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A. Empirical Convergence of Vector
Sequences

The LSL model in Section 2 and our main result in Section 4
require certain technical definitions.

Definition 1 (Pseudo-Lipschitz continuity). For a given
p > 1, afunction f : R — R™ is called Pseudo-Lipschitz
of order p if

[£(1) — £(z2)]|
< Cllzy — a2l (L+ [l P71 + [lzoP7) - 36)

for some constant C' > 0.

Observe that for p = 1, the pseudo-Lipschitz is equivalent
to the standard definition of Lipschitz continuity.

Definition 2 (Uniform Lipschitz continuity). Let ¢(x, 6)
be a function on r € R? and § € R®. We say that ¢(x, 0) is
uniformly Lipschitz continuous in  at § = 6 if there exists
constants Ly, Ly > 0 and an open neighborhood U of
such that

[@(z1,0) — Pp(22,0)|| < Laflxr —xaf|  (37)
forall z;, 2o € R?and § € U; and
@, 01) — @(x,02)|| < Lo (1+ ||z])) |61 — b2, (38)

forallz € R%and 0,0, € U.

Definition 3 (Empirical convergence of a sequence). Con-
sider a sequence of vectors z(N) = {z,(N)})_; with
x,(N) € RY. So, each () is a block vector with a total
of Nd components. For a finite p > 1, we say that the vec-
tor sequence x(N) converges empirically with p-th order
moments if there exists a random variable X € R? such
that

(i) E[ X5 < oo; and

(ii) for any f : R? — R that is pseudo-Lipschitz continu-
ous of order p,

N
Jim > f@a(N) =E[f(X)]. (39

In this case, with some abuse of notation, we will write

lim {x,} PLw) X, (40)
N—o0

where we have omitted the dependence on N in x,,(N).
We note that the sequence {(V)} can be random or de-
terministic. If it is random, we will require that for every
pseudo-Lipschitz function f(-), the limit (39) holds almost

surely. In particular, if &,, ~ X are i.i.d. and E[ X[} < oo,
then = empirically converges to X with p** order moments.

PL(p) convergence is equivalent to weak convergence plus
convergence in p moment (Bayati & Montanari, 2011), and
hence PL(p) convergence is also equivalent to convergence
in Wasserstein-p metric (See Chapter 6. (Villani, 2008)).
We use this fact later in proving Theorem 1.

B. ML-VAMP Denoisers Details

Related to S, and sy, from equation (11), we need to
define two quantities srflp € RY and Smp € RP that are
zero-padded versions of the singular values s, so that for
n > min{N,p}, we set s, = 0. Observe that (sf,)?
are eigenvalues of UUT whereas (s;lp)2 are eigenvalues
of UTU. Since Smp empirically converges to Sy, as given
in (12), the vector sf{lp empirically converges to random
variable Sgp whereas the vector s, ., empirically converges
to random variable S ,, where a mass is placed at 0 appro-
priately. Specifically, S,f, , has a point mass of (1 — /) d0y
when 3 < 1, whereas Sy, has a point mass of (1-35)+6501,
when $ > 1. In Appendix H (eqn. (113)), we provide the

densities over positive parts of S} and S, ..

A key property of our analysis will be that the non-linear
functions (20) and the denoisers ggi () have simple forms.

Non-linear functions ¢(+): The non-linear functions all act
componentwise. For example, for ¢ (-) in (20), we have

z1 = ¢1(Po, Str) = diag(se)Po <= 21,0 = 01(Po,ns Stryn),
where ¢ (+) is the scalar-valued function,

¢1(po, $) = spo- (41)
Similarly, for ¢o(-),
n<N

Zy = ¢2(P1»S$p) — Z2;n = (152(?1’”7 S$p7n)v

where p; € RY is the zero-padded version of py, and

¢2(p1,8) = sp1. (42)
Finally, the function ¢3(+) in (20) acts componentwise with
¢3(p2; d) = dout(p2, d). (43)

Input denoiser g (-): Since Fy(zo) = Fin(zo), and Fi,(+)
given in (6), the denoiser (25a) acts componentwise in that,

20 =85 (rg .70 ) < Zom = 90 ("o 70 )

where gd (+) is the scalar-valued function,

g3 (rg 7)) += argmin fin(20) + “o-(20 —15)%. 44)

Z0
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Thus, the vector optimization in (25a) reduces to a set of
scalar optimizations (44) on each component.

Output denoiser g5 (-): The output penalty F5(p2,y) =
Fout (P2, y) where Fyu (P2, y) has the separable form (6).
Thus, similar to the case of go(-), the denoiser g3 (-) in (25b)
also acts componentwise with the function,

— . +
93 (T;7’Y;_7y) (= argmin f011t(p27y) + %(pQ - T;_)Q'
P2

(45)

Linear denoiser gi(-): The expressions for both denoisers

gf and g2i are very similar and can be explained together.
The penalty F;(-) restricts z; = Si;pg, Where Sy, is a
square matrix. Hence, for / = 1, the minimization in (27)
is given by,

N I 12, —2

Po = argmin “3-[|po — g ||* + 5-[[Supo — 1 [%

Po
(46)

and z; = Sy Po. This is a simple quadratic minimization
and the components of pg and z; are given by

Po,n = 91 (To,naﬁ,na'}’o sV1 5 Sten)

o (et o At oA
Z1,;m = 91 (T07n77"17n770 » V1 73tr,n)7
where

e Yorg +syry

gl (TO ,7"1 770 771 ,8) = — (473)
7o + 5%
_ _ s(vdrd + sy ry)
g7 (g g ) = — L (47b)
Yo T8

Linear denoiser g2i (+): This denoiser is identical to the case

git (+) in that we need to impose the linear constraint zo =
Smpp1. However S, is in general a rectangular matrix
and the two resulting cases of 5 < 1 needs to be treated
separately.

Recall the definitions of vectors sf{lp and s, at the begin-
ning of this section. Then, for ¢ = 2, with the penalty
F>(p1,22) = 0{2,=8,,,p.}» the solution to (27) has compo-
nents,

(48a)
(48b)

5 — g (rF T AT AT o
Pin = 92 (r17n7r2,n771 » V2 78mp,n)
R v S
22,n = Y2 (Tl,n7r2,n571 V2 ’Smp,n)’
with the identical functions g, = g; and g5 = g;" as given

by (47a) and (47b). Note that in (48a), n = 1,...,p and in
(48b),n=1,...,N.

C. State Evolution Analysis of ML-VAMP

A key property of the ML-VAMP algorithm is that its perfor-
mance in the LSL can be exactly described by a scalar
equivalent system. In the scalar equivalent system, the
vector-valued outputs of the algorithm are replaced by scalar
random variables representing the typical behavior of the
components of the vectors in the large-scale-limit (LSL).
Each of the random variables are described by a set of
parameters, where the parameters are given by a set of de-
terministic equations called the state evolution or SE.

The SE for the general ML-VAMP algorithm are derived
in (Pandit et al., 2019) and the special case of the updates
for ML-VAMP for GLM learning are shown in Algorithm 2
with details of functions gzt in Appendix B. We see that the
SE updates in Algorithm 2 parallel those in the ML-VAMP
algorithm Algo. 1, except that vector quantities such as zyg,
Pres r& and r,, are replaced by scalar random variables
such as ZM, ISM, R;'L, and R,,. Each of these random
variables are described by the deterministic parameters such
as Ky € Riﬁz, and 70, 7., € Ry.

The updates in the section labeled as “Initial”, provide the
scalar equivalent model for the true system (18). In these
updates, =, represent the limits of the vectors &, in (19).
That is,

1= Su, So:=Sh, E3:=D. (49)

Due to assumptions in Section 2, we have that the compo-
nents of &, converge empirically as,

. PL(2) _
lim {&;} = ):b (50)
N—oo

So, the =y represent the asymptotic distribution of the com-
ponents of the vectors &.

The updates in sections labeled “Forward pass” and “Back-
ward pass” in the SE equations in Algorithm 2 parallel those
in Algorithm 1. The key quantities in these SE equations
are the error variables,

+ ot 0 - 0
Pre = Tpp = Pys Qg = Ty — Zp,
which represent the errors of the estimates to the inputs of
the denoisers. We will also be interested in their transforms,

+ _vTat - _ -
A = ViPros  Pre = Vil
The following Theorem is an adapted version of the main

result from (Pandit et al., 2019) to the iterates of Algorithms
1 and 2.

Theorem 2. Consider the outputs of the ML-VAMP for
GLM Learning Algorithm under the assumptions of Sec-
tion 2. Assume the denoisers satisfy the continuity condi-
tions in Assumption 1. Also, assume that the outputs of the
SE satisfy

ai@ € (07 1)7
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Algorithm 2 SE for ML-VAMP for GLM Learning

1: //Initial
2: Initialize 7, = 7y,, from Algorithm I.
30 Qop ™~ /\/(O Top) for some 7, > 0 for £ =0, 1,2
4: Zg =Wwo
5. for{=0,...,L—1 do
6: P =N(0, Té) ) = var(ZQ)
7: Ze+1 = ¢ena (PP, Zep)
8: end for
9:
10: for k=0,1,... do
11: //Forward Pass
122 for{=0,...,L—1do
13: if / = 0 then
14: Rko = ZZ + Qo
15: Zyo = 90 (RiosTro)
16: else
17: Ry =Pl + Py Ry =20 + Qy
18: Zip = QZ (Rz’g_p R;eaﬁzvg_pﬁ];gv Ee)
19: end if
20: au = EaZM/aQM
21 Qf, = Zne — Zy fkerz
1—-ag,
22: Tie = ( ie 1)
23: (PP, P, ~ N(0,K}), Kif, = cov(Z0, Q1)
24:  end for
25:

26: // Backward Pass
27: for{=1L,...,1do

28: if / = L then
29: RkL—l—PL—1+PkL—1
30: Pk,L—l =91 (RI—:L—D 'Yk 11, 27)
31: else

. 0 - 0 N
32: RkZl—Pel+Pk£1’Rk+1[_Z+Qk’+1£
33: Pk 1=9, (RM R ea'Yke 1 Tt =0
34: end if
35: Oékeleasz—l/aPkg1

. . Pooa — P2, — @ Py
36: Tt -1 = 1—a

O

) __ _ ~+
37: Vit = (ﬁ - 1)’7k,€—1

. _ _ - - 2
38: Qk,_;’_l,[_l ~ N(0, Tk+17z_1)’ The1 = E(Pk+1,e—1)
39:  end for
40: end for

for all k and (. Suppose Algo. 1 is initialized so that the
following convergence holds

PL(2)

Qo

hm {roe — 29}

where (Qqg, Qo1, @oz) are independent zero-mean Gaus-
sians, independent of {Z,}. Then,

(a) For any fixed iteration k > 0 in the forward direction
and layer ¢ =1, ..., L—1, we have that, almost surely,

A}gn (’Vk o 1 Vee) = (ﬁ,e,lﬁ;@), and, (51)

ngn {(Zkzv Zéa p[—la r;@_lv I‘Z)}

PL(2)
(leevzhpé 1aRke i) (52)
where the variables on the right-hand side are from the
SE equations (51) and (52) are the outputs of the SE
equations in Algorithm 2. Similar equations hold for
¢ = 0 with the appropriate variables removed.

(b) Similarly, in the reverse direction, For any fixed itera-
tion k > 0 and layer { = 1,...,L — 2, we have that,
almost surely,

J\}E}l (sz 1 Vi, ) = WZAP%ZH,E)? and (53)

hm {(pk+17g_1 ) Ze ) Pg—l ) I':,e—1 ) rl;+17f)}

PL(2) _
(PI;:& 10 ng P&y RZH) Rk+1,z)- (54

Furthermore, (P2, P,:Q_l) and Q) , are independent.

Proof. This is a direct application of Theorem 3 from (Pan-
dit et al., 2019) to the iterations of Algorithm 1. The con-
vergence result in (Pandit et al., 2019) requires the uniform
Lipschitz continuity of functions g (-). Assumption 1 pro-
vides the required uniform Lipschitz continuity assumption
on g (-) and g£ (1). For the ”middle” layers, ¢ = 1,2,
the denoisers g, (-) are linear and the uniform continuity
assumption is valid since we have made the additional as-
sumption that the terms s;, and sy, are bounded almost
surely. |

A key use of the Theorem is to compute asymptotic empiri-
cal limits. Specifically, for a componentwise function #(-),
let (¢)(x)) denotes the average & Zﬁlzl ¥ (zxy,) The above
theorem then states that for any componentwise pseudo-
Lipschitz function v(+) of order 2, as N — oo, we have the
following two properties

J\}ij}noo W(i&a 20, P04, rkJ-r,z—1 Ty )

= Eq/)(lew Z?, Plgu RkJr,Z—lV RZ)
~ ~t 0.0 .+ -
Hm (Y (P o120 Pets Tp et T )

N —oc0
= Ey(P el 20, Py 17sz 1 Ry o)
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That is, we can compute the empirical average over compo-
nents with the expected value of the random variable limit.
This convergence is key to proving Theorem 1.

D. Empirical Convergence of Fixed Points

A consequence of Assumption 2 is that we can take the
limit £ — oo of the random variables in the SE algorithm.
Specifically, let ), = xi(IN) be any set of d outputs from
the ML-VAMP for GLM Learning Algorithm under the
assumptions of Theorem 2. Under Assumption 2, for each
N, there exists a vector

z(N) = lim x(N), (55)
k—o0
representing the limit over k. For each k, Theorem 2 shows
there also exists a random vector limit,

lim {2, (V) T2 X, (56)
N—oo

representing the limit over /N. The following proposition
shows that we can take the limits of the random variables
Xk.

Proposition 1. Consider the outputs of the ML-VAMP for
GLM Learning Algorithm under the assumptions of Theo-
rem 2 and Assumption 2. Let x, = x,(N) be any set of d
outputs from the algorithm and let x(N) be its limit from
(55) and let X}, be the random variable limit (56). Then,
there exists a random variable X € R such that, for any
pseudo-Lipschitz continuous f : R? — R,

. ol
Jim Ef(Xy) =Ef(X) = lim — ;fm(N)).

(57)
In addition, the SE parameter limits Efe and 7,5 converge
to limits,

lim af, =&, lim vF, = 5F. 58
dim @ =an,im e =y 68

The proposition shows that, under the convergence assump-
tion, Assumption 2, we can take the limits as k — oo of the
random variables from the SE. To prove the proposition we
first need the following simple lemma.

Lemma 1. If ay and By € R are sequences such that

lim i — =
el Ngnoo|aN Bl =0, (59

then, there exists a constant C such that,

Jm ey =l =0 @

In particular, the two limits in (60) exist.

Proof. For any € > 0, the limit (59) implies that there exists
a k(1 oo as € | 0) such that for all & > k.,

ngnoo |aN - 6k| <k¢,
from which we can conclude,

1}\?3?3 an > ﬁk — €
for all £ > k.. Therefore,

liminf oy > sup B — €.
N—o0 E>k.

Since this is true for all € > 0, it follows that

liminf oy > lim sup By. (61)

N—oo k—00

Similarly, limsupy_, . an < infgsi. Bi + €, whereby

limsup ay < liminf 8. (62)
N—o0 k—o0

Equations (61) and (62) together show that the limits in (60)
exists and are equal. (|

Proof of Proposition 1 Let f : R? — R be any pseudo-
Lipschitz function of order 2, and define,

N
an = S F@N), B =Ef(X). 6
i=1

Their difference can be written as,
oy — Br = ANk + By, (64)

where

N
Avpi= 1 S F@(N) ~ V), ©9)
i=1

N
1
By = ; f(@ri(N)) — Ef(X). (66)
Since {z, ;(N)} converges PL(2) to X}, we have,
Jim By =0. (67)

For the term Ay 1,
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where (a) follows from applying the triangle inequality to
the definition of A j, in (65); (b) follows from the definition
of pseudo-Lipschitz continuity in Definition 1, C' > 0 is the
Lipschitz contant and

ari(N) == ||xg,i(N) — x:(N)||2,

and (c) follows from the RMS-AM inequality:

N 2 N
(Nzaki(N)> Zakz =: ei(N).
i=1 i=1
By (29), we have that,

lim lim € (N) =0.

k—o00 N—o0

Hence, from (68), it follows that,

li lim Ay =

i, i A =0 )
Substituting (67) and (69) into (64) show that ay and Sy
satisfy (59). Therefore, applying Lemma 1 we have that

for any pseudo-Lipschitz function f(-), there exists a limit
®(f) such that,

N
Jim 3 f(e(N) = Jim BF(X0) = &(1): (70
In particular, the two limits in (70) exists. When restricted
to the continuous, bounded functions with the || f|| oo norm,
it is easy verified that ®(f) is a positive, linear, bounded
function of f, with ®(1) = 1. Therefore, by the Riesz
representation theorem, there exists a random variable X
such that ®(f) = Ef(X). This fact in combination with
(70) shows (57).

It remains to prove the parameter limits in (58). We prove
the result for the parameter a,&. The proof for the other
parameters are similar. Using Stein’s lemma, it is shown in
(Pandit et al., 2019) that

—— E(Z1Qp)
HUE@)?

Since the numerator and denominator of (71) are PL(2)
functions we have that the limit,

(71)

E(Z
af = lim &, = 1 ( “f?’fj)
—00 k—o0 ]E(ng)
E(ZiQ;
( é?g), (72)
E(Q;)
where Z; and @, are the limits of Zre and Q.- This
completes the proof. O

E. Proof of Theorem 1

From Assumption 2, we know that for every N, every group
of vectors xj converge to limits,  := limy_,o, . The
parameters, ’Ykiz’ also converge to limits %‘[ = limg 00 72}
for all ¢. By the continuity assumptions on the functions
g;t (+), the limits « and ﬁt are fixed points of the algorithms.

A proof similar to that in (Pandit et al., 2019) shows that
the fixed points z, and py satisfy the KKT condition of the
constrained optimization (22). This proves part (a).

The estimate w is the limit,

~

w = Zy) = lim 2k0~

k—oc0

Also, the true parameter is zJ = w”. By Proposition 1, we

have that the PL(2) limits of these variables are

PL(2)

lim {(@,wo)} (W, Wo) = (Zo, 29).

N—o0

From line 2 of the SE Algorithm 2, we have

o~

WzZozgar(Ra,ﬁo)—proxf A5 W°+Qp).
This proves part (b).
To prove part (c), we use the limit

PL(2)

Jim {pg . po.n} (PY, By). (73)

Since the fixed points are critical points of the constrained
optimization (22), pp = Vow. We also have p) = Vow".
Therefore,

[ (N) A(N)]

2 221 = u' Diag(ses) Vo w® @]
= u' Diag(s:s)[p] o). (74)

Here, (N) in the subscript denotes the dependence on N.
Since u ~ N (0, %I), [z t(év ) Et(iv )] is a zero-mean bivariate
Gaussian with covariance matrix

P
Z |:sts npo np() n
o sts npO np() n

The empirical convergence (73) yields the following limit,

*EM—‘

2 0 -~
Sgs,npo,npom
Sts$np0,’np0,’n

0 p0 0D
lim MW =M := ES2 P 00110 LoTo (75)
N—o0 PO Po P()PO

It suffices to show that the distribution of [zt(s ) Qfg )] con-
verges to the distribution of [Z Zts] in the Wasserstein-2
metric as N — co. (See the discussion in Appendix A on
the equivalence of convergence in Wasserstein-2 metric and
PL(2) convergence.)
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Now, Wassestein-2 distance between between two probabil-
ity measures 1 and v; is defined as

1/2
Wg(yl,yg):(Wign«:vnxl_&ﬁ) . (76)

where I is the set of probability distributions on the product
space with marginals consistent with v; and v,. For Gaus-
sian measures v1 = N'(0,31) and v5 = N(0, 35) we have
(Givens et al., 1984)

W2 (11, v5) = tr(S) — 2(5125,514)12 43y,

Therefore, for Gaussian distributions V§N) =N (0, M® )),
and v, = N(0,M), the convergence (75) implies
Wg(l/fN), vg) — 0, i.e., convergence in Wasserstein-2 dis-
tance. Hence,

( (N) A(N))

Zts s Rts

(Ztsazts) N(OaM)v

where M is the covariance matrix in (75). Hence the conver-
gence holds in the PL(2) sense (see discussion in Appendix
A on the equivalence of convergence in W5 and PL(2) con-
vergence).

Hence the asymptotic generalization error (17) is
gts =

(2 hm ]Efts(d)out(zts M , D), (b(g‘g\[)))

®) >

- Efts(¢out(ZtsaD)7¢(Zts))a (77)
where (a) follows from (3); and step (b) follows from con-
tinuity assumption in Assumption 1(b) along with the def-
inition of PL(2) convergence in Def. 3. This proves part

(©).

Jim B fis (5rs, 1s)

F. Formula for M

For the special cases in the next Appendix, it is useful to
derive expressions for the entries the covariance matrix M

in (75). For the term m1,
mi1 = ]ESth(P(g)) ESES ( ) E’Sti ki1, (78)

where we have used the fact that P 1 (Sis, Sir). Next,

miy = ESZ PYP,. where,
Po =gy (B + Py 29 + Q7 .78 . 71 - i)
Yo Py + Su1 Q1
Vo + SE
where (P, Py, Q) are independent of (S, Sis). Hence,

+ P, (79)

52
mi = ES2 - E(P0)? + Eitﬂg E[PO P}
A/ Str 1
Sty
=my +E (M) - k12, (80)
O + Ster

since E[PYQ7] = 0 and K{ is the covariance matrix of
(P§, Py") from line 2.

Finally for mos we have,

Moo = IESES]SOJ%
—+ 2
- K <+St570> E(pOJr)2
Yo “'Str’h
2
StsStril ) —\2
‘HE(_ E(Q7)
’Y(T +St2r'71 !
FESZE(RY)? + 2B 10 S .
3§ +7; SZ

2
Stswar
kQQE( ¥ + SEAT

2
Sts Sty
+7m E <t‘ t71_> —mi1 +2mi2.  (81)

78_ + Sgril

E PY Py

G. Special Cases
G.1. Linear Output with Square Error

In this section we examine a few special cases of the GLM
problem (2). We first consider a linear output with additive
Gaussian noise and a squared error training and test loss.
Specifically, consider the model,

y=Xuw’+d (82)
We consider estimates of w? such that:

@ = argmin § [ly — Xwl|* + 35 [w|*  (83)
The factor (3 is added above since the two terms scale with
aratio of 3. It does not change analysis. Consider the ML-
VAMP GLM learning algorithm applied to this problem.
The following corollary follows from the Main result in

Theorem 1.

Corollary 1 (Squared error). For linear regression, i.e.,
(b(t) = t7 (ZSOut(tad) =1+ da fts(y7:/y\) = (yts - /y\ts)Q,

1 2

Fout(P2) = w lly — p2||”, we have
LR Yo S 2 ¥1 Str S 2 2
& :E(Oit) k —&-]E(#) 4+ o2
ts Te+Sem ) 2 Yo+82v; ) 1 d

The quantities koo, T, ,76“,7; depend on the choice of
regularizer \ and the covariance between features.
Proof. This follows directly from the following observation:

EMR —E(Zys + D — Zis)? = B(Zys — Zis)? + E D?

2
= mi1 —+ Mmoo — 2m12 + 4.

Substituting equation (81) proves the claim. (|
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G.2. Ridge Regression with i.i.d. Covariates

We next the special case when the input features are inde-
pendent, i.e., (83) where rows of X corresponding to the
training data has i.i.d Gaussian features with covariance

2
Tir

» I and Str = O¢r.

Ptrain =

Although the solution to (83) exists in closed form (XTX +
)\I)_lXTy, we can study the effect of the regularization
parameter A on the generalization error &5 as detailed in
the result below.

Corollary 2. Consider the ridge regression problem (83)
with regularization parameter \ > 0. For the squared loss
i, fis(v,9) = (v — 9)? i.i.d Gaussian features without
train-test mismatch, i.e., Sy, = Sis = 0y, the generaliza-

tion error ERR is given by Corollary 1, with constants

koo = Var(W?), Yo = A/ B,
el B<1
7 =4 25525
1 Gtrﬁ,1 ")’\crﬁ 6 >1
G T323

where G = Gmp(_aT)\ﬁ)’ with Gy, given in Appendix H,
tr

and 7, = E(P[)? where P| is given in equation (95) in
the proof.

Proof of Corollary 2. We are interested in identifying the
following constants appearing in Corollary 1:

+ = ot A
Kq,71 %71 -

These quantities are obtained as fixed points of the State
Evolution Equations in Algo. 2. We explain below how
to obtain expressions for these constants. Since these are
fixed points we ignore the subscript k£ corresponding to the
iteration number in Algo. 2.

In the case of problem (83), the maps proxy, and proxy, .
i.e., gi and g5 respectively, can be expressed as closed-
form formulae. This leads to simplification of the SE equa-
tions as explained below.

We start by looking at the forward pass (finding quantities
with superscript *+’) of Algorithm 2 for different layers and
then the backward pass (finding quantities with superscript
’-") to get the parameters {K ", 7'[,&},@'[} for{ =0,1,2.

To begin with, notice that fi, (w) = %wQ, and therefore the

denoiser gy (-) in (44) is simply,

— + —_
+ (0= — Yo — 890 Yo
T = — T and 0 = —
90 (070 ) Yo +A/B1 07 ary v +A/B

Using the random variable R and substituting in the ex-
pression of the denoiser to get Zo, we can now calculate &g

using lines 2 and 2,

—+ _ _ 7o

ag = =575 o =B (84)

Similarly, we have fou(p2) = %(p2 — y)?, whereby the
output denoiser g5 (-) in the last layer for ridge regression
is given by,

+o.t
— o+ o+ Y2 Ta Ty
T 3V 2 Y) = —/—————. (85)
95 (13,72, Y) 7;4_1

By substituting this denoiser in line 2 of the algorithm we
get P~ and thus, following the lines 2-2 of the algorithm
we have

ay = L
2T A+

whereby 7, = 1. (86)

Having identified these constants a{; , War, Ty Y, » we will
now sequentially identify the quantities

(@,7) = K¢ = (@, 7)) = Ki = (a3,73) = K;
in the forward pass, and then the quantities

7o < (@, 7)) <1 (@) 1y < (@y,7;)
in the backward pass.

We also note that we have

af +a, =1 (87)

Forward Pass: Observe that K = Cov(Zp, Q7). Now,
from line 2, on simplification we get Qf = —W{) whereby,

K = var(W0) {_11 11} ) (88)
Notice that from line 2, the pair (P, P;") is jointly Gaus-
sian with covariance matrix K. But the above equation
means that P;" = — P, whereby Ry = 0 from line 2.

Now, the linear denoiser g; (-) is defined as in (47a). Note
that since we are considering i.i.d Gaussian features for this
problem, the random variable Sy, in this layer is a constant
otr. Therefore, similar to layer £ = 0 by evaluating lines
2-2 of the algorithm we get Qf = —79, whereby

22— =+
—+ _ o7y —+ _ g _ A + 21+
Q= 73';0.':2%71—7 Y1 = Tzz)r =225 K] =0,Kq .
(89)
Observe that this means
0
Pl+ =—-P;. (90)
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Backward Pass: Since Y = ¢ (P, D) = PY + D,
line 2 of algorithm on simplification yields P, = D,
whereby we can get 7,

7, =E(P;)? =E[D?| =0} 91)

Next, to calculate the terms (& ,7; ), we use the decoiser
g, defined in (47a) for line 2 of the algorithm to get P;.

~ =t pt+ - =P
_ 'Yl Rl +Smp72 R2

= _ Sap(SE,Pr4Qy)
7 +(Smp)?72

= e 0 O

where we have used 7, = 1, R} = P + P;" = 0 due to
(90), and Ry = Z9 + Q5 = S, PP 4+ Q3 from lines 2, 2
and 2 respectively.

Then, we calculate @; and %, as a; = ESQTZ‘; =
1
—+
’Yl . .
]E*wiﬁ(snip)? . This gives,
A
7=G <1
T N ©3)
(1-3)+355250 B=1

Here, in the overparameterized case (§ > 1), the denoiser

g, outputs R] with probability 1 — % and 05\ 5G with
tr
probability %
Next, from line 2 we get,
. T
__ _ A LA
Fi=(z= -7 =3 #5c—775) (94)
! B=1, p>1
G T2
Now from line 2 and equation (87) we get,
e D __ @35 =
afPf =P - P —a; P 2 P —af P!
b SonSih _ S _
(:) 5 mp nf} - _ Oéi‘r P10 + X mp7 - Q2
25+ (Sap) 25+ (Sm)
——
A B

(95)

where (a) follows from (90) and (87), and (b) follows from
(92). From this one can obtain 7; = E(P; )% which can
be calculated using the knowledge that P, ), are indepen-
dent Gaussian with covariances E(P)? = o2 Var(W?),
E(Q3)* = o2. Further, P),Q, are independent of

(Sip Siap)-

Observe that by (95) we have
1

e <E<A2>o?r\far<w0> +E<32)°'3>' o0

with some simplification we get

A A

2y _ (N N2 N 2
E(B?) =G — U? ', (97b)

where G = Gmp(—?)‘ﬁ), with G, given in Appendix H,
A
0’3{'/[—3 ’

Now consider the under-parametrized case (6 < 1):

and G’ is the derivative of Gy, calculated at —

Letu = —ﬁ and z = Gypp(u). In this case we have
_ A
aj =1— -G =1+uz. (98)
Jtr
Note that,

1
Cil(r)=u Y Rup(2)+ - =u

—~
o

(g
—_

= (99a)

1— Bz + P
where Ry, (.) is the R-transform defined in (Tulino et al.,
2004) and (a) follows from the relationship between the R-
and Stieltjes-transform and (b) follows from the fact that for
Marchenko-Pastur distribution we have Ry, (2) = =

1—z28"
Therefore,
1 1
Gup(——+ -) =
1 1 1
= Go( +-)=G = ———. (100)
mp _ ﬁ 1
1-pz " = (R
For the over-parametrized case (5 > 1) we have:
1—uz
al =51+ 525G) = 7 (101)

In this case, as mentioned in Appendix H and following
the results from (Tulino et al., 2004), the measure j15 scales
with 8 and thus Ry, (2) = % Therefore, similar to (99a),
z satisfies
1 1
p +-=u =G =

_ 1
1—2z =z a7~

(102)

Now 7, can be calculated as follows:

= (UZZQO'EIUGT(WO)(K — 1)+ 032(uzk + 1))

(103)
where
(1-82)*
n = {(Huz) petl {6z2l<126z)2 A<l
(1—wuz) B > 1 Bzz(_zflz)2 ﬂ >1
(104)
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and z is the solution to the fixed points

1 1 _
{1_524‘211, [3<1

= g>1

. (105)
1—=z + Zz =u

G.3. Ridgeless Linear Regression

Here we consider the case of Ridge regression (83) when
A — 07. Note that the solution to the problem (83) is
(XTX + AI)~!XTy remains unique since A > 0. The fol-
lowing result was stated in (Hastie et al., 2019), and can be
recovered using our methodology. Note however, that we
calculate the generalization error whereas they have calcu-
lated the squared error, whereby we obtain an additional
additive factor of o2. The result explains the double-descent
phenomenon for Ridgeless linear regression.

Corollary 3. For ridgeless linear regression, we have

1 2
lim ERR — J T-B7d p<l
A0+ 2503+ (1— 5o Var(W) B> 1

Proof of Corollary 3. We calculate the parameters 78’ 2y Y1
koo and 7; when A — 0. Before starting off, we note that

B
lim Gp(—2) = {15/3 ﬁ<1, (106)

as described in Appendix H. Following the derivations in
Corollary 2, we have

& =A/B, kay = Var(W?) (107)
Now for A — 0T, we have
1 <1 A =15 g
1_a1:{1 ﬁ ) VIZ{GO)\ B ﬁ 1’
g B21 Fezs P>
(108)
Using this in simplifying (95) for A — 0%, we get
_ _ a2Gy g<1
7_1 = E(Pl )2 = ¢ 2 2 0
BoiGo + o2 Var(WO) (B —1) B>1
- 2
. . o
where during the evaluation of E (77% ( s,;p)2) , for the

case of 8 > 1, we need to account for the point mass at 0
— . . 1
for 5;;, with weight 1 — 5.

Next, notice that

e Yoo )0 B<1
SV tToe |- How B217

and,

g <1
g>1’

po— o _ )1
Yo +on |3

Thus applying Corollary 1, we get
ERR = a®kog + b1 + 03

_ ﬁag B8<1
52503+ (1= §)od Var (W) B>1

This proves the claim. |

G.4. Train-Test Mismatch

Observe that our formulation allows for analyzing the ef-
fect of mismatch in the training and test distribution. One
can consider arbitrary joint distributions over (St,, Sis) that
model the mismatch between training and test features. Here
we give a simple example which highlights the effect of this
mismatch.

Definition 4 (Bernoulli e-mismatch). (Sis, Si;) has a bi-
variate Bernoulli distribution with

L4 PI‘{Str:StS:O} - P{Str:Stszl} = (1 - 8)/2
° Pr{Str:()’ StS:]-} = P{Str:LStS:O} = 8/2

Notice that the marginal distribution of the S;, in the
Bernoulli e—mismatch model is such that P(S;, # 0) = 1.
Hence half of the features extracted by the matrix Vj are
relevant during training. Similarly, P(Sis # 0) = 1. How-
ever the features spanned by the test data do not exactly
overlap with the features captured in the training data, and
the fraction of features common to both the training and
test data is 1 — €. Hence for € = 0, there is no training-test

mismatch, whereas for € = 1 there is a complete mismatch.

The following result shows that the generalization error
increases linearly with the mismatch parameter ¢.

Corollary 4 (Mismatch). Consider the problem of Linear
Regression (83) under the conditions of Corollary 1. Addi-
tionally suppose we have Bernoulli e-mismatch between the
training and test distributions. Then

Eu =2 ((1= 217 +2) + T (1= 7)1 =) + 03,

~+
where v* := —1%—_ The terms koo, 7, ,7* are indepen-

o+
dent of €.

Proof. This follows directly by calculating the expectations
of the terms in Corollary 1, with the joint distribution of
(Str, Sts) given in Definition 4. O
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The quantities k22 and 7, in the result above can be calcu-
lated similar to the derivation in the proof of Corollary 2
and can in general depend on the regularization parameter
A and overparameterization parameter 3.

G.5. Logistic Regression

The precise analysis for the special case of regularized lo-
gistic regression estimator with i.i.d Gaussian features is
provided in (Salehi et al., 2019). Consider the logistic re-
gression model,

where p(z) is the standard logistic function.

— 1
T 14e =

In this problem we consider estimates of w" such that

W = argmin 17 log(1 + exw) - yTX'w + Fin(w).
w

where Fj, is the reguralization function. This is a special
case of optimization problem (2) where

Fou(y, Xw) = 1T log(1 4+ eX¥) — y"Xw.  (109)

Similar to the linear regression model, using the ML-VAMP
GLM learning algorithm, we can characterize the general-
ization error for this model with quantities K, 7,74, 7,
given by algorithm 2. We note that in this case, the output
non-linearity is

¢out(p27d) = II-{p(pg)>d} (110)
where d ~ Unif(0,1). Also, the denoisers gd, and g5
can be derived as the proximal operators of Fj,, and Fy4
defined in (25).

G.6. Support Vector Machines

The asymptotic generalization error for support vector ma-
chine (SVM) is provided in (Deng et al., 2019). Our model
can also handle SVMs. Similar to logistic regression, SVM
finds a linear classifier using the hinge loss instead of logis-
tic loss. Assuming the class labels are y = +1 the hinge
loss is

Ehinge(yv @\) = maX(O, 1- y/y\) (1 1 ])

Therefore, if we take

Fou(y, Xw) = Y max(0,1 - yX;w),  (112)

where X; is the i*" row of the data matrix, the ML-VAMP
algorithm for GLMs finds the SVM classifier. The algorithm
would have proximal map of hinge loss and our theory
provides exact predictions for the estimation and prediction
error of SVM.

As with all other models considered in this work, the true
underlying data generating model could be anything that
can be represented by the graphical model in Figure 1, e.g.
logistic or probit model, and our theory is able to exactly
predict the error when SVM is applied to learn such linear
classifiers in the large system limit.

H. Marchenko-Pastur distribution

We describe the random variable Sy, defined in (12) where
S’ﬁlp has a rescaled Marchenko-Pastur distribution. Notice
that the positive entries of s, are the positive eigenvalues
of UTU (or UUT).

Observe that U;; ~ N (0, %) whereas, the standard scaling
while studying the Marchenko-Pastur distribution is for ma-
trices H such that H,; ~ N(0, %) (for e.g. see equation
(1.10) from (Tulino et al., 2004) and the discussion preced-
ing it). Also notice that 1/3U has the same distribution as
H. Thus the results from (Tulino et al., 2004) apply directly
to the distributions of eigenvalues of SUTU and SUUT.
We state their result below taking into account this disparity
in scaling.

The positive eigenvalues of 5UTU have an empirical distri-
bution which converges to the following density:

V(s — )4 (z —ap)+
2 Bx

where ag = (1 — /B)2, bg := (1 + /B)?. Similarly the
positive eigenvalues of SUUT have an empirical distribu-
tion converging to the density S 3. We note the following
integral which is useful in our analysis:

i) = (113)

. 1
bg 1 B
= lim ——pg(x)de = ———. (114)
om0- Jo, T/B—2 8(2) 18— 1]

More generally, the Stieltjes transform of the density is
given by:

G 1 " L

mo(2) =E—— 1 = . d

p(2) 52— Sw>0) /GB 2/ ~Hp(z)dz
(115)



