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Abstract: Approximate Message Passing (AMP) and Generalized AMP (GAMP) algorithms usually
suffer from serious convergence issues when the elements of the sensing matrix do not exactly match
the zero-mean Gaussian assumption. To stabilize AMP/GAMP in these contexts, we have proposed
a new sparse reconstruction algorithm, termed the Random regularized Matching pursuit GAMP
(RrtMpGAMP). It utilizes a random splitting support operation and some dropout/replacement
support operations to make the matching pursuit steps regularized and uses a new GAMP-like
algorithm to estimate the non-zero elements in a sparse vector. Moreover, our proposed algorithm
can save much memory, be equipped with a comparable computational complexity as GAMP and
support parallel computing in some steps. We have analyzed the convergence of this GAMP-like
algorithm by the replica method and provided the convergence conditions of it. The analysis also
gives an explanation about the broader variance range of the elements of the sensing matrix for this
GAMP-like algorithm. Experiments using simulation data and real-world synthetic aperture radar
tomography (TomoSAR) data show that our method provides the expected performance for scenarios
where AMP/GAMP diverges.

Keywords: compressed sensing; random regularization; matching pursuit; generalized approximate
message passing; replica method

1. Introduction

Compressed Sensing (CS) has been a research focus in recent years. The idea of sparse
estimation and compressed sensing has also been applied in adaptive filtering [1-4] and nonlinear
dynamics systems [5,6]. Define the support of an unknown K-sparse (K < N) vector x € CN as:
S={j:j€{l,...,N},xj #0}. We consider an under-determined noisy linear system:

y=Ax+e€ @

wherey € CM is the measurement vector, e € CM is the additive Gaussian noise vector and A € CM*N
(M < N) is the projection matrix, also termed the sensing matrix. The aim of CS is to reconstruct x
fromy and A.

On the one hand, it is well known that the CS problem can be rephrased into a probabilistic
inference problem on the bipart factor graph shown in Figure 1la. Donoho et al. proposed the
Approximate Message Passing (AMP) algorithm [7,8] to solve it. Rangan et al. generalized AMP to
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adapt to an arbitrary sparse prior and arbitrary measurement noise; their work is called the Generalized
Approximate Message Passing (GAMP) algorithm [9]. Since the derivation of AMP/GAMP is based
on a zero-mean Gaussian projection matrix hypothesis, they cannot work well if the projection matrix
does not satisfy the hypothesis, as shown in Section 4. This phenomenon motivates us to improve
the AMP/GAMP algorithm for a more general projection matrix. On the other hand, although ¢,
methods, such as Orthogonal Matching Pursuit (OMP) [10] and Compressive Sampling Matching
Pursuit (CoSaMP) [11], are simple and effective, they use Least Squares (LS) to calculate the amplitude
of non-zero elements. Therefore, these methods have to face the matrix inversion problem. When the
scale of the projection matrix is small, this problem is not serious. However, when the scale becomes
larger, the multipliers grow cubically as a function of sparsity K. This drawback stimulates us to
find some approach to replace the LS step in /y methods and to overcome the disadvantages of OMP

and CoSaMP.

@) (b)

Figure 1. The factor graph description of a linear system. (a) Bipart factor graph; (b) Restricted
factor graph.

In this paper, we propose a new sparse estimation algorithm, termed Random regularized
Matching pursuit Generalized Approximate Message Passing (RtMpGAMP), to solve the CS problem.
Our method can be regarded as a kind of ¢) optimization algorithm, termed Random regularized
Matching Pursuit (RrMP), but the mean and variance estimation of x are the output of a restricted
GAMP algorithm, termed the Fixed support GAMP (FsGAMP). In this way, it allows a more general
projection matrix and does not calculate the inverse matrix directly. The computational complexity of
RrMpGAMP is comparable to GAMP, and the memory occupation of RrMpGAMP is much less than
GAMP and other LS-based algorithms.

The rest of this paper is organized as follows. We describe the RrMpGAMP algorithm in Section 2,
then analyze the convergence of FSGAMP by the replica method in Section 3 and then perform
experiments in Section 4. We draw a conclusion in the last Section 5. The derivation of the FsGAMP
algorithm is provided in the Appendix.

2. Random Regularized Matching Pursuit Generalized Approximate Message Passing

As mentioned in the Introduction, the RrMpGAMP algorithm includes two parts: the RrMP
algorithm and the FsGAMP algorithm, which is embedded in RrMP. The former is a new {j
optimization algorithm; the latter is a tiny revised GAMP algorithm.

At the beginning, we assume the support S has been known, which means the probability of
every zero element in x is one. Therefore, we just need to consider the probability of other non-zero
elements in x. We suppose that the Probability Distribution Function (PDF) of x and the likelihood
function of z = Ax are separable, i.e.,

px(x) = 1 pxs(xs) = [T, p, (x5)) @)

py\z(Y|z) = Hrzl Pyu|zm (]/m|2m) 3)
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Therefore, the probabilistic form of Equation (1) can be written as:

Px\y(x‘Y) =1x pxs|y(xS|Y) X Py|xg (Y|XS)PXS (XS)
M K K
= Hm:l Py lzm (Ym |am5kx5k T 2z amijsj) Hj:l Pxs; (ij) 4)

Actually we do not know S in the first place; a straightforward idea is to find it by some matching
pursuit-based method.

2.1. Random Regularized Matching Pursuit Algorithm

A traditional matching pursuit algorithm (MP or OMP) finds an index of the non-zero element
of x at each iteration. It does not rollback even if an incorrect index has been chosen. Our proposed
algorithm sequentially pursues multiple indexes at each iteration and has the ability to undo, like the
well-known Regularized OMP (ROMP) algorithm and the CoSaMP algorithm.

We use the subscript I to denote left, r to denote right and |U| to designate the cardinality of
temporary support U. Define three functions appearing in the algorithm: FixSuppGAMP(y, A, U)
calculates the mean and variance estimation of x; Ry,\ (V) finds the indexes of the 2s < K absolutely
largest entries of v, where s is the probe length, and then shuffles these indexes and bisects them; the
outputs are the left and right indexes’ subset and the amplitudes supported on them, respectively;
support updating function H(u,c, A, S) generates a new indexes’ set by a group of rules; we will
explain it soon.

The steps of RrMP are listed in Algorithm 1.

Algorithm 1 Random Regularized Matching Pursuit.

Input: y, A, K,s

Output: x"*!

S0, x0 0

(Alr c, A, Ci’) — R25\s (AT(Y - Axn))

U, < S"UA, U, < S"TUA,

u; < FixSuppGAMP(y, A, U))

u, < FixSuppGAMP(y, A, U;)

6 = argming, , {[ly — Awl2, [ly — Au/[]2}
AL Ao, ol ce,u”H — uy, urtl — U,
Sn+1 — H(un+llcn+1,An+1,Sn)

x"*1 < FixSuppGAMP(y, A, S"*1)

D N A LI N e

They are separated into two stages: the first stage is Lines 2-5, and the second stage is Lines 6-9.
At the first stage, Line 2 obtains two index candidates, A; and A,, and the correlation coefficients
between the residual and columns of A, ¢; and ¢,. It is a key step, since the shuffle and bisecting
operations are equivalent to a random search in N dimensional {0, 1} space. Line 3 merges the previous
support set S"” with two current candidates, respectively. Lines 4 and 5 roughly estimate x by the
FsGAMP algorithm. At this stage, the candidate indexes are not replaced/dropped. Therefore, the
number of possible incorrect indexes is typically greater than that at the second stage. This is the
meaning of “roughly”. At the second stage, Lines 6 and 7 choose the minimal residual branch as a
new candidate. This prune operation can be regarded as a regularization since the algorithm chooses a
small residual branch and discards a big residual branch. In another words, the algorithm discards
half of the candidate indexes pursued by Line 2. Line 8 updates the support set. Line 9 estimates x
again. Note that Lines 3-5 can be calculated by parallel computing.

We define the precision 7 as the ratio of the residual norm over the measurement norm, and set
the error bound to 0.01, which means 99.99% of the measurement energy has been recovered. When
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| P| equals sparsity K, if the precision does not reach the error bound, set S"*! = P, keep running RrMP
at most 2s times and then stop the algorithm.

The idea of the support updating function comes from two observations: (i) not all indexes in the
candidate set are correct, so the algorithm should drop or replace a part of the indexes, as shown in
Equations (7) and (8); the dropout/replacement operations can be regarded as a regularization; (ii) the
candidate indexes corresponding to correlations ¢! n+tl
entirely; some correct indexes belong to the former, and some belong to the latter. It is necessary to
merge them, as shown in Equation (9).

Now, we define the support updating function H(u"*!, "1, A"*1,5") as follows. Firstly, define

and to amplitudes u"™" are not overlapping

two threshold functions corresponding to the sparse representation coefficients u, which are evolved
with iterations:

a £ min{|(u"*1)[;} (5)
iesn

b= max {[(u"*);} (6)
]eArH—l

Secondly, define the indexes” updating procedure just for u:

S”U{j:argmax]-GA,,H{|(u”+1)j|}}, >0
L | osrugije Ay > 0, a>b>
P = n .- n+1 n+1 b b )
StU{j:je AT (0" )] > 3}, b>a>}4
{iziesm | > 4} ufjeamt @) >4}, §>a
Thirdly, define the the indexes’ updating procedure just for the correlation coefficients c:
Q= {j:je AL (")l = 05" oo} ®)
Lastly, we merge the two index sets to obtain the output of:
sl =puUQ )

These update rules are inspired by the regularized OMP algorithm [12,13]. It seems a bit complex,
but the basic rationale is simple. We segment the absolute amplitudes on the pursued support at
each iteration to ladders; the height of each ladder is dominated by the minimum of the absolute
amplitudes, which is supported on the previous pursued support set S”, and by the maximum of
absolute amplitudes, which is supported on the current candidate support set A"*1. Since the square
of the amplitude is energy, the absolute amplitudes in the same ladder step can be explained to obey a
similar energy level. For Equation (7),

e If 5 > b, this means that the absolute amplitudes of the current candidate indexes are much smaller
than the absolute amplitudes of the previous pursued indexes, so the algorithm chooses only one

current candidate index. This situation corresponds to a sharp ladder step.
e Ifa > b > 7, this means the absolute amplitudes of the current candidate indexes are just a little

smaller than the absolute amplitudes of the previous pursued indexes, so the algorithm chooses
those indexes whose absolute amplitudes are greater than a/2. This situation corresponds to a

flattened ladder step.
o Ifb>a> %, this means the absolute amplitudes of the current candidate indexes are greater than

the absolute amplitudes of the previous pursued indexes, but the minimum absolute amplitude of
the previous pursued indexes is not a very small value, so the algorithm chooses those indexes
whose absolute amplitudes are greater than b/2. This situation also corresponds to a flattened
ladder step.
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o If g > g, that means the minimum absolute amplitude of the previous pursued indexes is very
small, so the algorithm drops a part of the previous pursued indexes and adds a part of the current
candidate indexes. This situation corresponds to a sharp ladder step.

However, it is not enough to choose indexes just by absolute amplitudes. Some correlations about
the residual and the columns of A are significant. The algorithm finds these indexes by Line 2 in
Algorithm 1. Maybe, the absolute amplitudes supporting them are not significant, such that they are
excluded by Equation (7). We can imagine these indexes as free electrons that are escaping to other
energy levels. Therefore, the algorithm should retrieve them. This is the meaning of Equation (8). The
rules are heuristic, the explanations are analogies to physics.

2.2. Fixed Support GAMP Algorithm

The concept of message passing on a factor graph can be found in [14]. In contrast to AMP/GAMP,
the FsGAMP algorithm does not reform Equation (1) to a bipart graph. It restricts the edges to a part
of variable nodes, which correspond to the temporary support U, as shown in Figure 1b. Based on this
factor graph and the posterior probability Equation (4), firstly, we define the messages from the factor
node to the variable node. For the Max-Sum rule, they are:

A [ul
Afm_»(uk (t’ xuk) - I-I;ax |:10g pym|zm (ym |amkale + ]#k amU]xU])

]

Yk Bty (B30 +¢ (10)

where ¢ means constant ; for the Sum-Product rule, they are:
A¢ (t,xy,) = log [/ p (Yo |amu, xu, + ul A XU,
m X A" U {Xu~}j Ym|Zm k™ Uk j#k Yy

H];ék exp Ame(u/(t, xu].))} +c (11)

Secondly, we define the messages from the variable node to the factor node. The form of the
Max-Sum rule is the same as the form of the Sum-Product rule:

M
Afm<—xuk (t +1, xuk) £ log quk (xuk) + Zi;«ém Aﬂ-—)xuk (t/ xuk) +c (12)

The derivation of FSGAMP is very similar with GAMP [9]. Due to space limitations, we only
emphasize the difference in the main body and left the details to the Appendix. Since |U| non-zero
elements of x have been pursued, we set other elements of x to zero directly, such that the Z}\;k ApjXj

and Z] “k |am]| xj terms in GAMP reduce to Z i 7ék Ay Xy and Zy;'k |ﬂmuj |2xuj. Other derivation steps
are the same as GAMP. It is worth noting that the derivation of GAMP is primarily based on the
Central-Limit Theorem (CLT), but in FsGAMP, this condition is canceled, because we have known
the index set of zero elements (though maybe incorrect), such that the mean and variance estimation
of these elements are also zeros. This simplification eliminates uncertainty and brings stability to
FsGAMP to adapt more types of projection matrices.

Rangan et al. [9,15] investigated the influence of damping in GAMP. They found that damping
can induce convergence. Similar steps are used in the FsGAMP algorithm:

vP(t) = ovP(t) + (1 —o)vP(t—1) (13)
8(t) =08(t) + (1 —0)8(t—1) (14)
vS() = v°(t) + (1 — S)v(t — 1) (15)
X(t) = ox(t) + (1 —0)x(t — 1) (16)
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The steps of FsSGAMP are listed in Algorithm 2. Notation ¢ indicates the iteration number; X
and v* denote the mean and variance of x; the element-wise product and division are denoted ® and
©. Function gout(-) and gin (+) calculate the Bayesian estimation of z and x, respectively. Please refer
to [9] (Table 1) and the Appendix to find their specific forms. The prior px(xsj) can take a Gaussian,
Laplacian or spike-and-slab distribution.

Algorithm 2 Fix Support GAMP.

Input: y;A; U

Output: x;v*
1 % OV 0% o oN>T;8(t = 0) «— M1
2 Ry (t=1) « 0lULyxu(p = 1) « olUlx1
3: while stop = false do

4 VP(t) « |A vt

5: ( ) — A. uXu(t)

6 P(t) « 2(t) —8(t—1) ®VP(¢)

7. [2o(t), v ()] < out(P(t), VP (1))

8 8(t) « (1ovP(t) ® (20(t) — p(t))

9 15(t) — (1ovP(t) © (1 —va® o uP(t))

0 vu(t) « 1o ((JAul?) v ()

1 Ry (t) « Ku(t) +viu(t) © (AT 8(1))

120 Ry (E+1), v (E+1)] < gin(Ru(f), v™ (1))
13:  {damping steps}

1 if [y (f+1) = xu (D) ]2/ [%u(t) |2 < 6 then
15: X(U) « xy(t+1),vX(U) + v*u(t+1)
16: stop - TRUE

17:  end if

18: end while

GAMP calculates all elements of x in the loop, while FSGAMP estimates at most |U| non-zero
elements of x in the loop. Since |U]| increases gradually and |U| < K, the memory footprint rate of
FsGAMP is not more than K/N. Because K < N, the memory saving is remarkable.

2.3. Computational Complexity Discussion

The computational complexity of the GAMP algorithm is dominated by four matrix-vector
multipliers per iteration [9]. The multipliers of FsGAMP coincide with GAMP: Lines 4, 6, 10 and 11.
At each multiplication, the FSGAMP algorithm only computes M X |S| multipliers, while the GAMP
algorithm needs M x N multipliers.

RrMpGAMP has two nested loops; the outer loop is RrMP; the inner loops are three FsGAMPs.
Because the replacement/dropout operations in the RrMP algorithm are random, we cannot exactly
calculate how many new indexes are chosen per iteration. However, if we roughly estimate the number
of winners in these candidates to s/2 per iteration (usually, this number is greater than s/2 with the
step in observation), the outer loop has | = [K/(s/2)] + 2s iterations. Furthermore, 2s can be removed,
since it is a small quantity compared to [K/(s/2)]. Because the number of iterations of GAMP (as
well as FsSGAMP) is also uncertain, we simply use the maximal iteration number B as the worst setting.
Firstly, taking no account of M and B, we have:

2 3 ~1
(25+%)—l—(2(%—1—5)+%)+(2(§+s)+§)+'~~+(2((] . )s+s)+]§)
:2[s+%+s+%+s+~'+(]_271)s+s]+(%+%+%+~'+g) (17)
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where the first square brackets correspond to Lines 4-5 in Algorithm 1, and the second square brackets
correspond to Line 9 in Algorithm 1. After summation and simplification, we have:

Js(3] +7)

Equation (17) = 1

(18)
Secondly, considering M, B, four matrix-vector multiplies per iteration, and expanding J, we have:
Equation (18) = O(4MBJ?*s) = O(16MKB) (19)

For GAMP, the computational complexity can be estimated as O(4MNB), If 4K < N,
the computational complexity of RrMpGAMP is less than GAMP.

Using the matching pursuit-based methods to solve a M-row n-column linear system,
the computing time mainly depends on the least squares step, especially when the number of equations
M is large and the number of variables # is not small. For example, the Householder-LS method needs
O(2n?(M —n/3)) flops ([16], Algorithm 5.3.2). Because OMP finds one column index at a time and
increases from one to K, the computational complexity of OMP using Householder-LS is:

K K K 2
O(2n*(M—n/3)) = O( Y- 2Mn? = ) Zn?)
n=1 n=1 n=1
_ O(ZMK(K + 1)6(2K +1) %(K(K;— 1) )2)
= O(MK3) (20)

since K < M. We compare two computational complexity results. For RrMpGAMTP, it is O(16 M BK);
for OMP using Householder-LS, it is O(MK3). If 16B < K2, the computational complexity of
RrMpGAMP is less than Householder-LS OMP.

3. Convergence Discussion

We use the replica method [17,18] to asymptotically describe the evaluation of the logarithm of
the partition function of the posterior distribution Equation (4). We concentrate on the Sum-Product
FsGAMP algorithm in this discussion. The main advantage is that replica computations give a
statistical physical meaning to the linear system. The replica method was used for compressed sensing
in recent years [19-22]; we follow the research of [23].

We use the zero-mean Gaussian matrix assumption in the derivation of FSGAMP and replica
analysis, because FSGAMP just works on the RrMP pursued support set, and the cardinality of it is
much smaller than the cardinality of a sparse vector, i.e., |S| < N. We know that the brief propagation
on the factor graph tends to diverge if there are many cycles on it [14]. When the number of cycles
decreases, the brief propagation tends to converge. The factor graph form of compressed sensing is
a bipart graph, and there are too many cycles on it. However, if we restrict the connections to the
pursued variable nodes and sequentially construct the connections by some kind of pursuit strategy,
such as RrtMP pursuit, the number of cycles increases from zero to a relatively small integer, compared
to the huge number of bipart connection cycles. These relatively small cycles and sequential pursuit
method can be seen as a regularization to the non-zero-mean reality. This is our intuition.

3.1. The Replica Method Analysis of FsGAMP

The zero-mean Gaussian measurement noise is assumed an equivalent variance A for every entry
of €, and generally, A # A, where A is the true noise variance. This assumption means that the noise
variance (inside v () term), which is estimated by the FsSGAMP algorithm, usually does not equal
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the true noise variance. The influence of their difference is shown in Equation (74). We rewrite the
definition of the CS problem as follows:

N
yﬂ:ZAlliSi+€V ;I/l:].,,M (21)
i=1

1

where s is the original signal, and we use the notation s to replace notation x in Equation (1) to
avoid ambiguity in the following derivation and use y to replace m in accordance with the replica
computations” convention. We denote « = M /N with the number of measurements per variable.
In the asymptotic analysis, we are interested in the case of large system limitation N — oo, while
keeping signal density p,0(x") and measurement rate a of order one, where we let x° = s. It is also
necessary to assume that the components of signal s and measurement y are also order one, such that
we can consider the elements of sensing matrix A to be zero-mean. It is worth noting that the variance
of the order of A’s elements is O(1/K), not O(1/N), because we have pursued the indexes of non-zero
elements. This makes it not necessary for the FSGAMP algorithm to summarize N entries in one row
of A. In this way, the variance range of A’s elements enlarges.

Before the start of the computation, we briefly review the link between a Hamiltonian and
linear system estimation problems (we know the form of compressed sensing is a linear system).
The posterior distribution of a linear system in the Boltzmann form is:

e_E(X|Yl0)

1
= E(xly,0) = —log(p(x|6)) — log(p(y|x,0)) (22)
where p(x|0) is the prior, 8 are the model parameters, such as:
N ~
p(x16) = [T[(1 - p)a(xi) +pN (xi|6)] (23)
i=1
Additionally, p(y|x, 0) is likelihood:
M
p(ylx 0) = TT N (yyl(Ax),, 0) (24)
u=1

Then, we get the Hamiltonian:

N 1M M
E(x]y, 0) = — Z%IOg(Pi(xi)) +5 Zl(yy — (Ax))* + - log(27A) (25)
i= U=

Now, we derive the potential of Equation (21) under the pursued |S| column indexes’ condition,
as shown in Equation (4). The meaning of “potential” in inference theory equals the meaning of “Bethe
free entropy” in statistical physics. For the simplification of notation, we ignore the uppercase letter S
and just use the subscript, such as i, to indicate S; in Equation (4). The aim is to sample a vector x from
the probability measure:

Pxly (x[y)
25 M1 s e
~Z (X e 28
ngxz( l)]}]l 7oA
1.K M (5K ) A=) tepl?
K . ©r 26
ZEPXZ( );41:[1 27TA (26)
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Equation (26) can be seen as the Boltzmann measure on a disordered system with Hamiltonian:

K K (x: — g 2
H( = — Y loglps (x)] + =2 25 £ & @)
i=1

where the partition function Z is the normalization constant of the full posterior distribution
Equation (26) and x is the configuration of the Hamiltonian. The thermodynamic properties of
the disordered system are characterized by the average free entropy Ea ¢ ¢ (log Z), where:

[E‘Kl w(" “)+€;1]2
2A

(28)

Z(A,s,€) / {dell_[pxl } 1]\__/1[

Because the expectation of the logarithm function is a hard problem, the average free entropy
(also called the Bethe free entropy) can be evaluated via the replica trick as:

ny _
= 11m }(EAse{logZ} = lim — limMZ}1

K—o0 K n—0 n

(29)

where 1 independent replicas are introduced to reform the original disordered system to a new
system (i.e., the name of the method) and E4 ¢ ¢ is the average over all of the sources of disorder in
Equation (21). Each configuration of the new system is indexed by an n-tuple i = (iy, ..., i, ), where
eachi,, a =1,...,nhasa continuous non-zero state value because i, corresponds to a non-zero element
in x, which has been found by the matching pursuit process of the RrMP algorithm.

Now, the problem of computing the free energy is converted into computing the n-th moment of
the partition function Z.

a2
Lo 1Aw iten—IK, Auif]

Z(As €)' = —— [de pr }He E = (30)

(ZA*

The average replicated partition function can be rearranged as:

a2

" 1 " p Taa 2k, Apisiten— K Apixf]
Ensel2"} = —— g [ [[Tdx TTpae ()] TTEase{e” 2 b6
(ZTTA) 2 ia ia 3
where a,b, ..., n denote the replica indexes. Define:
Z;‘: [Z,K (iSiTen— Z; 12 ,]2
X, = EA,e{ei Ty 1 } (32)

Equation (31) can be rewritten to:

Ease{Z"} = 1)ME{ [ [T TTpes)] 1 Xy } (33)

(2mA

In order to compute X, firstly, we should define a variable:

Aﬂi(x?—x?)—i-ey, a=1,...,n (34)

==
I
.MN

Il
—_

where x¥ £ s;, to help the following derivation. By applying the central limit theorem to vy, since itis a
sum of i.i.d. Gaussian terms of the sensing matrix A at a fixed signal s and configuration x, we conclude
that v obeys a joint Gaussian distribution. When the matrix A has i.i.d. elements with zero-mean and
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variance 1/K, we introduce the order parameters to summarize an amount of microscopic states of the
replicas to four macroscopic states as follows:

18 o
=23 (s) (35)
i=1
1 K
m“:—Zx?sl, a=1,...,n (36)
K i=1
1 K
Q= I Z(xf)z, a=1,...,n (37)
i=1
1 K
q“h—EZx?xf’, a<bb=2,...,n (38)
i=1
These parameters constitute a matrix, called the overlap matrix:
u mt m? m"
mt QU g2 ... g
Q= m? q12 Q2 an (39)
: q(n—l)n
m" qln .. q(nfl)n Q"

Furthermore, according to the fact that both A and e are zero-mean, we conclude the first two
moments of the joint Gaussian distribution:

Eae{vi} =0 (40)
Eac{(v})*} = EA,e{ ZAii(xg - x?)z} + Ao

1
= o D00 -+ g
1
= Q" —2m"+ < s > +Ag (41)
Eac{0o)} = Eac{ ¥ A% (Y —x)(? =) } + A0
1
= q“b — (m® + mb)—|— <s?> 4N (42)

where < s >2= [ s2ps(s)ds. The dependence on the measurement index  of vy and X, is canceled
due to the averaging; therefore, we note v, = v and X;, = X for simplicity. In order to further calculate
the expectation in Equation (33), we apply the replica symmetric ansatz:

m® =m,Va,Q" = Q, Va,q“b =q,V(a,b:a#D) (43)

which is valid for the inference problem on a locally tree-like or highly dense factor graph under
the prior matching condition. Fortunately, by the matching pursuit process in RrMP, we found the
positions of non-zero elements in the signal, such that the condition has been satisfied. Based on this
ansatz, Equation (39) equals:

u m m
m Q q
Q=|m g Q (44)

0= = = =

m q “e q
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We want to compute:

X = Ev{e*(l/m) EZ=1<U“)2} (45)
with a probability distribution:
1 ac—1 b
- 7(1/2)211[127 (G )ahv
V) = e : 46
V) = dera) #e)

where the covariance matrix G of {v”} under the replica symmetric ansatz is given by:

Gun = E{0"0"} = Q — 2m+ < 52 > +Ag (47)
G = By {00’} = g — 2m+ < s > +Ag (48)

such that:
G=(<s?>2m+q+M)1,+ (Q—q)l, (49)

where 1, is a n X n matrix with elements all equivalent to one and I, is an unitary diagonal matrix.
Then, Equation (45) equals:

X — 1 /(dv)ef%vT(G’]JrI,,/A)v
/(27)"det(G)
1

= (50)

Vdet(I, + G/A)

The eigenvectors of G can be divided into two categories: one eigenvector of the form (1,1,...,1)
with associated eigenvalue Q — q + n(q — 2m+ < s> > +/Ag), and n — 1 eigenvectors of the form
,...,0,—1,1,0,...,0) with eigenvalues Q — g, where the couple (—1,1) shifts one by one. Now,

we have: . )
det(ln+%> _ 1+K(Q—q+n(<Qs_>;2m+q+A0)) 51)
(1455t
such that:
e X — ei%[<52>Q772;n++Aq+A[] +log(Q*Z+A)] (52)

n—0

Now, back to Equation (33), we need to guarantee that the order parameters m, g, Q coincide with
their definition Equation (35), and this guarantee can be obtained by Dirac functions:

K
5(236?51-—1(711”), a=1,...,n (53)
i=1
K
(Y (x1*—KQ"), a=1,...,n (54)
i=1
K
5(Y xfxt —Kg™), a<bb=2,...,n (55)

1
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Since Dirac functions in the frequency field are the Fourier transform of const 1/27t in the time
field, we have:

K

(5(2 xfs; — Km") /dm o [Km =Y xfs] (56)
i=1
X :Aa a

() (xf)? —KQ") = / dQ“%efQ [KQ £ (%)) (57)

Il
—_

anb /d~ab 1 ]q‘”’[Kq‘”’f):Z 1 x0xb (58)

>,
>
Mw
Nh
NE“

Il
—_

where j = y/—1. It is worth noting that 17%,Q" and §% also satisfy the replica symmetric ansatz.
Rewriting const one in the time field as the inverse Fourier transform of Dirac function 27t4(-) in the
frequency field and substituting the right-hand side of Equations (56)—(58), we obtain:

1= /dm /d~a —m?[Km" Zl 1xls,]] (59)
1= /an /dQue_Qa 3 ”-%leil(x?)z]} (60)
1= /dqab /d~abefq [anb*):, 1xlx,]] (61)
and consider 7 replicas:
n n,(n—1)/2
1= / [HdQﬂdQ“dm“dm”} { / I1 dqﬂbdq“”}
a b,a<b
n K no K 1K n,(n—=1) K
X exp { Yot (Km® =Y 2820 + Y Q" (EQ“ -3 Z(xf)z) -y g (Kq“b — foxf’) } (62)
a i a i bath i

Plugging Equation (62) into Equation (33), we obtain:

IE:A,s,e{zn}
S - / {HdQﬂdQ”dm”dm}
(27TA)
,(n=1)/2 1y A3 a,ln'n_ ~ab M
e
ba<b /2
n 1vn Aa X - ~ab n K
X {/dxopxo(xo)de“pxa(x”)e_zZ”Q( 3 Zbﬂ y X'+ 3 } (63)
a

We denote T as the integration in the {-}X. The exponential part of T has many cross terms
of n replicas, such that we should decouple them by linearizing the exponent. According to the
Hubbard-Stratonovich transform:

y
e2

1 :tz\/yfﬁ A / +z
— | e zdz £ | VD2 64
V271 /R R 64)

with the Gaussian measure:
e 7dz (65)
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and the square completion:

(Zx”)zzz i x”xb+i;l(x”)2 (66)

a=1 b=a+1
we have:
):l;a#b 2 _/ ):’;21 (a)ZDZ
_ / VAT ) = T g 67)

Using the replica symmetric ansatz again, we obtain:

- - _ n
I = /dxopxo(xo) /Dz(/dxpx(x)e%(Q+‘7)x2+mx(x0)+z\/ﬁx) (68)

Define f(z,x°) £ [ dxpx(x)g—%(Q+'7)x2+n'1X(x°)+Z\/7x; since lim,,_,o(f(z,2%))" = 1 + nlog f(z,x°),
we have:

; 0\\n _ ; 0\\n
lim [(f(zx7))"Dz = [ lim(f(z,x7))"Dz
=1+ n/logf(z,xO)Dz
~ enflogf(z,xo)Dz (69)
such that:
lim T ~ /dxopxo(xo) 1 —i—n/logf(z,xO)Dz}
n—0
—/pxo )dx® +/dxpxo /logfzx Dz}

= 1+n/ [dx"Dz] p,o (x°) log f(z, %)
~ ei’l f[dXODZ]pXO (XO) logf(z,xo) (70)

Now, we combine Equations (52) and (70) with Equation (63) and use the replica symmetric
ansatz again:

lim B s,c{2"} ~ / d0dQdindmdidge" QL mmiq) (71)
n—

where:

®(Q,Q, 1, m,,q)
1, -
= E(QQ—ZWW-FW)
_EM(< §2 > —2m+q+ Ao
Q—g+A

5K +10g(Q—q+A)—1OgA)

—l—/[dXODZ]pXo(XO) log/dxpx(x)e*%(Q+f7)x2+n”1x(x0)+z\/§x (72)

The integration Equation (71) is intractable, otherwise. We use the saddle point method to
estimate this integration by taking the optimum of @(Q, Q, 1, m,q,q). It is worth noting that the replica
trick needs lim,,_,¢ limg_, (-), but the saddle point estimation needs limg_,« lim,,_,o(+); furthermore,
Equation (71) is obtained under the condition lim,_,o(-). Therefore, we assume that the limits can be
exchanged, and the saddle point estimation of the integration Equation (71) should be done before we
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really let lim,,_,o(+). These assumptions are not rigorous, but verified in the inference problem. Using
the saddle point method and making derivatives for m, Q, g, respectively, we get:

oD M 1
od ~ M-—<$2>42m—-29+Q+A— 1Ay
30 Q=% (Q—q+4) 7
od . M< s> 2m+q+ Ag
oq 17K (Q-q+AQ #3)
and:
m=Q+§ (76)

Using the saddle point method and making derivatives for 7,Q, §, respectively, and substituting
Equation (76) for the derivatives, we get:

g(ng =0=>m= /dxO {xopxo (x°) /gmean(xo + Z\r{j' %)Dz} (77)
a;; =0=q= /dx0 [pxo(xo) / (gmean(xO +z\/nj, %))ZDZ} (78)
gg =0=>Q= { /dxo [Pxo(xo) /gvar(xo +z\£, %)DZ} } +q (79)

where the input end probability distribution is defined as:

s Px(ON(x7,v7)

Py (x[7,07) TN 7,0 (80)
Then, the mean function is given by:
Smean (P, V") = /xpx‘r(x\f’, v")dx (81)
and the variance function is given by:
Qvar(F, V") = [/ xsz|r(x|?, v’)dx} - (gmean(?, Vr)>2 (82)

In fact, Equations (81) and (82) correspond to the results of the g, (+) function in Algorithm 2.

3.2. The Prior Matching Conditions and Nishimori Conditions

The replica symmetric ansatz means that all of the replicas belong to the same state configuration,
such that every replica has the same statistical properties. This state configuration is given by the
macroscopic order parameters m, Q and 4. Based on the replica symmetric ansatz, m is a correlation
between the original sparse signal s and its estimation x about all of the replicas; then, we have:

m = Ey{SiEx\y{xi}} (83)
Similarly, Q is a self-correlation of these replicas; then, we have:
Q = Ey{E,, {x7}} = Es{s?} (84)

Another parameter g is the correlation between these replicas. As soon as the measurement
and the original signal satisfy the correct reconstruction condition, such as the Restricted Isometry
Property (RIP), the differences between these replicas are reflected in the measurement noise. Therefore,
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averaging the correlations with an infinitely large number of the replicas will eliminate fluctuations
caused by the noise and retain the energy of the signals; then, we have:

q= Ey{Ex\y{xi}Ex\y{xi}} = Ey{siEx|y{xi}} =m (85)

Now, we consider the average variance V(t) and the mean-squared error E(t):

||l>

Rl= Rl

i

K
ngar (P(£),v" (1)) (86)
K

) £ Z Gmean (P(t), V(1)) _Si)z (87)

i

According to the derivation of belief propagation and Equation (86), the probability distribution
of x; at the (¢ + 1)-th iteration is:

M %i—Si—Z E(t)+%A0
K

1
P(xi/ t + 1) ~ szi (xi)e‘ 2(V(t)+4) (88)

where Z is a normalization const. Then, the average variance V(¢ + 1) and the mean-squared error
E(t+1) are:

V(it+1) = /dsDz Ps(8)gvar <s +z E(]aj_KAO, VE\Z)/—;A> (89)
et = st o (s S ) o
Combining Equations (73), (75), (79), (89) and (90), and noticing that s = x0, we get:
Vit+1)=Q—qg (91)
E(t+1)=<s*> 2m+gq (92)
Furthermore, as soon as we assume:
Q=<s*>, (93)
and remember:
q=m, (94)
and if the two conditions are satisfied at the fix point, then we have:
V(t+1)=E(t+1), (95)

which means the average variance and the mean-squared error are equivalent. We call Equations (94)
and (93) the prior matching conditions and Equations (95), (83), (84) and (85) the Nishimori conditions.
When these conditions are satisfied, the convergence of the FsSGAMP algorithm can be guaranteed.

4. Experiments

We compare multiple probe length RrtMpGAMP, e.g., RrMpGAMP-L4, with five well-known
algorithms: OMP, CoSaMP, basis pursuit (BP) with the interior point method to solve linear
programming, AMP and GAMP, where the notation s in Section 2 is replaced with L to avoid confusion.
We use MATLAB (Version R2014b)’s pinv function to implement the LS calculation in OMP and CoSaMP
and modify CoSaMP by adding a new LS step before the prune step to improve the estimation accuracy.
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Notice that pinv is the matrix Moore—-Penrose pseudoinverse based on an SVD decomposition. It is
suitable for the case that the matrix has more rows than columns and is not of full rank; then, the
overdetermined least squares problem does not have a unique solution. The implementation of OMP
and CoSaMP comes from Needell’s work [24]; BP comes from the software package ¢1-MAGIC [25];
AMP comes from Kamilov’s work [26]; and GAMP comes from gamplab [27].

We do Q = 60 trials in each experiment and use the relative mean square error (RMSE):
E=1/Q x Z?:l |8 —x!||2/]|%*||2 as the performance metric. Set M = 128, N = 256 in these
experiments, except the last experiment. Define the sparsity-measurement ratio p = K/M and choose
K locations at random as the support of x. The amplitude of non-zero entry x; is independently drawn
from N(x;0,1). The signal-to-noise ratios (SNR) are calculated by SNR = 101log;,(||Ax||?/ (Mv)).

4.1. Zero-Mean Gaussian Projection Matrix Cases

In the first two experiments, the elements of A are independently drawn from N(a;0,1/N),
and the columns are normalized. The first experiment, termed the v test, investigates the
reconstruction performance versus noise power v. Fixing K = 20, the range of v is [10’6, 1075, 1074,
5x107%, 1073, 5 x 1073, 1072]. Figure 2a shows that four types (L = 2/4/6/8) of RtMpGAMP
perform the same as GAMP, better than OMP and CoSaMP and much better than BP and AMP.

04 : . . 035

—e—OMP

—e—OMP
CoSaMP
03| —*—BP
AMP

-~ GAMP
| | —2—RrMpGAMP-L2
—&—RrMpGAMP-L4
—+—RrMpGAMP-L6

—%—RrMpGAMP-L8

CoSaMP
[| ——BP
AMP

- GAMP
[ | —&—RrMpGAMP-L2
—&—RrMpGAMP-L4
| | —+—RrMpGAMP-L6

—¥— RrMpGAMP-L8

L . o + * + ¥
10 10° 10 102 102 20 25 30 35 40 45 50
v Sprsity

(a) (b)

Figure 2. Reconstruction performance comparison using the zero-mean Gaussian projection matrix.
(a) Noise power test; (b) Sparsity range test.

The second experiment, termed the sparsity test, investigates the reconstruction performance
versus sparsity K. Fixing SNR = 40 dB, the range of K is [20, 25, 30, 35, 40, 45, 50]. Figure 2b shows
that four types (L = 2/4/6/8) of ReMpGAMP all perform the same as GAMP when K < 45 or equally
p < 0.35. Notice that CoSaMP degrades obviously when K > 40, and RrMpGAMP-L4 is the best one
in the (M = 128, N = 256) setting, so we choose RrMpGAMP-L4 for the next three experiments.

4.2. More General Projection Matrix Cases

The third experiment investigates the reconstruction performance of various sparse projection
matrices. Define the sparsity ratio of matrix A as #; set the range of y to [0.1, 0.2,...,0.9]; and
fix K = 20, SNR = 20 dB. Figure 3a shows that RrtMpGAMP-L4 performs the same as GAMP when
7 > 0.2 and evidently better than the other four competitors.

For AMP and GAMP, although good performance can be achieved by zero-mean i.i.d. matrix A, it
tends to drastically decline even for a small positive bias. The fourth experiment, termed the 7 test,
shows this phenomenon. The elements of A are independently drawn from a Gaussian distribution
N(a;7v/N,1/N), where the mean is controlled by a positive parameter . Set the range of 7y to
[1, 1.6, 1.8, 2, 2.2, 2.4, 34, 3.6, 3.8, 4, 5, 10, 20, 40, 60, 80, 100], and fix K =20, SNR = 20 dB,
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Figure 3b shows that GAMP violently diverges at v = 2; AMP diverges at v = 4; but RrMpGAMP-L4
maintains good performance until v = 40. Although OMP, CoSaMP and BP also work well,
RrMpGAMP-L4 performs a little better than OMP and CoSaMP when v < 40 and obviously better
than BP.

:
—— —e—OMP
o 09 CoSamP
CoSaMP S
A AMP
* —————é’xap ] T ==~ GAMP
——RrMpGAMP-L4 or —+— RrMpGAMP-L4

—— RrMpGAMP-L4

Figure 3. Reconstruction performance comparison using three general form projection matrices.
(a) Sparse matrix test; (b) Non-zero-mean matrix test; (c) Strong correlated matrix test.

The fifth experiment, termed the « test, considers an even more troublesome setup for strong
correlated A, and the elements of A are neither normal nor i.id. distributed. Fixing K = 12,
SNR = 30 dB, the projection matrix is constructed by A = (1/N)PQ. The elements of P and Q
i.i.d. obey Gaussian distributions py,, ~ N(p;0,1) and gr» ~ N(q;0,1), where P € RMxR @ ¢ RRxN
and R £ |aN|. The variation of a changes the size of P and Q and changes the rank of matrix A. This
means A is low rank for « < M/N. Set the range of « to [0.2, 0.3,...,1.0]. Since GAMP totally diverges
(¢ ~ 10°) at every a, it is not visible in Figure 3c. This figure shows that RrMpGAMP-L4 keeps stable
even in low rank scenario & ~ 0.3, obviously better than AMP.

4.3. TomoSAR Imaging Application

The last experiment shows four TomoSAR imaging results. TomoSAR imaging is a spatial scatterer
distribution reconstruction problem [28]. SAR imaging algorithms can be categorized into two classes:
finding a dense solution and finding a sparse solution. The former is based on Nyquist sampling
theory and discrete Fourier transform, e.g., the Polar Format Algorithm (PFA) [29,30]; the latter is
based on compressed sampling theory and a sparse-induced algorithm, such as OMP. Tomography
in the SAR imaging is especially used in inferring forest structure from several acquisitions taken at
different view angles. The images are not sparse in that case. However, there are some reasons to
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motivate a compressed sensing TomoSAR radar, e.g., a target in a wild dry lake bed or the scatters of a
target are very sparse. We simply describe the TomoSAR imaging model. The two-dimensional spatial
spectrum of the TomoSAR echo is given by:

Y(f,0) :/x/yg(x,y) exp{—2jf(xcosf +ysinb)} (96)

where f = 271/ A is the spatial frequency, (x, y) is the position of a scatterer in the target coordinate, 6 is
the rotation angle between the radar coordinate and the target coordinate and g(x, y) is the scattering
coefficient. Using summation to replace integration, the discrete variables are: spatial frequency
f € CP, where P is frequency sampling number; rotation angle & € CS, where Q is the angle sampling
number; scattering coefficient vector x € CV, which is composed of g(x,y); where N > P x Q is
the pixel number of a TomoSAR image; received echo signal y € CM; and complex Gaussian noise
e € CM, where M = P x Q. The linear system form of Equation (96) is the same as Equation (1).
Define F(p,q,n) = exp{—2jfy(xn cos 05 + y sin6,)}, and then:

F(1,1,1) F(1,1,2) --- F(1,1,N)
F(PAY) F(PA2) - F(PLN)
. FLQY F1L,Q2) - FLQN)
F(P,Q1) F(P,Q2) - EPQN)

Because the scatterers are very sparse, it is feasible to randomly draw some rows from A to
decrease P and Q, and to transform the TomoSAR imaging into a CS problem.

In this experiment, the TomoSAR echo data comes from a real-world crawler crane. P = 101
frequency samples are spaced drawn from the 1(GHz) bandwidth centered at carrier frequency
fe = 9(GHz); Q = 101 angle samples are spaced drawn from 87.5° ~ 92.5° centered at 90° azimuth.
The total pixels number is N = P x Q. We draw M = |0.5N| rows from A randomly. Since
the measurements number M is usually chosen to be O(KlogN), K can be estimated roughly as
™M/ log N; we set K = 50. Note that the elements of A and y are complex, so the prior of non-zero
elements in x should be complex, as well.

PFA

RrMpGAMP-L6

4 4
E?2 E?2
%0 g0
IS I
x 2 x 2
-4 -4
E -5 0 5 5 0 5
s Azimuth (m) Azimuth (m)
3 CoSaMP GAMP
-
4 4
E2 B
%0 g0
g g
x 2 x 2
-4 -4
5 0 5 5 0 5
Azimuth (m) Azimuth (m) Azimuth (m)
€Y (b)

Figure 4. TomoSAR imaging results comparison using four Compressed Sensing (CS) algorithms
and Polar Format Algorithm (PFA) algorithm as a reference. (a) PFA reconstructed image; (b) CS
reconstructed images.

Use the PFA imaging result in Figure 4a as the reference, and compare OMP, CoSaMP and GAMP
to RrMpGAMP-L6. Figure 4b shows that CoSaMP and GAMP cannot recover the TomoSAR image;
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OMP and RrMpGAMP-L6 work well, but RrMpGAMP-L6 performs a little better than OMP; see the
reconstructed bottom margin. RrMpGAMP-L6 recovers a more continuous segment than OMP.

5. Conclusions

While the AMP/GAMP algorithm has been shown to be a very good approach for sparse signal
recovery, it is also sensitive to problems that deviate from its assumption. In this paper, we propose
the stable RrMpGAMP algorithm, which matches GAMP’s accuracy, performs better than AMP and
GAMP, and remains robust to various projection matrices, with a small memory footprint. We use the
replica method to analyze the FsGAMP algorithm, which is embedded in the RrMpGAMP algorithm,
and find that enlarging the variance range of the elements of the sensing matrix does not break the
convergence property of FSGAMP. We also obtain the convergence conditions of FSGAMP. Experiments
confirm that our proposed algorithm performs very well in simulation and practical problems for
which AMP and GAMP cannot be applied. In all cases, RrMpGAMP provides better performance as
compared to BP, OMP and CoSaMP. Exact analysis of the RrMP algorithm remains an open problem
for future work.
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Appendix

We derive Sum-Product FsGAMP briefly. The message from the factor node to the variable node
has been defined as Equation (11), and the message from the variable node to the factor node has been
defined as Equation (12). For the simplicity of description, we rewrite the symbols as follows:

u

Ak (%) = log [ / Pyulz (Y| AmicXi +Eﬂ amjxj) X [ [z oxp (Bumej(t, x]-))] +c (Al

{xj}j2k

s

M
Apei(t+1,x) £ log pg (i) + )iy, Bimsi (8, 36) + (A2)

where m := fy;, k := xy,, xx == xy,, Xj 1= XUy Ak 2= AUy, Amj *= amu].,j = XU Py P Py i:=f
T := |U|. Furthermore, we omit the superscripts |U| and M in the follow up of the derivation.

Appendix Al. Message from the Factor Node to the Variable Node

Define:
Zim = QX + Zj#k X (A3)
For the GAMP algorithm, the Central-Limit Theorem (CLT) makes z,, conditionally Gaussian for
large N, i.e.,
Z| Xk ~ N (23 @i+ Pk (1), vy (1) (Ad)
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where:
)£ Yty iti(t) (A5)
7k
£) 2 Y [amj v (1) (A6)
j#k

In contrast to GAMP, FsGAMP not only works for a large N, but also works for a small N, because
we embed FsGAMP into the RrMP algorithm, and the RrMP’s pursuit is sequential. Although CLT is
not be satisfied, the RrMP’s pursuit means that all of the amplitudes that are supported on the pursued
indexes are non-zero. As long as we assume that these amplitudes obey a Gaussian distribution
independently, the linear weighted sum of these amplitudes also obeys a Gaussian distribution.
Therefore, Equations (A4)-(A6) are still available. Now, we have:

Ak (t, xp) =~ log [/z,,, Pylzm (Y |2m )N (Zm; QX + ﬁmk(t),vf;k(t))} +c (A7)
and we define:
H (@i + Dok (1), Y, Vi (1)) £ log UZ Pymlzn YmZm)N (Zm; amrxy + ﬁmk(f)/v,’;k(t))} (A8)
In order to eliminate the dependence on the subscript m of the H(-, -, -) function, define:
t) = Zﬂmjfmj(t) (A9)
]

£ Y lamj Py (1) (A10)
)
and then plug them into Equation (A7):

Ak (%) & H(ayi (X = Rk (1)) + P (8), Yo, vy (1)) + ¢ (A1)
= H(ayk (x5 — 2(£)) + P (t) + O(1/T), ym, vin(t) + O(1/T)) + (A12)

where we assume xy is O(1), a,, is O(1/+/T) and i.i.d. drawn from a zero-mean distribution, such that
zm is O(1). Based on these assumptions, other scales are defined for the sequential derivation. We list
all the scales in Table A1l.

Table Al. FsGAMP variable scales.

Variable Order Variable Order Variable Order
Lac(t)  O(1) vy () O(1) fmk(t)—fk(t) O(1/VT)

Rk (t) 0(1) Vi (t) O(1) m(t) —V;Z( ) O(1/T)
Puk(t)  O() v () O(1) Pmk( )= pm(t)  O(/VT)
i(t) 0(1) vi(t) O(1) Pt )—Vm( ) O(1/T)
Zm(t) 0(1) (1) Oo(1) ﬂmk(xk(t) — Zu(t))  O(1/T)
pu(t)  O()  vi(t)  O(1)
gu(t)  O(1)  wvp(t)  O()

It is worth noting that the assumption of x; and a,,x can be adjusted to other orders, leading to
other derivation forms.
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Applying the second order Taylor-series expansion to Equation (A12), dropping higher order
terms and dropping O(1/T) perturbations of the H'(-,-,-) and H"(-,-,-), since p(t) and v},(t) are
O(1), we get:

Ak (t, %) ~ H (P, Y, vin (1))
+ Ak (X = () H' (P (), Y, Vin (1))
1 . A
+ E\ﬂmk|2(xk — £(1))2H" (P (), ym, vin () + ¢ (A13)
where H'(-,-,-) and H" (-, -, -) are the first derivative and second derivative of function H(-, -, -) with

respect to the first argument.
Define:

(>}

m(t) = H/(ﬁm(t)/]/mfl’fvz(t)) (A14)
U (1) = H//(ﬁm(t)/ymrvﬁq(t)) (A15)

and notice that H(py (t), ym, vix(t)) is a constant w.r.t. variable x;, such that it can be dropped; then,
Equation (A13) can be rewritten to:

n A 1
A (b xk) &[S () + Vi (8) | @mic | 21 () | % — S5, () | @k *xf + ¢ (Al6)

2
It can be seen that Equation (Al6) is a quadratic form, which means the PDF function
L exp(A,_k(t x;)) can be approximated as a Gaussian distribution.
Now, simplify Equations (A14) and (A15) further. Denote:

H(p,y,v") 2 108 | [ pya(ylIN (z: p7) (A17)
and then:
e] 1 G
H/ A/ s P 1 / T VP
(p y,v ) aﬁ og py\z(y|z) \/27_[76 2
o P (log py (v12))~ 25+ 5
= — R — lz y Z)) v +l/
a;a{ 2uP+1°g/f ’ w7+ |
P /Ze(logpyz(w))ffﬁf;l
ST ez v
__P . / Pyz(y12) (Z p.vP) (A18)
ARTNAY) Pylz ([N (u; p, vP)
1 . .
= -5 ([E{zly, p,v"} = p) (A19)
where the -PeWENEPY) o in Equation (A18) is a probability density function.

Ju Py )N (usp,07)
In the similar way, and using the property of variance var{u} = E{u?} — (E{u})?, we obtain:

. 1 var{z|y, p,vP}
" Py = — — Sl Sl VA4 A
H'(p,y, %) = —— (1 L) (A20)
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Recover the time index (t) and subscript m; we denote the first two moments of intermediate
random variable z,, as:

2 (t) £ B{zm|Ym, P (1), v (£)} (A21)
vy () £ var{zm |ym, pm(t), vin(t)} (A22)

They are the output function gout(-, -) in Line 7 of Algorithm 2.
Appendix A2. Message from the Variable Node to the Factor Node

Plug Equation (A16) into Equation (A2); we have:

Ak (t+1,x5) = 1og prg () + Y Ajie(t, x5) + ¢

i#m
N 1
~ log pw (xi) + Y [8i(t)an + vi (8) g £e(8)] 3 — S (#)ag|*xf + ¢
i#m
_ 1 5 2
= log px (xk) 27 ) (k= Pk (£))" + ¢ (A23)
where:
vh(8) £ ;25 (A24)
Zi#m|aik| Vi (t)
Punkc(£) = Re(£) + v (8) Y agdi (A25)

i#£m

they are O(1) quantities. Observe the form of Equation (A23); it implies a PDF function
px(x)N(X;?mk(t)rV:nk(t))

T PN i (O () We can write the first moment of this PDF function:

R (E+1) 2 E{ag Py (), 07, (8)} = /xxf’];(:zlj)v/\(fi Pk (()) ] ()t))) (A26)

This form is very similar to the integration in Equation (A18). Therefore, if we define
another function:

V) & log/ px ()N (x;7,0") (A27)
X
it is very similar to Equation (A8), and we can obtain:
1
G'(FV) = — (E{x|?, vy — ?) (A28)
. 1 /var{x|?,v"
G (1) = — (%} - 1) (A29)

from the same derivation as Appendix Al.
Denote the form of Equation (A26) as:

(A30)

ﬁ)<
Q\/

0L

)

then, from Equation (A28), we have:

gin(?,V") =P+ V"G (?,0") (A31)
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For Equation (A31), differentiate w.r.t. # and plug in Equation (A29); we have:
1
g V) =1+V"'G"(7,V") = anr{xﬁ',vr} (A32)

Now, we get:
var{x|?,v"} = v'¢l (V") (A33)

Recover the time index (t) and subscript mk, and rewrite Equation (A26) and (A33) as:

E{xk|?mk(t)rvz1k(t)} = fmk(t + 1) ~ gin(?mk(t)lvrrnk(t)) (A34)
var {xi| Pk (1), Ve (1) } = Vi (£ + 1) = v ()i (Paaie (8), v (1)) (A35)

In order to eliminate the dependence on the subscript m of Equation (A34), we define:

1
vi(t) & ——— A36
e zi|aik|2v$<t> )
Pre(t) = 2e(t) + vp(t) Zalks (A37)
and assume v}, (t) ~ v[(t); using the first order Taylor-series expansion, we have:
Lok (t+1) 2 gin Pk (1), Vi (1))
~ Qin (Pk(t) — amicdm (H)vi (£), v ()
~ &in(Pi(t), V(1)) — @k () Vi (£)&in (Pr(£), v (1)) (A38)
For simplicity, define:
2e(t+1) £ gin(Fi(t), vi(t)) (A39)
vi (1) 2 v () gin (Fi (1), vi (1) (A40)
then, Equation (A26) is £, (t +1) ~ £ (t +1) — a,ySm (t)vi(t+1).
Finally, p,,(t) in Equation (A9) and v}, (t) in Equation (A10) can be rewritten as:
Pn(t+1) = Y i (t+1) 2 Y @ (¢+1) = S (8) Y|P (£ + 1) (A41)
) ) ]

anddefmev (t+1) = Z]|am]|2 X(t+1). We close the loop.
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