N

HAL

open science

Storage capacity in symmetric binary perceptrons
Benjamin Aubin, Will Perkins, Lenka Zdeborova

» To cite this version:

Benjamin Aubin, Will Perkins, Lenka Zdeborova. Storage capacity in symmetric binary percep-
trons. Journal of Physics A: Mathematical and Theoretical, 2019, 52, pp.294003. 10.1088/1751-

8121/ab227a . cea-02009773

HAL Id: cea-02009773
https://cea.hal.science/cea-02009773
Submitted on 6 Feb 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-02009773
https://hal.archives-ouvertes.fr

arXiv:1901.00314v1 [cond-mat.dis-nn] 2 Jan 2019

Storage capacity in symmetric binary perceptrons

Benjamin Aubin,! Will Perkins,?2 and Lenka Zdeboroval

Y Institut de physique théorique, Université Paris Saclay, CNRS, CEA Saclay, F-91191 Gif-sur-Yuvette,
France

2 Department of Mathematics, Statistics and Computer Science, University of Illinois, Chicago,

USA
(Dated: 3 January 2019)

We study the problem of determining the capacity of the binary perceptron for two variants of the problem
where the corresponding constraint is symmetric. We call these variants the rectangle-binary-perceptron
(RPB) and the u—function-binary-perceptron (UBP). We show that, unlike for the usual step-function-
binary-perceptron, the critical capacity in these symmetric cases is given by the annealed computation
in a large region of parameter space (for all rectangular constraints and for narrow enough u—function
constraints, K < K*). We prove this fact (under two natural assumptions) using the first and second
moment methods. We further use the second moment method to conjecture that solutions of the symmetric
binary perceptrons are organized in a so-called frozen-1RSB structure, without using the replica method.
We then use the replica method to estimate the capacity threshold for the UBP case when the u—function
is wide K > K*. We conclude that full-step-replica-symmetry breaking would have to be evaluated in
order to obtain the exact capacity in this case.

I. INTRODUCTION

In this paper we revisit the problem of computing the capacity of the binary perceptron!? for storing random
patterns. This problem lies at the core of early statistical physics studies of neural networks and their learning
and generalization properties, for reviews see e.g.3%. While the perceptron problem is motivated by studies of
simple artificial neural networks as discussed in detail in the above literature, in this paper we view it as a random
constraint satisfaction problem (CSP) where the vector of binary weights w € {1}V (a solution) must satisfy M
step constraints of the type

N
i=1
where p=1,..., M, K € R is the threshold, the random variables X ; are iid Gaussian variables with zero mean

and variance 1/N, and the rows of the matrix X € RM*¥ are called patterns. We define an indicator function

associated to the perceptron with a step constraint as ¢*(z) = 1, ~ [

We say that a given vector w is a solution of the perceptron instance if all M constraints given by eq. (1)
are satisfied. The storage capacity is then defined similarly to the satisfiability threshold in random constraint
satisfaction problems: we denote the constraint density as « = M /N and define the storage capacity a.(K) as the
infimum of densities « such that in the limit N — oo, with high probability (over the choice of the matrix X) there
are no solutions. It is natural to conjecture that the converse also holds, i.e. the storage capacity a.(K) equals the
supremum of « such that in the limit N — oo solutions exist with high probability. In this case we would say the
storage capacity is a sharp threshold.

Gardner and Derrida in their paper! assume the storage capacity a.(K) is a sharp threshold and they apply
the replica calculation to compute it, but reach a result inconsistent with a simple upper bound obtained by
the first moment method. Mézard and Krauth? found a way to obtain a consistent prediction from the replica
calculation and concluded that the storage capacity «2(K) for the step binary perceptron (SBP), i.e. associated
to the constraint °, is given by the largest « for which the following quantity, the entropy in physics, is positive:

1 o0
dhs(a, K) = SPy, 4o B (g0 —1)Go + /Dtlog {2 cosh (t (jo)} + a/Dt log /K v Du , (2)
ey
V1—a0
22
where Dt = f e " 2t is a Gaussian measure, and SP stands for “saddle point” meaning that the expression is

s
evaluated where the derivatives on the curl-bracket, with respect to ¢op > 0 and gy > 0, is zero.

Several decades of subsequent research in the statistical physics of disordered systems are consistent with the
conjectured Mézard-Krauth formula for the storage capacity of the binary perceptron. Despite the simplicity of the
above conjecture and decades of impressive progress in the mathematics of spin glasses and related problems, (see
e.g.” !2 and many others), the storage capacity of the binary perceptron remains an open mathematical problem.
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In fact, even the very existence of a sharp threshold, i.e. the fact that in the limit N — oo the probability that
patterns can be stored drops sharply from one to zero at the capacity, is an open problem. Up to very recently
only widely non-matching upper bounds and lower bounds for the storage capacity of the binary perceptron were
available!314.  As the present work was being finalized Ding and Sun'® proved in a remarkable paper a lower
bound on the capacity that matches the Krauth and Mezard conjecture (note that much like Theorem 4 below,
the main theorem in!® depends on a numerical hypothesis). A matching upper bound remains an open challenge
in mathematical physics and probability theory.

In this paper we introduce two simple symmetric variants of the binary perceptron problem. Let z,(w) =

Zizil X,iw;. For a threshold K € R", we consider two different types of symmetric constraints:

o The rectangle binary perceptron (RBP) requires |z,| < K,Vu = 1,..., M. Its associated indicator function
is (pT(Z) = ]l|z| S K-

o The u-function binary perceptron (UBP) requires |z,| > K,Vu =1,..., M. Its associated indicator function
is go“(z) = ]llzl > K-

These constraints are symmetric in the sense that if w is a solution then —w is a solution as well.

The main result of the present paper, presented in section II, is a proof, subject to a numerical hypothesis, of
a formula for the storage capacity, defined in the same way as for the step-function binary perceptron above. In
particular, we show that in these symmetric variants the first moment upper bound (corresponding to the annealed
capacity in physics) on the storage capacity is tight (except for K > K* ~ 0.817 for the UBP case). We prove this
statement using the second moment method.

Let Z ~ N(0,1), and for K € R* let p, x = P[|Z]| < K| and p, x = P[|Z| > K].

e The storage capacity for the rectangle binary perceptron is:

—log(2)

= VK ¢ RT. 3
log(an) ( )

ag(K)

e The storage capacity for the u—function binary perceptron is:

(k) = 8

= for 0 < K < K* ~0.817. 4
1Og(pU,K) ( )

The constant K* ~ 0.817 stems from the properties of the second moment entropy eq. (10). In the physics terms
it is defined as the point of intersection between the annealed capacity o (K) and the local stability of the RS
solution % (K) eq. (17). That is, K* is the solution of the following equation:

e’ og(pu i) = ~2log(2) KC*. )

The two symmetric variants of the perceptron problem considered here share many of the intriguing geometric
properties of the original step-function binary perceptron problem. Most significant is the conjectured frozen-
1RSB? nature of the space of solutions that splits into well separated clusters of vanishing entropy at any o > 0.
Remarkably, this frozen-1RSB property can be deduced from the form of the second moment entropy as we explain
in section III. Our justification of the frozen-1RSB property does not rely on the replica method and is hence of
independent interest.

For the UBP and K > K™, the second-moment proof technique fails, and this failure marks tightly the onset
of the replica symmetry breaking region. In that region, we evaluate the one-step replica symmetry breaking
(IRSB) approximation for the storage capacity, but conclude that full-step replica symmetry breaking (FRSB)
would be needed to obtain the exact result. While the FRSB equations can be written along the lines of'6, they are
more involved than the ones for the Sherrington-Kirkpatrick model'” !, and solving them numerically or getting
additional insight from them is a challenging task left for future work. We present the replica analysis in section IV.
Table I contains the summary of our main results along with the predictions for the step-function perceptron.

Finally let us comment on the simpler and more commonly considered case of spherical perceptron where the
binary constraint on the vector w is replaced by the spherical constraint wTw = Zf\il w? = N. For K = 0 the
spherical perceptron reduces to the famous problem of intersection of half-spaces with capacity a. = 2 as solved
by Wendell?® and Cover?!. For K > 0 the Gardner-Derrida solution® is correct as proven in?>23, For K < 0 the
situation is more challenging and FRSB is needed to compute the storage capacity; for recent progress in physics

see'®24 while mathematical considerations about this case were presented in2°.



Binary perceptron Constraint Constraint function Range of K Storage capacity
Step-function z> K W(2)=1,> g VK € R RS eq. (2)
Rectangle |z| < K P (z) = ]l|z| <K VK € Rt Annealed eq. (3)
U-function |z| > K ©'(z) = ]l|z| > K 0< K< K"=0.817 Annealed eq. (4)
U-function |z| > K U(z) = ]l|z| >K VK > K* =0.817 FRSB?

TABLE I. This table summarizes results for storage capacity in binary perceptrons with different types of constraints. The
result for canonical step-function is from?. The results for the rectangle and u-function are obtained in this paper.

Il.  PROOF OF CORRECTNESS OF THE ANNEALED CAPACITY

To state the main results precisely we introduce some definitions. Let X(N, M) be the random M x N pattern
matrix. Define the partition functions

M M
zX)= Y JleGuw) and zuX)= > J]e"Guw

we{+1}V p=1 we{£1}V p=1

which count respectively the number of solutions for the rectangle and u—function constraints respectively. Let
ET(N, M) and E*(N, M) be the events that Z,.(X) > 1 and Z,(X) > 1. We formally define the storage capacity.

Defintition 1. The storage capacity ol (K) is
an(K) = inf{a: J\}im PIE"(N, |aN])] =0},
— 00

and likewise for o(K).
It is believed that there is a sharp threshold for the existence of solutions.

Conjecture 2. The storage capacity is a sharp threshold:
o (K) = sup{or: Jim PE"(N, [aN])] =1},
—00

and likewise for o(K).

The corresponding conjecture for the random k-SAT model is the celebrated ‘satisfiability threshold conjecture’
proved for k large by Ding, Sly, and Sun'?

Next, couple two standard Gaussians Z1, Zg by letting Z and Z’ be independent standard Gaussians and setting

Zy =\BZ +T=PBZ and Zg = V/BZ — /1= BZ'. Let

ax(B) =P[Z1| < KN|Zs| < K] =qk(B), )
qu,k(B) =P[Z1| > KN |Zg| > K] =1-2p, k +qKx(B),

with gx () the probability that two standard Gaussians with correlation 23 — 1 are both at most K in absolute
value, that is:

K+(01-28)y

2\/B(1-8) _12+y2
qx (B 2 dx.
27r K+<1 w)y

2¢/B(1-8)

Note that g; k(1) = pr,x and g1, x(1/2) = pj g for t € {r,u}. We now introduce the functions that dictate the
effectiveness of the second moment bound. Let

Frka(B) = H(B) + alog ¢k (B) (7)
Furk.a(B) = H(B) + alog qux (B) (8)

where H(B) = —flog 8 — (1 — 8)log(1 — j3) is the Shannon entropy function.
We state a numerical hypothesis in terms of the derivatives of these two functions.



Hypothesis 3. For all choices of K >0 and a > 0 so that F/'r; ,(1/2) <0, there is exactly one 3 € (1/2,1) so
that F) . (8) = 0. The same holds for Fy i q-

Our main theorem is a proof, under Hypothesis 3, that the storage capacity is given by the annealed computation.
Theorem 4. Under the assumption of Hypothesis 3, the following hold.

1. For all K > 0, we have of,(K) = —log(2)/log(pr k).

2. For all K € (0, K*), we have o%(K) = —log(2)/log(pu.k)-

Under our definition of o, (K') and o (K'), we must prove two statements to show that o, (K) = —log(2)/ log(pr. k)
(and similarly for a¥(K)). We use the first moment method to show that for o > —log(2)/ log(pr k),
limy oo Pr(E7(N, M)) = 0; then we use the second moment method to show that for & < —log(2)/log(pr.x),
liminfy_ 0o Pr(E"(N,M)) > 0 (a result analogous to what Ding and Sun prove for the more challenging
step binary perceptron'®). Conjecture 2 asserts the stronger statement that for a < —log(2)/log(pr k),
limy o0 Pr(E™(N, M)) = 1.

A. First moment upper bound

Proposition 5.

1. If a > ol (K) = lggl((;ngi)), then whp there is no satisfying assignment to the binary perceptron with the
rectangle activation function.
2. If a« > oK) = ltjgl(;g(i)), then whp there is no satisfying assignment to the binary perceptron with the

u-function activation function.

Proof. We give the proof for the rectangle function as the proof for the u-function is identical. Let e = a—af,(K) > 0.
Let 1 denote the vector of dimension N with all 1 entries.

P[E"(N,aN)] < E[Z,(X(N,aN))] =2VE

aN
H ]]-zu(l)|§K‘| = QNP?,% = exp(N (log(2) + alog(pr,x)))
pn=1

= exp(Nelog(pr,x)) = 0 as N — 0.

B. Second moment lower bound

Proposition 6.

—1
1. Ifa< log((;’if?), then

liminf P[E"(N, aN)] > 0.
N—oc0

2.If K < K* and a < 1;gl(c;i(i))’ then

lim inf P[EY(N, aN)] > 0.
N—o0

To prove Proposition 6 we will apply the second-moment method in a similar fashion to Achlioptas and Moore?%

who determined the satisfiability threshold of random k-SAT to within a factor 2 by considering not-all-equal
satisfying assignments (not-all-equal satisfiability (NAE-SAT) constraints are symmetric in the same way the
rectangle and u-function constraints are symmetric). Recall the Paley-Zygmund inequality.

Lemma 7. Let X be a non-negative random variable. Then

E[X]?
E[X?]"

PX > 0] >

We will also use the following application of Laplace’s method from Achlioptas and Moore?S.



Lemma 8. Let g(8) be a real analytic function on [0,1] and let

9(8)
BA(1—pB)t-~"

If G(1/2) > G(B) for all B #1/2 and G"(1/2) < 0, then there exists constants ci,co so that

G(B) =

ca1G(1/2)N i_v:( ) (I/NN < erG(1/2)N

1. Rectangle binary perceptron

We calculate
N /N
E[Z,(X)?] = Z P[w1, wp satisfying] = 2 Z P[1, w satisfying] = 2V Z ( ; )qu(l/N)aN
wy,wae{+1}N we{£t1}N =0
where we recall ¢, x from eq. (6). Define

_ k(B
B -7

If we can show that Gy ko (1/2) > Gy k,o(B) for all B # 1/2 and G’ i ,(1/2) < 0, then by Lemma 8, we have

Gr.k,0(B) = exp(Fr,k,a(8)) = 9)

Then since Z,.(X) is integer valued, we have

E[Z,(X)]2  (2VpeR)?

P[Z,(X)>1] > E[ZT(X)Q] " E[Z,(X)?]
2V pade)?

It remains to show that when a < —%C then Gy xc.a(1/2) > Gy .0 (B) for all 8 # 1/2 and G ,(1/2) < 0

By eq. (9) and the fact that G} ,(1/2) =0, it is enough to show the same for F}. k.
Certainly one necessary condition is that F, g o(1/2) > Fy k,(1). This reduces to the condition 2pr K > Prk

log(Z)
or a < 108 (v 10

which is exactly the condition of Proposition 6. Next consider F)'f (1/2).
A calculatlon shows that

) K2 —-K?
Flea(/2)=4(-14222°
T m pT,K

In particular, F)'p (1/2) <0 if and only if

™ er
SRR

But a calculation also shows that

log(2) T P%,K

710g(pT,K) 2 K2e—K?

for all K > 0 and so the condition of Proposition 6 implies that F/x (1/2) <0.

Moreover, since Fy g () is symmetric around 8 = 1/2 and it has a local maximum at § = 1/2, Hypothesis 3
implies that the global maximum of F, g o(3) occurs at either 1/2 or 1, and since F, k.o(1/2) > F, k.o(1), we
have that F, k o(1/2) > F, k,o(B) for all 8 # 1/2, completing the proof of Proposition 6 for the rectangle binary
perceptron.



2. wu-function binary perceptron

The proof for the u-function is similar. We can calculate

E[Z,(X)?] = 2V Z ( >Qu x(I/N)*N = exp (N(log(2) + Fu.x.o(B))) ,

where we recall g, i from eq. (6). Using Lemma 8 and Hypothesis 3 again, it suffices to show that for 0 < K < K*
and a < logtopig@) we have Fy k,a(1/2) > Fyk,a(l) and F ;¢ ,(1/2) < 0. The first follows immediately from the

fact that o < —282)_ For the second, we have

log(pu,x)
2 aK2e K
1/2) =4 -1+ ——F5——
Y ica(l/2) ( ST )

and so F)/ ;c ,(1/2) < 0 if and only if

™ puK
< -
S oK%

Unlike with the rectangle function it is not true that

~_log(2) < T pi,K
log(pu,x) 2 K2e K?

for all K: the left and right sides of the inequality cross at K = K*, which implicitly defines K*. Thus for K < K*
and a < —% we have I/ ;- (1/2) <0, which completes the proof of Proposition 6 for the u-function binary

perceptron.
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FIG. 1. Second moment entropy densities. a): the rectangle binary perceptron for a < a; = 1.816 (dashed pink), 8 = %
is the global maxumzer For a > ay, B = 0 and ﬂ = 1 are the maximizers. b): the u-function binary perceptron for
a < a* =0.430, 8 = 3 is the maximizer while for a* < a < aff = 0.604 (dashed yellow), the maximizer is non-trivial 8 # 0.
3. lllustration

As an illustration, we plot the second moment entropy density limy_, % log E[Z7] = log(2)+F k.o for t € {r,u}
at K =1 > K* in fig. 1. For the rectangle function (a), the second moment is tight: the maximum is reached for



B = 1/2 for all a smaller than the first moment «f, (dashed pink). Exactly the same happens for the u—function
with K < K*. However for K > K*, the second moment method fails (b): 8 = 1/2 becomes a minimum and
the maximum is obtained for non trivial values 8 # 1/2 for constraint density smaller than the first moment oY
(dashed yellow).

Ill. FROZEN-1RSB STRUCTURE OF SOLUTIONS IN BINARY PERCEPTRONS

One of the most striking properties of the canonical step-function perceptron is the predicted frozen-1RSB?
nature of the space of solutions. This means that the dominant (measure tending to one) part of the space of
solutions splits into well separated clusters each of which has vanishing entropy density at any « > 0. This frozen-
1RSB scenario and quantitative properties of the solution space were studied in detail recently?”?8. Following
up on conjectures that such a frozen structure of solutions implies computational hardness in diluted constraint
satisfaction problems??, it was argued that finding a satisfying assignment in the binary perceptron should also
be algorithmically hard since its solution space is dominated by clusters of vanishing entropy density®®. Yet this
conjecture contradicted empirical results of?0. This paradox was resolved in®!' where the authors identified that
there are subdominant parts (i.e. parts of measure converging to zero as the system size diverges) of the solution
space that form extended clusters with large local entropy and all the algorithms that work well always find a
solution belonging to one of those large-local-entropy clusters. These sub-dominant clusters are not frozen and
somewhat strangely are not captured in the canonical 1RSB calculation®!. It was argued that existence of these
large-local-entropy clusters bears more general consequences on the dynamics of learning algorithms in neural
networks, see e.g.32.

While frozen-1RSB structure has also been identified in constraint satisfaction problems on sparse graphs
we want to note that its nature in the binary perceptron is of a rather different nature. In sparse systems a simple
argument using expansion properties of the underlying graph and properties of the constraints show that each
cluster with high probability contains only one solution. In the perceptron model, which has a fully connected
bipartite interaction graph, this argument from sparse models does not apply.

In the present paper, we deduce from the second moment calculation of the previous section that the space of
solutions in the symmetric binary perceptrons is also of the frozen-1RSB type and this property moreover extends
to any finite temperature (with energy being defined as the number of unsatisfied constraints). This is different
from the locked constraint satisfaction problems of??:3* living on diluted hypergraphs, where the solution-clusters
have extensive entropy at any non-zero temperature. Another difference is that whereas in the locked constraint
satisfaction problems the size of each cluster is one with high probability, in the binary perceptron there are still
many solutions in the clusters, it is only their entropy density (i.e. logarithm of their number per variable) that
vanishes as N — oo.

Investigation of the large local entropy clusters and their implications for learning in the symmetric perceptrons
is also of great interest, but left for future work. Clearly since mathematically the symmetric perceptrons are
simpler than the step-function one, they should also be the proper playground to deepen our understanding of the
large local entropy clusters and their relation to learning and generalization.

We present the frozen-1RSB scenario as a conjecture and then below indicate how the second moment calculation
gives evidence for this conjecture. Given an instance X and a solution w, let I'(w, d) denote the set of solutions
w’ with Hamming distance at most d from w.

33,34
b

Conjecture 9. For every K > 0 and every a € (0,a’(K)) there exists dpin > 0 so that with high probability over
the choice of the random instance X from the RBP, the following property holds: for almost every solution w,

1

—1

N
as N — oco. The same holds for the UBP for all K < K*.

og|T'(w, dmin)] = 0

A. The link between the second-moment entropy and size of clusters

In this section we use ¢ € {r,u} and note that the form of the second moment entropy density 4 log E[Z?] has
very direct implications on the structure of solutions in the corresponding models. As we defined it above, the
second moment entropy is the normalized logarithm of the expected number of pairs of solutions of overlap 5.

For problems such as the symmetric binary perceptrons where the quenched and annealed entropies are equal
in leading order, there is a striking relation between the planted and the random ensemble of the model3>:36. The
random ensemble is the problem we have considered so far, while the planted ensemble is defined by starting with
a configuration of the weights (a solution) and then including only constraints that are satisfied by this planted
configuration. As long as the quenched and annealed entropies of the random ensemble are equal in leading order



the planted and random ensembles should be contiguous, meaning that high-probability properties that hold in
one ensemble also hold in the other. Moreover the planted configuration in the planted ensemble has all the
properties of a configuration sampled uniformly at random in the random ensemble. These properties follow on
the heuristic level from the cavity method reasoning®®. They were established fully rigorously in a range of models,
see e.g.3237:38 In the present case of symmetric binary perceptrons we have not yet managed to prove contiguity
between the random and the planted ensemble, and so we leave a rigorous mathematical result for future work.
(In fact the missing ingredient is a version of Friedgut’s sharp threshold result®” suitable for perceptrons; such a
result combined with Theorem 4 would also prove Conjecture 2). We hence rely on the above heuristic argument
and assume it holds in what follows.

Given a planted solution w and a configuration wg that agrees with w on SN coordinates, the probability that
w is a solution in the planted model is (g i (8)/pt, i)™, and thus the expected number of solutions at Hamming
distance SN from the planted solution in the planted ensemble is

1251 = ( gy ) (0 (8) )™

and its entropy density is
. 1
w(B) = A}l_rgo N log E[Z5] = Fi k.o(8) — alogpy i for t € {r,u}. (11)

Recalling that contiguity implies that the planted solution has the properties of a uniformly chosen solution in the
random ensemble then this entropy gives us direct access to properties of the solution space in the random ensemble
at equilibrium. Most notably we notice (see derivation in section III B below) that the derivative of w:(3) at =1
is 400 thus implying that Ve > 0 with high probability there are no solutions at overlap 8 € [dmin(a, K), (1 — €)].
In turn, this means that the dominant (measure converging to one as N — oo) part of the solution space splits
into clusters each of which has vanishing entropy density (i.e. logarithm of the number of solutions in the cluster
divided by N goes to zero as N — 00). The missing ingredient in a full proof of Conjecture 9 is a proof of the
contiguity statement.

B. Form of the 2nd moment entropy implying frozen-1RSB

0.06
\ dmin(aa K)
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= —0.02 N 0.03
A =
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E —0.03 =
=) =
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—0.04 3

0.00
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FIG. 2. a) Density of the annealed entropy of solutions at overlap 8 from a random solution in the rectangle binary
perceptron at K =1, a = 1.80 < a. (K = 1). We see there are no solution in an interval of overlaps (1 — dmin, 1 — €). This
curve is obtained from the second moment entropy and contiguity between the random and planted ensembles. It implies
the frozen-1RSB nature of the space of solutions. The same holds for the u—function. b) To compare we plot the density
of the annealed entropy of solutions at overlap 8 from a random solution in the k-NAE SAT model?® at k = 7, o = 40. We
see the density is positive in a large region close to 8 = 1, showing the absence of frozen-1RSB structure in this problem.



In fig. 2a we plot w,(B) for the rectangle binary perceptron, at K = 1, & = 1.80 < o/, (K = 1). Thanks to the
contiguity between the planted and random ensembles that holds as long as the second moment entropy density is
twice the first moment entropy density, this curve represents also the annealed entropy of solutions at overlap g with
a random reference solution. We see notably that there is an interval of distances in which no solutions are present.
Analytically we can see from the properties of the functions Fi k o(8) and logp: i that Fy i (1) = alogps x and
the derivative of F; k (8) — oo. This is in contrast with, for instance, the satisfiability problems studied in%®,
where the function corresponding to Fy i «(8) would have a negative derivative in 8 = 1 (see fig. 2b). There could
still be an interval of forbidden distance, but the bump in entropy for 8 = 1 corresponds to the size of the clusters
to which typical solutions belong and those would be extensive.

1. Frozen 1RSB in rectangle binary perceptron

In the rectangle binary perceptron, the random and planted ensembles are conjectured to be contiguous for all
K >0 and a € (0,a%(K)). Using eq. (8), the first derivative of w,(8), eq. (11), is given by (see Appendix VIE)

L L) T e N G )
0B 9p 8 ¢r.x,7(8) 7\ /B(1 = B) ;

and it diverges for all K € R™, a > 0 in the limit 8 — 1:

This implies vanishing entropy density of clusters to which typical solutions belong.

2. Frozen 1RSB in the u-function binary perceptron

In the u-function binary perceptron, the random and planted ensembles are conjectured to be contiguous for all
0< K< K*and a € (0,a%(K)). Using eq. (8), the first derivative of w,(8) eq. (11), is given by

awu_M_lo <1ﬂ)+ @ 1 <62<{<25‘> (em_1)>
93 3 S\ B turc.7(B) 7/B0 — )

— 400,
p—1

thus reaching the same conclusion on presence of frozen-1RSB.

In appendix VIE we extend the second moment calculation to finite temperature (for both the rectangle and
u—function case). This means that we define energy of a configuration £(w) as the number of constraints that are
violated by this configurations. Then the corresponding partition function is defined Z(T) = 3", e~ €W)/T There
is a one-to-one mapping between the temperature T and energy density e = £/N, consequently the corresponding
finite-temperature second moment entropy density counts the number of pairs of solutions at overlap § and energy
density e. In appendix VIE we apply the same argument as here connecting the random and planted ensemble,
and deduce that the finite-temperature solution space of the models is of also of the frozen-1RSB type for any
T < 0.

C. Frozen-1RSB as derived from the replica analysis

We stress that we derived the frozen-1RSB nature of the space of solutions without the use of replicas. For
completeness we summarize here how this translates to the properties of the one-step-replica-symmetry breaking
solution. This is the way this phenomena was originally discovered and described in?274%. For readers not familiar
with the replica method this section should be read after reading section IV.

In general, three kinds of fixed points of the 1RSB equations are possible:

e The replica symmetric (RS) solution ¢o = ¢1 = gqrs < 1,
e The frozen-1RSB solution (f1RSB) (go,¢1) = (¢rs, 1),

e The 1RSB solution (go,q1) with ¢1 # 1.
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FIG. 3. Hlustration of the configuration space for the different phases: a): RS - solutions are concentrated in a single cluster
of typical size 1 — grs. b): 1RSB - solutions form clusters of size 1 — ¢1 at a distance 1 — qo from each other. c): f1RSB -
clusters are point-like (1 — ¢1 ~ 0) at a distance 1 — go = 1 — grs from each other.

\>
/

The frozen-1RSB is characterized by an inner-cluster overlap g1 = 1 and an inter-cluster overlap ¢y = grs, which
means that clusters have vanishing entropy density and remain far from each other. Mathematically RS and f1RSB
solutions are equivalent in the sense that these solutions have the same free energy eq. (20) ®1rsp{qrs,qrs} =
®1rs{grs, 1}, and the complexity of the fIRSB solution equals the RS entropy (¢ = 0) = ¢rs eq. (22, 15).
However, RS and f1RSB do not share the same configuration space. The RS phase is associated to a single cluster
of solution with typical size 1 — grg, while the f1RSB configuration space is composed of many point-like solutions
of size g1 ~ 1 and at distance 1 — gy = 1 — grs of each other, see fig. 3. From this point of view f1RSB is the correct
description of the phase space.

IV. REPLICA CALCULATION OF THE STORAGE CAPACITY

In this section we recall the replica calculation leading to the expression of the storage capacity in the step-function
binary perceptron. We show that in the symmetric binary perceptrons the annealed calculation is reproduced by
the replica symmetric result. For the u—function binary perceptron we show that K* coincides with the onset of
replica symmetry breaking and we evaluate the 1RSB capacity for K > K*.

A. Replica calculation

For the purpose of the calculations, we introduce the constraint function C(z) that returns 1 if w satisfies all the
constraints {¢(z,)},L; and 0 otherwise

M
C(z) = H o(zy) with z, = X, w.
p=1

Recall the partition function Z is the number of satisfying vectors w, with prior distribution P, (w), for a given
matrix X

M
zX)= > J[eXuw) = /dew(w)/dZC(z)é(z — Xw).
we{£1IN pu=1
The replica method allows one to compute explicitly the quenched average Ex[log(Z(X))]*'. More precisely,
using the replica trick, the average of the logarithm can be expressed as the limit n — 0 of the derivative with
respect to n of the average of the n-th moment of the partition function. Finally the free entropy reads:
1 Olog (Ex[Z(X)"])

. 1 1 i
¢lo) = lim TEx[log(Z(X))] = lim lim = ——=—7"

(13)

Computing the n-th moment of the partition function Z, for n € N, is equivalent to considering n copies, also
called replicas, of the initial system. For a given disorder, these n replicas are non-interacting and Z™ can be
computed easily. However, averaging over the ”disorder” with distribution Px makes the replicas interacting:
replicated weight-vectors w® and w?, for a,b € [1 : n], are correlated by the overlap matrix Q = (Qab)g,bzl =

LN b\
Nzizl w; Wy .
a,b=1
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We show in Appendix VI A that after averaging over the distribution Px, using an analytical continuation for
n € R and finally reversing the limits N — 0o and n — 0, the free entropy ¢ eq. (13) can finally be expressed as a
saddle point equation over n X n symmetric matrices Q and Q

¢(a) = —SPq q {lim M} ,

n—0 n

(14)

where Q is a parameter involved in the change of variable between {w? w’} and Q4 and with

5q(Q, Q) = 3Tr(QQ) — log(Z;,(Q)) — alog (Z2(Q)) ,
T3(Q) = [g. dWPs(W)e? ™ Q¥ where W € R" and Py (%) = [ [ [8(a — 1) + 6(da + 1)],

a=1
I(Q) = [ d2P:(2)C(2) where Z € R™ and P; = N (0,Q) .

In order to be able to compute the derivative of S,, with respect to n eq. (14), we need an analytical formulation
of Q and Q as a function of n.

B. RS entropy

The simplest ansatz is to assume that the overlap matrix Q is Replica Symmetric (RS), which means that all
replicas play the same role: the correlation between two arbitrary, but different, replicas is denoted qg, and therefore
the RS ansatz reads:

1 q0 if a 7é b
V(a,b) € [1:n] x[1:n], =(w* w’) = ’
(a,0) € Ix1 ) N( ) {Qlifab.
It enforces the matrix Q to present the same symmetry, respectively with parameters ¢y and Q = 1. Using this
ansatz and the n — 0 limit, the Replica Symmetric (RS) entropy can be expressed as a set of saddle point equations
over scalar parameters go and do, evaluated at the saddle point (Appendix VIB):

1 1 ~ w (A z
¢RS(04) = Squ,éo {5 + 5((10(]0 - 1) +IRS(‘I0) =+ QIRS(‘IO)} s (15)
N _ N w ~ — i (1 - qo) 2 ~
I¥s(Go) = [ Dtlog (g8 (t, o)) 9¢'(t,Go) = | dww'Py(w)exp | ——=—w" +1y/Gow | ,
with and for s € N
Tis(q0) = [ Dtlog (f§(t, o)) fE(t,q0) = /DZ Z'o(v@ot + /1 — qoz) -

(16)

Note that above and in what follows Dt = [ \/%2 dt. In the binary perceptron case, the function P, is defined

as Py(w) = [6(w — 1) + d(w + 1)] (note that this is not a probability distribution because of the normalization),
and recall p(z) is the indicator function, checking that a constraint on the argument is satisfied (e.g in the step
case, p°(z) = 1if z > K).

While in the step binary perceptron (SBP) the fixed point solution (go, o) is non-trivial, the symmetry of the
activation function in the RBP and UBP cases enforces the configuration space to be symmetric and the fixed point
(go, o) = (0,0) to exist. If this symmetric fixed point is stable and has the lowest free energy, the RS free entropy
matches the annealed entropy ¢! (a) = log(2) + alog(pt,x) = + log Ex[Z;(X)] from section IT A with ¢ € {r, u}.

.2
et

1. Rectangle

Solving numerically the corresponding saddle point equations leads to the single symmetric fixed point (qo, o) = (0, 0).
Hence the RS entropy saturates the first moment bound:

¢rs(a) =log(2) + arlog (pr k) = ¢u(e)
and the RS capacity equals the annealed capacity eq. (ITA):

afs(K) = aj (K) = %
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2. U-function

e For K < K*, only the symmetric fixed point (go,Go) = (0,0) exists, which leads again to the annealed free
entropy:

Prs(a) =log(2) + alog (pu, k) = ¢4 (),
and annealed capacity eq. (ILA):

—log(2)

ans(K) = 0a(K) =05

e For K > K*, the RS entropy does not match the annealed entropy because the fixed point (qo, do) # (0,0)
corresponds to a lower free energy than the symmetric fixed point (0,0). The symmetric fixed point becomes
unstable for K > K*, where K* is remarkably given by the same value as in the independent section II B 2.
Hence it naturally verifies eq. (5) even though its definition derives from the stability of the RS solution, that
we study in the next section.

C. Stability

The local stability of the RS solution can be studied using de Almeida and Thouless (AT) method*?, based
on the positivity of the Hessian of S,,(Q, Q). The replica symmetric AT-line aar is given by the solution of the
following implicit equation (Appendix VID):

1_ /Dt (f5(f5 - f2) (f£)?) (t,qo(a))/Dt(ggjgsu(gw(gm) (t,d0()) .

o 1*‘10 (f5)* 5

As illustrated above, for the rectangle and u—function, the symmetry of the weights P, and the constraint ¢
imposes the existence of the symmetric fixed point (qg,go) = (0,0). This simplifies the previous condition and
becomes equivalent to the linear stability condition of the symmetric fixed point (go,go) = (0,0) (see Appendix
VID):

2

) v = [ dww'P,(w)e® ,
| N -

L <f2 fO) (‘(Z—Qw) , where for i € N:
~ . .
AT fE 90 f7 = /Dzzch(z)

We plotted the annealed capacity, the replica symmetric capacity and the AT-line for the step, rectangle and
u-function binary perceptrons as functions of K in fig. 4, 5, 6.

1. Step binary perceptron

We note that for the step binary perceptron the RS solution is always stable towards 1RSB, even for negative
threshold K < 0. This is interesting in the view of recent work on the spherical perceptron with negative threshold
where the replica symmetry breaks for all K < 0, and full-step RSB is needed to evaluate the storage capacity'®

2. Rectangle

As the RS capacity aRg is always below the AT line a1, the RS solution is always locally stable.

3. wu-function

There is a crossing between the values of the RS capacity afiq and the AT-line a%y, which defines implicitly the
value K* ~ 0.817, and matches the equality in eq. (10):
—log(2) ™ (pu,K*)2
log (pu,c) 2 e~ (K*)?
For K < K*, the RS solution is locally stable, while for K > K* the RS solution becomes unstable, and a symmetry
breaking solution appears.

(17)
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FIG. 4. Step binary perceptron (SBP): the RS capacity agg (black) does not match the annealed capacity «j (blue) and is
always below the AT-line a1 (orange). The AT-line is closest to the annealed capacity for Kmin =~ 3.62 where the difference
asr — ad ~ 0.0012. For K = 0, we retrieve well known results®: alkg =~ 0.833, aar ~ 1.015 and o, = 1. The left and right
hand sides, and the inset, represent the same data on different scales. The satisfiable (SAT) phase is represented by the
beige shaded area and is located below the RS capacity, while the unsatisfiable (UNSAT) starts at the capacity (black line)
and extends for a larger number of constraints.
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FIG. 5. Rectangle binary perceptron (RBP): the RS capacity ags (black) matches the annealed bound «;, (blue), and the
RS solution is locally stable for all K: agg < aAp. The AT-line (orange) is closest to the annealed capacity for Kmin ~ 1.24
where the difference ajir — aj ~ 0.15. The left and right hand sides, and the inset, represent the same data on different
scales. The satisfiable (SAT) phase is represented by the beige shaded area and is located below the RS capacity, while the
unsatisfiable (UNSAT) starts at the capacity (black line) and extends for a larger number of constraints.
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FIG. 6. U—function binary perceptron (UBP): the RS capacity black) matches the annealed bound (blue) for K < K*.
At K = K™, the RS capacity crosses the AT-line (orange). For K > K™, the RS solution is unstable and the RS capacity
deviates from the annealed capacity. The left and right hand sides, and the inset, represent the same data on different
scales. The satisfiable (SAT) phase is represented by the beige shaded area and is located below the RS capacity, while the
unsatisfiable (UNSAT) starts at the capacity (black line) and extends for a larger number of constraints.

D. 1RSB calculation

In the previous section we concluded that the replica symmetric solution is unstable in the u—function binary
perceptron for K > K*  we analyze therefore the first-step of replica symmetry breaking (1RSB) ansatz in this
section. This ansatz and calculations is due to seminal works of G. Parisi and is classic in the field of disordered
systems and well presented in the literature!” 1943, we thus mainly give the key formulas and defer the details into
the Appendix VIC.

The 1RSB ansatz assumes that the space of configurations splits into states. Consequently replicas are not
symmetric anymore and instead n replicas are organized in ;> groups containing m replicas each:

1 q1 if a,b belong to the same state,
V(a,b) € [1:n] x [1:n], N(Wa -w?) = { qo if a,b do not belong to the same state, (18)
Q=1ifa=0b.

Following**, the partition function Z,, associated to m replicas falling in the same state is expressed as a sum
over all possible states ¥ weighted by their corresponding free entropy ¢:

Zy = exp(Nmé(D)) = "Ny exp(Nme) = 3 exp(NE(6)) exp(Nme) ~ / dé exp(N(mg + £(¢)).
{¥} {¢} {¢}

where we introduced the number of states at a given free entropy ¢: Ny = exp(NX(¢)) and the complexity (¢),
also called the configurational entropy.

Using the saddle point method in the N — oo limit, the 1RSB replicated free entropy ®irsp is written as a
function of the Parisi parameter m, the free entropy ¢ and the complexity 3(¢):

Dinsp(m,a) = Jim Ex log(Zn(X))] = mé + 5(6). (19)

Injecting the 1RSB ansatz eq. (18) in the replica derivation eq. (14), the 1RSB replicated free entropy ®1gsp is
written as a saddle point equation over q = (go,q1) and § = (go, §1) (see Appendix VIC):

m R m2 ~ ~ W ~ z
Pirsp(m, a) = EE {5 (g1 — 1) + > (q0do — q141) + mIiRsp (@) + amIlRSB(q)} (20)
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I4s5(@) = = [ Dtolog ([ Dt1gy (¢,&)™) ,

Zirsp(a) = = [ Dtolog ([ Dty f§ (t,a@)™) .

with

91(6,@) = [ duww' Py(w) exp (50 + (Vioto + V@ — o) w) .

fE(t,q) = [ Dz 2"¢(\/qoto + var — qot1 + V1 —q12).

denoting t = (g, t1), and for ¢ € N:

(21)
Taking the derivative of ®1rsp with respect to m, the free entropy ¢ and complexity ¥ can be written as:

9la) = Pl = SP{F(qudy — 1)+ m (a0do — 010) + Tisn(@) + aTfsn (@)}

%(¢) = P1rsp —mo = EE{WTZ(‘JIQH — q0go) + m(Zixsg — Jiksp)(@) + ma(Zigss — ijSB)(Q)} )

w ~ mI Dty m
leSB (q) IRSB) f Dt f - fogD(‘Z[l)g(t &);S;?n(t ) )

2 _ 9(nIinse) _ Dty log(f§ (t,a)) f§ (@)™
Tirsp(Q) = = = thof f()%)tlofé((:,q)?"' o

with

E. 1RSB results for UBP

From now on we only consider the u—function binary perceptron, whose RS solution is unstable for K > K*.
The Parisi parameter m is fixed to its equilibrium value by maximizing the total entropy in the SAT phase,
Dtot = @ + X(¢), under the constraint that the free entropy and complexity are both positive ¢ > 0 and 3(¢) > 0:

pr— E .
Meq m\gao)fzzoqﬁ—’— (¢)

Using the expressions eq. (22) and varying the Parisi parameter m € [0; 1], we obtain the curve of the complexity
Y (¢) as shown in fig. 7. At m = 1, the complexity is negative. Decreasing m, the complexity increases and becomes
positive at the value meq. Besides for small values of m, an unphysical (convex) branch appears, as commonly
observed in other systems solved by the replica method.

We note that at « increases both the equilibrium complexity and free entropy decrease. In constraint satisfaction
problems such as K-satisfiability or random graph coloring the mechanism in which the satisfiability threshold
appears is that the maximum of the complexity becomes negative. In the present UBP problem it is actually both
the free entropy and the complexity that vanish together, as illustrated in fig. 7.
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FIG. 7. Complexity X(¢) as a function of the free entropy ¢ for the u—function binary perceptron at K = 1.5 > K*.
Complexity reaches ¥ = 0 (black dot) at meq. For K = 1.5 and a = 0.33 a) the free-entropy corresponding to meq is
positive ¢eq > 0, whereas for a = 0.34 b) the free entropy at meq is negative ¢eq < 0 and therefore there is no part of the
curve where both complexity and free entropy are positive: thus this value of « is beyond the 1RSB storage capacity, and
the capacity is in the interval [0.33; 0.34].

Computing the equilibrium value meq (), we have access to the corresponding equilibrium overlaps ¢ and ¢f,
that we may compare with the RS solution grg. All these are depicted in fig. 8. We also compute the 1RSB entropy
Pirsp < Phg which vanishes at the 1RSB capacity afgqp as depicted in fig. 9a. The 1RSB solution provides a
small correction to the RS result for storage capacity, as illustrated in fig. 9b, where we plotted the difference
between the annealed upper bound and the capacity for the RS and 1RSB solutions: aj — afg and af — ajrgp-
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FIG. 8. Equilibrium values of the overlap ¢35 # grs, ¢i and the Parisi parameter meq for the UBP at K = 1.5. For K < K*,
the RS solution is stable and the only fixed point is g0 = ¢1 = qrs = 0.
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FIG. 9. a): Comparison of the RS (blue) and 1RSB (orange) entropy for the UBP at K = 1.5. For av < aar ~ 0.118, RS and
1RSB entropies are equalled. For a > aar, 1RSB entropy deviates slightly of the RS entropy before vanishing respectively
at afrsp ~ 0.337 and agg ~ 0.334. The inset represents the same data on a different scale. b): Difference between the
annealed upper bound and the 1RSB capacity ai — ajrgp (orange) and the RS capacity af — afis (blue). Below K* the
RS solution is stable: RS and 1RSB entropies match exactly. Above K™, the RS solution is unstable: the 1RSB entropy
deviates slightly from the RS solution.

F. 1RSB Stability

In the previous section we evaluated the 1RSB storage capacity of the u—function binary perceptron for K > K*.
In this section we will argue that this cannot be an exact solution to the problem.

We could investigate the stability of 1RSB towards further levels of replica symmetry breaking along the same
lines we did for the RS solution. However, in the present case we do not need to do that to see that the obtained
solution cannot be correct. The explanations lies in the breaking of the up-down symmetry in the problem. This
symmetry must either be broken explicitly as in the ferromagnet, where the system would acquire an overall
magnetization, but we have not observed any trace of this in the present problem. Or this up-down symmetry
must be conserved in the final correct solution. The conservation of the up-down symmetry is manifested in the
value gg = 0 in the replica symmetric phase. The fact that in the 1RSB solution evaluated above we do not observe
qo = 0, but instead ¢y > 0 is a sign of the fact that we are evaluating a wrong solution. The only possible way
to obtain an exact solution we foresee is to evaluate the full-step replica symmetry breaking with a continuity of
overlaps ¢(z), the smallest one of them should be 0 in order to restore the up-down symmetry. We let the evaluation
of the full-RSB for future work.

Finally let us note that the 1RSB solution obtained in the previous section can be interpreted as frozen-2RSB.
In 2RSB we would have 3 kinds of overlaps, qo, ¢1 and go. In frozen 2RSB we would have g3 = 1, 1 = ¢1®SB

1 )
_ ,1RSB
qo = 9o .

V. CONCLUSION

The step-function binary perceptron has thus far eluded a rigorous establishment of the conjectured storage
capacity, eq. (2). This prediction is expected to be exact because of the frozen-1RSB nature of the problem??27.
At the same time the work of3! sheds light on the fact that the structure of the space of solutions is not fully
described by the frozen-1RSB picture, and that rare dense and unfrozen regions exist and in fact are amenable
to dynamical procedures searching for solutions. It remains to be understood how is it possible that the 1RSB
calculation does not capture these dense unfrozen regions of solutions®'. They do not dominate the equilibrium,
but the RSB calculation is expected to describe rare events via their large deviations, which in this case it does
not.

In this paper we focus on two cases of the binary perceptron with symmetric constraints, the rectangle binary
perceptron and the u—function binary perceptron. We prove (up to a numerical assumption) using the second
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moment method that the storage capacity agrees in those cases with the annealed upper bound, except for the
u—function binary perceptron for K > K* eq. (5). We analyze the 1RSB solution in that case and indeed obtain
a lower prediction for the storage capacity. However, we do not expect the 1RSB to provide the exact solution
because it does not respect the up-down symmetry of the problem. Though the precise nature of the satisfiable
phase for the u—function binary perceptron for K > K* remains illusive, we can conjecture it is ful-RSB7~19.
Establishing this rigorously would provide much deeper understanding and remains a challenging subject for future
work.
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VI. APPENDICES
A. General replica calculation

We present here the replica computation for general prior distribution P, and constraint function . In order
to compute the quenched average of the free entropy, we consider the partition function of n € N identical copies
of the initial system. Using the replica trick, and an analytical continuation, the averaged free entropy ¢ of the
initial system reads:

1 o
o) = \Jim CEx(log(Z(X)] = lim _lim 5SS, (23)

where the replicated partition function can be written as

Ex[Z(X)"] = / dXPx(X)Z(X)" = / dXPx(X) [] / dw P, (w*) / dz"C(z%)8 (2" — Xw") (24)

with the global constraint function C(z H o(zp)-

We suppose that inputs are iid d1str1buted from Px = N( ) More precisely, for i,j € [1: N|, u,v € [1: M],
Ex[XiuXju] = 7060i;. Hence 20 = SN Xw? is the sum of #id random variables. The central limit theorem
insures that zg ~ N (Ex[z1], Ex [zﬁzﬁ]), with two first moments:

Zﬁ] Zz] EX[ X ] 7‘,1 g = % Zz] 671Jw;lw_l]) = % Zi:l w;,lwf :

Ex|[z;
Ex [z

In the following we introduce the symmetric overlap matrix Q = (% vazl wew?) g p=1..n- Define Z, = (zfj)a:lm
and W; = (w)q=1..5.. Z, follows a multivariate gaussian distribution Z, ~ P; £ N(0,Q) and Pg(W) = [[_,[6 (16, —
1) + 6(we + 1)]. Introducing the change of variable and the Fourier representation of the §-Dirac function that
involves a new parameter Q:

N
1= [dQ]]s NQab—Zw ut) = [dq [a@ew (-5 7rQQ) e 32 %1as: ).

a<b

I

the replicated partition function becomes an integral over the matrix parameters Q and Q, that can be evaluated
using Laplace method in the N — oo limit,

Ex [Z(X)"] = /deQefN<%Tr(QQ)7log<fdvT/P@(fv)e%‘x’TQ‘x’)falog(fdin(i)C(i))) (26)

:/deQestTL(Q,Q) ~ ¢ NSPoa{S.QQ)} (27)

N —oc0
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where SP states for saddle point and we defined

5.(Q, Q) = ITr(QQ) — 10g(Z¥(Q)) — arlog (T2(Q))
T9(Q) = [y dW Py (W)er™ Q% (28)
T:(Q) = [y d2P:(2)C(Z).

Finally, using eq. (23) and switching the two limits n — 0 and N — oo, the quenched free entropy ¢ simplifies
as a saddle point equation

n—0 n

over general symmetric matrices Q and Q In the following we will assume simple ansatz for these matrices that
allows to get analytic expressions in n in order to take the derivative.

B. RS entropy

Let’s compute the functional S, (Q, Q) appearing in the free entropy eq. (29) in the simplest ansatz: the Replica
b

i

Symmetric ansatz. This later assumes that all replica remain equivalent with a common overlap gy = % vazl wiw
for a # b and a norm @ = % vazl wiw, leading to the following expressions of the matrices Q and Q e R™x™;

Q ) Q o do

Q: qo Q """ and Q: qo Q A (30)
......... qo0 T Y o]
qdo q @ do Qo Q

Let’s compute separately the terms involved in the functional S, (Q, Q) eq. (28): the first is a trace term, the
second a term of prior Z¥ and finally the third a term depending on the constraint Z7.
a. Trace term The trace term can be easily computed and takes the following form:

_1 (nQQ +n(n— 1)qoqo) . (31)

STHQQ)| =3

RS

b. Prior integral Evaluated at the RS fixed point, and using a gaussian identity also known as a Hubbard-
Stratonovich transformation, the prior integral can be further simplified
n
7;(Q)

= /dwpm(vv)e%WQW = /dv~qu~,(v~v)eXp (@ Z(w“)2> exp | do <z_:1 w“) (32)

a=1
:/Dt

A n
/dew(w)exp (Muﬁ +t (jmu)] . (33)
c. Constraint integral Recall the vector z ~ P; = N(0, Q) follows a gaussian distribution with zero mean and
covariance matrix Q. In the RS ansatz, the covariance can be rewritten as a linear combination of the identity
I and J the matrix with all ones entries of size n x n: Q|rg = (Q — q0)I + ¢goJ, that allows to split the variable
2% = /qot + VQ — qou® with t ~ N(0,1) and Va, ua ~ N (0,1). Finally, the constraint integral reads:

T(Qls = [arrGic = [0 1] Dy (Vast + Q= ) (34)
- /Dt [/pr <\/q_0t—|— mu)]n (35)
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d.  Summary and RS free entropy ¢rs Finally putting pieces together, the functional S,, taken at the RS fixed
point has an explicit formula and dependency in n:

5:(Q.Q)| = 5T7(QQ) ~og(T3(Q) ~ alox (T2(Q)| (36)
= ; (nQQ +n(n — 1)(10(10 - n/Dtlog </ dwP,, (w) exp (Q_qu)uﬂ +t dow>> (37)

fnoz/Dtlog </Du<p (y,\/q_otJr \/quu)) . (38)
Finally taking the derivative with respect to n and the n — 0 limit, the RS free entropy has a simple expression
Lo L w (A z
Prs () = SPqq.q0 | —5QE + 54060 + Lizs (o) + aZfis(90) ¢ - (39)
with QQ = Q = 1 and the following notations,
T¥s(qo) = [ Dtlog (f dwP, (w) exp (Lf“)uﬂ +t (jow))

Tis(q0) = [ Dtlog ([ Dz (/aot + V@ — qoz))

C. 1RSB entropy

The free entropy eq. (23) can also be evaluated at the simplest non trivial fixed point: the one step Replica
Symmetry Breaking ansatz (1RSB). Instead assuming that replicas are equivalent, it assumes that the symmetry
between replica is broken and that replicas are clustered in different states, with inner overlap ¢; and outer overlap
qo- Translating this in a matrix formulation, the matrices can be expressed as

Q=aodu+ (@~ a0) Ty @I+ Q- a) Ty and Q=dodu+ (@1 —d0) Tz @I+ (Q-a) L. (41)

a. Trace term Again, the trace term can be easily computed

_1 (nQQ +n(m—1)qgd¢ +n(n — m)qo(jo) . (42)

STQQ)| =2

1RSB

b. Prior integral Separating replicas with different overlaps, the prior integral can be written as

Q-d1) swn  (gay2, (@1—d0) s~ s~k sagby 0 (s ga)?
- / AW Py (W)e' 2 Tama (0" + g1 0, S0y 070"+ (T, 07) (43)

- [ bt

c. Constraint integral Again the vector Z ~ P; = N(0,Q) follows a gaussian vector with zero mean and
covariance Q|;ggp = qodn + (1 — o) Iz ® Iy + (Q — q1) L,. The gaussian vector of covariance Q| zgp can be
decomposed in a sum of normal gaussian vectors to ~ N(0,1), Vk € [1: 2]t ~ N(0,1) and Va € [(k —1)m +1:
km], uq ~ N(0,1): 2% = \/qoto + /a1 — qotr + VQ — q1ua. Finally the constraint integral reads

fou | awroremn (19502 4 (Vi Vi) )m_ m

IZ( |1RSB = /Dﬁo / H Dtk/ H D’u,a(p(\/q_oto + Va1 — qotx + \/ — qlua (45)
a=(k—1)m+1

n

m

- [, { [ [ / Dw<¢q—0to+mu+mu>] } | (46)



22

d.  Summary and 1RSB free entropy ¢p1rsp  Gathering the previous computations eq. (42, 44, 46), the functional
S, evaluated at the 1RSB fixed point reads:

$.(Q,Q) TH(QQ) — log(Z3,(Q) — alog (Z2(Q)) (47)

1RSB

1RSB

o3 (nQQ +n(m—1)q1¢1 +n(n — m)QO@o) (48)

- —/Dtolog (/Dtl l/de (@) exp <(Q(“ 22 4 <\/q_ot0+\/mm) )]m> (49)
- a%/dy/Dto log (/ Dty [/ Dug(y, /Qoto + Va1 — qot1 + mu)r> . (50)

Let’s introduce the replicated free entropy following**. We consider m reals replicas of the same system and we
imagine we put a small field, that allows the m replicas to fall in the same state. The replicated free entropy is
the free entropy corresponding to these m uncorrelated copies in the limit of zero coupling. To compute it, we
consider n’ = 2 replicas. Denoting q = (go,¢1) and § = (go, ¢1), the replicated free entropy reads as m times the

free entropy of n replicas with 1RSB structure:

dlog (Ex[Z2™ (X)]
q)lRSB( ):= < hm —Ex [log(Z (X)]> o~ J\}E};%J}E}O ( Xan, ) (51)
1 8log (E[2™(X _05.(Q,Q
=gy OB ) < (csrqa (i HRAL) o
= EE {% (‘h‘h QQ) + > (90Go — q1G1) + mIiRsp(a) + amIlRSB(Q)} . (53)

with t = (to,t1), ¢’ and f§ defined in eq. (21) and
Thsn( /Dto log </ Dtygy (t,9 > and Zipgp(q /Dto log (/ Dt f§ (t,q) > . (54)

D. RS Stability
1. De Almeida Thouless RS Stability

The stability of a given saddle point ansatz is related to the positivity the hessian of the functional S,,. This
stability analysis has first been done by de Almeida Thouless and following!®42, replicons eigenvalues of the RS
ansatz A5 and AP can be expressed as functions of {g?, f7}2_, defined in eq. (16):

A?(Qo)

/Dt fo (fs — f2) (fiz)Q) w,(giﬂ)Q) (t,go).  (55)

1ot (t,q0), and AF(do) :/Dt (go 92(93)4

The instability AT-line is defined when the determinant of the hessian vanishes that translates as an implicit
equation over «, where o, o are solution of the saddle point equations eq. (15) at & = aar:

— =\ @laar). )M (dn(aar)) .

, g% }2_, defined eq. (58), this expression

simplifies because of the symmetry of the prior distribution P,, and the constraints ¢ in the rectangle and u—function
cases. In fact the symmetry imposes f{ = 0 and gi* = 0 and the condition reads:

L _ (ks 2<ﬁ)2 (57)
aar fé g/

However for a < aar, (go,qo) = (0,0) is the only solution. Using {f?, g
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2. Existence and stability of the RS fixed point (qo, o) = (0,0)

We provide an alternative approach to get the instability condition of the RS solution for symmetric prior and
constraint. In this symmetric case, the stability can be derived from the existence and stability of the symmetric
fixed point (qg, go) = (0,0). Let’s define

2o z 2 2, 0242
F(q) = Oéth(fl) fl\/_ﬁf)%{lf[;q;t (45) (t,q0) » fZy) = [ Dzzp(2), (
with 58)
w_ L a—1/2 w B . w?
(o) = [ DEE=4—2(t,do) g = [ dww' P, (w)e*s

In fact the saddle point equations at the RS fixed point eq. (15) can be written using the functions F, G, and
can be reduced to a single fixed point equation over gg:

90 = G(do)

Go = F(qo),

As stressed above, the RS stability is equivalent to the existence and stability of the fixed point gg = 0. According
to that, let’s compute the stability of the above fixed point equation eq. (59). Computing F, F’, G, G’ in the limit

(g0, o) — (0,0), expanding {f7,g%}; as functions of {f7,§"*}; and finally using the symmetry that implies f7 = 0
and g}’ = 0:

Flgo) = a[(_) v (BRI 4 g U BV f0>)+0(q3)] Naqo(fszo) o

= {a0 =G o Flao) = H(ao) . (59)

q0—0 5 (£5)? (f8)* (f6)? q0—0

Fx_ Fz Fz\ 2 Fz\2 Fr_ =z
6_F 2 _Jo (~1) _ (f2 ) (fz fo)
o0 () , = [ 7 ) <U) (3< SER +O(q°)} w0 ")

Gla) =, (%) +io (%) + 3 (3 (%) - 45%) ) +o@™ 0.
9 om0 \ T8 Fia F 7y @9)? do—0
G _ (92)2+91 3(&)3_45?1“@;” +O(G) — (92 )2

940 4.0 7 a @)’ Q) 7 '

Finally, the existence and stability conditions of the fixed point (qo, do) = (0,0) translate as an explicit condition
over « that defines avar

H(qo) =GoF(q0) — 0 )17t
q0—0 Sw
L ac (S (g—fu) = aar. (61)
oH — 9G oF <1 fs 90
9q 94 9 -
Olgo=0 9 lgo=0 7% lgo=0

E. Moments at finite temperature

In this section we generalize the definition of the partition function for any temperature 7. The energy of
a configuration w is defined as the number of unsatisfied constraints and the corresponding partition function
is defined by Z(X,T) = Zwe{ﬂ}N e~€W)/T In particular for the rectangle and u—function constraints, the

partition functions at temperature T' read

ZX1)= Y ﬁe_%(l_lzﬂ(w)'“) and Z,(X,T)= > ﬁe_%( Jeu(w )'>">. (62)

we{+1}V p=1 we{+1}V p=1

We define the probabilities that constraints are satisfied at temperature 7":

_ —i(l—n 2l< ) 1 1
Pr, KT = sze T 12IsK) = =T + (1-e T)pr,K,
PukT = sze*%(1J|z\zK) —e T+ (1—e T)pur, (63)

=

psr = [ Dze (1_12 2 K> —e T+ (l—e T)psx .
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1. First moment at finite temperature

Let E7(N, M, T) the event that Z,.(X,T) > 1. Let’s compute the first moment in the rectangle case,

aN 1 (171 )
PE"(N,aN,T)] < E[Z,(X(N,aN),T)] = 2VE | [ ¢ [2u(1)|<x (64)
= 2Vp2 i+ = exp(N (log(2) + alog(pr k1)) - (65)

and this derivation holds similarly for the step and u—function.

2. Second moment at finite temperature

Again we show the computation for the rectangle and it can be done similarly for the u—function.
a. Expression of Fy ka1

E[Z,(X(N,aN),T)?] = Z E o ei% (1*1‘ZH(W1)'SK> ei% (171'ZM(W2)‘§K> 66)

W1,W2€{:‘:1}N n=1

—

=2¥ 3 JIE|e H o) (pien) ) (67)

we {1}V p=1

2 Z () )anscr /) = exp(V (082 + By, (68)

where we defined ¢, kv the probability that two standard Gaussians with correlation 8 are both at most K in
absolute value at temperature T'. Defining p(8) = 1 — 28 and

B1 +py

B1 B2 l (z +y +2pxy) B2 — 2,2
I2*02(p) / / dzdye ’ / Vit ydpe=E (69)
1,P1 P a1+py
the function F, g o7 at finite temperature can be written
Fr k.01 = H(B) + alog gk 1(B),
where
-3 (@ +y*+2p(B)zy) —%((1—1 >+<1—]1 >>
qT7K7T(ﬁ) = / dxdye e ‘zﬂ(l)‘gk 'zﬂ(w)‘gk (70)
R 2my/1— p(B)
=T KK te T (I ST S +IK+°°) te F (I*OO S A e I,fjgj) .
(71)
b. Ezpression of 0sFy K o,
To compute the derivative of g, i 7, we first introduce
1 B2 42 1 (v+py)
g2 (p) = o | dye e i (y+p)
T Jas
The derivative of each integral involved in eq. (71) can be easily computed as
1
3 Ia2,52 _ ( az,B2 az,ﬁ2) ) 72
Hence taking the derivative of each term of the form IO‘2 B 12 and simplifying it, the probability ¢, k7 reads:
1 KK KK —yrye (A= e VT2 (k2 eouk?
@k 1(B) = g (g R A ) (p)(1—e )2 = e 0B (ez2amr —1) ) .
A(B(L—p))32 7K K /B = B)
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In the end, the derivative of the second moment can be evaluated for 5 =0 and 8 = 1 at all temperature 7T :

_ 1-p a  0qr k1)
0 =1on (157) + (%)

_ _ e~ 1/TH2 K2 28—1)K2
10g<1 ﬂ)+ o« (- 7) <ewﬂ> <6M1>) oo, (T4)
B ar. x5, 7(B) 7/B(1 = B) B—1/2£1/2

In particular at 7' = 0,

aF‘r,K,ac,T
op

OF Ko gy 1-8 a 1 o2 peonk?
Tﬂ(m_bg( B )+QT,K,T(5)TF ) (e o (e o 1)) ' (75)

c. Expression of 0sFy K a1
Adapting the previous steps and using

qu.x,7(B) = /]R2 dmdye_;:zzyir;z(;;:y)e%((1lzu(1)<K>+<1l'zu(W)<K>>

— (z;gg;;;g T A T zﬁ;jgg) te T (I:QIEK + LR T+ IZ’?,}’?) +e T (I:fﬁ;fﬁ )

S

=qrK,-T€ T,

and eq. (74) the derivative for the u—function is straightforward to compute and is given by

aF‘u,K,oz,T _ 1-7 o aQu,K,T
5 =tox (150 ¢ S e
Cng(120) 4 TN (g ()
—1og( B )+qu,K,T(ﬂ)7r (1-5) S

= 3>+
B—1/241/2
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