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CrossMark
Abstract

Hebbian neural networks with multi-node interactions, often called Dense
Associative Memories, have recently attracted considerable interest in the stat-
istical mechanics community, as they have been shown to outperform their
pairwise counterparts in a number of features, including resilience against
adversarial attacks, pattern retrieval with extremely weak signals and supra-
linear storage capacities. However, their analysis has so far been carried out
within a replica-symmetric theory. In this manuscript, we relax the assumption
of replica symmetry and analyse these systems at one step of replica-symmetry
breaking, focusing on two different prescriptions for the interactions that we
will refer to as supervised and unsupervised learning. We derive the phase
diagram of the model using two different approaches, namely Parisi’s hier-
archical ansatz for the relationship between different replicas within the rep-
lica approach, and the so-called telescope ansatz within Guerra’s interpolation
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method: our results show that replica-symmetry breaking does not alter the
threshold for learning and slightly increases the maximal storage capacity.
Further, we also derive analytically the instability line of the replica-symmetric
theory, using a generalization of the De Almeida and Thouless approach.

Keywords: dense associative memory, replica symmetry breaking,
Guerra’s interpolation, replica trick, unsupervised learning,
supervised learning
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1. Introduction

Since Hopfield’s seminal work on the use of biologically inspired neural networks for associ-
ative memory and pattern recognition tasks [1], there have been many important contributions
applying concepts from statistical mechanics, in particular spin-glass theory, to the study of
neural networks with pairwise Hebbian interactions (for an overview of the vast literature,
the reader is referred to the books [2-9] and to the recent reviews [10, 11]). This connection
was first pointed out by Hopfield himself in [1], where he showed that neural networks with
pairwise Hebbian interactions were particular realizations of spin glasses, and it was further
developed by Amit et al [12] who showed that the free-energy landscape of such systems is
characterized by a large number of local minima, corresponding to different patterns of inform-
ation, retrieved by the network from different initial conditions. In addition to neural networks
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with pairwise Hebbian interactions, a large body of work has focused on extending Hebbian
learning to multi-node interactions, both in the early days (see e.g. [13—15]) and more recently
(see e.g. [16, 17]). These models are often referred to as dense associative memories [16], as
they can store many more patterns than the number of neurons in the network. In particular,
they can perform pattern recognition with a supra-linear storage load [15] and can work at very
low signal-to-noise ratio, when compared to their pairwise counterparts [18]. In addition, they
have been shown to be resilient to adversarial attacks [19] and combinations of such models
can lead to exponential storage capacity [20].

In recent years, a duality between Hebbian neural networks and machine learning mod-
els has been pointed out. For example, the Hopfield model has been shown to be equivalent
to a restricted Boltzmann machine [21], an archetypical model for machine learning [22],
and sparse restricted Boltzmann machines have been mapped to Hopfield models with diluted
patterns [23, 24]. Furthermore, restricted Boltzmann machines with generic priors have led to
the definition of generalized Hopfield models [25-27] and neural networks with multi-node
Hebbian interactions have recently been shown to be equivalent to higher-order Boltzmann
machines [28, 29] and deep Boltzmann machines [30, 31]. As a result, multi-node Hebbian
learning is receiving a second wave of interest since its foundation in the eighties [13, 14] as
a paradigm to understand deep learning [17, 32].

In order to make this connection clearer, we should stress that neither the Hopfield model
nor its generalized versions with multi-node Hebbian interactions, are machine learning mod-
els, in that they are not trained from data and their couplings do not evolve in time according to
a learning rule. Instead, their couplings are fixed from the outset to the values that would have
been attained by a neural network trained according to the Hebbian rule, which adjusts the
strengths of the connections between the neurons based on the input patterns that the network
is exposed to. In this work, we consider two different routes for exposing the network to data,
as considered in [33, 34]. In particular, we analyze the scenario where the input patterns are
noisy or corrupted versions of pattern archetypes. In the first route, that we will call ‘unsu-
pervised’, we expose the network to all of the input patterns together, without specifying the
archetype that each pattern is meant to represent [35]. In the second route, that we will call
‘supervised’, we split the training dataset in different classes, corresponding to the archetypes,
and the network is exposed to the examples in each class, class by class, in the same way that a
teacher helps a student to learn one topic at time, from different examples [36]. Beyond being
more realistic than traditional Hebbian storing, this generalization allows to pose a number
of new questions, such as: is the network able, in either scenario, to retrieve the archetypes
by itself, i.e. find hidden and intrinsic structures in the training dataset? which is the minimal
amount of examples per archetype that the network has to experience, given the noise in the
examples and the number of archetypes, in the two scenarios?

These questions have been addressed in neural networks with pairwise as well as multinode
Hebbian interactions, for both random uncorrelated datasets and structured datasets (includ-
ing the well-known MNist or Fashion MNist) [34, 37, 38], within a replica-symmetric (RS)
analysis, which is based on the assumption that different replicas (or copies) of the systems
are invariant under permutations. However, since neural networks are particular realization
of spin-glasses, such symmetry is expected to be broken in certain regions of the parameters
space, where the system develops a multitude of degenerate states. In a recent work [39], we
devised a simple and rigorous method to detect the onset of the instability of RS theories in
neural networks with pairwise and multinode Hebbian interactions. Building on this work,
we derive the RS instability lines for the two different protocols defined here, supervised and
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unsupervised, and we re-investigate the problem defined above, previously analysed within an
RS assumption, by carrying out the analysis at one step of replica-symmetry breaking (1RSB).
Since Parisi’s seminal work on replica symmetry breaking [2], several alternative mathemat-
ical techniques have been proposed to investigate replica-symmetry broken phases [40—42].
In this work, we will use interpolations techniques, that were pioneered by Guerra in the con-
text of his work on spin glasses [43] and were later applied to neural networks (e.g. [44]). One
advantage of this approach is that it avoids certain heuristics required by the replica method and
it leads to simpler calculations. For completeness, we will also derive the same results using
the replica approach, with the pedagogical aim of creating a bridge between the two methods,
one being a cornerstone of the statistical physics community (Parisi’s), the other constituting
a golden niche in the mathematical physics community (Guerra’s).

The paper is structured as follows. In section 2 we define a first model for dense associative
memories (DAM) that we will shall refer to as ‘unsupervised’ and we analyse it at one step
of replica symmetry breaking via Guerra’s interpolation method and replica techniques. In
section 3 we define a second model for DAM, that we will shall refer to as ‘supervised’ and
we carry out the same analysis as in section 2. Finally, in section 4 we summarize and discuss
our results. We relegate technical details to the Appendices as well as the derivation of the
instability line of the RS theory, which shows the importance of analysing these systems under
the assumption of replica symmetry breaking.

2. ‘Unsupervised’ DAM

In this section we analyse the information processing capabilities of DAM in the so-called
‘unsupervised’ setting, as introduced in section 2.1, via two different approaches, namely
Guerra’s interpolation techniques (section 2.2) and Parisi’s replica approach (section 2.3).
Both analyses are carried out at the first step of RSB. Results are discussed in section 2.4.
The instability line of the RS theory (equivalent to the de Almeida and Thouless line in the
context of spin-glasses), showing the importance of working under the assumption of broken
replica symmetry, is derived in appendix A.1.

2.1. Model and definitions

We consider a system of N neurons, modelled via Ising spins o; € {—1,1}, withi =1,... N,
where neurons interact via P-node interactions. We assume to have K Rademacher archetypes,
defined as N-dimensional vectors £, with = 1,..., K, where each entry is drawn randomly
and independently from the distribution

1
P(¢f) = 3 (55,.“,+1 + 5;“,71) : 2.1

Such archetypes are not provided to the network, instead the network will have to infer them by
experiencing solely noisy or corrupted versions of them. In particular, we assume that for each
archetype i, M examples n*¢, witha = 1,..., M, are available, which are corrupted versions
of the archetype, such that

1—r 1+r
5 Onpe gt 5 O et (2.2)

P (n"1¢)") =
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where r € [0, 1] controls the quality of the dataset, i.e. for r =1 the example matches perfectly
the archetype, while for r = 0 it is purely stochastic. To quantify the information content of the
dataset it is useful to introduce the variable

1P

p=-s (2.3)

that we shall refer to as the dataset entropy’. We note that p vanishes either when the examples
are identical to the archetypes (i.e. r — 1) or when the number of examples is infinite (i.e.
M — 00), or both. If we regard the traditional DAM model as storing patterns and the unsu-
pervised DAM model as learning patterns from stored examples, then p can be thought of as
the parameter that quantifies the difference between storing and learning (which is larger, the
larger p).

Definition 1. The cost function (or Hamiltonian) of the ‘unsupervised” DAM model is

K M N,--- N
. 1 < e
W al) = gt o0 3 e ). 24

p=la=1 \ij<--<ip

where the constant R”/2, with R = r*(1 4 p) and p defined in (2.3), is included in the definition
for mathematical convenience, while the factor N°~! ensures that the Hamiltonian is extensive
in the network size N. On the left hand side (LHS), the label (P) denotes the order of the
multi-node interactions and 7 is a short-hand for the collection of all the examples, for all the
archetypes {n/<}*M

pn=1l,a=1"

Remark 1. For P =2, i.e. pairwise interactions, the unsupervised DAM model reduces to the
Hopfield neural network in the unsupervised setting [33]. In addition, in the absence of dataset
corruption, i.e. ¥ =1, R = 1 and the model reduces to the standard Hopfield model, as analysed
in [4, 12].

Definition 2. The partition function associated to the Hamiltonian (2.4) at inverse noise level
B € RT is defined as

2N 2N
ZIS,P) (n)= Zexp (—BHJ(VP) (0'|77)> =: ZBI(VP) (o|n), (2.5)

where B,(\,P)(o'm) is referred to as the Boltzmann factor. At finite network size N, the free
energy of th () is gi
gy of the model Fy ’ is given by

1
bR = JElog 2] (m) 2.6)

where E[.] denotes the average over the realizations of examples 7, regarded as quenched.

We are interested in the behaviour of the system in the limit of large system size N — oo
and finite network load «, as specified by the following

7 1t was shown in [34] that the conditional entropy which quantifies the amount of information needed to reconstruct
the original pattern £ given the set of related examples {n*“},=1,... m, is a monotonically increasing function of p.

.....

5
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Definition 3. In the thermodynamic limit N — oo, the load of the unsupervised DAM model
is defined as

NETOO = =:a <00 2.7

We will mostly focus on the so-called ‘saturated’ regime, where o > 0. The regime where the
system is away from saturation can be inspected by taking the limit o — 0. For convenience,
we also introduce the parameter v, defined by

2

a= ,YP' (2.8)
The free energy in the thermodynamic limit is denoted as
(P) _ q; (P)
F Nll)ngo Fy - (2.9

In the following, we focus on the ability of the network to retrieve a single archetype, say
v. Given the invariance of the Hamiltonian w.r.t. permutations of the archetypes, we will set
without loss of generality v = 1. Then, following standard procedures [4], we split the sum
over p in the Hamiltonian into the contribution from p =1 (regarded as the signal) and the
contributions from the other archetypes 1 > 1 (regarded as slow noise). Furthermore, we add
in the argument of the exponent of the Boltzmann factor a term J) _, ¢!y, so that the free
energy can serve as a moment generating functional of the so-called Mattis magnetization m,
(vide infra) by taking derivatives of In Z]S,P) w.r.t. J. As this term is not part of the original
Hamiltonian, J will be set to zero later on.

Starting from (2.5), the resulting partition function is

Z(P) —hmZexp JZ{ o; + SRETNINP IZ<Znala>

K M N,

ﬁ P' ,a ,a
2RP/2MNP IZZ Z (nﬁ '”77"}; 0"1."0"?) (2.10)

pu>la=1 i1<---<ip

where we have set 8/ =20/P! and for the first pattern (x=1) we used P! Zi1<"'<ip =
Zil Seesbip and neglected terms which vanish in the thermodynamic limit. Focusing only on
the last term in (2.10) we note that the product nff 771 “is arandom i.i.d. Binomial variable
for each p,a, and the sum over y converges, by the central limit theorem (CLT), to a Gaussian
variable with suitably defined mean and variance, i.e.

f2 — p7
—Z ol ~u1+A,».,.._,ipfl, Xy ~N(0,1), (211
p>1 a 1 K
where

= B¢ nje) [ Zn -n{i’“] =Ee [(rl) ... (rE))] =0 (2.12)

6
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and

1

1 X ’
=Eg)Emle) ( Zn“’“---n,ﬁi’“)
a=
M

1 2
=EEme lMZZ i) () ]

=1

M

1 w,a b b

EEmie) | 773 2 (mnt”) -+ (nto“nls”)
a#b

1 M—1, 1—r2F

This enables us to write

K M
1 1 a a P
Ez (M Znﬁ’ "'nii’ > ~ \7{ \Y% (1 +pP))‘i1~~~iP’ )\ilg~~7il’ NN(O’I) (2.14)
a=1

pu>1
with

1P

o= e

Thus the partition function of the unsupervised DAM model reads as

»
N / M N

D (' ) = lim S exp |1 €l + et S (an’“fﬂ>

o i=l1 a=1 i

a B'Pl(1+p
+ﬁ((¢7< S e, aﬂ @15)

i1 <---<ip

To make analytical progress, it is convenient to introduce the order parameters of the model.

Definition 4. The order parameters of the unsupervised DAM model are the Mattis magnetiz-
ation m; of the archetype & ! the Mattis magnetizations n, ; of each example a =1...M of the
archetype &' and the two-replica overlaps g;,, which quantifies the correlations between the
variables o in two copies [ and m of the system, sharing the same disorder (i.e. two replicas):

N
1
=2 &0 (2.16)
i=1
o 1 |.a
na(o):= RN n; " Oi, 2.17)

i=1

qlm( 0, <m>) ZUU o 2.18)
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In the next subsection we calculate the free energy of the system in the thermodynamic
limit using Guerra’s interpolation technique, assuming one step of replica symmetry breaking
(1RSB).

2.2. 1RSB analysis via Guerra’s interpolation technique

The key idea of Guerra’s interpolation method is to define an auxiliary free energy, F (1),
which is function of a parameter ¢ € [0, 1] that interpolates between the free energy of the
original DAM model (obtained at = 1) and the free energy of an exactly solvable one-body
model (obtained at = 0), whose effective fields mimic those of the original model. As the
direct calculation of F)(t = 1) is cumbersome, this is obtained by using the fundamental
theorem of calculus, namely we first evaluate 7(*) (t = 0) and then we obtain F*)(t = 1) as

1
dFP
FP (r=1)=F® (t:0)+/ ds%h:s. (2.19)
0
To perform the analysis within the first step of replica symmetry breaking, we make the stand-
ard 1RSB assumption [2], stated below:

Assumption 1. In 1RSB assumption, the distribution of the two-replica overlap gi,, in the
thermodynamic limit, displays two delta-peaks at the values g; and g,, and the concentration
on these two values is ruled by the parameter 6 € [0, 1], namely

lim Py(q12) =05(q12 —g1) + (1 —0) 5 (q12 — G2), (2:20)
N—-+oco

where

Pylan)= Y > P(mPy (0(1)’0(2)\77) g (6112 — 412 (0.(1)50_(2)))

a'(l) 70'(2) n

and Py(o"),6®)|n) = By(o1|n)By(o2|n) as replicas are conditionally independent, given
the disorder 7).

The Mattis magnetizations m; and n; , are assumed to be self-averaging at their equilibrium
values m and n, respectively, namely

lim PN (ml) = 5(1’”1 — ﬁ’l), (221)
N—+oo
NBTOOPN (l’llﬂ) =0 (m,a — 171) . (222)

where PN(ml) = IE?? Zo_ BN(0'|17)5(m1 —m (0’)) and PN(nLa) = E"I Zo, BN(O"T])(S(I’lLa —
nia(0)), with Epf(n) = 3_, fin)P(n).

Remark 2. We note that for # = 0, equation (2.20) corresponds to the standard RS ansatz with
the distribution of the two-replica overlap being delta-peaked at g = . As 6 increases, the 1-
RSB Ansatz is gradually introduced. The optimal value of Parisi’s parameter 6 can in principle
be obtained by minimizing the free energy ]—']E,P) with respect to . However, the explicit form
of the extremization condition of the free energy with respect to  is known to be complicated
and hardly used in practice, so that 6 is often left as a free parameter (see e.g. [7]). In this work,
we will fix 6 by following a different procedure, namely by maximizing the region where the
network accomplishes pattern retrieval, as done in [45] (see section 2.4 for a more detailed
discussion).
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Definition 5. Given the interpolating parameter 7 € [0, 1], the constant A;, A, ¢ € R to be
fixed later on, and the i.i.d. standard Gaussian variables ng) ~N(0,1) fori =1,...,N and

= 1,2 (that must be averaged over as explained below), the Guerra’s 1RSB interpolating
partition function for the unsupervised DAM model is given by

2" (' A1) =Y BY) (oln' A Y3 ,0) (2.23)

o

_Zexp[JZSI +tﬂiN 1+p P/Zana )+ l—tNana

a=1

+\/fz (Abzy(b)al>+\/ﬁ Pla/(1+ pp) Z N 0,0, |- (2.24)

P/2
b=1 i=1 ( /\/I?z|< -<ip

The index 2 on the LHS stands for the number of vectors ¥(*) that must be averaged over.
Their number is equal to k+ 1 where & is the number of steps of RSB (here k= 1).
The average over the generalised Boltzmann factor associated to the interpolating partition

function ZZ(P) (n,m,Y;J,t), can be defined as

! (P) (]
we(+) = g By, (o|n' A Y1) . (2.25)
t 2 (' A\ Y:0,1) e )

Remark 3. We note that for t=1, (2.24) recovers the original partition function (2.15),
whereas for =0 it reduces to the partition function of a system of N non-interacting neur-
ons, described by the Hamiltonian —g’ H](\,l)(a\n,Y;J) =, hio;, with local fields h; =
JE +prR! Za 177, ‘+ ZizlAle(b), that is readily evaluated. The parameters of the one-
body model 1), A; and A, must be chosen in such a way that the z-dependent terms in dF ) /dt
cancel out in the thermodynamic limit, under the IRSB assumption.

In what follows, we will average over the fields Y® for b= 1,2 recursively, as explained
by Guerra in [43] and in the statements below. To this purpose, we define

1/6
z" (nlaA:Y(”;JJ) = {Emzzfp) (n" A Y3, t)g} (2.26)
27 (n' A 1) = exp{EY<1> [msz’) (n])\,Y(I);J,t)}} (2.27)
2 (' Al ) =2 (0! A, (2.28)

where with Ey«)[.] we mean the average over the vectors Y®) for b=1,2. The interpolating
quenched free energy related to the partition function (2.24) is introduced as

—B'FD (1) = %Eo 2 (' A1) (2.29)

where E[.] denotes the average over the variables A . *s and *“’s. In the thermodynamic

1yeeeslp
limit, assuming the limit exists, we write

FO (1) := lim FP ). (2.30)
— 00
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Remark 4. We note that in the RS case, where ZZ(P) (M \ Y1) = ZI(P) (n', A, Y.y, t) and
Y? = 0, we have

1
_R' P — Tim (P) (1 (1),
B'FY(J,1) .—Nhn;O NEOEY(I) [anl (n ALY ,J,t)] , (2.31)

hence the average Ey«) acts on the same level as [ i.e. outside the logarithm. When mov-
ing from the RS to the 1RSB scenario, an extra average is introduced, Ey), which acts on a
different level than Ey and Ey) i.e. inside the logarithm. This reflects the presence of hier-
archical valleys in the free energy landscape [46] which leads to the well-known multi-scale
thermalization in spin glasses. The internal average Ey,) is related to thermalization within a
valley at the lower level of the (two-level) hierarchy, whereas the external averages account
for thermalization across valleys (i.e. at the higher level of the hierarchy). The structure of
the hierarchy is captured by the parameter 6, which controls the amplitudes of the valleys at
the lower level of the hierarchy and can be related to effective temperatures [47], as discussed
in [48] for Parisi’s replica approach and in [49] for Guerra’s interpolation techniques. Note
that the distinction between the two levels of the hierarchy is not made for 1) which accounts
for the signal contribution and is kept RS (as usually done for the magnetization in spin-glass
models).

Now, following Guerra’s prescription [43], given two copies (or replicas) of the system, we
define the following averages, corresponding to thermalization within the two different levels
of the hierarchy

(i1 := BBy [Eye Waw, ()], (2.32)
(12 := BoByy By Wa, [w, ()], (2.33)

where

Z¢ (n", A\ Y1)

Wy i= .
2 By 29 (01, N, Y1)

(2.34)

At this point, we are able to state our second assumption, that is at each level a = 1,2 of
the hierarchy, the two-replica overlap g2(o("),0(?)) self-averages around the value g, of the
corresponding peak in the overlap distribution Py(g), as given in assumption 1:

Assumption 2. For any 7 € [0;1]

k
<[6]12 (0'(1),0'(2))—2],1} > Moo fora=1,2 andk > 2

t,a

Finally, we provide the explicit expression of the quenched free energy in terms of the
control parameters in the next
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Proposition 1. In the thermodynamic limit N — oo, within the 1RSB Assumption and under
the assumption 2, the quenched free energy for the unsupervised DAM model, reads as

—B' FPI=0)= 1E£1E(

P7 - — A
9 Eyy InEye { cosh’ ’3/5'11) L4 )PP iy

n'le")

) )
" Y(l)ﬁl\j’yp V(L+pp) _i_Y(z)ﬁ/\j,va(l‘f'PP) (51122—1 —g)

2 (1+p" 2 (1+p)° '

2 2
L@ a4 B YR e

2 4 (1) ’
12 1+ 2
+ (P—l)@ﬂ - 54 vmw—l)e(gi—a’f) +1n2. (2.35)
where
1 M
A e— l,a
nM-—W;n , (2.36)

Emen = HZ/IZI Eyajery and Egr and E(;)1.q)¢1y denote the expectations over the Bernoulli
distributions (2.1) and (2.2) respectively. In the above, n, qi, q» fulfill the following self-
consistency equations

) Eye cosh’g (8,7,Y,n') tanhg (8,7, Y,n') .
n= TEEIE(TIWE])EY(]) 0 1 M >
+ P ]Ey(Z) COSh 8 (6777 Yan )

2
Eye cosh’ g (8,7,Y,n') tanhg (8,7,Y,n")
EY(2) COShGg (/8777 Y7771) 7

q1 = EgE(nllE])Ey(l)

. Eye cosh’ g (8,7,Y,n') tanh’ g (B,7,Y,n!
6]2 = E&'E(n' |£1)Ey(l) e ( 0 ) g ) I (237)
EY@) cosh g(ﬂa’)’a Yﬂ’l )
with
P (14 )2P
_ =P— /2—1 » 1) g/ Pp _p1
g(B.7,Ym") =" Za" (1 +p) P i+ YO\ |y =
( ) 2 (1+p)P 2 1
0t pr) P

+Y0p\ S (@ —a ) (2.38)

(1+p) 2

1
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and 3" = 23/ P\. Furthermore, as in = — '~ ; F ) (J)| =0, we have

Eye cosh? g (8,~,Y,n') tanhg (8,~,Y,n'
1= BBy ) By Yo g(B,7,Y,n')tanhg (3,7,Y,n")

1
, (2.39
n'lg') Eye cosh’ g (8,7,Y,n") ¢ :

In order to prove the aforementioned proposition, we need to show the following

Lemma 1. In the thermodynamic limit, the t derivative of the interpolating quenched free
energy (2.29) under the 1RSB assumption and under assumption 2 is given by

dF P (J, (1 g
TD P14 ) - ﬁﬂﬁ 1P 4 (P 1))

, 2

el IR .

The proof of this lemma is shown in appendix B.1. Now let us prove proposition 1:

Proof. Exploiting the fundamental theorem of calculus, we can relate the free energy of the
original model F(*)(J,# = 1) and the one stemming from the one body terms F*)(J,z = 0)
via (2.19). Since, the #-derivative (2.40) does not depend on ¢, all we need is to add the expres-
sion above to the free energy F*)(J,1 = 0), which only contains one body terms. Let us start
with the computation of the latter at finite size N:

1

_g'F® =
B'Fy’ (J,t=0)= N

Ele( 1! )Ey(]) ll’l]Ey(z) ZCXP [ 67‘[ (o’|1717Y;J):|

1
=In2+ gEglE(nllgl)Ey(l) InEyq) COSh9

x (ng + T fp)ﬁMJrY“)Al +Y<2>A2>, (2.41)

with the definition of — B’H](\,l) (o|m;J) given in remark 3.
Upon setting the constants to the values (B.8) stated in the proof of lemma 1, we have

1
—B'FP(1,1=0) =2+ FEE(

; JEy InEye) cosh’ g (3',K,N,Y), (2.42)

n'|¢!
where g(3,K,N,Y) reads as
g(B.K.N,Y) = JE + 5’ -P‘<1+p)”/2‘1ﬁM

2
+Y(l)ﬂ/ P\/ (1+pP) P!K _P—1

2(1+p7 2vTh

2
—|—Y(2)ﬁ/ P\/ (1 +pP) P'K (71’—1 7P—l)' (243)

21+ 2T

Recalling that Nlim K/NP~! =2+/P\, taking the thermodynamic limit of the above
— 00

equations and inserting them in the fundamental theorem of calculus (2.19), we reach (2.35).

12
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Finally, by maximizing (2.35) w.r.t. to the order parameters 7,q;,g>, we obtain the self-
consistency equations (2.37), hence we reach the thesis. 0

2.3. 1RSB analysis via Parisi’s replica trick

In this section, we derive the expression of the quenched free energy of the unsupervised DAM
model provided in proposition 1 by using the replica method [2, 50], at the first step of RSB [2,
51]. The core of this approach consists in writing the quenched free energy, as defined in (2.6),
as
a1 (P) _ll- EZII\EI(J)_I 2.44

ﬂ]:N (J)—an_l;r(l) n ’ ( )
with 8’ = 23/P! and where we have used the shorthand Zy(J) = Zli,P) (m;J) for the partition
function, defined as

N
J)= Zexp (—B’HI(VP) (o|m) —&—JZfilai) , (2.45)

i=1

E[.] denotes, as in (2.6), the average over the quenched disorder ) and in accordance with
the explanation provided in section 2.1, the inclusion of the last term in the round brackets
of (2.45) is intended to make the free energy a moment-generating function for the Mattis
magnetization m; (o).

For integer n the function ZJ is the product of a system of n identical replicas of the original
system

EZ!(J)=E Z exp< g’ ZH(P) (a<a |n)+JZZ£1 <“) (2.46)
ol...o" a=1i=1
namely

| n N,...,N
B0 =E 3 e | iz IZZZ< 2 o) i”)

ol...o" a=1 p=1A=1 \i;<---<ip
n,N
+IY glal . (2.47)
Splitting, as before, the signal term (¢ = 1) from the remaining terms ;> 1, which act as a
quenched noise on the learning and retrieval of pattern &', we can write
P/2 n

B2V Z BB exp[ B ZZ(NRZ ! z(a)> +JZ£3 fa)]

a=1A=1

E&IL>IE(,"“> §u>1) exp
u>l,a,Ai<---<ip

B'P! s@ @
e 2 2 ol

(2.48)
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where Egu [.] = [[; E¢r[] denotes the average over the pattern £, whose entries £/" are drawn
from the distribution (2.1) and E (. j¢n) = Hi’a Eywaigry with E,’]IH,A denoting the expectation
over the conditional distribution (2.2). As before, exploiting the CLT to rewrite the last term
in (2.48) via (2.14), we obtain

P/2 n
250~ 3 Boseyn| L5 §3im2“ijzw”

a=1A=1

E b P'am (a) (a)
- Iy €Xp P/2 Z Z )\l] ,,,,, lPJi] Uip
2(1+p) "VEK T S
- Z ]Egl 1“5 s121“111(‘])IEAZ’Ynoisw (2.49)

Treating the two terms Ez [E zZ (J)andExZ" .
§'5(n'|€") “signal

Toise SEparately, we insert in the former
the identity

= T s (w9 —ch )

a,A=1,1

and use the Fourier representation of the Dirac delta, obtaining

) o7 4N Nt "
E{‘E(n1|§‘)zsignal (J) == EE]E("?]‘EI) /Hdnif)‘ 27(7_ exp 2M Z ( ( ))
a,A a,A

+iz<n§”), RNZ 1A “”) “)+JZ§1 @ (2.50)

a,A

For the noise term, performing first the expectation over A

Y ‘ay/(1+pr) ,z Z Moy @ <a>}

2 S La Lo Tt P
2 2(1+p)P/ \/I? a i<...<ip ! lP

i Ti ir Oip
i1<...<ip a,b

2 n,n
< B'V/(1+pr) ) K(P))? NEN 3 0@ C,(a)gaﬁl
2 n,n P
~exp [;( b0 o) ) 'Z( o ﬁ“) ] @51)

2(l+p)P/2NP/2 1

inserting

1= H/anbd(Qab —Yqab (U))

a,b
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and using the Fourier representation of the Dirac delta, we have

2
Pab L( B+ pp) E
n()lse /qu”b/n CXP | 5 (2(1+ )P/ZNP/Z 1> Pl ab

a,b

[\

. 1 a
+ i Z (qab — NZUI-( )oi(b)> Pab (2.52)
a,b i

Inserting equations (2.50) and (2.52) in (2.49), we obtain

(a)

EZ,'\',(J):/I_AId H 21A/quab/H Pa ”exp (-NA[Q.P,Z,N])  (2.53)

where

/2 /7 n,n P/2
[Q P Z N - Zpubqab 1 6 +pP CI MZ (nsu))P

ab A
(1+p) a,h M A,a

i a
R OWCRE I )y [yt

a,A a,b,i

ir a
—=N S 00 @ 113 el | | (2.54)

a,A a

and we have used the shorthand notation Q = {qab}Z’ »—; and similarly for P, N and Z. Next,
we assume that the limit n — 0 in

N (2.55)

can be taken by analytic continuation and that the two limits N — oo and n — 0 can be inter-
changed (provided they exist), so that the integrals in (2.53) can be performed by steepest
descent. This leads to

—B8'FP)(B) = —lim 1A [Q*,P*,Z* \N*| (2.56)
n—0n

where Q*,P*,Z*,N*, are solution of the saddle point equations
0A
OPab

=0 = qp=1{(0"")er 2.57)

DA @ a
R a 1,A a
515‘2 =0 = (”m) 2:: ("o )etr (2.58)
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2
0A ip"?P /(1+pp) P—1
aqah Pab 2 27 (1+p) (Qab) ( )
0A @\* _ . ,P(l—&-p)P/2 @\* p-1
oy )T e

where the average (...)cs is computed over the distribution pegr(o) = e=# "Herr(o) /Zesr where
He (o) is equal to the terms in the round brackets in the second line of (2.54). Inserting (2.59)
and (2.60) in Hg (o), we obtain

’YP\/ 1+PP Z 5 ®)

~8'Har () = 2

wqP—1
+5’§(1+p)”/2‘1;w;7f"‘ [(n2) ] o 261)

and, substituting in (2.56)

, ) 5/2 1+ rBl 1+ P/ZP_1 . P
—8'F ) ,lgon{ pr,, 2P S )g[("i/l) ]

+ E¢Epp ey log {Zexp( B'Hetr (o +JZ§‘ <“>>]} (2.62)

o

where g%, and [n; (a )] must be determined from (2.57) and (2.58). Since pegr(o) depends on Q,
N via (2.61), equatlons (2.57) and (2.58) denote a set of self-consistency equations. Now, in
order to proceed, we need to find the form of Q and N in the limit n — 0. We will make the
1RSB ansatz:

Gab :5ab+(1 _5ab> (95_11 +(1 —9)(?2), (263)
) =1, (2.64)

Using (2.63) to evaluate the first term in (2.62) and the first term in (2.61), we get

> b, =n(1+nbg — 03} — G5 +ngh + 0G5 — nbgh) (2.65)
ab

) 1 e hl Py a
Zqu() h):E 2(1—q§ 1)n+(q§l PIZ:(ZUM 1)9+)>
+q~ ‘(Z}M) . (2.66)
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Upon inserting in (2.62) we obtain

LT

_ ar(P) _ _p_ _P ___P 1\ =P
B FP () A1) (P-1)0(g5 —a1) +(P—1)35]

LB ) BT AP

2 4(1+p)" 7

+lim rllEle (n']e") lz < oit (07) +JZ£10(”)>] (2.67)

with
2
/ 2 Py/(1+pp P— 7P 1 1 o[

—B'He (o) = " ﬂ [(‘12 )Z(Z e )6+b)> +4 (;U( )>]

+ﬁ’§(1+p”/2 i (Za<“)> (2.68)

where we have used the definition (2.36).
Next, we apply a Gaussian transformation to the last term in (2.67) to linearize the squared
terms in the Hamiltonian (2.68)

m;m [Zw( B'Hese (o +JZ§'U<@>]

n/o )P/2 1

_11m71n Du HDV Zexp A 1+p it ! zn:a(“)
n—0n k —

2
(1+pp) P p_,
+0) 0@ 418y @, [ Y T g
N OCRITS SN TR
n/0 0
(k=1)6+b) M P—1_ P
+ﬁ;vkza (1+p) 2(‘12 -4 ) (2.69)

where we have set Du = due=""/2/\/2r and Dvy = dvie /2 /\/27 fork=1,...,n/6. Now,
writing

Zo_(a ZZ ((k=1)6+)
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the sum over the spin configuration can be done explicitly, finding

n/o 0 P/2—1 .~ —p—1_((k—1)0+b
1 B'P(1+p)"" " i~ (-D0)
:igr(l);ln /Dukli[l/ka H g exp )

b=1 g ((k=1)6+b)

2
v (1+ P
+J£10((k71)0+b)Jrﬂ/uo_((kfl)Ger) ~ ( Pl;) 751113 1
(1+p) 2
(T+pp) P
_ PP —_P—1 _ _P—
—|—ﬁ’vk0((k 1)04-b) Wi(qg 1_q119 1)

n/0 P/2—1
1 /P 1
= lim —In /Du | I /kaZG cosh? %ﬁw—f—l +Je!
k=1

n—0n

2
Y (L+pp) P_p_,

_|_
+ B'u a8y |y
(1+p)" 27 +

1
Now applying the n— 0 limit [50] and exploiting the relation 1in(1)£1nIEy<l>[f”(Y(1))] =
n—
Eyo [Inf(Y(1)], we get

n—0n

2
v/ (1
= lim lln E, |:Ev2900Sh6 5/u$7( +p1;) g‘?fﬁl
+

n/o

2
VI + P/ p1 _p "P(1+p)20
+5’v$7(pp)2(q§ g’ 1)_,_%1‘41’ P et

(1+p)" :

1 (1+ )2P (1+ )2P
:gIEuln E, 2% cosh? 8 | u ’yimquffl_ﬂ; 7(7”,(5112’*1_5111’71)

P(l +p)P/2—] ~

+ 5 nMﬁP—] +J§'

Finally, inserting this expression in (2.67) and denoting with E,)[.] and Ey@ [.] the
Gaussian averages w.r.t. Y(!) and Y respectively, we reach the following expression for the
free energy
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24 P=4 M = M(r, P) P=4 M =2 NI(r, P) P=4 M = 4o
2.0 o — -
1.6 - — -

1.2 o - -
0.8 -

0.4 4

0.0

Figure 1. Phase diagram of the unsupervised DAM model with P =4, in the parameters
space (7, 3), where ~ is the storage load defined in (2.8) and 3 = 8’ /(14 p)"/? is the
scaled inverse noise, where p is the dataset entropy defined in (2.3). Different panels refer

to different sizes M of the training set, as shown in the legend, where M (r,P) = 2P and

r has been set to r = 0.2. For high values of the noise B!, the system is ergodic, while
lowering the noise two phases appear: a retrieval phase at small y (below the black line),
and a spin glass phase (below the grey line) at high values of «. The spin-glass phase
within the retrieval region (delimited by the dashed line) is unstable. As M increases,
the spin glass region shrinks and the retrieval region expands.

1 P _p_ _
—p'F® () =In2+ SEe By Eya) InEye § cosh” 6" + 62" YU+ p)" i

L yg P (1+pP)2_Pfl+Y(2)ﬁl P (1+PP)2 (_P—li-f—l)
2 (xp O 2y Y
B’ nop, B \/(1+PP)2 Pt _
- T(P*I)(IJFP)P i+ 2 WW [I*qu JF(P*I)‘IIZD]
87 U+ pr) o
— 4 ’Yw(f’—l)e(‘lz_‘h)a

where 71,g; and g, must fulfill the same self-consistency equations (2.37) obtained by using
Guerra’s interpolation technique, as reported in proposition 1.

2.4. Results

Solving numerically the self consistency equations (2.37), we obtain the phase diagram shown
in figure 1, in the parameters space (7, /3), where ~ is the storage load defined in (2.8) and B=
B’ /(1 + p)P/? is a scaled inverse temperature, where p is the dataset entropy defined in (2.3).
Panels show results for P =4 and three different values of M, as shown in the legend. The result
for M — oo follows from the analysis carried out in section 2.4.1. In each panel, the grey curve
marks the transition from the ergodic phase with m = g; = g, = 0 (above) to the spin glass
phase, where either g; or g, becomes non-zero (below). The black curve marks the transition
from the retrieval phase with /m # 0 (left) to ;m = 0 (right). The spin glass solution within the
retrieval region is always unstable and it is delimited by the dotted curve (we refer to this as the
instability region). In figure 2 we show the results for P = 6,8, 10, as shown in the legend. As
P and M grow, the spin glass region shrinks and the retrieval region expands. For M = +-co the
critical storage lines become equal to those of traditional DAM models where archetypes are
encoded in the interactions, rather than their noisy examples [45]. This is as expected: when
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M = NM(r, P)
2.0 A —M =2 ¥(r, P)

M = NI(r, P)
—M =2 M(r, P)

—_—M = +o0 —_—M =+

M = M(r, P)
——M =2 M(r, P)
— VN = 400

1.6
1.2 A
0.8 4
0.4 +

P

0.0

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Figure 2. Phase diagrams of the unsupervised DAMs model for P = 6,8, 10, and differ-
ent values of M, as shown in the legends. M(r, P) and r are as in figure 1. As P increases,
the spin glass region shrinks and the retrieval region expands.

1.85

1.63

1.41 A

Bg - 1072

1.20 o
1.08 o

—0=100
——=0.2-10"%
—8#=0.5-10"2
02- —@#=08-10"2
—f#=12-10"°
—fg = 1851073

T T T T T 4 6 8 10 12 14 16 18 20
0.20 0.25 0.30 0.35 0.40 0.45 0.50 P

0.96 o
0.91 o
0.85

Figure 3. Left: critical line separating the retrieval (left) from the spin-glass or ergodic
region (right) for different values of 8. For 8 =0, where the theory is RS, the retrieval
region exhibits a re-entrance.As 6 is increased the retrieval region expands, reaching its
maximum at § = 6, where the re-entrance disappears completely. Right: 6g versus P.
As P increases the value of g decreases, indicating that the larger P the better the RS
approximation is expected to be.

an infinite number of examples is provided, the system reaches the same performance as a
neural network where archetypes are stored in the interactions directly. For finite M, however,
the network’s ability to retrieve the archetypes degrades at values of the storage load which
are lower than the storage capacity in traditional DAM models. Both figures 1 and 2 have been
obtained for the value of § = 05, which maximizes the retrieval region, as shown in figure 3(left
panel). In the latter, we show the line that separates the retrieval region from the spin-glass or
the ergodic region, for different values of . For § = 0 (which corresponds to the RS theory), the
line exhibits a re-entrance, as commonly observed in spin-glasses and associative memories
[45, 50, 52, 53]. As 0 is increased, the retrieval region expands, reaching its maximum at
0 = 0, where the re-entrance disappears completely, showing the same qualitative behaviour
as in the Hopfield model [12] and traditional DAM [45]. Increasing 6 above 6, the re-entrance
appears again and gets more pronounced as 6 approaches 1, where the transition line becomes
identical to the RS (and the 8 =0) case, as expected. In figure 3(right panel) we show the
dependence of 6 on P. As P increases, the value of A decreases. This is as expected from
spin-glass theory, as for large P, P-spin models are known to converge to the REM model
[54], which is RS. Interestingly, we find that 65 takes the same value as in the DAM model

20
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considered in [45], for all values of M, hence the optimal 1RSB breaking parameter is not
influenced by the use of corrupted examples rather than archetypes.

2.4.1. Limiting cases: M — oo and 3 — co.  Finally, we consider two instructive limiting
cases. One is the limit M — co, where the number of available examples is large. Although
idealised, this scenario is becoming less utopian nowadays in a number of applications, and it is
instructive as an explicit relation between the archetype magnetization and the mean magnet-
ization of the examples naturally emerges. The second scenario is the zero noise limit 5 — oo,
where the information processing capabilities of the network are expected to be maximal. We
now state the following

Corollary 1. In the limit M — oo, the 1RSB self consistent equations for the order parameters
of the unsupervised DAM model are

_ m P P/2—2 _ N
=" 4820 1+(0—1)g,—0
= B ) O Dl
- 2
- IEl/<2> cosheg(ﬁ,fy,Y)tanhg(ﬁ,*y,Y)
g1 =Eyn 7 )
I Eye) cosh”g(8,7,Y)
N cosh’ g (8,7, Y) tanh’ g (5,7, Y)
Y i Eye cosheg(ﬁ,'y,Y) ’
'E h? Y)tanh Y
ﬁ’l — Ey(]) Y(Z) COS g (/87797 ) an g (677’ ) . (2.70)
I Eye cosh” g (8,7, Y)
where
P PL/(1+ )2
_ Pl P/2—1 2) pr Pr _P—1 _p—1
g(B8,7,Y)=p">n (1+p) +YPR | ys— (@ —q
P 2 p S xpe)
_p—1 — PP) _p—i
+ 8'yWM p(n (14 p)"? ‘) B S L A 2.71)
2 2 (1+p)"
and ' =28/P\.

Proof. Inthe limit M — oo, we can apply the CLT to the sum of the examples defined in (2.36),
to write

i~ € (1+Ay/p), (2.72)

where ) is a standard Gaussian variable A ~ A(0,1).
Inserting (2.72) in (2.38) and in the expression for 7 provided in (2.37), we get

2
P/ (1+ pp) g

2(14p)"

Q (8.1 Y N E) = B2 (L4 )€ (14 ) 1"

2
vV (1+pp) P

+ Yp’ 21t

(@ ' -4, "), (2.73)
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and

1
n= (1+ )Egl]E)\Ey(l)

EY(Z) COSheg (ﬂa’}/ayv}‘agl) tanheg (/Bal)/vY,)‘vgl) .

T\
Eye cosh? g (8,7,Y,\,€1) < v

Hence, by applying to the standard Gaussian variable A the Stein’s lemma, which states that
for a standard Gaussian variable J ~ N(0, 1) and a generic function f(J), for which the two
expectations E (Jf(J)) and E (9;f(J)) both exist, one has

E[f())] = ngj)} : (2.74)

and explicitly averaging over £ we get the self-consistency equations in (2.70).
O

Finally, it has been shown in [38], within a RS analysis, that neglecting the second term in
the equation for 7, given in (2.70), has negligible impact on the solutions of the self-consistency
equations, in the relevant regime of low noise, where the network works as an associative
memory. As the equation for 7 is the same in the RS theory and in the 1RSB theory that we
are considering here, the same truncation of 7 can be adopted here

m
n=q s (2.75)

This leads to a simplified expression for g that is

(5.201) = B~ ()" 4 Y DT ) @ - a)
+BY<1)\/p<§mPl) Jr’}/ m,fw (2.76)

where we re-scaled the noise 3 = 3’/(1+ p)*/2. Solving numerically the self consistency

equations (2.70) where the equation for 7 is replaced with its truncated version (2.75), leads
to the phase diagram shown by the lines M = 4-o0 in figures 1 and 2.

Next, we turn to the analysis of the ground state, i.e. to the limit 3 — oo, and we state the
following

Corollary 2. In the limit 8 — oo and for M > 1, the 1RSB self consistency equations for the
order parameters of the unsupervised DAM model are

o 1
m=1-"2Eyq [T exp (2D (A, 1 A,YD)) O (4) (2.77)
2D (A; + A Y(D)) Q(A
AG=gr— @ —4Ey<1>{ exp (2D (41 +4:11D)) Q(4) } 2.78)
[14exp (2D (A1 +A,Y(D)) Q(A) ]
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1.6
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Figure 4. Critical storage capacity 7. in the ground state for the unsupervised DAM
model, for example noise r =0.2, as a function of the ratio M/ Mgs“p both for the RS
(red line) and 1RSB (blue line) assumptions. We notice that . increases with M and,
for M > M ™", it saturates to the critical load (%) found numerically for the RS case in
[33].

where D = 30 and

0(4) = 1+erf(KT) Ki_DA%ﬂ:(Al—i-AzY('))

~ 1terf(K)’ B A3V2 7

Pop 2 2P 279
Alzgm ; Ax =/ pAT + 7/ (1+ pp) 7 (2.79)

Az = \/7 (1 +PP)2@AQ~

We report the proof of this corollary in appendix B.2.

Next we compute, by numerically solving (2.77) and (2.78), the ground-state critical stor-
age capacity ¢ beyond which a black-out scenario emerges, namely m # 0 for v < ¢ and
m =0 for v > 7¢. In figure 4 we plot ¢ as a function of the ratio between the number M of
experienced examples and the minimum number Mg of examples required by the unsuper-
vised DAM model (with P > 2) to correctly learn and retrieve an archetype, within the RS
theory, which has been proved to be

11

nsup _
M?é) (ﬂP,’Y) —’Yﬁer

(2.80)

in [37]. In order to ascertain whether replica symmetry breaking alters such threshold, we plot
¢ within both the IRSB assumption (blue line) and the RS theory (red line). We see that ¢
becomes non-zero (meaning that retrieval can occur) at the same value of M = Mg, for the RS
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and the 1RSB theory. This shows that the minimum number of examples that a network needs

to accomplish retrieval of the archetype is the same within the RS or the 1RSB assumption.
Results show that, as in the standard Hebbian storage [44, 53, 55], the phenomenon of

replica symmetry breaking induces a mild improvement in terms of the maximal storage.

3. ‘Supervised’ DAM

In this section we analyse the information processing capabilities of the DAM model in the
so-called ‘supervised’ setting, where the dataset given to the network is now split into different
categories, one for each archetype £, with = 1...P. Again, we analyze the model, defined
in section 3.1, via both Guerra’s interpolation techniques (section 3.2) and Parisi’s replica
approach (section 3.3), at the first step of RSB. In appendix A we derive the instability line of
the RS theory.

3.1. Model and definitions

As in the unsupervised DAM model, we consider a network of N Ising neurons o; € {—1,+1},
i =1,...,N, interacting via P-node interactions. We assume to have K Rademacher arche-
types & € {—1,+1}", with u = 1,..., K, defined as N-dimensional vectors with entries drawn
randomly and independently from the distribution (2.1). In addition, we assume to have M
examples n** € {—1,+1}" for each archetype, which are corrupted version of the archetypes,
with entries distributed according to (2.2). We shall refer to this model as the supervised DAM
model.

Definition 6. The Hamiltonian of the supervised DAM model is

1 K M’...7M N,...’N
P a ,a,
HI(V)(UM):_RP/zNPqMPZ Z ( Z U P‘Til"'aip> (3.1

p=lay, - ,ap=1 \iy<---<ip

where the constant R := > 4 % in the denominator of the r.h.s. is included for mathematical
convenience and the factor N~ ensures the Hamiltonian to be O(N), as explained previously

for the unsupervised model, see equation (2.4).

We highlight the hidden role of a teacher that, before providing the dataset to the network,
has grouped examples pertaining to the same archetype together (hence the proliferation of
summations in the cost function (3.1) with respect to (2.4)).

As before, we will focus (without loss of generality) on the ability of the network to store
and retrieve the first archetype & ! hence the Mattis magnetization m; (o) provided in (2.16)
remains a relevant order parameter. However, the set of order parameters for the examples,
previously given by n; ,(o) with a=1...M (see (2.17)) have now to be substituted with a
single order parameter

r 1 oM
ni (U) = RNM E ?7,'1’00[. (3.2)
i,a=1

Its probability distribution, in the thermodynamic limit, is assumed self-averaging, namely

NETOOPN (m|lo)=6(n (o) —0), (3.3)

as for the Mattis magnetization, while the distribution for the overlap defined in (2.18) is still
assumed bimodal as in assumption 1 (see (2.20)). As for the unsupervised model, we add an
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extra term in the cost function, namely J Zi 551 o;, in order to generate the moments of the
Mattis magnetization m; by taking the derivatives of the quenched free energy w.r.t. J and,
as this term is not part of the original Hamiltonian, it will be set to zero at the end of the
calculations. Therefore, we write the partition function as

2\ ()= lim 2% o, 5 ()

K N,

Y 1 N P/2 n’ B'P!

*}E)%ZCXP JZ{;U,-I-B (1+p) (o) + INP— 1RP/ZZ>:] <Z:<
o i 12 l] lp

(68) GEepr) o

where p is the dataset entropy defined in (2.3), 8’ := 23/P! and for the first pattern, u = 1, we
have used the relation P! Zil iy = Zil,-.. ip and neglected terms which vanish in the ther-
modynamic limit. Next, as done for the unsupervised case, we apply the CLT to the variables
in the square brackets in (3.4), namely

K / )
II{Z[<MZ Ml) ( ZWMP>] NMI"'Ai],...,iP%y Xip.ip ~N(0,1),

p>1 ar=1 ap=1
3.5)
where
_ LM
1 = E¢E e (MZ ”“') ( Zn““”ﬂ_Eg[(rfﬁ)...(rggg)]_o (3.6)
L a;=1 ap=1
and
_ 1 N“l ,u,up
=E¢Eme ( ) ( )
ar=1
B -7 =2\ ol 1=\
_,2(1+Mr2 )-..ﬁ<1+ ' )—r2 (1+ Mr2> (3.7)
with
-
T

Thus, we can write

*Z

pu>1

o (R PP (1+p)”
(350 (3356 e

a;j=1 ap=1

where \;, i, ~N(0,1).

.....
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Inserting all back in (3.4) we get

N 'PIVK
Z}y,’)(,M,B (171’>\;1>—6Xp{125i10'i+/3/2(l+p)P/2nP( )+ﬁ \/> Z )\il ,,,, ipo-il“‘o-iP}.

2NP—1
i <---<ip

(3.8)

In the next subsection we calculate the free energy of the system in the thermodynamic
limit using Guerra’s interpolation technique, assuming one step of replica symmetry breaking
(IRSB).

3.2. 1RSB analysis via Guerra’s interpolation technique

As for the unsupervised case, the plan is to construct an interpolation between the original
model and a simpler one-body model, whose statistical features are as close as possible to
the original one, then solve the one body model and finally obtain the solution of the original
model via the fundamental theorem of calculus. Thus we define the following interpolating
partition function

Definition 7. Given the interpolating parameter 7 € [0, 1], Ay, A,, ¥ € R constants to be set
a posteriori, and the i.i.d. standard Gaussian variables be) ~N(0,1) for i =1,...,N and

b = 1,2, the Guerra’s 1-RSB interpolating partition function for the DAM model, trained by a
teacher, is given by

Z(P) (77 Y1) ZBI(VP; o'|77 Y1)

{o}
=Y exp @@m— (14 )" ny (&) + ¢ (1 — 1) Nn, (o)
{o} i=1
\/I? 2 N
fvp : Z Novois0, 0, VT 4> 10,

i <---<ip b=1 i=1
3.9)

where BI(;B (o|n', A, Y;J,1) is denoted as Boltzmann factor.

As before, the introduction of the interpolating partition function gives rise to a generalized
measure, average and interpolating quenched free energy (that we do not repeat here). All these
generalizations retrieve the standard definitions when evaluated at r = 1. Following Guerra’s
method [43], we must average out the fields Y(!) and Y®) recursively, in the interpolating free
energy resulting from the interpolating partition function (3.9), as already done in the previous
section for the unsupervised case, see equations (2.26)—(2.28). Proceeding in the same way and
omitting obvious details due to the similarity of the proofs in the supervised and unsupervised
cases, we state directly the next.
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Proposition 2. In the thermodynamic limit N — oo, within the 1RSB assumption and under
the assumption 2, the quenched free energy for the supervised DAM model, reads as

1
,/3/]-—(1’) (]):1112+ gEglE(nl‘£I>Ey(|)lnEy(z) {Cosho Jé' +ﬁ *P l(1+p)P/2 IﬁM

YO8\ ia v o (g )

B” Pl P
+7 [1-Pg;, '+ (P—1)g3]

—%(P—l)(l+p)P/2ﬁP—BTv(P—1)0(é§—éf), (3.10)

with n, q1, q» fulfilling the following self-consistency equations

_ 1 ]EY(Z) COSheg Ba'%Yanl tanhg 67’77Y7T’1 1A
n= 1 Ele(nl‘gl)Ey(l) ( 7 ) (1 )*XM )
+,0 EY(Z) cosh g(ﬂv’YaY7T’ ) r
2
@ —F.F _ E o ]EY(Z) cosheg(ﬁ,’y,Y,nl)tanhg (57’77Ya771) (311)
& (n'le) Y Eye cosh’g(B,7,Y,n') ’
qu]E E _ E o ]EY(Z) COSheg(Ba’Yayvnl)tanhzg(ﬁ,’YaYanl)
¢ (e Eye) cosh’ g (3,7,Y,n!) 7
where
P, 1. P_,_ P, . e
g(B,7.Ym') = p'Sa" Y1+p)"? lnM+Y“)5’\/7§q'f YOy (@ —a )
(3.12)
and ' =283/ P!. Furthermore, as in = —3'N ;F ) (J)|—o, we have
_ E (2)COSh9g ﬁ7'y7Y7')’]l tanhg Bv/\/vY?nl
m:EglE(n1|€|>Ey(l) Y ( 3 ) ( )fl . (3.13)
Eye cosh” g (8,7, Y,n')

The proof of the aforementioned proposition is lengthy but the steps to follow are identical
to the ones provided for the unsupervised case.

3.3. 1RSB analysis via Parisi’s replica trick

As stated in the previous section, the core of this approach consists in writing the logarithm of
the partition function as lirr(l) (EZ(J)" —1)/n where
n—

K N,..N M,...M

P! & . a a
EZ,(J)=E Z exp 2RP/fNP 1MPZZ Z Z My Ar nZAP l(])...gl.(P)

a=1p=1 \i|<---<ipAy,...,Ap
n,N
+IY gl (3.14)
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Proceeding as in the unsupervised case, we compute separately the signal term and the noise
term. The former, accounting for the examples pertaining to the first archetype, reads as

P
B'N( 1+ k2 )
Ezﬂlgnal( ) = Egl ,,, \5 Z exp p) Z <NMR ZZ”IA ( ))
+JZZ§I i (3.15)

a=1i=1

while the latter accounting for the examples pertaining to all the other archetypes but the first
one, can be written as

FPIVE o
NP1 Z Moyl 0 || (3.16)
a=1

i1 <---<ip

EZjie = Ex Z exp
ol..o"

where now Ej, is the Gaussian average w.r.t. A. Performing the integration over A and inserting
the definitions of the order parameters as done for the unsupervised setting, we can write

EZ!(J /Hd (‘"H /Hd%b/H Pab exp(~NA[Q,P,N,Z])  (3.17)

where

B (14 p)t? @\ i (@ _(a)
A[Q,P,N,Z] ———Zpabqab 76 ’YZ ab_iz(nla) —N;’ha 2

a,b a

i a l a a a
~Elog [ZGXP <_szaba( 7 i 2o I3 e ”)]
o a,b

(3.18)

and 7y = (rM) ™! Zf: ,n"*. Assuming (as usual within the replica method) that the limits
N — oo and n— 0 can be interchanged, the integrals can be performed by steepest descent.
This leads to

~5'FD (1) = lim LA[Q" P2 N (3.19)

where Q*,P*,Z* N*, are solution of the saddle point equations
O0A

-0 = Ty ) 3.20
B Gy = (007 )etr (3.20)
0A _ (a) 1A )

2@ =0 = ( ) RZE G20
1
O0A _

:O = O /2— N * ! 3.22

aqah Pab l B 4 Y (qab) ( )
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8?1?)=0 N (zﬁ“))*=i5’§(1+p)”2N[<”5“))T_l 6.2

which provides a set of self-consistency equations for @, N, P, and Z. Using the last two
equations to eliminate P and Z from the description, we finally obtain

n—0n — 2 ,

n,n ’ P/2 *
~B'F(J) = lim - {15’27(1’ D (gl + T oy ()T

~ Elog [Zexp (B’zin[qZh]P_' o@o® 452 (14 p)" 2 4, [(n?) ] 0@
o a,b a

N ,Zglam)] } , (3.24)

To make progress, we need to find the form of Q and N in the limit n — 0. Again, we use
the 1RSB ansatz for the two-replica overlap provided in (2.63), while we assume that n; , is
self-averaging, i.e. nia) = n. Proceeding analogously to the unsupervised case, after taking the
limit n — 0 we find the same expression for the quenched free energy (see (3.10)) and order

parameters (see 3.11) previously obtained by using Guerra’s interpolation technique.

3.4. Limiting cases: M — oo and 8 — oo

Now we state the next corollaries concerning the large datasets M — oo limit and the ground
state 3 — oo limit. We omit their proofs since these are trivial variations of those provided for
the unsupervised case (cfr corollaries 1 and 2).

Corollary 3. In the large dataset limit M — oo, the 1RSB self-consistency equations for the
order parameters of the supervised DAM model can be expressed as

P m /P P/2-2 _ _ Pl
=— —p(1 1+0—-1)g,—0
n 1+p+ﬁ 20( +p) [T+ )@ —Oqi]n
2
— ]EY(Z) COShGg (ﬁ777 Y) tanhg (637) Y)
a1 = Eyo 7 ;
Eyq cosh” g (8,7,Y)
q E EY(Z) COSheg (57’77 Y) tanh2g (Bv’% Y)
2 = Ly )
Eye cosh’g(8,7,Y)
E h? Y) tanh Y
ﬁl:El y® COS g(ﬂv’;ja )an g(/BarY) ) ) (325)
Eye cosh” ¢(537,7,Y)
where the expression of g reads as
P _r _ P, . s
g(BrY) =830 (1) YD\ [v3 (@ —4))
2
P _ P _,_
—I—Y(l)ﬁ/\/p (271”‘(1+p)’°/2 1) +7§c7'; . (3.26)
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Moreover, if we use the truncated expression for n, namely
m

- 3.27
T G:27)
we get the simplified expression of (3.26) that is
~P r ~ P _p— _p—
g(@’Y:Y):ﬂEm +Y(2)5\/72(1+P)P(‘12 ]*‘h ])
2
- | (P P,
+Y(')5\/p (ﬂ“‘) +r(L+p)" Sa (3.28)

where 3= ' /(1+ p)F/2.

Corollary 4. The ground-state (i.e. B — oo) self-consistency equations for the order para-
meters of the theory in the large dataset limit (i.e. M > 1) and under the IRSB assumption
are

m
i = 2
T ) 429
m=1-2E ! (3.30)
B " T Fexp (2D (A + A Y(D)) O (A) '
2D (A; + A, YD A
Aq_LI26]1—4Ey<1>{ oxp (2D (41 +4:17)) O(4) 2} (331)
[14exp (2D (A1 +A,Y(D)) Q(A)]
where D = 30 and
_ 1+terf(KT) L DAY+ (A1 4+ A7)
Q)= 1+erf(K-)’ K= A3V/2 ’
j2 PP\’ j2
A= Az=\/p< m2 >+7(1+p)P2, (3.32)
P(P—1
A3=\/7(1+P)P<2)A61-

By numerically solving the self-consistency equations (3.25), we obtain the phase diagram
shown in figure 5, for different values of P and different values of the dataset entropy p, as
shown in the legend.

In [38] it has been proven that the minimum number of examples Mg (r,~) required by the
supervised DAM model to correctly learn and retrieve an archetype, is given by

1
Mg (r,y) = (1+27) (3.33)

2
where v # 0. In figure 6 we plot the critical storage 7¢ in the ground state versus the ratio
M/Mg. As previously observed for the unsupervised setting, the phenomenon of replica sym-
metry breaking slightly increases the critical storage and it does not alter the minimum number
of examples required for learning.
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——p=0.05

—p=00

Figure 5. Phase Diagram of the supervised DAM model for different values of the data-
set entropy p, ranging from p =0.1 (light grey), 0.05 (grey) up to O (black). The inter-
pretation of the different regions is the same as in the unsupervised model. As p decrease
(i.e. as more information is provided to the network), the instability region shrinks and
the retrieval region expands, similarly to what was observed earlier upon increasing M.
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Figure 6. Critical storage capacity . in the ground state for the supervised DAM model
for example noise r =0.2, as a function of the ratio M /Mgp , both for the RS (red line)
and 1RSB (blue line) assumptions. Different panels show results for different values of

P=4,6,8, 10.
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4. Conclusions and outlooks

This manuscript analyses the equilibrium behaviour of DAM trained with or without the super-
vision of a teacher, within a 1RSB assumption, thus extending previous analysis carried out
at a RS level [37, 38]. The unsupervised and supervised settings differ in the choice of the
couplings (which involve P nodes) and are given by

K M
1
Toi%iy ™ e D Dl @.1)
p=1a=1
K M,....M
D DD DR AR 42
i PNP—T L/ 4.2)
p=lay,...,ap=1

respectively, where {77’;}5::115 are perturbed versions of the unknown archetypes

{gmr =b--K The network does not experience the archetypes directly, instead it has to infer
them from the supplied examples. For both the settings, we obtained explicit expressions for
the quenched free energy and derived full phase diagrams. In doing so, we proved a full
equivalence, at 1RSB level, between two different approaches, namely Guerra’s telescopic
interpolation [43] and Parisi’s RSB theory [2]. In addition, we derived (in appendix A) the
De Almeida-Thouless line, which marks the onset of the instability of the replica symmetric
description, and below which the 1RSB description should be preferred.

The main differences brought about by the RSB description, with respect to the RS one,
consist in the disappearance of the instability region within the retrieval zone of the phase
diagram close to saturation (as standard in glassy statistical mechanics [4]) and in a slight
improvement of the value of the critical storage. Importantly, the threshold for learning, both
in the supervised and unsupervised settings, is not influenced by replica symmetry breaking,
i.e. the minimum number of examples required to infer the archetypes is the same in the RS
and 1RSB description. Interestingly, the optimal value of the Parisi’s parameter 6, that controls
the distribution of the overlaps in the 1RSB scenario, is not influenced by the dataset entropy
and is equal to that of the classical Hopfield model. From the mathematical viewpoint, possible
future developments would be relaxing the constraints of a self-averaging Mattis magnetiza-
tion and inspecting how the learning and retrieval properties of these networks change with
different kind of noise: in this work we have focused on multiplicative noise, however the use
of additive noise has lately gained large popularity in generative models for machine learning
(see for instance [56]). Furthermore, within the framework of multiplicative noise, an inter-
esting outlook would be considering corruptions of archetypes which also consist of blank (in
addition to inverted) entries, as done recently in [57] for networks away from saturation. Their
operation in the saturated regime and the effects of replica symmetry breaking have not yet
been investigated: we plan to report soon on these topics.

Data availability statement

No new data were created or analysed in this study.

Acknowledgments

All the authors acknowledge the stimulating research environment provided by the
Alan Turing Institute’s Theory and Methods Challenge Fortnights event Physics-informed

32



J. Phys. A: Math. Theor. 57 (2024) 165003 L Albanese et al

Machine Learning. Albanese acknowledges Ermenegildo Zegna Founder’s Scholarship, UMI
(Unione Matematica Italiana), INDAAM—GNFM Project (CUP E53C22001930001) and PRIN
grant Stochastic Methods for Complex Systems N. 2017JFFHS for financial support and
King’s College London for kind hospitality. Alessandrelli acknowledges INAAM (Istituto
Nazionale d’Alta Matematica) and Unisalento for support via PhD-AI. Barra’s research
is supported by MAECI via the BULBUL grant (Italy-Israel collaboration), Project N.
F85F21006230001 Brain-inspired Ultra-fast and Ultra-sharp machines for assisted health-
care and by MUR via the PRIN-2022 grant Statistical Mechanics of Learning Machines: from
algorithmic and information-theoretical limits to new biologically inspired paradigms, Project
N. 20229T9EAT that are gratefully acknowledged.

Appendix A. Instability of the RS solution: AT lines

In the main text we have analysed the equilibrium behaviour of supervised and unsupervised
DAM models under the assumption of replica symmetry breaking. While such phenomenon is
expected in these models, a formal proof that the replica symmetric theory becomes unstable in
certain ranges of the control parameters has not been provided in the literature. In this section
we provide such a proof and we derive the critical line of the RS instability in the phase dia-
gram, for both the unsupervised and the supervised DAM models, separately. We will use the
method recently introduced in [39], which provides a simple alternative to the method ori-
ginally introduced by de Almeida and Thouless in [58], as it does not require to compute the
so-called replicon (i.e. the smallest eigenvalue of the spectrum) of the Hessian of the quadratic
fluctuations of the free-energy around its RS value and it does not rely on the availability of
an ‘ansatz-free’ expression for the free-energy.

A.1. AT line for DAM in unsupervised setting

Following the method introduced in [39], we aim to determine the region in the phase diagram
where the quenched free energy evaluated within the IRSB approximation, that from now
on we denote for convenience as F, ](,1;;3(%, 42,q110), is smaller than the free energy evaluated
within the RS assumption, F, ,§§) (n',g), in the limit # — 1, where the transition from RS to RSB
is expected to occur.

We start by recalling the expression for .7-"1(,23(?1,212,@ |0), given in (2.35), with 7, g; and
q» determined from the self-consistency equations (2.37), and by providing the expression for
the quenched free energy within the RS assumption, as derived in [37]

B (1+p)"

2 2
. i OV (o) gy

—B'Fxs (n,q) = - (P—1)a" +
kS 4(14p)°
2
_/6/2'7 (1+pp) —_P—1

At (1—g)+1n2

2
4 P V(1 P

+Elncosh | 8/ (14 )" ZipmP~" + 'z VLM;)—Z]P"

2 (I1+p)" 2

(A.1)
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M

where E=E E 1 enE;, 7y = %/IZ ]nl’“, and n’ and g fulfill the following self-
a=

consistency equations

2
_ 1 P 1. P (1+pp) o R
'— —— E{tanh | B/ =aP (1 4+ p) P iy 2B [y Y TP G A2
L p'5n (1+p) w284 73 (1) v p (A2)
P P/ (14 )2
g=E{ tanh® | B0 (14 p)" > iy 4 287 | 7= L0 g (A3)
2 2 (1+p)

We note that for =1, g =g, 7 =n’ and the 1RSB expression for the quenched free-
energy reduces to the RS one. Now, we expand the 1RSB expression for the quenched free

energy .7-'1(1[:%]3(71,212,511|9), as given in (2.35), around 0 =1, using fl(g;B(ﬁ,Zlg,ZhW)w:l =
]:(P) —r =
RS (n 7‘])

Firsg (,42,q110) = Frs (7',q) + (0 — 1) Dp Firss (1,42,G110) [9=1- (A4)

Since g, and g, are determined through the self-consistency equations (2.37), they depend on
0 as well, so we have to expand (2.37) around € = 1 too. Following [39] closely, we obtain

91:q_’_(e_l)A(ﬁ/)‘_]aZIZ(ﬁ/aQ)) (AS)
=q 0 ,q)+0-1)B(R' g, (7", q)) (A.6)

where g is the solution of (A.3), g»(72’,g) is the solution of the following self-consistency
equation

]EY(2> COShg (}71’72]72]2 (ﬁla Z]))tanhzg (ﬁ/aE]aZIZ (ﬁ/, Z]))

g, = A7
P o EY(Z) COShg (ﬁl7é7é2 (ﬁ/u Q)) ( )
where
2
P _ 1 P
g, (',q),q) = B' 5" (14 p)" > i+ YD B 7(;,),;)#_1
2 (14+p) 2
A tpr) P
PP ~ s—; —\\/! _P—1
+O8 s (@)™ -7 ). (A8)
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and the functions A(n',g2(7’,g),q) and B(i’,gq2(n’, ), q) are given by

A(n',q2(n",q),9)
2R, {Eymlncoshg(n’@z(n’,q) g)sinhg (1,42 (1',4) ,g) tanhg (7 7512(n’,q),q)}
Eye coshg (/.42 (1',9) . q)
am {E Incoshg (.2 (#',4) . *)coshg(ﬁ',gz (7'.9)
(Eye coshg(n’,¢2 (7',9) ,q))
Eyo sinhg(,g2(7',),) tanhg(2', 42 (",3).) }
(Eye coshg(n’,42(n,4),))* ’

7Q)

(A.9)

(EY(Z) COShg(n afIZ(” 7q)aQ))2

_IEY(Z) COShg<ﬁl7éZ(ﬁlaq)7Q> IOgCOShg( ’q2( 7q) Q)

(Eye coshg(i,2(7",q),q))°

op.. { Eyo sinhg(n,42(1’,g).9) tanhg (2", 32(n",9),3))°
- 2hy®M ~ =y =\ =\)\3
(Eye) coshg(n’,q2(7",),q))

_]EY(Z) Sinhg(ﬁ/7q2(ﬁl76) _)logCOShg(_/aé2<ﬁ/7Q)7é) }

(Eye coshg(ii’,42(7',4),q))’

B(i',32(7,3),3) = 2Ey0) {Eymsinhg( ',q:(n",q),q)tanhg(n’,q2(n’,q),q)

(A.10)

respectively. Similarly, we can expand 7 as

n=n"+0-1)C(n', q,q. (7', q)) (A.11)
where
C(ﬁ/762(ﬁ/75)7‘7])

- o) o |:]EY(2) Sinhg(ﬁ/7qz(ﬁ/76)76) logCOShg(ﬁ/7qz(ﬁ/7Q)7Q)
Y EY(Z) COShg(ﬁ/7q2(ﬁ/7Q)7Q)

EY@) Sinhg(ﬁ/7q2(ﬁl7Q)7Q)EY(2) COShg(il,éz( 7)7 )lOgCOShg(n 7612( 761)@)

_Ey(]) — —
(Eye coshg(ii’,42(7',3),q))*

(A.12)

In the limit § — 1, equation (A.4) implies that }'HIZSB( ".32(9),q10) < ‘7:RS (n',gq) when we
have that 9y Firsg(71',G2(g),q|0)|9=1 > 0. Next, we evaluate

( 7‘]2( 7q) ) 789( B,-F](l[;;B (ﬁ,762(Q)76|9))|9=1

B84/ +pr)

, 2
=2V po ) (@) - 7] - B/ +pr)

Pl(@@)" "' -3""]

4(1+p) 4(14p)"
2
P p P/ (1+pp)
_El h T /P 1 1 P/2—1 Y, NV TPP) _p—
ncosh | B/ 57 (I+p) M+ B\J TS (10" q )

+Ey0) (A.13)

Eyq coshg (n',q2(7",q), f?)logcoshg(”ﬁz(ﬁ’,é),?1)]

]EY(Z) COShg(7 7@2(7 721) Z])
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In order to determine the sign of the expression above, it is useful to note that K(7’,g,g) =0,
as the last term of (A.8) vanishes so, the last two addends in (A.13) elide each other. This is
as expected, as g is an extremum of the RS free-energy, which is retrieved for 6 = 1. Next, we
study K(7’,x,q) as a function of x € [0,g] and locate its extrema. These are found from

8724/ (T4 pp) (P— 1) PxP2

&rK(ﬁ/,x,E[) - _
4(1+p)°

E inhg (n', g he (i g

x—Eyo yo sinhg (7 ,q,x)fanig(n 2 q,X) —o Al
Eye) coshg (n’,g,x)
as
Ey(Z) Sinhg(ﬁ/,q,x)tanhg(ﬁ/vsz) o

- = : A.15
' - [ E,e) coshg (7’ g,x) 72 (n',q) ( )

where the last equality follows from algebraic manipulations of trigonometric functions.

Given that K(7’,x,q) vanishes for x = g, if the extremum x = g,(7’,g) is global in the
domain considered, we must have that K(i',g,(7’,g),q) > 0 if x = g,(7’,g) is a maximum
and K(7',q2(n’,q),q) < 0if x = g»(7’,g) is a minimum. Evaluating

2
8%/ +pp) (P—1)P
4(1+p)P
2 2
o P/t pe)
2(1+p)°
]EY(Z) SeCh3g (ﬁlyéZ (ﬁlv ZI) )
EY(Z) COShg (]71”512 (fl/aQ) )

_ _ ~ /—1 —\\P—2
8%1(()1’,)(,6]) |x=5]z(ﬁ’,z7) = - (QZ (n/vQ))

(P—1)P (g (7',q) "

))H . (A.16)

we have that if the expression in the square brackets is positive, namely if the parameter v3’ :
satisfies

X Ey(l)

RILS]

~—

Eyo sech’g (7, (
Eye coshg (7', (

5%/ +PP)2

P A #.9)" By

SIS

,q)
<1,
),c‘z)]
(A.17)

'.q
"q

K(#@'p(7',9),q) <0 and  Figks(7',32(7".3),/0) — Fre (7',g) = —(0 — DK(7', 42
(7',q),q)/B' <0, hence the RS theory is unstable. We plot the line (A.17) in figure 7, for
different values of M, in the parameter space (7, 3), where 3 = 3’/(1 4 p)*/?, together with
the critical lines delimiting the retrieval region (top plots) and the spin-glass region (bottom
plots), within the RS and the RSB theory, respectively. We note that the above recovers the
expression for the RS instability line found in DAM models [39] in the limits » — 0 or M — o0,
where the values of pp and p vanish.
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Figure 7. The AT line (marking the onset of instability of the RS theory) is shown as a
dashed line in the parameter space of storage load v and scaled noise B=p' /(1 +p)f 2
for the unsupervised DAM model, with P = 4. For comparison, we also show the critical
lines delimiting the retrieval region (top plots) and the spin-glass region (bottom plots),
within the RS and the RSB theory, respectively, as obtained in the phase diagram in
figure 1. Different columns correspond to different numbers of examples, M, presented
to the network, namely M = Mg™" (left), M = 2M ™" (middle) and M = +oo (right).
We note that the AT line coincides with the line delimiting the SG region withing the

RS theory.

A.2. AT line for DAM in supervised setting

In this section we derive the RS instability line for the supervised DAM model. We start by
providing the expression for the quenched free-energy in RS assumption as derived in [14] for
the standard Dense Hopfield Model.

—B'Fi (i',q) =In2 — % (P—1)(1+p)

72

72 72
P
P/Zr_l/P+ﬁ4'Y (l—qP)—B v

4

C—IP—I

(1-9)

P . P
+E¢ B, E.Incosh (ﬁ’z (14 )" ™! + B2y 726”“>

(A.18)
with 8’ :=23/P! and where g and 7 satisfy the self-consistency equations
_ 1 P P/2-1 ~ —sp] P_ .
r_ ' / / I —p_q
n' = lerIEg‘E(nlgl)Ez{tanh [B 5 (P ™0 4 B2y [ 5@ i
g—= 2| g P P/2—1 ~ —/P—1 ’ P*Pfl
Q—EglE(nllsl)Ez tanh” | 8 E(l*f*ﬂ) nmn + 56z ’yzq . (A.19)

We also recall that the quenched free-energy within the 1RSB approximation,
]:1(11;;3 (n,q1,42]0), is as given in (3.10), where the order parameters g,, g; and 7 satisfy the set
of self-consistency equations provided in (3.11). We note that for 6 = 1, g, = g, 7 = i’ and the
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1RSB expression for the quenched free-energy reduces to the RS one. Now, we expand, to the
leading order in 6 — 1, the IRSB quenched free-energy around its RS expression, as shown
in (A.4). Since the self-consistency equations also depend on ¢, we need to expand them too.
We can write g; as in (A.5), with A(7/,¢2(n’,g),q) given in (A.9), and g, as given in (A.6),
where g,(7’,g) is the solution of (A.7) and B(i/,q2(7’,q),q) is as given in (A.10) (we recall
that now the expression of g(n',g2(72’,g),q) is as given in (3.12)). With these expressions in

hand, we can now compute the derivative of F 1(]23 w.r.t. @ when 6 =1, as needed in (A.4)
K(ﬁl7Z]2( 7‘]) ) _89( /Bl]:flsgB (ﬁl7Z]2(ﬁl7Z])7Q‘0))|9:l
ﬂlz’Y P__P B’ ’Y P—1_ _P—1
=221 [@@.a) -7 - 2P @ 0.a)" " -

—E¢E (¢ EyIncosh <B/Z/P Y)Y \/ )

|:]EY(3) COShg(ﬁ 7@2 (ﬁ 321) aZI) IOgCOShg(fl aéz (ﬁ 76) 76):|
]EY(2) COShg (ﬁlqu (}7!,7@) 7@)

+ Ee Egye)Ey0

(A.20)

Again, we have that K(n’,g,g) =0 (as g is the extremum of the RS free-energy). Next, we
inspect the sign of K(n',g2(n’,q),q). To this purpose, we study K(n',x,q) for x € [0,q| and
locate its extrema, which are found from

0K (i x.q) = B (PP 2{ B {Em sinhg(n’,q,x)tanhg(n’,q,x)}} _0
! ,’ 4(1+p) ! EY(2) COShg(fll,é,X)
(A21)
as
Eye coshg(ﬁ’,x,q)tanhzg(ﬁ’,x,q) .,
=Eyu = A22
S l Eye) coshg (n',x,q) 2(1.9) (A-22)

where the last equality follows from (A.7). Under the assumption that the extremum x =
¢2(7',g) is global in the domain considered, we have that K(i',gq,(7’,q),q) >0 if x=
G>(n',q) is a maximum and K(7', (7', g),q) < 0 if it is a minimum. In particular, if

72 ~ s—1 —\\P—2
- P—-1)P n',
K 50 e =~ /=D 02D

By Lt \\P=2 Eyosech’g (.42 (7',7),q)
'[1_ 2 (P=1D)P(2("q))" "Ey [E;z)coshg( g2 (7',q), Q)H

(A.23)

is positive, K(i',§2(i’,§),§) <0 and Flrks (i, q2(i’,4),4|0) < Fie (#',4). This happens
when the expression in the curly brackets of the equation above is negatlve, i.e. when the
parameter /3’ ? satisfies the inequality

2
By

5 (P=DP@(,2)" By

Eye coshg (n’,q2 (7,q),q)

We note that (A.24) is functionally identical to the expression found in [39] for the RS
instability line of the standard DAM model, the only difference being encoded in the term
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g(n’,q2(7’,q),q), which is here defined differently, as it reflects the supervised protocol. In
particular, in the limit of r — 0 or M — oo, where p and pp vanish, (A.24) retrieves the RS
instability line of standard DAM models, as obtained in [39].

Appendix B. Proofs

B.1. Proof of lemma 1

Defining the shorthand Z,(J,f) = ZZ(P) (n', A\, Y;J,1), we start by computing the derivative of
equation (2.29) w.r.t. ¢

1 1/6
~BOFN (1.1) = LBy, [m [Bye 20 (J,0)]" }

1 Eye 9,2, (J,0)" " 0,2, (J,1)
= —EoEyu 7
N Eye 2, (J, t)
1 atZZ (J7 t)
= —E)EyohE _— B.1
woBym Eye [Wz,r %00 (B.1)

where Eg = E¢i E;1¢1)Ex and W, is defined in (2.34). Recalling the definition of 2, (J,1)
in (2.23) we have:

2y (1) = ZB(P)

12 P/2 M M
N(R
(iM(,z) S it )wvzm,aw
a=1
1 8P/ (T+pp)VK ™ I o - g,
o I = (OWa ||

..o
P/2 yjP—1 ! _
22\/(1+P / N i1 <---<ip ’ b=1

i=1

(B.2)

where, in order to lighten the notation we have set BEP) (o|n', A\, Y;J,t) = By(0;J,1). Inserting
this expression in (B.1) and using the definition (2.25) for the average of a single replica of the
system over the generalised Boltzmann factor B,(o;J,t), we obtain

—B8'arF (1)

B (R\? Mo, M
=EE, 1) Eye {2M ( ) W r <an,a (0)> — P Wh,wi (;nl,a (0))}
18P/ l-i-pp\/f( 1 (P)
+ = Z EoE, 1y Eyy § W, IZ 0 ; ()‘iu ,,,,, 0o, ...a’,ﬂ)B (o3J,1)

2 2\/(1+p)P/2NP i< <ip

2 N
1 1 (0) )
> BBy Eye > (A v | BY) (a30,0) ¢ B.3
AINVT =14 0% Y”{W“z(u) <h ' U) vz (930 B3

i=1

Next, denoting the combined average over the quenched disorder and the Boltzmann distribu-
tion as

<> — EOEY(I)EY(Z) [Wz,twt ()] (B4)
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and applying the Stein’s lemma (2.74) to the standard Gaussian variables Y;b) and A ., we
get
, P/2 M M
’ » _ B R P
-rorl =5 (%) Zl<n1a<a>>z—w;<nl,a<a>>,
/2
K 1+PP 2
S s (W) 0= Wi 5, )
2
BPIK/( 1+pp 2
 8(1+p) N2 ,<Z<, BBy [Eyes (Waws (4,2, ) )|
(1+(9— W, oﬁ(a‘)) - (Al)zaﬁ:w@ o Waer(o)])?
JtWr \Ti 2 -~ y() REANY
(1)’ 5
2 S BBy Eyo (1+(9— 1)w2,,w,2(a,-)). (B.5)
i=1

Finally, we use the definitions (2.32) and (2.33) and we arrive at the compact expression:

2
a=1 a=1
5/2\/ (i+por) PK P (1) (2 P (1) (2
21PN [1+(9* 1) {gh(eD,e®)) 2 —0(gh(e™, o ))>r,1}
A2
= S+ 0= .0 -0 (V.0 )|
A2
- Z[1+0-Di@Ee?.c®)]. (B.6)

Next, we take the thermodynamic limit N — oo, using assumption 2. By manipulating the
expression for the moments (g},(c("), o)), ,, with a= 1,2, using Newton’s binomial
theorem

<Q12(0-(l)70'(2))P>t,a

P
= ([ ara]’) =32 (F) (a0 —a
t,a —0
P

- P e ]
=Pq, 1(412(0(”70(2))>z,a+z<k> {(q12(0V,0®) = q0)Yagy™ + (1= P)gy,
k=2

we obtain, in the thermodynamic limit, under assumption 2,

P _p_ —
(q2(eW,09)) 0 = Pg g (eW,6?))—(P-1)g; (BT
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for a = 1,2. Finally, we insert the above in (B.6) and we choose the constants A;, A;, ¥ in
such a way that the terms dependent on (qlz(a(l) , 0'(2))> 1,4 cancel out,

P P/2p_
_ag Pl
b =05 (L+p) " n
) P\/ 1+pp KP! _»
A2=p' e/ T (B.8)
2 (1+p)" 2N '

Az:ﬂ,g\/mz KP! (J_, J_,>’

2 ) (1+p)P NP1 9 —4q
This makes dF () /dt t-independent and leads to the thesis (2.40).

B.2. Proof of corollary 2

Let us start from the self consistency equations in the M — oo limit introduced in corollary 1,
we recognize that as § — oo, we have g, — 1, therefore in order to perform the limit we will
introduce the reparametrization

q 5q2 as ﬁ—)oo. (B.9)

It is now useful to insert an additional term By in the expression of g(B,7,Y) in (2.76), which
now reads as

g(8.:7,Y) = Bg . +BY(2)\/ V) (@ -a)
+Bﬂ1>\/p(§m”‘) +v§m2@’{" +By.  (B.10)

Using this new parameter y, we can recast the equation for g, as a derivative of the mag-
netization

om
ay -

where we have used Ag = g> — g; and, as B — 00, 50 — D € R. Thus, in the zero temperature
limit the last three equations in equation (2.70) become

Eveo [si Y, i, Ag)] ePls(¥mA9)|
m— ]Eym{ e [s1gn[ ¥,m, Ag)le ]

=6y — DAG = 64 = %’; +DAG (B.11)

]Ey(Z) I:eDIg(Y)m)Aq) |]

2
Eye [signlg (Y,im, Ag)] ePlsmADI ]
]Ey(Z) I:eDIg(Y)m)ACI)q

AZ]—) 1—Ey(1) {

g — 1. (B.12)

Now, if we suppose Ag < 1 the (B.10) reduces to
g (Y,im,Ag) = Co+ C, YV + C, Y + O (Ag) (B.13)
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where

P ., P\ 2P
Co=gm ", Cr=\[p{ 7m"" ] +yV(1+pp) 7.

P(P—-1
G = \/7 (1 ‘*‘PP)Z%A@ (B.14)

Performing the integral over Y’ 2 we reach equations (2.77) and (2.78).
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