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Abstract

We consider the problem of signal estimation in
generalized linear models defined via rotation-
ally invariant design matrices. Since these ma-
trices can have an arbitrary spectral distribution,
this model is well suited for capturing complex
correlation structures which often arise in appli-
cations. We propose a novel family of approxi-
mate message passing (AMP) algorithms for sig-
nal estimation, and rigorously characterize their
performance in the high-dimensional limit via a
state evolution recursion. Our rotationally invari-
ant AMP has complexity of the same order as
the existing AMP derived under the restrictive
assumption of a Gaussian design; our algorithm
also recovers this existing AMP as a special case.
Numerical results showcase a performance close
to Vector AMP (which is conjectured to be Bayes-
optimal in some settings), but obtained with a
much lower complexity, as the proposed algo-
rithm does not require a computationally expen-
sive singular value decomposition.

1. Introduction

We consider the problem of estimating a d—dimensional
signal * € R from an observation y € R™ obtained via
a generalized linear model (GLM) (McCullagh & Nedler,
1989). Specifically, given a design matrix A € R"*¢ with
TOWS @y, ...,a, € R, the observation y = (y1,...,%n)
is generated as

yi = q({a;,x*), €;), fori=1,...,n, ()
where (a;,z*) = a]z* denotes the Euclidean inner prod-
uct, € = (e1,...,&,) is a noise vector and ¢ : R> — R
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is a known function. The model (1) covers many widely
studied problems in statistical estimation and signal pro-
cessing: examples include linear regression (Donoho, 2006;
Eldar & Kutyniok, 2012) (y; = (a;,x*) + €;), phase re-
trieval (Shechtman et al., 2015; Fannjiang & Strohmer,
2020) (y; = |(a;, 2*)|* + ;). and 1-bit compressed sensing
(Boufounos & Baraniuk, 2008) (y; = sign({a;, x*) + &;)).

A range of estimators based on convex relaxations, spec-
tral methods, and non-convex methods have been proposed
for specific instances of GLMs, such as sparse linear re-
gression (Tibshirani, 1996; Candés & Tao, 2007; Hastie
et al., 2019), phase retrieval (Netrapalli et al., 2013; Candes
et al., 2013; 2015; Mondelli & Montanari, 2019; Luo et al.,
2019; Lu & Li, 2020) and one-bit compressed sensing (Plan
& Vershynin, 2012; 2013; Jacques et al., 2013). Most of
these techniques are generic and can incorporate certain
constraints like sparsity, but they are not well-equipped to
exploit specific information about *, e.g., a known signal
prior.

Approximate message passing (AMP) is a family of iter-
ative algorithms that can be tailored to take advantage of
structural information known about the signal. AMP al-
gorithms were first proposed for estimation in linear mod-
els (Kabashima, 2003; Bayati & Montanari, 2012; 2011;
Donoho et al., 2009; Krzakala et al., 2012; Maleki et al.,
2013), but have since been applied to a range of statistical es-
timation problems, including generalized linear models (Bar-
bier et al., 2019; Ma et al., 2019; Maillard et al., 2020; Mon-
delli & Venkataramanan, 2021a; Rangan, 2011; Schniter
& Rangan, 2014; Sur & Candes, 2019) and low-rank ma-
trix estimation (Deshpande & Montanari, 2014; Fletcher
& Rangan, 2018; Kabashima et al., 2016; Lesieur et al.,
2017; Montanari & Venkataramanan, 2021; Barbier et al.,
2020). An attractive feature of AMP is that under suitable
model assumptions, its performance in the high-dimensional
limit is precisely characterized by a succinct determinis-
tic recursion called state evolution (Bayati & Montanari,
2011; Bolthausen, 2014; Javanmard & Montanari, 2013).
Using the state evolution analysis, it has been proved that
AMP achieves Bayes-optimal performance for some mod-
els (Deshpande & Montanari, 2014; Donoho et al., 2013;
Montanari & Venkataramanan, 2021; Barbier et al., 2019),
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and a conjecture from statistical physics posits that AMP
is optimal among polynomial-time algorithms. The above
works, including the original GAMP algorithm (Rangan,
2011) for estimation in GLMs, all assume that the matrix A
defining the model is i.i.d. Gaussian. While some of these
results can be generalized to the broader class of i.i.d. sub-
Gaussian matrices via universality arguments (Bayati et al.,
2015; Chen & Lam, 2021), the i.i.d. assumption limits the
applicability of AMP in practice. In this paper, we present
an AMP algorithm for generalized linear models defined
via a rotationally invariant design matrix A. The class of
rotational invariant matrices includes Gaussian matrices, but
is much bigger. Rotational invariance only imposes that the
orthogonal matrices in the singular value decomposition of
A are uniformly random, and allows for arbitrary singular
values. Hence, A is able to capture a complex correlation
structure, which is typical in applications.

Main contributions. We propose an AMP algorithm for
GLMs with rotationally invariant design matrices. The algo-
rithm, which we call RI-GAMP, uses a pair of multivariate
‘denoising’ functions to produce an updated signal estimate
in each iteration. The iterates depend on the free cumulants
of the spectral distribution of the design matrix. Assuming
that these free cumulants are known (e.g., via the spectral
distribution), the complexity of RI-GAMP is of the same
order as that of the standard GAMP algorithm (Rangan,
2011). Moreover, when the design matrix is i.i.d. Gaussian,
RI-GAMP reduces to standard GAMP. Our main technical
contribution is a state evolution result for RI-GAMP (The-
orem 3.1), which gives a rigorous characterization of its
performance in the high-dimensional limit as n,d — oo
with a fixed ratio § = n/d, for a constant § > 0. We also
present numerical simulation results for linear regression
and 1-bit compressed sensing, showcasing the performance
of RI-GAMP on both synthetic data and images. The per-
formance of RI-GAMP closely matches that of Vector AMP
(Rangan et al., 2019; Pandit et al., 2020) (which is conjec-
tured to be Bayes-optimal in some settings), but obtained
with much lower complexity, as RI-GAMP does not require
computing the singular value decomposition of A.

RI-GAMP offers a flexible framework to analyze other esti-
mators for GLMs, e.g., spectral methods. Standard GAMP
has been used as a proof technique to study the distribu-
tional properties of linear and spectral estimators under
Gaussian model assumptions (Mondelli et al., 2021; Mon-
delli & Venkataramanan, 2021a). An exciting research di-
rection is to use RI-GAMP to analyze spectral estimators for
rotationally invariant GLMs in the high-dimensional limit.

Proof idea. The key idea in establishing the state evolu-
tion result is to design an auxiliary AMP algorithm whose
iterates are close to those of RI-GAMP. The auxiliary AMP

is an instance of the abstract AMP iteration for rotation-
ally invariant matrices analyzed in (Fan, 2021; Zhong et al.,
2021), hence a state evolution result can be obtained for
it. We then show that each iterate of RI-GAMP is close
to one of the auxiliary AMP, and use this fact to translate
the state evolution result for the latter to the RI-GAMP. We
emphasize that the auxiliary AMP only serves as a proof
technique. Indeed, it is initialized using the unknown signal
x*, and therefore cannot be used for estimation.

RI-GAMP vs. Vector AMP. Vector AMP (VAMP) is
an iterative algorithm (based on Expectation Propagation)
for estimation in rotationally invariant linear (Rangan et al.,
2019; Takeuchi, 2020; 2021b) and generalized linear models
(Schniter et al., 2016; Pandit et al., 2020). Like RI-GAMP,
VAMP can be tailored to take advantage of prior information
about the signal and its performance can be characterized
by a state evolution recursion. It is also shown in Rangan
et al. (2019); Pandit et al. (2020) that the asymptotic esti-
mation error of VAMP (with optimal denoising functions)
coincides with the replica prediction for the Bayes-optimal
error whenever the state evolution recursion has a unique
fixed point.

The RI-GAMP algorithm proposed here is distinct from
VAMP, and the associated state evolution recursions are
also different. Let us highlight some attractive features of
RI-GAMP. First, RI-GAMP does not require the computa-
tionally expensive (O(d?)) singular value decomposition
used in VAMP. Instead, it uses the free cumulants of the
design matrix which can be estimated in O(d?) time (details
on p.4). We confirm via numerical simulations that the com-
plexity advantage of RI-GAMP over VAMP is significant
and increases with the problem dimension (see Figure 4).

The state evolution result (Theorem 3.1) for RI-GAMP holds
under mild assumptions on the denoising functions (see
(A1) on p.5), while the analysis for VAMP requires slightly
stronger conditions, e.g., the denoising functions and their
derivatives need to be uniformly Lipschitz continuous. The
numerical results in Section 4 show that the performance of
RI-GAMP matches that of VAMP, except near parameter
values corresponding to a phase transition in the estimation
error.

Other related work. Orthogonal AMP (Ma & Ping,
2017) is an algorithm equivalent to VAMP for estimation in
rotationally invariant linear models. Cakmak et al. (2016)
proposed a variant of Expectation Propagation (an algorithm
closely related to VAMP) for rotationally invariant GLMs.
Ma et al. (2021) recently studied the performance of Ex-
pectation Propagation for rotationally invariant GLMs, and
analyzed the impact of the spectrum on the estimation perfor-
mance. VAMP has also been used to obtain the asymptotic
risk of convex penalized estimators for rotationally invariant
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GLMs (Gerbelot et al., 2020a;b). A few lower complexity
alternatives to VAMP have been proposed recently, includ-
ing convolutional AMP (Takeuchi, 2021a), Memory AMP
for linear models (Liu et al., 2020), and Generalized Mem-
ory AMP for GLMs (Tian et al., 2021). The phase retrieval
problem (which is a special case of a GLM) has been stud-
ied for design matrices with orthogonal columns, a model
distinct from the rotationally invariant one considered here
(Dudeja et al., 2020a;b). Finally, we mention that AMP
has also been applied to low-rank matrix estimation with
rotationally invariant noise (Opper et al., 2016; Cakmak &
Opper, 2019; Fan, 2021; Zhong et al., 2021; Mondelli &
Venkataramanan, 2021b).

2. Preliminaries

Notation and definitions. For n € N, we use the short-
hand [n] to denote the set {1,...,n}. Given a vector x,
we write ||| for its £3 norm. All vectors are treated as
column vectors. Given x = (z1,...,24), we denote by
() its empirical average % Z?:l x;. The empirical distri-
bution of « is given by 525:1 0,, where §,, denotes a
Dirac delta mass on x;. Similarly, the joint empirical distri-
bution of the rows of a matrix (!, z2,...,x") € R¥**is
é Zle 6(a1,....at)- Given a matrix A, we denote by (A); ;
its (¢, j)-th element. For a square matrix M, we follow the
convention that M is the identity matrix.

W, convergence. We write (x!, ..., ") Wa,
(X1,...,X)) for the convergence in Wasserstein-2
distance of the joint empirical distribution of the rows of
(xt,22,..., %) € R¥** 1o the law of the random vector
(X1,...,Xk). Equivalently (Feng et al., 2021)[Corollary

7.4], for any L > 0 and function ¢ : R¥ — R that satisfies
[(u) = ()| < Lllu = v (1 + lul| + [v]) @

for all u, v € R¥, we have

d
lim ;;w<w37...w?> —E@(X,... X)) 0)

d—o0

A function satisfying (2) for some fixed L > 0 is called a
pseudo-Lipschitz function of order 2.

Rotationally invariant generalized linear models. The
n X d design matrix A is formed by stacking the sensing
vectors @y, ..., a,, i.e., A = [ai,...,a,]". We assume
that A is bi-rotationally invariant in law, i.e., A = OTAQ,
where A = diag(\) is an n x d diagonal matrix containing
the singular values of A, and O, Q are Haar orthogonal
matrices independent of one another and also of A. As
d — 0o, we assume that n/d = ¢, for some constant § > 0.
The matrix A is independent of the signal * € R<, and

the noise vector e € R™. The observation y € R" is
generated according to (1). We assume that there exist
random variables X, , e with finite second moments such

that * &) X, and e &) € as n — oo. Furthermore, we
assume that the empirical distribution of A converges weakly
almost surely to a compactly supported random variable
A. We denote by {2y }x>1 the rectangular free cumulants
associated with the moments {mgy, }x>1, where moy, is the
k-th moment of the empirical eigenvalue distribution of
AAT (for details, see (34)-(35) in Appendix A). For 6 > 1,
let A be a mixture of A (w.p. 1 /9) and a point mass at
0 (w.p. 1 —1/8); for 6 < 1, we set A = A. Then, the
assumptions above imply that as n, d — oo, mop — Mo =
IE{]\%} and Kkop — Rox almost surely, where {moy }r>1
and {Ra } r>1 are the even moments and rectangular free
cumulants of A.

3. Rotationally Invariant Generalized AMP

Algorithm. We propose the following rotationally invari-
ant generalized AMP (RI-GAMP) to estimate =* € R? from
the observation y € R™ and the design matrix A € R"*,
For ¢t > 1, compute:

t—1
T i ot
z'=A th B 2°, &' = fi(z',. ..
i=1

t
t ot j t+1 1 t
r'=Ax" — E o St st =h (et et y).
=1
&)

The iteration is initialized with s* = h(y) andz' = AT s!.
Fort > 1, the functions f; : R® — Rand ks, : R“TT — R
are applied row-wise to vectors and matrices. The scalars
{eau;}i_; and {B;; }iZ] are obtained in terms of two lower-

triangular matrices W, ,, ®,,; € REFDX(E+) - These
matrices are defined as
0 0 0 0
0 @&y o0 ... 0
W, = |0 (h@%) (%27 0 |,
0 (hz') (9" (9,2
0 0 0 0
(Dy8") 0 0 0
(I)t+1: <5g82> <8152> 0 0 , (6)
(9y8")  (018") (Op—18") 0

where for k € [t], the vector dp&" € R? denotes the
partial derivative Oy, fi(x1,...,2:) applied row-wise to
&' = f,(x',... xt). Similarly, the vector d;s' € R" de-
notes the partial derivative 0,, h¢(r1,...,7:—1,y) applied
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row-wise to 8¢ = hy(rl,... P71 y). Recalling that

y = q(g,¢), we can view hy(r1,...,7:—1,9(g,€)) as a func-
tion of (¢ + 1) variables, with Ogh¢(r1,...,7¢—1,9(g,¢€))
being the partial derivative with respect to g. For ¢ > 1, the
vector 9, s" denotes this partial derivative applied row-wise
to st = hy(r',...,7"71 q(g,€)), and the vector 9,s' is
defined via the partial derivative dgh1(g(g, €)). Next, recall-
ing that {kax }x>1 denote the rectangular free cumulants,
define matrices M¢,;, M}, € RUTDX (1) g5

t+1

a J
M, = Z Ka(j+1) Yip (‘I’t+1‘1’t+1) ) (7
7=0
i j
Mf+1 = 52 Ra(j+1) Prt1 (‘I’t+1<1>t+1) . ®)
7=0

Then, the coefficients {cv; }i_; and {ﬁm 1n (4)-(5) are
obtained from the last row of M, ; and M t11 as:

(a1, oyape) = (MG )12 -5 (M) e41,041 )s
9)

Bits- s Bra1) = (M2 iz, ooy (M2 D)igr)-
(10)

Estimating the free camulants. From the definitions of
{ag; }i_, and {By; }iZ] above, it follows that we need the
free cumulants {ro(;41) }34:'%) to compute the first ¢ iterates
of RI-GAMP in (5). These free cumulants can be recursively
computed from the moments {m ;1) }% of the spectral

distribution of AAT, using the formula (35) in Appendix A.
The moments {ma(; 1) }; £+ can be estimated in O(d?) time
via the following simple algorithm proposed by Liu et al.
(2020). Given A € R"*9, pick an independent standard
Gaussian vector s° ~ N(0, In), and for £ > 1, compute

= AT for odd k and s* = As*~! for even k.
Then, ”S I® is a consistent estimate of the k-th moment of
the spectral distribution of AAT. Thus, the complexity of
estimating the free cumulants is of the same order as one
iteration of RI-GAMP.

State evolution. The coefficients {ay; }¢_, and {8 }/Z]
play a crucial role in debiasing the AMP iterates, ensur-
ing that their limiting empirical distributions are accu-
rately captured by state evolution. Indeed, Theorem 3.1
shows that the joint empirical distribution of (g, r!,. .., r?)
converges to a (¢t + 1)-dimensional Gaussian distribution
N0, 11). Similarly, the joint empirical distribution of
(' — fi1x,. .., ¢t — fi;x) converges to a t-dimensional
Gaussian N (O Qt) We define the covariance matrices
Q;,3; € R and the vector i, = (fi1, ..., fiz) recur-

sively for ¢t > 1, starting with
2 = RB{X7}, @y = 0R2 B{9yM1(a(G, )},
= 0RoB{ (q(G,2))*} (11)
+ R E{ X2 HE{0,h1(a(G,€))})?,
where G ~ N (0, koE{X?2}) is independent of ¢. Here, X,

is the law of the limiting empirical distribution of the signal,
as defined in Section 2. For ¢ > 1, given p,, Q.. 3, let

(G7R17"'7Rt71)NN(072t)7
Sy =hi(R1,...,Ri—1,Y), whereY = ¢q(G,e), (12)
(X1,... Xp) = 1, Xo + (Wi, ..., W),

where (W71, ..., W;) ~ N(0,€2;) is independent of X,
Xy = fi(Xy1,... Xy). (13)

Let Ay, Ty € REFDXEHD) be symmetric matrices
with entries given by

(Asi1)1i = (Ayg1)i1 =0,

(Avi1)iv1,j+1 = E{S:iS;}, d,5€t], (14
(Tiy1)11 = B{XZ},

(ft+l)1 +1 — (f‘t+1)i+1,1 = E{X*X’L}7
(Te1)irnjon = B{X,X;}, d,jelt)l.  (15)

Furthermore, let ¥, 1, ®;,; denote the deterministic ver-
sions of the matrices ¥, 1, ®,1 in (6), obtained by replac-
ing the empirical averages by expectations. Specifically, to
obtain \ilt_H, <:1’>t+1 we replace the entries as follows:

() = E{0pX;} = B{0x, f:(X1,..., X:)},

<5‘kst> — E{@kSt} = E{aRk ht(Rlv tey Rt—lv q(G7 6))}7

(8g5t> — E{agSt} = E{aght(Rl, ey Rtfl, q(g, E))‘gzg}.
(16)

‘We now describe how 2t+1, Qt+17 ;1 are computed from
3, Q4 1, Given X, Q4. 1,, we can evaluate the ma-
trices At+1, I‘t+1, \Ilt+1, (I>t+1 From these, we compute
Et—i-l c R(t+l)><(t+1) as

2t+1

> Fagen B, (17)

=0

i1 =
where Eg_)l = f‘t+1, and for j > 1:

. L o L j—i
E§£1 = Z(‘I’t+lq’t+l)z | WS ((‘I’t+1‘1’t+1)T)
i=0
izl _ L _ _T _ _ j—i—1
+Z(‘I’t+1 D)W 1 APy ((‘I’t+1 ‘I>t+1)T) :
i=0
(18)
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Recalling that 3, is the covariance of (G, Ry, ..., R;),
we can now compute A, o, &, o € REF2)x(142), Usmg
these, we define a symmetric (¢ + 2) x (¢ + 2) matrix € ,,
whose first row and column equal zero and whose lower
right (t 4+ 1) x (¢ + 1) submatrix equals Q; ;. Specifically,

2(t+1)

Q:&+2 =9 Z ’_i2(j+1)®,(:i)2, (19)
§=0

where @E% = A, and for j > 1:

J L
, o L o j—i
Oy =D (@140, 1) A ((q’t+2‘1’t+2)T>
i=0
izt 1 oo - j—i—1
+Z("I)t+2‘1’t+2)l Dy ol 2P, ((‘I%+2‘I’t+2)T) .
i=0
(20)

Then, the entries of the covariance matrix Qt+1 €
REFDXEHD) are given by:
(Q41)ij = (Qso)ivrjr1, bi€t+1. QD

Finally, we compute the mean parameter

fig1 = (Mf+2)t+2 - where
t+1
Mt+2 = 52 Ka(j+1) ‘I)t+2 (‘I’t+2‘1’t+2) . (22)
7=0

Though the formulas for @t o in (20) and M’ 1o in (22)
contain ]__‘t_;,_g and ‘I’t+2, the last rows and columns of these
matrices are zeroed out in the computation (due to the form
of Ao and ®;, ). Therefore the formulas depend only
on the top left submatrices of T'; ;5 and \Ilt+2, namely, | A
and \Ilt+1 We also note that the matrices €, and X; are
the top left submatrices of €, and X, 1, respectively.
Similarly, the mean vector 1, ; is obtained by appending

Hit1 to [y

Main result. Having defined the state evolution recursion
to compute i, ¢, X (which specify the joint distributions
in (12)-(13)), we are ready to state our main result. We
make the following assumption on the functions f;, h; used
in the AMP (4)-(5), for ¢t > 1:

(A1) The functions fo( X1, .., Xy) and
hi(Ry,...,Ri—1, ¢(G,e)) are Lipschitz in each
of their arguments. The partial derivatives
8kat((X1, cee ,Xt)), 6G}Lt(R1, e 7Rt—17 q(G,E)),
and Or, hi(R1,. .., Ri—1, ¢(G,€)) are all continuous
on sets of probability 1, under the laws of (X7 ..., X;)
and (G, Ry, ..., Ri_1) given in (12)-(13).

Theorem 3.1. Consider a rotationally invariant generalized
linear model with the assumptions in Section 2 and the AMP
(4)-(5) with the assumption (A1) above. Let ) : R**t1 - R
and ¢ : R**t2 5 R be any pseudo-Lipschitz functions of
order 2. Then for each t > 1, we almost surely have

1 d
: 1 t 41 ~t *
lim 75 LT G I N N
n—oo d 4 ~
i=

:E{w(Xla7Xt7X1aaXt; X*)}a (23)
N 1 t .1 gtt1
nh—{r;oﬁqu(ri’n"ri’Si’“" T Y)

=E{é¢(R1,...,Re, S1,-.-,St41, Y)}, 24)

where the random variables on the right are defined
in (12)-(13). Egquivalently, as n — oo, the joint em-

pirical distributions of (x',... ,x', &' ... &' x*) and

(rl,... et st L st y) converge almost surely in
Wasserstein-2 distance to (X1,..., X, X1, X, X, )
and (Ry,..., R, S1,...,5t41,Y), respectively.

The proof of the theorem is given in Appendix D, and we
provide a proof sketch in Section 5. When the design matrix
A has i.i.d. N(0,1/n) entries, we have kg = § and Ray, =
0 for £ > 2. In this case, the RI-GAMP (4)-(5), with
denoising functions of the form f;(x') and hyy1(rt, y),
reduces to the existing GAMP algorithm (Rangan, 2011).
The state evolution recursion also reduces to that of GAMP
(see, e.g., Section 4 of (Feng et al., 2021)). This opens up an
exciting research direction on using RI-GAMP to generalize
results where GAMP has been used as a proof technique
under Gaussian model assumptions. One example is to
determine the distributional properties of spectral estimators
for rotationally invariant GLMs.

MSE and correlation. The result (23) readily leads to
the evaluation of the usual quantities of interest, such as the
mean squared error (MSE) and the normalized squared cor-
relation. Indeed by taking z/)( &k, 1) = (2t —x7)?, we have
that 12" — z*|3 — ]E{(Xt X,)? } for each ¢ > 1. Fur-
thermore, by taking ¢ (2!, x7) = &t x} (i’f) = (21)? and
blap) = (a7)% we have that |(@', ") /(&' 2]l2" |2

K2

tends to (E{X; X, })2/(E{X2}E{X2}).

Empirical state evolution parameters. We can define
empirical versions of the state evolution parameters, de-
noted by 31, Q¢41, py 1, by replacing W, B, AL, Ty
(k € {t+ 1,t + 2}) with ¥y, Py, Ak, T in (18), (20),
and (22). The latter matrices are computed using empirical
averages instead of expectations: ®,, ¥, are defined in (6)
and for Ay, I'y;, we replace the expectations E{.5;S; } and
E{X;X,} in (14)-(15) by (s?,s7) /n and (&', &7)/d. The
expectations E{ X, X;} in T, can be estimated for the case
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of posterior mean denoisers using the identity in (57). The-
orem 3.1 gives that the empirical versions of these matrices
converge to the deterministic ones almost surely, and there-
fore, 3y 11 — Bpy1, Qe — Qiyr, and py o — iy, .
For the simulations in Section 4, RI-GAMP is implemented
with state evolution parameters empirically estimated, as
this choice leads to more stable numerical results.

Initialization. Note that the algorithm is initialized with
x' = AThy(y). If this initialization is not effective, in
the sense that %(ml, x*) — 0, then state evolution remains
stuck at a trivial fixed point, i.e., iy = 0 for all ¢, and
all the iterates produced by RI-GAMP are not correlated
with the signal.1 To address this issue, we can assume to
be given an initialization a!, which is correlated with *,
ie., L(x! x*) = a > 0, and independent of A. Theo-
rem 3.1 still holds for such an initialization, with the only
change being in the initialization of the state evolution re-

. w. .
cursion. Suppose that ! —% X for a random variable

X satisfying E{X;X,.} = a. Then, in the state evolu-
tion initialization (11), we set fi; = E{X;X,} = a and
Q; = E{(X; — f1; X.)?} (the parameter 3; is unchanged).
This ensures that state evolution is not stuck at a trivial fixed
point. A practical alternative to assuming an informative
initialization is to initialize AMP with a spectral estima-
tor. Analyzing RI-GAMP with spectral initialization is an
interesting direction for future research.

Choice of denoisers. The performance of RI-GAMP is
determined by the functions { f;, h¢+1}+>1. A key question
is how to choose these functions to optimize the estimation
performance. Given any choice of {f;, hyy1} satisfying
Assumption (A1), Theorem 3.1 implies

_ )i
pit Wa g (B0 G+ W._,,
T (B0 =1
) £, )2
Wl NN(O, (zt)t,t—(((zt))““), £>2. (25
t)1,1

ot X = X + Wy,

W, ~ N (0, (£2;),) independent of X, t>1, (26)
where the RHS of (25) and (26) follow from the joint dis-
tributions specified in (12)-(13). From (26), we see that
the quality of the estimate in each iteration ¢ is governed
by the ratio ji7 /(€2¢)s.+. Thus, having fixed { fx, g br<t—1.
the Bayes-optimal choice for h;(r1, . .., 71, y) maximizes
ﬁf/(ﬂt)m. Similarly, given { fi }r<:—1 and {h }r<:, the

"For both linear regression and 1-bit compressed sensing, the
standard initialization ' = AT h; (y) is effective. For a character-
ization of the GLMs for which this initialization is not effective for
a Gaussian design matrix A, see (3.13) in (Mondelli & Venkatara-
manan, 2021a) and the discussion therein. One important example
is phase retrieval (y; = |{(a;, &*)|? + &;).

¥ RI-GAMP, § =24
—SE, § =24

i RI-GAMP, 6 = 1.6
—SE, 0 =16

4
§ RI-GAMP, 5 = 0.8 /
08

—SE, §=0.8

08 ¥ RI-GAMP, 0 = 0.1
—SE, 0 =0.1
07 { RI-GAMP, 0 =04
—SE, 0 =04

§ RILGAMP, 0 =0.7

correlation
correlation
°
>

—SE, 0 = 0.7
= r:

g
05
0.4 n
Y )
04
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Q
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Iteration number Iteration number

(a) Linear regression (b) 1-bit compressed sensing

Figure 1: Normalized squared correlation between iterate
2% and signal x*, as a function of the number of iterations
t. Solid lines represent state evolution predictions, and the
markers represent the empirical performance of RI-GAMP.

Bayes-optimal choice for f;(z1,. .., z;) maximizes the nor-
malized squared coz)rrelation of R; and G, which is pro-
. =

portional to %
signal prior (i.e., the law of X,) is known, finding these op-
timal denoisers is challenging due to the complicated nature
of the state evolution recursion (12)-(22). However, for the
special case of an i.i.d. Gaussian design, the state evolution
is considerably simpler and the Bayes-optimal choices are

(cf. Section 4.2 of (Feng et al., 2021)):

. We remark that, even when the

fi(z) = alB{X. | Xy = a4}, 27
hip1(re,y) = c2(B{G|R; = r,Y = y} —E{G|R; = 1 }),
where c1, co are arbitrary non-zero constants. Here, for a

general rotationally invariant A, we propose the following
denoisers:

ft(.ﬁl,...,l't) :E{X* |X1 = xl,...,Xt :.’L‘t}7 (28)
hiy1(ri,...,r,y) =E{G|Ry =r1,...,Re =1,Y =y}
—]E{G|R1:7“1,...,Rt:7“t}. (29)

For an i.i.d. Gaussian A, (28)-(29) reduce to (27), which is
provably Bayes-optimal. When A is not Gaussian, using
denoisers that depend on all the preceding iterates (instead
of only the most recent one) can have a remarkable impact
on the performance of RI-GAMP. In fact, in the setting
of Section 4 where the eigenvalues of A follow a Beta
distribution, taking (27) does not improve much over the
performance of the existing GAMP algorithm that assumes
A to be Gaussian (green curves in Figures 2-3). In contrast,
taking (28)-(29) leads to a performance close to VAMP (blue
curves). Though we do not expect the choices in (28)-(29)
to be optimal iteration-by-iteration, based on the simulation
results we conjecture that they achieve the same fixed point
as the Bayes-optimal denoisers.



Estimation in Rotationally Invariant Generalized Linear Models via AMP

_ ¥ RI-GAMP
! '[—RI-GAMP SE| *~
0.9 oen § VAMP U Pl
08 o8]/~ - VAMP SE o
-} LMMSE 3 2
o %7 o o7 -¥ Gauss AMP e
.S o064 S os T oL A
= s g e
= 08 = 05 K- ,4
B os g Al k
g *[|—RI-GAMP SE g o4 'y
03| } VAMP 03 5
02 -g ‘L/IJ\%III\&PS’SE 02 ‘,A
o1 -} Gauss AMP o'y _ A" *
OO 0.2 0.4 0.6 08 1 0.2 04 06 08 1
o é
@d=1 (b)oc =0.1

Figure 2: Linear regression with a Rademacher prior: nor-
malized squared correlation vs. noise level o (on the left)
and vs. aspect ratio § (on the right).

4. Numerical Simulations

For synthetic data, we consider two models: (i) linear regres-
sion, i.e., y; = (a;, ©*) +¢;, with e; ~ N(0, 0%); (ii) noise-
less 1-bit compressed sensing, i.e., y; = sign((a;, z*)).
The design matrix A is rotationally invariant in law, i.e.,
A = OTAQ, where O, Q are Haar orthogonal matrices,
and A has i.i.d. /6 - Beta(1,2) diagonal entries. (The
normalization of the Beta(1,2) distribution is chosen to
ensure a unit second moment.) In the simulations, the free
cumulants xof, are replaced by their limits ko, which can be
obtained in closed-form (see Appendix A). We set d = 8000,
repeat each experiment for 10 independent runs, and report
the average and error bars at 1 standard deviation.

We implement the RI-GAMP given in (4)-(5), with initial-
ization s! = y and &' = A"s'. The denoisers f; and
hiy1, fort > 1, are given by (28)-(29). The expressions for
these denoisers and the associated calculations are given in
Appendix B. The denoisers f;, h;1 and their derivatives
depend on the state evolution parameters, which can be
estimated consistently from the data. The implementation
details are described at the end of Appendix B.

Figure 1 shows that the state evolution predictions closely
match the performance of RI-GAMP for practical values of
d and n, validating the result of Theorem 3.1. We plot the
normalized squared correlation (2°, 2*)2/(||&"||?||*||?) as
a function of the iteration number. In (a), we consider
linear regression with a Rademacher prior, § = 1 and
o € {0.1,0.4,0.7}; and in (b), noiseless 1-bit compressed
sensing with a Rademacher prior and 6 € {0.8,1.6,2.4}. In
all cases, the agreement between RI-GAMP and its SE is
excellent. The next two figures show that the performance
of RI-GAMP closely matches that of VAMP in a variety of
settings. The results for linear regression with a Rademacher
prior are shown in Figure 2: on the left, we plot the nor-
malized squared correlation as a function of o, for § = 1;

1 § RILGAMP

—RI-GAMP SE
I VAMP

08(- - VAMP SE

-§ Subgradient
-} Gauss AMP

= =
g E
E=] =
5] <]
] @
= = =
g g el /i ¥ RE-GAMP
x —RI-GAMP SE
028, { VAMP
- - VAMP SE
0.1 -} Subgradient
-} Gauss AMP
° " os 1 15 2 % 1 15 2 25 s 95 4
§ 6

(a) Rademacher prior (b) Gaussian prior

Figure 3: Noiseless 1-bit compressed sensing: normalized
squared correlation vs. aspect ratio d, for two priors.

on the right, we plot the same metric as a function of §, for
o = 0.1. Additional results for a different choice of § and
o are reported in Figure 6 in Appendix C. Figure 3 shows
the performance for noiseless 1-bit compressed sensing: we
plot the normalized squared correlation as a function of 4,
for two signal priors (Rademacher in (a), and Gaussian in
(b)). The red curve in each plot corresponds to RI-GAMP,
together with the related SE. The blue curve corresponds to
VAMP, together with the related SE. The implementation
details for VAMP are given at the end of Appendix B. The
green curve corresponds to the standard GAMP algorithm
which is derived based on the (incorrect) assumption that
A is i.i.d. Gaussian. The denoisers f; and h;41 are given
by (27), which would be Bayes-optimal were the design
matrix A Gaussian. The implementation of GAMP is a
special case of our proposed RI-GAMP (obtained by set-
ting all the rectangular free cumulants except <o to 0). The
GAMP state evolution predictions (not shown in the plots)
do not match the performance of the algorithm, since A is
not Gaussian. Finally, the black curve corresponds to (i) the
linear minimum mean squared error (LMMSE) estimator
T = AT(AAT + oI)~ !y for linear regression, and (i)
a subgradient method for 1-bit compressed sensing. This
last method minimizes |||y @ sign(Ax)]_||; via subgradi-
ent descent (here, ® denotes the Hadamard product and
[a]- = max{—a, 0} is applied component-wise). The algo-
rithm was proposed in (Jacques et al., 2013) for the recovery
of sparse signals, and the original version includes a sparsity
enforcing step. For our setup (with no sparsity), we run it
without the sparsity enforcing step, and the method reduces
to subgradient descent.

Performance of RI-GAMP vs. VAMP. Taking the re-
sults of Figures 2-3 together, we highlight that RI-GAMP
exhibits a performance close to VAMP. Recall that the
fixed points of the VAMP state evolution satisfy the replica
equation, whose solution is conjectured to give the Bayes-
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Figure 4: Running time of RI-GAMP vs. VAMP. The green curve shows the time for computing the free cumulants in
RI-GAMP, and the blue curve the time for the SVD in the initial step of VAMP.

optimal mean squared error; see Theorem 3 of Rangan et al.
(2019) for linear regression, and Theorem 4 of Pandit et al.
(2020) for the general case. Thus, this conjecture implies
that VAMP is Bayes-optimal when its state evolution has a
unique fixed point, and our numerical simulations suggest
that RI-GAMP is also near-optimal. We remark that, close
to the phase transition for exact recovery (see =~ 0.6 in
Figure 2b, and 4 ~ 1.8 in Figure 3a), there is a (small)
performance gap between RI-GAMP and VAMP. This is
due to the fact that, for both RI-GAMP and VAMP, the num-
ber of iterations needed for convergence grows when the
algorithm operates close to this phase transition. We note
that VAMP shows a larger error bar for § ~ 1.8 in Figure
3a. For RI-GAMP, the issue is that the expressions of f;
and h;41 depend on covariance matrices whose dimension
grows with ¢. For large ¢, these covariance matrices become
ill-conditioned and RI-GAMP is unstable. However, the
stability displayed by VAMP comes at the cost of requir-
ing the computationally expensive SVD of A. As shown
next, RI-GAMP is significantly faster than VAMP, and is
therefore an appealing alternative in many practical settings.

Complexity of RI-GAMP vs. VAMP. The computa-
tional complexity of VAMP is dominated by the initial SVD
which has O(d?) running time. In contrast, the free cumu-
lants required for RILGAMP can be estimated in O(d?) time,
as described on p.4. Each iteration of RI-GAMP also takes
O(d?) time, and the algorithm typically converges in a few
tens of iterations.

Figure 4 shows the running times for VAMP (including
the initial SVD) and RI-GAMP (including the estimation
of the free cumulants from the data), for noiseless 1-bit
compressed sensing. The running time of VAMP is dom-
inated by the SVD, and the computational advantage of
RI-GAMP increases quickly with the problem dimension.
For ¢ := 4 € [0.5,4], RI-GAMP is 20-60x faster than
VAMP at d = 2000, 40-120x faster at d = 4000, and
80-240x faster at d = 8000.

Impact of eigenvalue distribution and prior. RI-GAMP
exploits the spectral distribution of A, which gives a large
performance improvement over the GAMP designed for a
Gaussian A. Furthermore, RI-GAMP also takes advantage
of the signal prior, which cannot be exploited by either the
LMMSE estimator (for linear regression) or the subgradient
method (for 1-bit compressed sensing). In fact, the subgra-
dient method has roughly the same correlation for the two
choices of the prior (cf. the black curves in Figure 3a and
3b), and is outperformed by RI-GAMP in both settings.

1-bit compressed sensing on a sparse image. In Figure
5, we consider noiseless 1-bit compressed sensing with the
input =* being the sparse grayscale image considered in
(Schniter & Rangan, 2014), with d = 2252 = 50625 and a
sparsity (fraction of non-black pixels) of 8645/50625. The
design matrix A is A = Q, I, AIl,Q,, where Q,,, Q
are orthonormal Discrete Cosine Transform (DCT) matri-
ces in n, d dimensions, II,,, IT; are random permutation
matrices, and A has i.i.d. v/6 - Beta(1,2) diagonal entries.
This choice of A significantly speeds up matrix multiplica-
tions, as in (Tian et al., 2021). We report the average and
error bars at 1 standard deviation for 100 independent trials.
For RI-GAMP, we use a non-negative Bernoulli-Gaussian
prior (cf. (Schniter & Rangan, 2014) and (Vila & Schniter,
2014)); the expression for the corresponding denoiser f; is
in Appendix B. As shown in Figure 5a, RI-GAMP improves
on the subgradient method in (Jacques et al., 2013) up until
0 = 1.5 (this improvement is clearly visibile in the recon-
structions for § = 0.8, see Figures 5c and 5d). For larger 4,
the performance of RI-GAMP does not improve further, due
to the aforementioned numerical instabilities. Additional
experiments on RGB images when the input ™ is obtained
via a wavelet transform are reported in Appendix C.

5. Proof Sketch of Theorem 3.1

The proof is based on an auxiliary AMP algorithm whose
iterates mimic the true AMP in (4)-(5). The iterates of the
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Figure 5: RI-GAMP versus subgradient method for the recovery of a sparse image from 1-bit measurements.

auxiliary AMP, denoted by z¢, v* € R? and v?, u!*! € R,
are computed as follows, for ¢t > 1:

t—1
2t =ATu! — Z byvt, vl = ft(zl, 2t x), (30)
i=1

¢
mt:A'vt—Zatiui, u' T =h, 1 (m!,... mle). (31)
i_1

The iteration is initialized with u! = 0, z! = 0. The
function fl : R? — R is defined as fl(zl, x) = x, which
yields vl = z* and m! = Ax* = g. Fort > 1, the
functions f;1 : R“*2 — R and k4 : RUT! — R, which
act row-wise on matrices, are defined as

ft+1(21’-~-72t+1a )

= fi(zo + iz, 23 + flox, ..., Ze41 + fex),  (32)

Bt+1(m17 sy Mg, 8) = ht(m27 sy M, Q(m175)>~

Here, f;, h; are the functions from the original AMP, and
(@1, - .-, iz) are the state evolution parameters computed
according to (22). The debiasing coefficients {a;; }_; and
{by;}!Z1 for the auxiliary AMP are given in Appendix D.1.

Idea of the proof. The auxiliary AMP (30)-(31) is an in-
stance of the abstract AMP recursion for non-symmetric ro-
tationally invariant matrices, which was analyzed in (Zhong
et al., 2021). The state evolution result in Theorem 2.6 of
(Zhong et al., 2021) implies that the joint empirical dis-
tribution of (m!,... m!) converges to a t-dimensional
Gaussian N (0, it) Similarly, the joint empirical distri-
bution of (2!,..., 2') also converges to a a t-dimensional
Gaussian NV(0, ﬁt) The covariance matrices 2~3t, ﬁt are
recursively defined via the state evolution for the auxiliary

AMP (for details, see Section D.2).

The proof of Theorem 3.1 consists of two steps. First, we
show that the state evolution parameters of the auxiliary
AMP match those of the true AMP. In particular, Lemma
D.2 proves that ; = ¥, and Q41 = €, where the
matrices on the right are defined in (17) and (19). Next,

we show in Lemma D.3 that the true AMP iterates (4)-

(5) are close to the auxiliary AMP iterates (30)-(31) in the

following sense. For ¢ > 1:

[
d

ot — (24 + )|
d
rt — mttl2
|| N
n n

— 0,

s — w2

— 0,
— 0. (33)

Lemma D.3 actually proves a more general convergence
statement which implies (33). It shows that the empirical
joint distribution of the iterates of the true AMP converges
to that of the auxiliary AMP. The result of Theorem 3.1 then
follows from Lemmas D.2 and D.3.
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A. Background on Rectangular Free Cumulants

Let X be a random variable of finite moments of all orders, and denote its even moments by my;, = E{X?*}. In this
paper, X? represents either the empirical eigenvalue distribution of AAT € R™™, orits limit law A? (in the latter case,
the moments and rectangular free cumulants are denoted by {7y }x>1 and {Ra }1>1, respectively). The rectangular free
cumulants {kax, }x>1 of X are defined recursively by the moment-cumulant relations (cf. Section 3 of (Benaych-Georges,

2009))
mok =6 ) H CEI | 34
TENC! (2k)  Ser
min S 15 odd min S iseven
where NC’(2k) is the set of non-crossing partitions 7 of {1,...,2k} such that each set S € 7 has even cardinality.
Furthermore, by exploiting the connection between the formal power series with coefficients {moy }x>1 and {Kko }r>1,
each rectangular free cumulant ko) can be computed from ma, ..., mzi and Ka, ..., Kzk—1) as (cf. Lemma 3.4 of
(Benaych-Georges, 2009))
k—1 .
Kok = Mak, — [2F] Y Koy (2(0M(2) +1)(M(2) + 1)), (35)

1

<.
Il

where M (z) = Y 72 | moyz" and [2¥](g(2)) denotes the coefficient of z* in the polynomial g(z).

In the numerical simulations of Section 4, the singular values of A are i.i.d. v/6 - Beta(1,2). Hence, for § € (0,1), X
has distribution /6 - Beta(1, 2) and consequently 1o, = m; for § > 1, X has distribution v/6 - Beta(1,2) w.p.
6k
3 1) (2R+1D)

rectangular free cumulants {Ko }1>1 are computed recursively using (35).

1/6 and it is equal to 0 w.p. 1 — 1/4, and consequently Moy = Then, given the moments {/moy }x>1, the

B. Computation of Denoisers, and Implementation Details

Computation of f; for Rademacher prior. Here, P(X, = 1) = P(X, = —1) = 1/2. Hence, (28) can be specialized as:

ft(xl,...,xt) :E{X* |X1 :Z‘l,...,Xt :xt}:QP(X* =1 |X1 :J,‘l,...,Xt :J}t)—l. (36)
From (13), we have that (X1, ..., X;) = @, X + (Wh,..., W), with (W1, ..., W,;) ~ N(0,€;). Thus,

o (2B O~ )

2
P(X*:1|X1:$17...,Xt:.’1,‘t)=

o ((a: )T (@) e - m)) + e ((az N RICE: ut>> |
2 2
(37)
where & = (z1,...,2¢)". (All vectors in this section, including = and f1,, are treated as column vectors, unless otherwise
mentioned.) Combining (36) and (37), we obtain

fi(x1, ..., 2¢) = tanh (ﬂtT(Qt)_la:) . (38)

Furthermore, the partial derivatives of f; can be expressed in the following compact form:
O, (w1, .. me) = (1 — tanh? (&) (Q) 'x)) pf () 'e;, fori € [, (39)

where e; is the vector corresponding to the i-th element of the canonical basis of R?.

Computation of f; for Gaussian prior. Here, X, ~ N (0, 1). By evaluating explicitly the conditional expectation, one
readily obtains that

T
xr
ft(ifh...,xt):E{X*X1:.’E1,...7Xt:$t}—_’_;_L(g_(;—z))t, (40)

which leads to the following expressions for the partial derivatives:

g (Qt) €i

azift($17 - ,I't) = W7
t Hy

fori € [t], (41)
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Computation of f; for non-negative Bernoulli-Gaussian prior. Here, X, is equal to 0 with probability 1 — A and
it is distributed according to the modulus of a Gaussian with 0 mean and variance o2 with probability A, i.e., X, ~
(1 — X)do + AN (0,02). The parameter ) is taken to be 1/6, which is close to the actual sparsity of the image given by
8645/50625; the parameter o2 is taken to be 1/), which gives E{ X2} = 1, and the image is normalized to have unit second
moment. Now, we can write

Ex {X.P(X1=a1,...,Xs =2 | X.)}
EX* {P(Xl = T1y--- ,Xt = Tt | X*)} ’

ft(.’ﬂl,...,l't):E{X*|X1:$1,...,Xt:$t}: (42)

where Ex, denotes the expected value with respect to X,. Using that (Xy,...,X;) = @, X. + (Wy,..., W;) with
(W1,..., W) ~ N(0,€,), it is straightforward to compute the expectations on the RHS, which yields

A /b B2 b )
Nere=l [m exp (@) (1 + Exf (ﬁ)) " 5}

ft<$17...,1‘t) = (43)
A b2 b
1—A+ Fo? exp (%) <1+Erf(ﬁ>)
where a = 1/0% + ] () i, b = 2] () 'z, © = (21, ..., 7), and Erf is the error function.
To compute the derivative, we write O, f; (71, ..., 2¢) = Opfe(x1,...,2¢)0x,b. Since 0,,b = 21} (£2;) " Le;, after some

manipulations, one obtains

8xift($1a e ,l‘t) =

oo [ o (1 ) e (8) (e ()]
1—A+ﬁeXp%( E< )) | |
i (o () (18 ()) )

(1—)\+ﬁeXP 8 (1+E (%)))2

e it (B (e, o

Computation of /; 1 for linear regression. In this case, we have Y = G + W, where W ~ N (0, 02). Fort =0, we
set b1 (y) = y and consequently

Oghi(y) = 1. (45)

Fort > 0, hyy1 is defined as in (29). From (12), we have that (G, Ry, ..., R;) ~ N(0,X;,1). Thus, the second conditional
expectation in (29) can be expressed as

E{G|Ri=r1,...,Ry =1} = (2t+1)[1,2:t+1] ((2t+1)[2:t+1,2:t+1])71 T, (46)

where 7 = (71,...,7;)". Note that (G, Ry, ..., R, Y) ~ N(0,S;,2), where

Siio = - S (Bt 1) [1t411] ]
" (B4 1)[1,1:041) E{Y?2}

Here, we denote by (A)j;, :i,,,:j,] the submatrix obtained by taking the rows of A from i; to i and the columns of A from
71 to jo (if 41 = ig or j; = jo, the second index is omitted). Thus, the first conditional expectation in (29) can be expressed
as

_ — 1| 7T
E{G | Ri=r1,....,Ry=r1,Y = y} = (St+2)[1,2:t+2] ((St+2)[2:t+2,2:t+2]) [ y } . 47)

By combining (46) and (47), we obtain

ht+1(T1,...7Tt,y):E{G|R1 :Tla'”aRt:Ttayzy}_E{G|R1:T17"~5Rt:Tt}

< - -1 - - - (48)
= (St2) 2042 ((St42)[2:e42,2:042)) [ ; } — (B et (B ers, 2e41) T
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Furthermore, the partial derivatives of h;1; can be expressed in the following compact form:

= = -1 |€;

Orhiyr(re, . e, y) = (St+2)[1,2:t+2] ((St+2)[2:t+2,2:t+2]) {O]
< S -1 ; 49
- (2t+1)[1,2:t+1] ((2t+1)[2:t+1,2:t+1]) e;, fori € [t], “9)

3ght+1(7"17 T Y) = (St+2)[1,2:t+2] ((St+2)[2:t+272:t+2])71 €i+1-

Computation of h; ; for noiseless 1-bit compressed sensing. In this case, we have that Y = sign(G), which implies
that
1+ sign(g)

Y =1]G=g)= 220, P(Y=-1]G=g)=

1 —sign(g) (50)
5 I L

2

For t = 0, we set h1(y) = y and consequently

B{0,n (1)} = Bosien(@)} - T} [ 51

where the first equality follows from the definition of h; and y, and the second equality is obtained by recalling that G is
Gaussian with zero mean and by applying Stein’s lemma. For ¢ > 0, ¢ is defined as in (29). Since (G,Ry,...,Ry) ~
N(0,X,41), the conditional distribution of G given (Ry = r1, ..., Ry = r;) is N (7, 67) where

R - - “1
fr =B{G | Ry =r1,...,R =1} = (B0 (12441 (Be1)2es1,2:041)) 7

R - - -1 ,c
67 =EB{G?} — (B4 1)1 2041 (Bes1) st 2601)  (Ber1)ies1,1)-

(52)

‘We therefore have

Ez {(m +612)
{ 1+ Sign(y(;t ¥ 6:2)) } ’

1 + sign(y(7 + 61 2)) }

E{G|Ri=r,...,R=r,Y =y} =E{G | Ry = #,Y =y} = (53)

Ez

where Z ~ N (0,1), E indicates that the expectation is taken over Z, and in the second line we use (50). As E{G | Ry =
r1,..., Ry = i} = 7, (53) readily implies that

) 1+ sign(y(7; + 6,2 (7
5 )_ath{Z g (y;t ‘ ))} i ot¢<&tt> 54
t+1\T1y .-, Tty Y) = ]E 1+51gn(y(ft+3tz)) N y+]—_q) _E 9
Z 2 2 a-t

where ¢(z) = \/% exp(—2?/2), and ®(z) = [*__ ¢(t)dt. The second equality in (54) is obtained by computing the

expectations and using the fact thaty € {—1,1}.

For the partial derivatives of h;41, we note that 0, hy11 = ag% %, and
87‘} = = -1 .
o = (B p,2041] (Ber1)pas1,2:041)) €, i€ [t
K2

Thus, by using (54) to compute ag—tgl, after some manipulations, we have that

o) 5052+ (2)

= = -1
Orhig1(ry ..oy me,y) = : (2t+1)[1,2:t+1] ((Et+1)[2:t+1,2:t+1}) €;.

(55)
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Figure 7: Comparison between the
normalized squared correlation of RI-
GAMP and of a subgradient method
for the recovery of an image from 1-
bit measurements of its wavelet trans-
form.

(@) 6 = 0.7 (b)o =0.4

Figure 6: Additional numerical results for linear regression with a
Rademacher prior: normalized squared correlation vs. noise level o (on
the left) and vs. aspect ratio § (on the right).

Finally, for the partial derivative with respect to g, we have

E{G|Ri,...,R,YY—E{G|Ry,...,R
E{aghtH(Rl,...,Rt,Y)}:E{htH(Rl,...,Rt,Y) AR LV} - E{G| B t}}

Var(G | Ry, ... R:)
1
- &—?E{ht+1(R1,...,Rt,Y)2}, (56)

where the first equality follows from Stein’s lemma (see e.g. (A.8) of (Mondelli & Venkataramanan, 2021a)), and in the
second equality we use the definition (29) of h;; and that Var(G | Ry, ... R;) = 62 (see (52)).

Implementation details. RI-GAMP: We use consistent empirical estimates for the state evolution parameters required for
the posterior mean denoisers and their partial derivatives. These estimates are computed as described on p.6. To estimate the
first row and column of I'y ;, we use the definition (28) and the tower property of conditional expectation:

T = E{Xfi(X1,.... X))} =E{fi(X1,.... X;)*}, i€t]. (57)

Therefore, one can consistently estimate (T4 1)1;41 via || fi(z1, . . ., ®;)||*/d. The partial derivatives for the matrix ¥, ;
(defined in (6)) are computed using (39) (for Rademacher prior) and (41) (for Gaussian prior). The partial derivatives for
the matrix ®,; (again, defined in (6)) are computed using (49) (for linear regression) and (55)-(56) (for 1-bit compressed
sensing). For the quantity (0,h1(y)), we use the deterministic limit E{0,h1 (Y")} which is given in the two settings by (45)
and (51), respectively.

VAMP: Our implementation of VAMP is based on Algorithm 2 in (Schniter et al., 2016) and the corresponding state evolution
is derived from (Pandit et al., 2020)?>. To ensure numerical stability, we clipped the c; and f3; in Algorithm 2 to lie in
[tol,1—tol], where tol = 10711

C. Additional Numerical Results

In Figure 6, we provide additional numerical results for the model of linear regression with a Rademacher signal prior: on
the left, we plot the normalized squared correlation as a function of o, for § = 0.7; and on the right, we plot the same metric
as function of 9, for o = 0.4. The results showcase a similar qualitative behavior as discussed in Section 4: the performance
of RI-GAMP is close to that of VAMP, except when approaching the phase transition for exact recovery (o =~ 0.2 in Figure
6a); and RI-GAMP significantly improves upon algorithms that do not take into account the signal prior (LMMSE) or the
spectrum of the noise (Gauss AMP).

2See also the code available at ht tps://sourceforge.net/projects/gampmatlab/.
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(a) Original image (b) RI-GAMP, § = 0.5 (c) Subgradient, 6 = 0.5

Figure 8: Reconstruction provided by RI-GAMP and by a subgradient method from 1-bit measurements of the wavelet
transform of an RGB image.

In Figure 7, we consider noiseless 1-bit compressed sensing. The input «* is the Haar wavelet transform of the RGB image
in Figure 8a. We process the three channels (R, G, B) separately and the input dimension is d = 820 x 1280 = 1049600.
The design matrix A is given by A = Q,, I1, AIL;Q,, where Q,,, Q, are orthonormal Discrete Cosine Transform (DCT)
matrices in n, d dimensions, IT,,, IT; are random permutation matrices, and A has i.i.d. V6- Beta(1, 2) diagonal entries. We
compare the performance of RI-GAMP against the subgradient method from (Jacques et al., 2013). For the wavelet transform
we use the implementation given in (Lee et al., 2019). For RI-GAMP we use the same non-negative Bernoulli-Gaussian
prior employed for the satellite image (cf. Figure 5 in Section 4). Since there is no clear way to define the true sparsity of the
signal in this setting, we fix § = 0.5 and optimize over the sparsity rate for both algorithms, which yields a sparsity of 1/10
(i.e., assuming that 1/10 entries are non-zero) for RI-GAMP and of 1/20 for the subgradient method. We also note that
the performance of the algorithms around these values is quite stable, so we don’t expect the precise choice of the sparsity
rate to matter much for the chosen range of §. In Figure 7, we report the normalized squared correlation averaged over
the 3 channels and error bars at 1 standard deviation for 100 random trials. We remark that RI-GAMP improves upon the
subgradient method for ¢ up to 1 and, for larger 9, its performance does not increase noticeably due to the already discussed
numerical instabilities. The reconstructions provided by RI-GAMP and by the subgradient method for § = 0.5 are also
compared in Figure 8.

D. Proof of Theorem 3.1
D.1. Debiasing Coefficients for the Auxiliary AMP

The debiasing coefficients {as; le and {bti}f;% for the auxiliary AMP in (30)-(31) are defined in terms of two ¢ x ¢ lower
triangular matrices, ¥, and ®;, given by

0 0 . . 0 0 0 e 0 0
0 (0yv?) 0 0 (01u?) 0 0 0
‘i’t _ |0 <32’US> <(93’U3> R 0 , 'i’t — (81u3> (82u3> R 0 0 ; (58)
0 (Gv') (030" ... (Opvh) (O1ut)  (Oout) ... (Oy_qul) 0O
where
Ot = 0., fu(zh, .. 2N &) = 01 o1 (22 + e, ..., 2P+ i), k> 2,

alut = (9ght,1(m27.-.,mt_laq(g7€)) g ’

=m!

Opu’ zamkﬁt(ml,...,mt_l,e) = Op_1hi_1(m?,...,m!™ g(m' ¢e)), k> 2. (59)
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Here, O;_1 fi—1 and Ox_1h;—;1 denote the partial derivatives with respect to the (k — 1)-th input variable. Next, define
matrices M2, M? € R**? as

t
M? = Z I{Q(j_;'_l)\I’t(qA’t‘I’t)j,
7=0
t—1

M? =4 Z Iig(j_i_l)@t(‘iltét)j. (60)
j=0

Then, the coefficients {a;;}{_; and {b;}!Z] are obtained from the last row of M2 and M? as:
(aers - sae) = (M), (M)t ),

(61)
(btla vy bt,tfl) - ( (M$)t,17 sy (M?)t,tfl )

D.2. State Evolution for Auxiliary AMP

Using Theorem 2.6 of (Zhong et al., 2021), we first establish a state evolution result for the auxiliary AMP (30)-(31). We
will show in Proposition D.1 that the joint empirical distribution of (m!, ..., m?) converges to a t-dimensional Gaussian

N (o0, f]t), and the joint empirical distribution of (21, ..., z*) converges to a a t-dimensional Gaussian A/ (0, ﬁt)
The covariance matrices are defined recursively for ¢ > 1, starting with ﬁl = 0 and f]l = rRoE{X f} Given (ﬁt, f]t), let
(Z1=0,Z5,...,7) ~ N(O,ﬁt), Vi=fic1(Zo+ Xy, Zs+ o Xe, ooy Zy + e—1, Xs), (62)
(My,..., M) ~ N(0,%), U1 = hy(Ma, ..., My, q(My,¢)). (63)
In (62), (Z2,...,Z;) and X, are independent, and we define V; = X, and U; = 0.
Let &t+1, f‘t+1 € RIAD* (41 he symmetric matrices with entries given by
(Avi1)ij =E{UU;}, (Do) = E{ViV;}, 1<i,j < (t+1). (64)

Furthermore, we define \ilH_l, <i>t+1 € R+ x(t+1) g5 the deterministic versions of the matrices ¥, 1, 'ilt_H. Specifically,

0 0 0 0 0 0 0 0
0 E{&ifiy 0 ... 0 E{9,hi} O ... 0 0
B |0 EOf) E{of) . 0 | &, |E0h) E{ihs) ... o of
0 E{if,} E{0f) ... E{Of} E{d,h} E{oihi} ... E{01hi) 0
(65)

where we have used the shorthand
E{Ok fe} = EB{Ok fo(Za + i1 X, Z3 + 12 Xes - Zog1 + 10 Xs)},
E{0yhe} = E{Oghi(Ma, ..., My, q(g,€))|g=n }s (66)
E{Okhe} = E{Ophe(Ma, ..., My, q(My,e))}.

From these matrices, we compute the covariances 3, 1, Q1 € RUHD*(E+1) a5

2t+1 2t

=) ~(j)

i1 = Ko(j+1) Byt Qi1 =6 Z Ka(j+1) Oit1s (67)
j=0 =0
~0)  ~ ~0
where B, /| =T¢11,0,, , = A 1, and for j > 1:
~ () J_ B o g1 _ T _ _ j—ie1
B = 2:(‘I’t+1‘1’t+1)z | NS ((‘I’t+1‘1’t+1 ) + Z U, B, ) ‘I’t+1At+1‘I’t+1 ((‘I't+1<1’t+1)T) ;
1=0 =0
, (68)

7j—1

J .
~ ~ ~ o~ ~ ~ Jj— j—i—1
Or1 =) (1)’ At+1(('1’t+1‘1’t+1)T) + D (B W)’ ‘I’t+1rt+1q’t+1 ((‘I’t+1‘1’t+1) ) :
=0 =0
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We note that computing the last column and row of f‘H_l, \ilt_H requires knowledge of ﬁfH However, these entries are

zeroed out in the computation of égl, @,Ei)l in (68), and hence only I‘t, U, are required to compute 2t+17 Qt+1 via (67).

Proposition D.1 (State evolution for auxiliary AMP). Consider the auxiliary AMP in (30)-(31) and the state evolution
random variables defined in (62)-(63). Let 1 : R***1 — R and ¢ : R?**T2 — R be any pseudo-Lipschitz functions of order
2. Then for each t > 1, we almost surely have

nll»HoloEZd] 127”'7 £+1,'Ui2,...7’0,f+1, ;k) ]E{w(Z%"'Zt+17‘/2a"'7‘/t+17X*)}7 (69)
lim lié(ml mt,uk uttt ;) = E{o(M, M,, Uy U, )} (70)
n*}mni AN AR 17 77" 1 ) ? PR ) 9 AR ] +7 *

2 t+1 2 t+1 %\ W2

(z5,.. .2 v 0T ) — (Zay . 2y Vo, Vig, Xo),
1 t o1 t+1 W

(m-,....m" u,...;,u"" ) — (My,...,My, Up,...,Ups1, €).

The proposition follows directly from Theorem 2.6 in (Zhong et al., 2021) as the auxiliary AMP in (30)-(31) is of the
standard form for which that state evolution result applies. That result is proved for § = % < 1 under two sets of assumptions
(cf. Assumptions 2.4 and 2.5 in (Zhong et al., 2021)). The first set of assumptions concerns the design matrix, and these
coincide with the ones we describe in Section 2. The second set concerns the empirical distribution of the signal and noise
vectors, and the functions f;, b, used in the auxiliary AMP. This set of assumptions is also satisfied since =* € R and
€ € R™ are both independent of the design matrix A and satisfy «* Ve X,and e % . Furthermore, our assumption (A1)
(see p.5) ensures that the required Lipschitz and continuity conditions on ft, hy and their partial derivatives are satisfied.
Therefore, for § < 1, the iteration in (30)-(31) satisfies all the assumptions under which Theorem 2.6 in (Zhong et al., 2021)
holds. Finally, for the case > 1, we can rewrite the auxiliary AMP in terms of A’ = A" and then apply Theorem 2.6 in
(Zhong et al., 2021).

We conclude this section by showing that the state evolution of the auxiliary AMP described above is equivalent to the state
evolution of the proposed AMP algorithm described in Section 3.
Lemma D.2 (Equivalence of state evolution between true and auxiliary AMP). Fort > 1, we have that
d —
(Ml,...,Mt):(G7R1,...,Rt_1) ~ N(O,Zt), (71)
d _ _ —
(Z2a B Zt+1) = (Xl - ,U/IX*7 s 7Xt - l’LtX*) ~ N(O; Qt)a

where the random variables on the left are defined in (62)-(63), and the random variables on the right are defined in
(12)-(13).

Proof. We will prove by induction that it =3, and ﬁtﬂ = Q] 11, where the matrices on the left are defined via (67)
and the matrices on the right are defined via (17) and (19). The result of the lemma then follows since (Mj, ..., M) ~
N(0, %), (Z1=0,Zs,...,Z141) ~ N(O, Qt+1) and €, is the lower right ¢ x ¢ submatrix of §2; ; € RUFDx(t+1),

For ¢ = 1, by the initialization in (63), M; ~ N (0, 21) where 21 = koE{X?2?} = 21, where the last equality is from (11).

From (67), the matrix {25 can be computed as

e (0 0RoB{h1(q(M,€))*} + 5R4E{V12}(E{8gh1(q(M1,5))})2) : (72)

Since V; Lx « and M, 4 G, the matrix above equals €2, (defined via (19)).

Assume towards induction that ik =3, and ﬁk+1 Qk+1 for some k > 1. Recalling that (M, .. Mk) N(O Ek)
and (Z1 = 0,...,Zk41) ~ Qk+1» using the induction hypothesis in the definitions of Ak+1; I‘kﬂ, <I>k+1, \IlkH in
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(64)-(66), we obtain that
Apyr = Ay, i1 =Dhpr, ®ppr = D1, Uy =Wy, (73)

where Ak+1, I‘k+1, <I)k+1, lIl;H_l are defined via X5, and Q. in (14) (16). It follows from the definitions in (17) and (67)
that Ekﬂ DINEE Th1s then implies that <I>;€+2 ®,. - and Ak+2 A} 2. Using these in the definitions in (68) and

(20), we obtain that @ b +2 = @,(H)Z, and consequently, ﬁk+2 = Q) 12- This completes the proof of the induction step, and
gives the desired result. U

D.3. Proof of Theorem 3.1

At this point, Theorem 3.1 follows from the following intermediate result, whose proof is deferred to Section D.4.

Lemma D.3. For any order 2 pseudo-Lipschitz functions 1 : R**t1 — R and ¢ : R?***2? — R, the following limits hold
almost surely fort > 1:

d
. 1 — * *
lim dZ¢ ab @), b xh) 32 224l 2 a0 T ) =0, (74)
1 n
lim Z¢ s it s ) — 72 t“,u?,...mﬁ”,q(m},gz))’:0. (75)
n—oo | N n P
Proof of Theorem 3.1. Applying (69) to the pseudo-Lipschitz function
’JJ(ZQ,...,Zt+1,’l)2,...,’l]t+1,$*):71)(22+/741.’L'*,...,Zt+1 +/1tx*7/027"°7vt+17x*)7
we obtain that almost surely
14
nh—>nolo Ezw(212+ﬂ1x:av f+1+/.t.137l, 17"'7’0551‘*) :E{w(ZQ_F,alX*a"WZt-‘rl+,atX*a ‘/27"'a‘/t+15X*)}
i=1
=E{(Xy,..., Xy, X1y, Xe, X)),
(76)

where the last equality follows from Lemma D.2, by recalling that Viy1 = fo(Z2 + nXu ..., Zep1 + feXs) and
Xi = fo(X1,...,Xy), for £ > 1. Combining (76) with (74) yields (23) of Theorem 3.1. The result (24) is obtained
similarly, using (70), Lemma D.2, and (75). L]
D.4. Proof of Lemma D.3

Throughout, we use C' to denote a generic positive constant. All the limits in the proof hold almost surely, so we don’t
explicitly state this each time.

Since 1 is pseudo-Lipschitz, we have

1 d d
§ 1 t -1 § — % t+1 t+1 %
a w(xiv"'vmhmi""a m 7, Z +M1$iv"‘7 7 +,U,£L'l, 17""Ui axi)

&\'—‘

1
d t t 2

C . N
<dZ(1+Ixz‘|+z(Ixfl+le|+|zf“+uzxi|+lvf“l)>~<Z(Ixf i+ )

{=1 (=1

<C(4t+2) |1

1
t =002 041 | = oax||2 412, ]2
Ia3 I (IWII2 1Z°01% | 12 + e | o™ )
+Z1 d + d + d

1
t ¢ 041 = o ||2 ~ 0 041112 2
Z xt —z — [y T —wv
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where the last step uses Cauchy-Schwarz inequality (twice). Similarly, we obtain

L 1 t 1 t+1 IR 2 t41 2 t+2 1
fZgb(ri,...,ri,si,...,si"’ , Yi) — EZ(b(mi,...,mf Uz, ult o g(mles))
i=1

1
i t+1 22 04112 2
lyll? | llg(m?, e)|? 2 [lmt 2 812 flu™|
1
+ 5+ - +) e + T

=1 (=1

1

t V4 £+1112 ¢ £+112 t+1 t+2(12 1 2\ 2
r-—m ST —Uu S —Uu — m-,e

n n n n
{=1

We will inductively show that as n — oo: (i) each of the terms in the last line of (77) and (78) converges to zero, and (ii) the
terms within the square brackets in (77) and (78) all converge to finite, deterministic limits.

Base case t = 1: Consider (77) for t = 1. From the AMP initialization, we have &' = AThy (y), and from (30), we have
2% = AThy(g(m',€)) — borv' = ATh(y) — Sk2(9yh1(q(g, €))) *, 79)

where the last equality is obtained by recalling that m' = g, v' = z*, and computing the matrix M 3 in (60) to verify that
ba1 = 0k2(9gh1(g(g, €))). We therefore have

||€L’ —Z df ﬂl$*” _ ”m;H (552<8gh1(q(g75))> _ ﬂ1)2 (80)
:13* 2 9
= 125 a0y alg,€0) ~ A9 b1 (a(C.N)) + BIO,a(a(G ) (2 — o)

where for the last equality, we use the definition of fi; in (11). By the assumptions of the theorem, ||z*||?/d — E{X?2}.

Since m! = g, applying Proposition D.1 for ¢t = 1 gives

(g.€) 23 (G,e). (81)

Since hi(g(g,€)) is Lipschitz in each argument, (81) together with Lemma E.1 implies that (9,h1(q(g,€))) —
E{04n1(q(G,¢€))}. Furthermore, by the model assumptions o — 2. Therefore,

n—oo

1
lim gHml — 2% —x*|? =0. (82)
Since &' = fi(x') and v2 = f, (2% + [i;&*) with f; being Lipschitz, we have
I&" — |
d

Now consider the terms inside the square brackets in (77). Using Proposition D.1 and Lemma D.2, we have the following
limits for ¢t > 1:

1
gCgH:cl — 2% —mz*||* - 0, asn — oo. (83)

t+1 = *[|2 t+1112
. + i . .
fim EC AW pep 4 ax)?) = E{X2),  lim w —E(V2,} =E{X?}. @4

n—00 d n—00

Using the triangle inequality, we have the following lower and upper bounds, for ¢ > 1:

124 4+ || — [la* — 2" — || < |2 < |27 + mat| + (&t - 2 - et (85)
[0 = & — o | < [l@"]] < o™ + & — o .
Using (82)-(85), we obtain
N o G .
s =E{X7}, L =E{X7}. (86)

Using (82)-(86) in (77), we obtain (74) for ¢t = 1.
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Next consider (78) for t = 1. From the definition of auxiliary AMP in (30)-(32), we have m! = g and
u® = hi(g(m',e)) = hi(q(g,€)) = hi(y) = s

where the last equality holds due to the initialization of the true AMP (below (5)). We therefore have

_ 1 2 1,22
ly—atm' ) st =P -
n n
Next, from (31) we have
m? = Av? — agp u’® = Av? — k(01 f1(22 + nx™)) hi(y), (88)

where we have used u' = 0 and the value of ag, obtained via M3 in (60). For the true AMP, from (5) we have
rl = Az —ayst = Azt — ko (01 f1(21)) ha(y). (89)
Combining (88) and (89), we obtain

1 .22 12y (2 2
o A +2ff%”h1§f’)” (Oufi(@) — (O (= + )’
(90)

< 2z 12 =¥ IZ (01 11 (@) — (@u11(22 + mam)))?.

h
4 22l )
n
By assumption, the empirical distribution of A, the vector of singular values, converges to A which has compact support.
Therefore, ||Allo, < C, and by (83), the first term above tends to zero. We also have ko — &g and ||h1(y)||?/n —

E{h1(Y)?}. Since f; is Lipschitz and we have shown above that =* LENS'¢ 1, Lemma E.1 implies that

lim. (O fi(2h)) = E{d1 f1(X1)}. oD

n—
Similarly, since by Proposition D.1 we have 22 + ji;z* LUEN (Z3 + 11X+), Lemma E.1 implies

lim (01/1(2* + nz")) = E{01/1(Z> + nx”) = E{01 f1(X1)}, (92)

n—
where the last equality follows from Lemma D.2. Using (91) and (92) in (90), we have

It = m2?

n—00 n

=0. (93)
Since hs is Lipschitz in each argument, (93) also implies that

LSl (g, €)) — ha(m?, g(m, )]

n—00 n n—00 n

=0, (94)

where we have used m' = g. Eqs. (87), (93) and (94) show that for ¢ = 1, each term on the last line of (78) tends to zero.
Using Proposition D.1 and Lemma D.2, we have for ¢ > 1:

t+1||2 ” t+1||2

. u
e n =E{M +1} E{Rt} nlggo o = E{Ut2+1} = E{StQ}v
95)

|m

lg(m!, e)

n—o00 n n—)oo

Using the triangle inequality, we have the following lower and upper bounds:

[m | = [l —m T < et < m ] et = mf T, (96)
I P e I e e R A |
Combining (96) with (93)-(95), we obtain the following limits:
12 2|2
im T gy 1510 ey 97)

n— 00 n n— oo
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Using the limits in (95) and (97) in (78) yields the result (75) for ¢ = 1.

Induction step: Assume towards induction that the results (74)-(75) hold with ¢ replaced by (¢t — 1) for some (¢t — 1) > 1,
and that

0 01 k|2 ~0 L 0+1)2
O ottt 1ol O CalCinl Y
n—oo d n—00 d
£ _ oy lt+12 01 _ o, 04+2))2
fm IRy IR
n—oo n n—,oo n
0
S [ [ p— s e B
Hm == = E{X7}, 7 - E{X7}, =E{R;}, =E{S;.}, forle[t—1].
n—oo
(98)
From the definitions of «* and z**! (see (4) and (30)), we have
t—1
mt _ zt—i—l _ /jvtw* _ AT(St _ ut+1) + Z(bt+1,i+1vi+1 _ Btii:l) + bt+1’1’Ul _ ﬂtw*
i=1
t—1 St ' (99)
=AT(s' —u™) £ Y b (0 =)+ Y (brrri — i)’ + (b — i)z
i=1 i=1
where we have used the fact that v! = a*. Using Cauchy-Schwarz inequality, we then have
t—1 ; ;
" — 2 — fpa*|| l[s" — w1 t“llz o™ — 2|2
<2t|[|Al2, + Z b7 4141
n n
t—1 2 2 (100)
T
+ ) (bryrits — Bu)*—— 2 H + (beg1,1 — e )Zu

n
i=1

= Zt(Tl + T2 —+ T3 + T4)
Since ||Allop < C, the induction hypothesis (98) implies that 77 — 0. By the induction hypothesis, we also have
|[vitt —&*||?/d — 0 and ||2°||?/d — E{X?} for i < (¢t — 1). Furthermore, ||z*||?/d — E{X?2}. Hence, we can prove
that 15, T5, T} each tend to zero by showing that:

Hm by = i, (101)
nll_{go bty1i41 = nﬁ_)H;o Bri = B, ie[t—1], (102)

where the limiting values (B_“) in (102) will be defined below (see (108)).

Recall from (60)-(61) that the coefficients (b;11 ;)< are determined by the entries of the matrices \i’t and <i>t+1, defined
in (58). (Though the definition of M ? 1 in (60) involves W, 1, it can be verified that its last row does not affect the
computation, so the formula depends only on \ilt, ‘i’t+1~) From (59), the non-zero entries of these matrices are of the form
Ok fe(2® + e, .., 2+ ), 1<k <0< (t—1),
(Dshe(m?, ..., m’, q(m",€))), (he(m?, ..., m’, q(m',€))), 1<k<l<t,

where we recall that 0y, denotes the partial derivative with respect to the k-th argument. By Proposition D.1 and Lemma D.2,
we have that for ¢ > 1:

P — _x W o = d
(Z2+,LL1$ y sy Zé+1+/ié$ ) — (Z2+,U/1X*7"'>Z€+1 +/’L€X*) = <X17-~-5X€)7

W J (103)
(mh,...,mfe) =3 (My,...,My,e) = (G,Ry,...,Ry_1,¢).
Since the functions f; and h, are Lipschitz in each argument, (103) together with Lemma E.1 implies that
lim (O fo(2® + ma”, ..., 2 ) = B{Opfo( X1, .., Xo)}, 1<k << (t-1),
nli_{go<agh[(m2a sty mé’ Q(mlﬂ 6))> = ]E{aghf(Rla D) Rf—l)v Q(G7 E)}) (104)

lim (Ophe(m?, ..., m’, g(m',€))) = E{Oxhe(Ry, ..., Re-1,4(G,€))}, 1<k<l<t
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Therefore, \ilt — \ilt and ‘i’t+1 — :IV),‘,H, where \flt, &>t+1 are defined in (65). Consequently, the matrix M ? 11 and the
coefficients (bs41,;), defined via (60)-(61), converge to the following limits:

t

nhjgo M?+1 = Z;) 7+1)<I’t+1 ‘I’t+1q’t+1) nlgnéo biy1; =bey1j, J €[t (105)

- —~b
where (b;;1,;) are computed according to (61) from the last row of M, ,. By the induction hypothesis (98), we have
|2° — vt /d — 0 for i < (t — 1). Therefore the term T in (100) tends to 0 as n — oo.

Using (10), the coefficients (3;;) are determined by the entries of the matrices W, and ®, 1, defined in (6). The non-zero
entries of these matrices are of the form

(Ocfe(x’, .. 2h), 1<k<l<
(Oghe(rt, ..., L q(g7 €))), <8khg( oo rtlglge), 1<k<i<t.

By the induction hypothesis (74)-(75) for (¢ — 1) and (103), we have

— W2 — — d
(', ... 2" DB (Zo+ Xy Ze 1 X)) = (Xq, e, Xe)

(rl,. et g(g,€) 23 (Mo, ..., My, q(My,e)) 2 (Ry,...,Ri1,q(G,2)). (100
Since f; and h, are Lipschitz in each argument, (106) together with Lemma E.1 implies
lim <akfg(a;1,...,mf)> =B{0ufo(X1,...,X0)}, 1<k<L<(t—1),
Jim (@ h(r 7 a(g.))) = E{yhe(Br...... Remr).a(G.9))). (107)
nlgr;()(akhg(r vooortlg(g,€)) = E{Oxhe(Ry, ..., Ri_1,q(G,e))}, 1<k<(<t.

Therefore, ¥, — ¥, and ®,,; — P, 1, where the entries of ¥, ®;, are defined as in (16). We note that computing
M f 1 defined in (8) requires knowledge of only ¥; and ®; since the last row of ¥, is zeroed out in the multiplication
with ®,,. Therefore,

n—oo

t
lim M}, = Mt+1 = 52@ 2+ 1) a1 (Pep1 Prgr), lim By = Bii, d€t—1]. (108)
7=0

where (B“) are computed according to (10) from the last row of M fﬂ. Since the limits in (104) and (107) are the same,
using the formulas for v, &’t+1 (from (16)) and for ¥, ®;,; (from (65)), we have

- ~ - ~ _ —~b
U=V, @ =%, M),,=M,,,. (109)

Combining (105), (108), (109) and recalling that ji; = (MfJrl )i+1,1, we obtain the claims in (101)-(102). We have therefore
shown that each of the four terms in (100) tends to zero, and hence

= - 1 — |

Tim. - —0. (110)
Moreover, since &° = f;(z', ..., x!) and vt = f,(2% + mz*, ..., 2"+ 4+ x*) with f; Lipschitz, we also have
At 12
i 20 (111)
n—00 d
Using (110)-(111) together with the bounds in (85) then yields
2t gt || .
Jim 10 = i R = w0 %) = EO2)
I _ ot e
= i =E{V.} = E{X?},

TL—)OO n— oo
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where the last equality in each line above is due to Lemma D.2. Using (110)-(112) and the induction hypothesis (98) in (77)
yields the result (74).

The proof of (75) is along similar lines. From the definitions of ¢ and m‘** (see (5) and (31)), we have

’I"t — 1’I’Lt—H = A(it — ’Ut+1) + Z(at+17i+1ui+1 — at,isi)

- ) (113)
= A(z" — o' + Z a1 ('t —sY) + Z(at+l,i+1 — )8’
i=1 i=1
Using the Cauchy-Schwarz inequality, we obtain
||,’,,t _mt+1||2 t+1||2

<o+ 2) |y B

uttl _ gi)|2 t st)[2
+ Zat+1 i+1 Ll + ) (i — ati)’ ” n”

n n ‘
=1

(114)

By assumption,
(98), we have

gp < O} therefore, by (111) the first term in the brackets tends to zero. By the induction hypothesis

[ — 8|2 lIs"I?

lim =0, lim =E{S7}, 1<i<t. (115)
n—00 n n—oo N
We can also show that
lim At4+1,i+1 = lim Qg = @t,’h 1 < ) < t, (1 16)
n—oo n—oo
where (Gt 1,...,a;) is defined as in (9) using the matrix M, = Z;HO Fo(j+1)Wis1 (P41 Pe41). The proof

of (116) is omitted as it is similar to that of (102) we show that M}, — M?H and Mj, , — M:_H =
ZJ+0 52(7+1)\Ilt+1(<1>t+1\11t+1) and then that Mt+1 Mt+1' Using (115) and (116) in (114), we obtain

o122 t+1 42
lim [t =m™ " _ 0, lim [l —u™] 0, (117)
n—o00 n n—oo n
where the second limit holds because
StJrl - ht+1(7‘17 ey rta Q(ga E))v ut+2 = ht+1(m27 e 7mt+1v q(m17 E))’

with h;41 Lipschitz in each argument. Using (117) together with the bounds in (96) then yields

t|2 t+1112
ti 17— D gz, ) — w2y,
sttt (
A s T SRl =B,

where the last equality in each line above is due to Lemma D.2.

Using (117), (118), and the induction hypothesis (98) in (78) yields the result (75), completing the proof.

E. An Auxiliary Lemma

Lemma E.1. Let F': R! — R be a Lipschitz function, and let O F' denote its derivative with respect to the k-th argument,

for1 < k < t. Assume that O F is continuous almost everywhere in the k-th argument, for each k. Let (Vl(m)7 ey Vt(m)) be
a sequence of random vectors in R? converging in distribution to the random vector (V1, ..., V;) as m — oc. Furthermore,
assume that the distribution of (V1, ..., V;) is absolutely continuous with respect to the Lebesgue measure. Then,

lim E{O PV, ... V™)) = E{OF (V... . V), ke [):

The result was proved for ¢ = 2 in Lemma 6 of (Bayati & Montanari, 2011). The proof for ¢ > 2 is essentially the same; see
also Lemma 7.14 in (Feng et al., 2021).



