune the parameters in the
Douglas-Rachford algorithm for fast convergence. Since the relation between
the parameters and the MSE is complicated, it is difficult to obtain the ex-
plicit expression of the optimal parameters. However, the result enables us to
predict the error performance of the algorithm numerically and to select the
parameter that achieves fast convergence in the asymptotic regime, without
the empirical reconstruction.

Remark 3.3. As discussed in [19], the Douglas-Rachford algorithm is closely
related to ADMM analyzed in [26]. In fact, the update equations of ADMM
can be regarded as the Douglas-Rachford algorithm for the dual problem of
the original optimization problem. However, the relaxation parameters pj are
included in the Douglas-Rachford algorithm considered in this paper, whereas
the corresponding parameters are not considered in the analysis of [26]. These
parameters provide additional flexibility in tuning the algorithm for faster
convergence. Furthermore, since we have expressed Proposition 3.1 as the
result for the proximity operator for the squared loss function, our results have
the potential to be extended to other optimization algorithms that utilize the
proximity operator.

4 Simulation Results

In this section, we demonstrate the validity of our approach via computer
simulations. The distribution of an unknown vector « is assumed to be the
Bernoulli-Gaussian distribution given by

px (z) = podo(z) + (1 — po)pu(x). (22)

Here, do(-) is the Dirac delta function, pg (-) is the probability density function
corresponding to N (0,1), and pg € (0, 1) represents the probability of 0. The
unknown vector x is sparse when pg is large. For the simulations, we assume
that the measurement matrix A and the noise vector v satisfy the conditions
in Assumption 3.1 unless otherwise stated. For the optimization of o and /3
in (14) and (20), the golden section search is used.

4.1 MSE of Output of Proximity Operator for Squared Loss

We demonstrate a simulation result for the first statement of Proposition 3.1.
In Figure 1, the empirical MSE of 8 = prox, . (2) in (13) is compared with
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0.8
®  cmpirical

—— theoretical

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
measurement ratio A

Figure 1: MSE of output of proximity operator for squared loss (N = 1000, pg = 0.95,
o2 =0.001, v = 10).

the corresponding theoretical prediction (a*)? — o2 in (17). In the simulation,
we set N = 1000, po = 0.95, 2 = 0.001, and v = 10. In the figure, ‘empirical’
denotes the empirical MSE of § and ‘theoretical’ denotes the corresponding
asymptotic value (a*)* — o2. For the computation of the empirical MSE,
we first make the realizations of ¢, A, and v to compute y from (1). We
then create each element of z from the i.i.d. standard Gaussian distribution.
Using these realizations, we compute the MSE of § from (8) and (13). The
empirical performance in the figure is obtained by averaging the MSE for 100
independent realizations. For the theoretical prediction, we solve the scalar
optimization problem in (14) to obtain o*. Note that we approximate the
expectation in the optimization problem with 100,000 realizations of X ~
px, H ~ N(0,1) and Z ~ N(0,1). From Figure 1, we observe that the
empirical performance and its theoretical prediction agree well with each other
for various measurement ratios A.

4.2 Distribution of Output of Proximity Operator for Squared Loss

We then examine the second statement of Proposition 3.1. In Figure 2, we
compare the probability density of the elements of 8 = prox,;(z) with the
theoretical result. In the simulation, we set N = 1000, A = 0.6, pg = 0.95,
07 = 0.01, and v = 10. The empirical § = prox,;(z) and the realizations

of the corresponding random variable S = § (a*,8*; Z) is obtained in the
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z ~ N(0,I) (empirical)
10 § = prox,;(z) (empirical)
—— Z ~N(0,1) (theoretical)
S = S(a*, 5% Z) (theoretical)

o
o0

probability density
(]
D

o
o

-3 -2 -1 0 1 2 3

Figure 2: Comparison of probability density for § and S (N = 1000, A = 0.6, po = 0.95,
02 =0.01, v = 10).

same way as the first experiment. The empirical histogram is obtained from
the result of 100 independent trials. From Figure 2, we can see that the
empirical distribution of § agrees well with the distribution of S obtained by
Proposition 3.1.

4.3 Performance Prediction of Douglas-Rachford Algorithm with Convex
Regularization

Next, we investigate the validity of Conjecture 3.1. For the reconstruction
of the sparse vector following (22), we first consider the ¢; optimization with

f)\(s) =A ||S||15 i'e'7
. 1 Asl? + ) 23
mlsnelﬂrgr}vlze 3 lly — Aslls + Xllsll; ¢ s (23)

which is a widely used convex optimization problem in compressed sensing and
satisfies Assumption 3.2. For the ¢; regularization, the proximity operator is
given by (9).

We compare the empirical MSE performance of the Douglas-Rachford al-
gorithm for (23) and its prediction obtained from Conjecture 3.1. In Figure
3, we show the MSE performance versus the number of iterations in the al-
gorithm, where A = 0.7, pg = 0.9, and 02 = 0.001. The parameters of the
Douglas-Rachford algorithm are set as v = 10 and pr = 1. The initial values



Asymptotics of Proximity Operator for Squared Loss 13

100
®  empirical (N = 50)
empirical (N = 100)
empirical (N = 500)
empirical (N = 1000)
—— prediction

------ asymptotic MSE of optimizer

MSE

x;;:.:o.--.-a;

0 5 10 15 20
number of iterations

Figure 3: MSE performance of Douglas-Rachford algorithm for ¢; optimization (A = 0.7,
po = 0.9, 02 = 0.001, v = 10, py = 1).

of ) and z(®) are given by s(9) = 2(9 = 0. In Figure 3, ‘empirical’ refers
to the empirical MSE performance of the Douglas-Rachford algorithm in (5)
and (6). The MSE curve is the average of the performance for 500 indepen-
dent realizations of the reconstruction problem. Also, ‘prediction’ represents
the predicted MSE obtained by Conjecture 3.1. To calculate the prediction,
we compute (aj, ;) and 100,000 realizations of (Si,Zy) for k = 0,1,...
from (18) and (19), following the similar way to [26]. Here, the expectation
in (20) is approximated by using the realizations of (Sk, Zj). In Figure 3, we
also show the asymptotic MSE of the optimizer of (23) as ‘asymptotic MSE of
optimizer,” which is derived by using the standard CGMT approach [35]. The
value of the parameter A in (23) is selected to minimize the asymptotic MSE
of the optimizer. Figure 3 shows that the empirical performance is close to the
prediction when N is sufficiently large. We can also see that they approach
the asymptotic MSE of the optimizer after sufficient iterations. To be precise,
however, we can observe a slight difference between the prediction and the
empirical performance. This is partly because we evaluate the empirical per-
formance for finite IV, while we assume M, N — oo to obtain the asymptotic
prediction. Another possible reason is that we approximate («j, ;) by using
many realizations of (Sk, Z) in the prediction.

We also investigate the performance of the Douglas-Rachford algorithm
with the elastic net regularization in Figure 4. In the simulation, we set
A = 0.7, po = 0.9, 02 = 0.0001, \; = X\ = 0.01, v = 10, and p, = 1. As in
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100
®  cmpirical (N = 50)
empirical (N = 100)
X empirical (N = 500)
107 A empirical (N = 1000)
prediction
&
=1
1072
® o
°
o000 0
1073

0 5 10 15 20
number of iterations

Figure 4: MSE performance of Douglas-Rachford algorithm with elastic net regularization
(A =0.7,po =0.9, 02 =0.0001, \y = A2 = 0.0, y =1, pp = 1).

the case with the ¢; regularization, the empirical performance is well predicted
by the prediction when N is sufficiently large.

Figure 5 shows the MSE performance of the Douglas-Rachford algorithm
with the ¢; regularization for the Bernoulli measurement matrix. In the eval-
uation of the empirical performance, the element of the measurement matrix
A € RMXN s generated from the i.i.d. distribution given by Pr(a,, ., =
1/V/N) = Pr(amn = —1/V/N) = 0.5, where a,, ,, denotes the (m,n) element
of A. For other parameters, we set the same values as in Figure 3. From
Figure 5, we can see that the empirical performance is well predicted by the
prediction even for the Bernoulli measurement matrix, though the Gaussian
measurement matrix is assumed in derivation of the prediction.

Figure 6 shows the MSE performance of the Douglas-Rachford algorithm
with the ¢; regularization for different values of pi. In the figure, the param-
eters are N = 1000, A = 0.7, po = 0.9, 02 = 0.001, and v = 5.0. From
the figure, we observe that the empirical performance is well predicted for
every different values of pr. We can also see that the convergence speed is
significantly influenced by the value of py.

We then show the MSE performance of the Douglas-Rachford algorithm
with the ¢, regularization for different parameters v in Figure 7. In the figure,
we have N = 500, A = 0.7, po = 0.9, 02 = 0.001, and pr = 1. From the
figure, we can observe that the performance is improved as the iteration index
k increases. The figure also implies that the value of ~ significantly affects
the performance of the algorithm. Since the empirical performance is well
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10°
®  cmpirical (N = 50)
®  empirical (N = 100)
X empirical (N = 500)
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Figure 5: MSE performance of Douglas-Rachford algorithm for ¢; optimization (Bernoulli
measurement matrix, A = 0.7, pg = 0.9, 02 = 0.001, v = 10, pp = 1).
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Figure 6: MSE performance of Douglas-Rachford algorithm for ¢; optimization (N = 1000,
A =0.7, po = 0.9, 02 = 0.001, v = 5.0).

predicted for all v, we can tune the parameter by using the prediction. The
figure shows that we should choose v between 10 and 15 in this case.
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Figure 7: MSE performance of Douglas-Rachford algorithm for ¢; optimization versus -y
(N =500, A = 0.7, po = 0.9, 02 = 0.001, py = 1).

We also investigate the performance of the Douglas-Rachford algorithm
with the £; regularization for different values of o2 in Figure 8. In the figure,
we set N = 500, A = 0.7, pp = 0.9, v = 10, and p; = 1. From Figure 8, we
can see that the empirical performance is well predicted for different values
of 02. The figure also implies that the performance is improved as the value
of 02 decreases, though the required number of iterations for the convergence
increases.

4.4 Performance Prediction of Douglas-Rachford Algorithm with Non-
conver Regularization

Finally, we evaluate the performance for nonconvex sparse regularization. Fig-
ure 9 shows the MSE performance of the Douglas-Rachford algorithm with
SCAD regularization in (3), where A = 0.7, pg = 0.9, 02 = 0.001, A = 0.1,
v =1, pr =1, and a = 4. The empirical performance and the prediction are
obtained in the same way as Figure 3. From Figure 9, we observe that the
empirical MSE and its prediction converge to almost the same value in this
case. In the middle of iterations, however, the behavior of the prediction is
different from Figure 3, and the empirical performance when N = 500, 1000
is better than the prediction. One of the possible reasons is the nonconvexity
of the SCAD regularizer, and further investigation is necessary for a clear
understanding. To obtain more precise results, we might need to taking the
nonconvexity into account in the analysis.
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Figure 8: MSE performance of Douglas-Rachford algorithm for ¢; optimization versus 62

(N =500,A = 0.7,po = 0.9,7 = 10, p, = 1)
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Figure 9: MSE performance of Douglas-Rachford algorithm with nonconvex SCAD regular-
ization (A = 0.7, po = 0.9, 02 = 0.001, A\=0.1,v=1, pp = 1, a = 4).

We also investigate the performance of the Douglas-Rachford algorithm
with SCAD regularization for a larger noise variance o2 = 0.01 in Figure 10,
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Figure 10: MSE performance of Douglas-Rachford algorithm with SCAD regularization
(A=0.7,p0=0.9,02 =0.01,A=0.2,7y=1,p, = 1,a = 4).

where A = 0.7, pg = 0.9, A=0.2, y =1, pr =1, and a = 4. From the figure,
we can see that the empirical performance is well predicted in this case. The
difference in behavior compared to Figure 9 is probably influenced by the
value of 02 and other parameters, presenting an intriguing avenue for future
research.

Figure 11 shows the performance of the Douglas-Rachford algorithm with
the nonconvex MCP regularization. In the simulation, we set A = 0.7, py =
0.9, 02 = 0.001, A = 0.1, v =1, pp = 1, and b = 4. As in Figure 9, the
empirical performance when N = 500, 1000 is better than the prediction in
the middle of iterations. These results suggest that the nonconvexity of the
MCP regularizer also affects the behavior of the prediction.

Figure 12 shows the MSE at the 50-th iteration versus the regularization
parameter \, where A = 0.7, po = 0.9, 02 = 0.001, v = 1, and p = 1.
In the simulation, we use the SCAD regularization with a = 4. From the
figure, we can see that the prediction is close to the empirical performance for
A > 0.08, whereas the prediction is worse for smaller values of A\. Even in this
case, however, we can tune a reasonable value of A =~ 0.07 on the basis of the
prediction, without the empirical reconstruction.
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Figure 11: MSE performance of Douglas-Rachford algorithm with nonconvex MCP regular-
ization (A = 0.7, po = 0.9, 02 =0.001, A\=0.1,y=1, pp = 1, b = 4).
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Figure 12: MSE performance of Douglas-Rachford algorithm with nonconvex SCAD regu-
larization versus A (A = 0.7, po = 0.9, 02 = 0.001, y =1, pp = 1, a = 4, k = 50).
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5 Conclusion

In this paper, we have analyzed the asymptotic behavior of the proximity
operator for the squared loss function in linear inverse problems. We have
also shown that the result in Proposition 3.1 can be used for the asymptotic
performance prediction of some optimization algorithms for large-scale linear
inverse problems. Simulation results show that the empirical distribution of
the output of the proximity operator agrees well with the theoretical predic-
tion by Proposition 3.1. Moreover, the empirical MSE performance of the
Douglas-Rachford algorithm can be well predicted in large-scale compressed
sensing via the ¢; optimization. For the nonconvex SCAD regularization and
MCP regularization, the prediction is also valid to some extent, although the
behavior is slightly different from the convex case. These results suggest that
the proposed prediction method can be a foundation of the rigorous analysis
of optimization algorithms for large-scale linear inverse problems.

Future work includes the rigorous analysis of the prediction by Conjec-
ture 3.1 and the further investigation of interesting behavior for the case with
nonconvex regularization. One of possible directions is to extend or modify
the approach in [10], though independent measurement matrices at each itera-
tion of the algorithm is assumed in their analysis. Extensions of our approach
beyond Assumptions 3.1 and 3.2 would also be an important research direc-
tion. Applications of our results to optimization algorithms other than the
Douglas-Rachford algorithm would also be an interesting topic.

A Appendix

A.1 Derivation of (14)

We provide an overview of the derivation of the optimization problem in (14)
from (7). Since the procedure is almost the same as the CGMT-based analy-
ses [35, 27, 26], the rigorous discussion is omitted in some parts.

We first define e = s — . The problem in (7) can be rewritten as the
optimization problem for e, i.e.,

. 1 1 2 1 2
min N{2||Ae—’v||2—|—2,y|e—|-:1:—z||2}. (24)
Note that we have normalized the objective function by N. From the property

3 llde — ol = mux {VFuT (Ae—v) - Tlull), @)
u€ERM



Asymptotics of Proximity Operator for Squared Loss 21

we can obtain the optimization problem

1
VN A) T
erg]Il{I}V 1?61]%)16[ { N ( ¢ \/7 N vy

n|e+N2|w+w—zm} (26)

CGMT [35] enables us to analyze the optimization problem

: 1 T T 1T
ax < — (|le u—|ul|l,h' e) — —=v u
mm{N< 297w = lrullohe) = T

1 9 1 2
- G Il 5 et - zu} @

instead of (26), where the elements of g € RM and h € RV are i.i.d. random
variables with A(0,1). Considering that both g and v are Gaussian, each ele-

llell,

2
ment NG is also Gaussian with A/ (0, Hi\pz + 03). We can thus simplify

T
(”jﬂ?g ) u as 4/ HEH"‘ + 02g u, where we use the notation g to represent
a vector with the elements following A/ (0,1). Hence, we can rewrite (27) as

| leld . v 1 e
eﬁﬁ%ﬁiﬁ{ﬁ N Tovg umlul ke
11
—||f+N2|m+w—zm} (28)
If we define 8 = ||ul|,, the maximum value of g"u in the first term of (28)

can be written as 3 |/g||,. Moreover, we use

2 Hel\g 2
llelly + 02 = min (g + +UV> (29)

and rewrite the square root term in (28) to obtain

502 llglly
a VN

afligly , 1 B |l
2 VN N2a N

lell3 +

min max min
ecRN >0 a>0

B Te s, 11 2
Nh 5 +N2—||e+:c z|5 - (30)
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We can further rewrite (30) as

, aBligly . Bodllgll, 14
?;%%;5{ 2 N 20 yN 2
LN
+ min N;Jn(en,a,ﬁ)}, (31)
where (-),, represents the n-th element of the corresponding bold vector and
1
Jn(en,a, f) = Qﬁa%ei — Bhpen + %(en—i—xn — ). (32)

The minimum value of J, (e, «, 8) over e, is given by J,, (8, (a, 8) — zp, v, 8),
where

sn(a, B)

_ 1 B gl VN 1
R ( VN (”5” Hglzah"> : v) “”3)

avN v

Hence, we can rewrite the optimization problem (31) as

2
> VN " 2a oy 2°

min max
a>0 >0

{ afBlgll, . Bo2lgll, 1

1 N
+N2Jn (én(aa/@)_xn7a76)} (34)
n=1

We can show that the objective function of the optimization problem in (34)
converges pointwise to (14) as M, N — oco. Jp(8n(e, 8)—2n, o, B) and 8, (a, )
correspond to (15) and (16), respectively.

Intuitively, from the definition of « in (29), the optimal value of « corre-

sponds to 4/ % + 02, which finally results in (17). For the precise discussion,
see [35, 27].
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