A Appendix

A.1 A nonlinear Hebbian learning rule: model and notation

We take a neuron receiving K time-varying inputs x;(t), each filtered through a connection with
synaptic weight J; to produce activity n(t). We consider learning rules where the update of J; can
depend on the postsynaptic activity n(t), the local input x;(¢), and the current synaptic weight J; (¢).
We encode these dependencies in a learning rule f:

f(n(t)vxi(t)v‘]i(t)) :naX?Jic ey
where a, b € ZT and ¢ € R. Finally, we assume that the synaptic weights are homeostatically
regulated [9]. Together,

Ji(t) + (dt/7) f(n(t),xi(t), Ji(t))
I+ (dt/7) fll,

where dJ; = J;(t + dt) — J;(t), 7 is a learning timescale, and |||, is the ¥ norm of x.

Ji(t + dt) = )

We will model the neuron as a simple linear unit, n(t) = (Jx)(t). Note that taking n(t) = (Jx)“(t)
and f (n(t),x;(t), J;(t)) = n(t)xb(t)JE(t) yields the same weight update as (eq. |l). As observed
by [[74], it is the composition of the neural nonlinearity and the output-dependent nonlinearity in
the learning rule that determines the effective nonlinearity of the output-dependence in learning.
A power-law neural transfer function has been shown to approximate biological models near their
spiking threshold [[75,[76].

We follow Oja [10] and expand in powers of dt (equivalently, in 1/7 or dt/7) which yields to linear
order,
dJ;

Tt

f(n(t),xi(t), Ji(t)) — Ji Z Tl J5[P72 f (n(t), x; (), J;(t))
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We suppressed the time-dependence of x and J here and onwards. We will assume, as is standard,
that learning is slow (dt/7 < 1). In this case, individual changes in synaptic weights are small. If the
inputs x are stationary (at least within a timescale 7', dt < T" < 7) and have finite joint moments up
to order a + 1, the dynamics average over the statistics of x [[77] so that

T =T e T®a = i > TSP (T2 )
a J,a
where Ji(t) = (UT)[TTar  (dF/dt)(t) and pia = (K(x®Va)x A~

(1/7) tt+T dt' x2(t)(x®),(t) is a (a + b)-order joint moment of x and an (a + 1)-order

tensor. The order of the tensor refers to its number of indices, so a vector is a first-order tensor and a
matrix a second-order tensor. Since p is a correlation tensor of x each of its modes has the same
range, 1,..., K. We also use multi-index notation: a = ky, ko, ..., k,. Sums over any index run
from 1 to K unless otherwise specified.

A.2 Proofs

Theorem 1. In eq. E take (b, c) = (1,0). Let p be a cubical, symmetric tensor of order a + 1 and
orthogonally decomposable (odeco) into R components:

R
p=> A (U) )
r=1

where U is a matrix of unit-norm orthogonal E-eigenvectors: UTU = I. Let \; > 0 for each
i€ [R]and N\ # X\; ¥ (i,7) € [R] x [R] with i # j. Then for each k € [R]:
1. With any odd a > 1, J = £Uj, are attracting fixed points of eq. [2|and their basin of attrac-
tion is (N (r)\k {J U ur | < (Ae/a;) = } Within that region, the separatrix of
+Uy, and —Uy, is the hyperplane orthogonal to UEL': {J : UL J = 0}.




2. With any even positive a, J = Uy, is an attracting fixed point of eq. |2 and its basin of
attraction is {J : U’ J > 0} Mielr)\k {J (Ul Juty < (Ak/Ai)l/(kl

3. With any even positive a, J = 0 is a neutrally stable fixed point of eq. 2 with basin of
attraction {J : Zle(UjTJ)2 <1ANUlJ<0VEke [R]}

Proof. Note that because the eigenvalues of p are distinct, U is unique [47]. Reshaping p from an
order a + 1 tensor with each fiber of length K to p1(,,y, a ' x K matrix with the rows equal to mode
n of u, yields the matricized form [23]]

Hy = UA (UO)" ©)

where A = diag(Aq,...,Ar) and ® is the columnwise Khatri-Rao product; U®? is the a-fold
Khatri-Rao product of U with itself, a K* x R matrix. Let J(¢) = Uwv(t). From the mixed-product
property of the Kronecker and dot products,

JE = U® e (7)

where ® is the Kronecker product; U ® is the a-fold Kronecker product of U with itself, a K¢ x R®
matrix. (For vectors, the Kronecker product is the vector outer product.) We insert the decomposition
of p(,,) and this projection of J into the plasticity dynamics, eq. E]with c=0:

S =py T = T 0 T ey T (8)
U =UAU) ' U*"v®* — Uv o v UTUAU®") U

where o is the elementwise product. Since U is orthogonal so are U®® and U®® and (U®*)TU®* =
I, where I is a R x R® identity matrix that picks out diagonal elements of v®%. Let ¥ = AT, so

TUb =UAIv®® — Uvov? ATv®®

70 =3v%% —vo v Tv®, or

©))

R
TUZ‘ :’U?)\i — U; E )\j’l);LJrl
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Note that for any ¢, v; = 0 is an equilibrium. In the standard Oja rule (a = 1), all other equilibria are
on the unit sphere, S = {v : ), v = 1}, which is a globally attracting manifold [T1]. Is this still

the case? Let
S(v) = E vZ, L(v) = E )\jv;.”l (10)
i J

SO
%S:L(l—S) (11)

If a is odd, L(v) > 0 for any v, so .S = 1 is a global attractor for S and S is a globally attracting
manifold for v. If a is even, S is attracting from regions where L(v) > 0 but repelling from regions
where L(v) < 0.

What points in S are fixed points? From eq. [9} we have for each i either v; = 0 or it obeys the fixed
point equation

’U;k _ (L*/Ai)l/(a—l) (12)
where L* = L(v*). This implies that if v} # 0,

—1/2
v = iﬂ““’( > f/“”)) (13)
% 7 J

Jwi#0

In what follows, we will see that the sparse points on S, with one v, = 1 (£1 if @ odd) and the rest at
0, are the only attractors and determine their basins of attraction.



Are the sparse points stable? The Jacobian of eq.[J]is

—5lk a)\iv? —(a+2)A Z Ajv ‘Hl + (1 = dix)vi(a + 1) Agoi (14)

0
Uk J#i

At a sparse fixed point, the Jacobian is diagonal. At a sparse v* with 1 at element j, the Jacobian
eigenvalues are —2); and, with multiplicity 2 — 1, —\; so those positive sparse points are stable. At
a sparse vector with -1 at element j, the Jacobian eigenvalues are 2\, (—1), and with multiplicity
R —1, X;(—1)*. So the negative sparse points are stable if a is odd and unstable if a is even.

What are the basins of attraction of the stable sparse points? Can any non-sparse equilibria be stable?
Following [11], we consider the change of variables

yi=— itk (15)
U,

for some vy, # 0. We examine the joint dynamics of the loading onto the normalizing eigenvector, vy,
and the relative loadings onto the other eigenvectors, y;. These are

Ty.i :’Ugilyi (yfilAi — >\k) s 1 7& k
(16)

TOp =vg | Ak — v;% Ak + Z )\]y;”'l
7k

The nullclines for vy, are v}, € {0, £1/2/(A+3,,, A7) } (v = 0 is a hyperplane equilibrium
for the whole system, but the coordinate transform is s1ngu1ar at it). Checking sign(9) on either side
of vy = :i:\/ A /(A +30, Xv2 ") reveals that those nullclines for vy, are both attracting with respect
to vy, for any finite y;.

The stability of v} = 0 depends on the parity of a. The y-nullclines are y} € {0, (A x/x;)" D},
(If a is odd we have both roots, while if a is even we have only the + root.) These nullclines also
depend on the parity of a.

Case 1: odd a. First consider v;, = 0. Note that with a odd, A\;, + 2;12 jy;"'l > A > 0. From
eq.[16] sign(vy,) = sign(vy) when a is odd. So, vy, is repelled from 0.

Now consider the y-nullclines. For any v;, # 0, checking the sign of y; reveals that y; = 0 is an
attractor and y; = =+ (M/x;)”/“ ™" are both repellers. Recall that v} = i\//\k/ (Mot 3, o Ayt t) is
attracting along vy, for any finite y. Together, the only attracting equilibria in v, y can be at vk =41
and each y; = 0. Since the columns of U are orthonormal, v, = U,? J = £1 implies that J = £Uj,.
The basin of attraction of these equilibria are defined by the other, unstable nullclines.

Back in the space of v, those are the unstable hyperplanes vi/v, = #(*r/x;)~" and the repelling
nullcline v;; = 0. Each unique pair v;, v, generates one such pair of unstable hyperplanes, all passing
through the origin. All of the equilibria points v* € S identified earlier, with at least two nonzero
elements, lie on at least one of those unstable hyperplanes and are thus unstable. Since S is a global
attractor, these R(R — 1) + 1 hyperplanes partition R¥ into the basins of attraction of each sparse
point with one v = %1 and the others 0, which are the only attractors.

Case 2: even a. Let vy, > 0 in the definition of y. (If L(v) > 0 and a even, at least one vy must
be positive.) Checking the sign of y; then reveals that for each ¢ # k, y; = 0 is an attractor while

Yt = (M/x;)"=V is repelling. So the hyperplane v; = v (*«/x;)"“~V is unstable. Each unique
pair of axes v;, v, has such an unstable hyperplane where v, > 0.

If v (0) > 0, v cannot cross zero since v, = 0 is an equilibrium for the whole system. Furthermore,
if Vi = €W,
Ty, = €* I Apwi + O(e* ) 17

so vy, is repelled by 0 from above. So if vy, > 0 and each y; < (/\k//\i)w“*”, the relative loadings y;
will all approach zero. Let each y; = 0, so

U = Apvp (1 —vf) (18)



with a stable equilibrium at v, = 1. (The equilibrium v = —1 is excluded by construction.)
Each sparse point with v, = 1, y = 0 corresponds to a sparse equilibrium for the loadings with
v; = 0, i # k. Together, the only attracting equilibria in vy, y can be at vy, = +1 and each y; = 0.
Since the columns of U are orthonormal, v, = UkT J = £1 implies that J = £Uy},. The basin of
attraction of these equilibria are defined by the other, unstable nullclines.

Each positive sparse point, with v, = 1, lies inside a section of R? bounded by the R — 1 repelling
hyperplanes v; = vy, (*+/x;)~" and/or the repelling axis v, = 0, and each such region contains
one such sparse point. So, those hyperplanes divide R’ into the basins of attraction for the columns
of U.

Finally, v = 0 is an equilibrium of eq.[9} At v = 0, the Jacobian of eq.[J]is identically 0. Let v < 0

elementwise. Then L(v) < 0so0if S(v) < 1then S < 0 (eq.. As S(v) — 0, no vy can become
positive because v, = 0 is an equilibrium. In the section under S with v < 0, v thus approaches the
origin. O

Corollary 1.1. Let V}, be the relative volume of the basin of attraction for J* = U}'. For odd a > 1,

o R )\k 1/(a—1)
V=R (5 (19)
=1 N

Proof. We will compute the volume V}, of the basin of attraction for U} directly. Take a odd. Then
from theorem|1]

R
urg
Vi= | DJ|]|0|Cip — | —= 20
o= [paTlo (e [g7]) 0
ik
1/(a—1)
where DJ = Hﬁl dJ; and Cj, = (’)\\—’“) . We change variables to the relative loadings,

v = UTJ; the Jacobian factor is vol(U), the product of the singular values of U. Since U is
orthogonal, its singular values are all 1. The integrals over v;, ¢ # k, all factorize:

/ dvi Q(Cik|vk| — ‘Ui|) = 2C’ik\vk\ (21)

which leaves

Vi = 281 (H Cik) / dvg, Jog|F7? (22)

i#k
We choose bounds —x, z for [ dvj, and compute V (z):
Vi(z) = R (22)" [ ] Cin (23)

itk
Note that C, = 1, so H#k Cit, = [[; Cik. V() is the volume of the set of weight vectors with

projection at least z onto U} that will converge to U*. We recognize the factor of (2x)% as the
volume of an R-dimensional hypercube with edge lengths 2x. Normalizing by the volume of the
hypercube concludes the calculation.

For even q, integrating each v; over (0, co) and normalizing by the hypercube volume o, rather than

(2x)%, yields the same result. The region with all v; > 0 is certainly part of the basin of attraction of
v = 1, but not the whole basin which requires only v;, > 0. This result thus provides a lower bound
of the volume of the basins of attraction for even a. O

Corollary 1.2. Let Vj, be the relative volume of the basin of attraction for J* = U[. For even
positive a,

Vi =27 R X 1/(a_1)+(R—1)*1ZH A e
" LN i

ki

+(rR-27"> 1 </;\’f)l/(a_l)+...+1>

Jil#k il Nt

(24)



Proof. For even a, we compute

T ulJ
Vk:/DJQ(UkJ)HQ Cir = 7y (25)
i=1 k

i#k

as in corollary|1.1} The integrals over v;, ¢ # k all factorize:

/ dvi 9 (Cikvk — ’Ui) (26)
and we choose a bound of —x for them, leaving
Vi(z) = / dve ] (Cirvr +2) (27)
0 X
i#k

The proper normalization here is by 2f~12%, with a factor of « from [ dvy, and (22)%~ from the
integrals [ dv;.

O

Corollary 1.3. Let S be the unit R-sphere in R and Sy, be the section of S in the basin of attraction
of J* = UE. If a is odd, the surface area of Sy, is

Ak:2tan_10-k F( = - — 2L
J g 2 R 2-‘,—1) F(R 2-‘1—2)
i#]

R—z)( Vi (xcg) (1R—1R—j+2
D

(28)
If a is even, the surface area of Sy, is

R

2 2 2 ’1+ka)>'

1

2 2 27 2 2

1 . j*R/2 . .
_ m I 1 (R—i 27 (1+C32) 1 R—i R—j+2
Sk:<tan 1Cjk+*) F( 9 ) (F( — 2F1 < s

= Roitl) T (E=i12)
i#£]
(29)

Proof. We calculate the surface area by transforming to spherical coordinates with an azimuthal
angle 0; € [0,27) and R — 2 polar angles 6; € [0, w]. Without loss of generality, we place U} at
8; =0,0; = w/2 for each j.

Take a odd. The unstable hyperplanes bounding the basin of attraction for U}l are defined by the
azimuthal angle 6; = & tan—" (\+/x,)”*"* and polar angles 6; = 7/2 % tan— (\e/x,)/* ", Let
Cir, = (/\k/,\i)l/“*. The surface area of S, with @ odd is:

tan”?! Cik R—1 %—&-tan’l Cik )
S), = / dao; I / df; sin~1; (30)
—tan—! Cj i—1 7/ 5—tan=1 Ciy
i#]

Take a even. The unstable hyperplanes bounding the basin of attraction for UkT are defined by the

azimuthal angle 6; = tan~! (Ax/x,)"“"" and the polar angles §; = /2 + tan~! (Ax/x,)"/*~". The
other bounds for the basin of attraction are that they have positive loadings, U;; J > 0. Those
correspond to the azimuthal angle —7 /2 and the polar angles . The surface area of S;, with a even

1S:
tan~! Cik R-1 ™ )
Sk :/ d@j H / db; sinf—i71 0; (31)

sl . T _tan—1C;
z i=1 7% tan—! Cip
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Remark. For small eigenvalues \i, the limits of integration for the polar factors (e.g.,

I +te 7lCi~ . S e
J2 —::r?,l ka’” do; sin®==10,) approach 0 and . (For even a, the upper limit is always =.) For

z
small i, those polar factors thus approach 1. This raises the hope that those products might be
truncated. The number of eigenvalues is, however, exponentially large in K: o™ ~1/a—1 [50, 51]],
and standard algorithms for computing the singular value decomposition of a tensor have space
complexity O(K 1), We computed the first 20 singular vectors (eigenvectors) of p, and they did not

decay to negligible values within those.

Corollary 1.4. In eq. |Z, take (b,c) = (1,0). Let p be a cubical, symmetric tensor of order a + 1
and rank R, as in theorem|I, but with d equal eigenvalues. Let D be the index set of those equal
eigenvalues. Let Sp € R be the unit d-sphere spanned by {U]T :j € D} and let —Sp be the unit

d-sphere spanned by {—UjT : j € D}. Then:
1. With any odd a > 1, Sp and —Sp are attracting equilibrium manifolds of eq.|2| The basin

) ) L\ Yen o Ty A\ e
of attraction for Sp is Uyep Migp (J * — (ﬁ) <gry < (T’:) . The

) ) ) A 1/(a—1) UTJg A 1/(a—1)
basin of attraction for —Sp is Uyep (igp § I+ — (f) > gry > ()\—Z) .
2. With any even positive a, S, is an attracting equilibrium manifold of eq.2and its basin of

Lo T ) e
attraction is Uyep ( {J : Uy J > 0} N;gp {J : < (Tﬁ) 1)

Proof. Since d eigenvalues of p are equal, the eigendecomposition of g is not unique. Call Ug be
the set of the d eigenvectors with equal eigenvalues. Let

ulg
urJg

U =UT (32)
where T is an orthogonal transformation within the subspace spanned by U7 . For any such T, the
columns of U” are also eigenvectors of p. Note that for any i ¢ D, U/T = UT.

As in the proof of theorem([l] let J = U’v. Pick one k € D and choose T such that v; = 0 for each
j € D, j # k. This is a fixed point for the d — 1 loadings v;. For the remaining R — d + 1 loadings,
the proof of theorem [1|follows.

In particular, for odd a, v = 1 is an attractor with basin of attraction
Nieirno {J (/)T <oy < (Ak//\i)l/(u71>}. This holds for each k¥ € D. To-
gether, the basin of attraction for Ug is the union of those basins of attraction. Similarly, the basin of
attraction for vy = —1is (V;c(zp\ p {J D= (O a) T s 0 g > (Ak/Ai)l/(“’”}, and the basin
of attraction for —U}, is the union of those.

Recall that the eigendecomposition of p is invariant under orthogonal transfomations [42]]. That is,
prior to choosing T above, the eigenvectors U2 can be replaced by any unit-norm linear combination
thereof. Any point on Sp or —Sp is thus an attractor with the same basin of attraction defined above.

For even a, the same argument applies; the boundaries of the basins of attraction are as specified in
theorem

O

Theorem 2. In eq. takeb=1,c=0,a € Zf , and consider N cubical, symmetric tensors, p, \,
each of order a,, + 1 for m € [N], that are mutually orthogonally decomposable into R components:

R
mit =Y AUl @U@ U] (33)

r=1



with ||U, ||, = 1 for each r € [R] and UF'U; = 0 fori # j. Let Ay > 0and >, Ay > 0 for
eachm,r € [N] x [R]. Let

R N Rn,
S(I) =Y _(UlJ)?, =33 iUy (34)
=1 m=1 i=1
Then:
1. §* = 1A L(J) > 0} is an attracting set for eq.[10|and its basin of attraction

J)
mcludes { L(J) > 0}.
2. Foreachk € [R], J = Uy, is a stable equilibrium of eq.[10]

3. Foreachk € [R], J = —Uy is a stable equilibrium of eq.[10]if ¥, mAr(—1)*" < 0 (and
unstable if ), mAk(—=1)*" < 0)

4. Any other stable equilibrium must have U] J < 0 for each k € [R).

Proof. We will prove the claims in the order of their statement in theorem 2] Let J(t) = Uwv(t); we
again study the dynamics for the loadings:

=D At — v, Z Aol (35)
v) =Y v, L( ZE:AWU vyt (36)

At a fixed point for v, S and L must also be at a fixed pomt. The dynamics of S are
gS:Lu—S) (37)

with fixed points at S =1, L = 0. Let S = {v : S(v) = 1}, the unit sphere, and £ = {v : L(v) =
0}. All fixed points v* must be in S or L. A fixed point has each v; at aroot of ) A\p;vi™ —v;(v).
Furthermore, from eq. [35, we have that at a fixed point for any 4, either v; = 0 or it obeys the fixed

point equation
§ Ay —1
’U) = )\mﬂ}i (38)

§ is attracting from above the boundary set £ = {v : L(v) = 0}. If v starts above L, will it remain
so? Is L attracting or repelling? Let L(v*) = €. Then

= Z Amivi™ 4+ O(e) (39)

Let

Let v = v* + ew, where v* € Land w; = >, Api (V)™ s0
L('U* 4 Gw) —¢ Z )\mj(v;‘)am)\nj(’[};)an + 0(62)

m,n,j

2
=< (Z Amj@;)am) +O0() 20

Points v* € L, if perturbed, will either 1) move above £ or 2) if Zj (Zm Amj (v}“)am)2 = 0, stay on
L. Soif L(v) > 0 at some time ¢, L(v) > 0 for all subsequent times and $* = {v € S|L(v) > 0}
is an attracting set for v.

(40)

The sparse vectors v* with one element at +1 and the others at 0 are in S. They correspond to
equilibria for J at the columns of £U. Are those equilibria stable? The Jacobian of eq.[33]is

81} —1
: :61' m)\mz i — Um 2 )\mz amtl _ A'rn gmtl 1- 51' % m 1 A'rn ™
Dor k ; a v; (@m, + 2) A 05 ; U5 +( k) ;(a + 1) Ay,

:5ik Z am)\mivz‘,‘m—l (]_ — ’1}22) —+ (1 — 5ik)vi <L’Uk + Z A, mkU?")

(41)



where we used the fixed point condition eq. At a sparse fixed point, the Jacobian is diagonal. At a
sparse v* with 1 at element j, the Jacobian eigenvalues are —2 ) | \,,; and, with multiplicity R — 1,
— > . Amj so those are stable. At a sparse vector with -1 at element 7, the Jacobian eigenvalues are
2>, Amj(—1)%m and, with multiplicity R — 1, >~ Ap,;(—1)%". So the sparse points with -1 at
element j are stable if ) Ap,;(—1)*" < 0 and unstable if Yo Amg (=1)%m > 0.

Next we will study non-sparse equilibria. We again study the dynamics of the relative loadings
yi = v; /g, i # k, for some vy, # 0:

N
TY; =Y Z ogm ! ()\miy;lmil = Amk)
m=1

N 42)
T = Z vZ’"’ Ak — vi Ak + Z )\mjy;m+1
= J#k
with nullclines for each y; at 0 and the other roots of ) v;™ -1 ()\Wyf’" - Amk) , and nullclines

for vy, at 0 and the other roots of >~ v,™ ()\mk — v ( i+ Z#k mjy;mﬂ)). A fixed point

for v must also be a fixed point for (v, y) for any k with vg # 0. If such a fixed point © has at least
two nonzero elements v;, they must correspond to each §; on a nonzero nullcline.

Consider the y;-nullclines at the roots of >, wvim ™! (/\miy?mfl — Amk)- Lety;(t) = g + ew;(t),
where > vt (A g™t — An) = 0. The dynamics of w; are

TW; =w; Z(am — D Aivem L gem 4 O(e) (43)

m

These nullclines §; are stable if 3" (a,, — 1)Ap08m 'g¢m ! < 0, or equivalently 3", (@, —

DApi0f™ =1 < 0. This is only possible if v; < 0: a condition directly on v. A stable fixed point
must thus have v; < 0 for each i # k. This is true for any k& with vy # 0. So, a stable fixed point
must have v; < 0 for each i € [R].

O

A.3 Spiking models

So far, we have discussed learning in a neuron model with two major simplifying assumptions. First,
the neural output n depended only on the current input x(¢). Synaptic kinetics, however, exhibit
nonzero time constants so that neural activity depends also on the recent history of its inputs. Second,
the neural output was a continuous, linear function of the inputs. Cortical neurons, however, spike.
We next relax these two assumptions. We introduce a generalized spike timing—dependent plasticity
(STDP) rule:

f (n(t),xi(t), Ji(t) = AT (n*x}Jy) (44)
where A = A(s) is the STDP kernel, a scalar function of each of the a post-post lags, b pre-

post lags and ¢ synaptic weight lags. Here, the notation ATX denotes a functional inner product,
integrating over the time lags of the STDP kernel A and the tensor X (eq.[47). We use this functional
notation for simplicity and to emphasize the similarity with the simpler model of eq.[I. The case
a =1,b =1,¢c = 0 corresponds to classic pair-based STDP [78-80] while a = 2,b = 1,¢ = 0
corresponds to triplet STDP [45]]. The commonly used triplet STDP model has two terms: a pair-
based depression and triplet-based potentiation. Here we first discuss STDP rules with one term and
then consider an arbitrary expansion of a plasticity model in STDP kernels [44]. Similarly to for
eq. [I] combining eq. [#4] with a homeostatic normalization of the synaptic weights and a separation of
timescales between the neural and plasticity dynamics leads to

i = AT (nx2) 5 JE) — J; Z JiAT ((n°x5) % J5) (45)

where (n?x?),, x(t, 8) is an order a + b joint moment density (correlation function) of the output
spike train and the inputs (which might be spike trains or any process admitting a finite joint moment
of this order). (), x is the expectation over the joint density of the inputs x and the activity n.



In contrast to the original case of eq. |2} these dynamics depend on a joint moment of the inputs and
output, rather than on just the input correlation. To calculate this joint moment, we will model the
postsynaptic activity as conditionally Poisson. With two additional assumptions, we can recast eq. 3]
in a form that depends only on J and statistics of x. First we take the neural transfer function to be a
power-law nonlinearity, which matches the effective nonlinearity of mechanistic spiking models in
fluctuation-driven regimes [[75,81]] and experimental observations [82} 83]]. Second, we will assume
that the input to the nonlinearity is non-negative, restricting the average over p(x) to one over the
samples of x that can drive spiking.

With the STDP rule of eq.[44, homeostatic regulation of the p-norm of the synaptic weights, and a
separation of timescales between activity and plasticity, the plasticity dynamics are

rdi = AT (0" x ) = Ji Y i1 T3P AT (000 xT) (46)
J
where for fixed ¢ and ¢ we introduce the inner product over functions:

a+b a+b+c
AT ( ch / Ds A(s Hnt+s HxitJrs] H Ji(t+sk)  @7)
k=a-+b+1

with integration measure Ds = H;l;b *¢ ds;. Now we must determine the input-output joint moment

(n®x?),, x. This will depend on the input distribution, p(x), and the model for the neural activity
n(t). We take n(t) to be a Poisson process with stochastic intensity

rx(t) = ¢ (GTx (t) + A(¢)) (48)

where G(t,s) = J(t) o W (s) and GTx (t) = > Jo° ds G(t — s)x;(s). Thatis, J is a vector of
synaptic weights and W is a vector of coupling kernels for each synapse. We fix the integral of each
elements of W' at 1, so J sets the amplitude of synaptic interactions. \(¢) models a deterministic
drive. We assume that W is fixed and plasticity only affects the weights, J. We will also assume that

GTx(t)+A(t) >0

Our strategy to compute the joint moment (n%?)n,x has two parts. First, we decompose the joint
moment into cumulants. Second, we write each of those cumulants as a tensor product of J and a
cumulant of x. Only the second step depends on the neuron model.

The joint moment (n?x”) can be decomposed into a Bell polynomial in its cumulants:

b a_l
< H .. Hn(t+8b+m)> - 1 <<Hn(t+5j)xi,(t+$k)>> (49)

= m=1 m€ll (P,Q)er \ jEP
keQ

where II is the set of all partitions of the time lags (0, s1, ..., Sq+5—1)- (II also corresponds to the set
of all partitions of the a factors of n and b factors of x; appearing in the joint moment. The first lag, 0,
corresponds to n(t).) For one such partition 7 € II, each of its blocks (P, ()) contains indices j, k for
the time lags corresponding to factors of n or x. In one block (P, Q) of the partition 7, P is the set
of indices j correspond to factors of n while @ is the set of indices k corresponding to factors of x.

We will compute the joint expectation by factorizing p(n, x) = p(n|x)p(x). This will allow us to
write a each joint cumulant of n, x as a tensor product of J and a cumulant of x. Given x, a cumulant

of nis
<<n(t) H n(t + sm)>> = ry(t) H 0(8m,) (50)
m=1 n|x m=1

We will take ¢(z) = |z so a joint cumulant of 72, x is

M N
<<n(t) I 7t + snim) ] xnlt+ sn)>> _<<<<n(t)Hn(t+ sN+m)>> [T xn(t+ sn >>
m=1 n=1 n,x m nlx n

<<GT:::J Hxn +sn>> I oCswsm)

x m=1
(51



and if GTx > 0 for all x then |GTz |4 =3 (G T (x?), so

a m=1
(52)
These expansions of the input-output joint moment have a similar structure to the expansion of
arbitrary learning rules (section with one main difference: the exponent of the neural transfer
function, d, also determines the relevant input moments because of the Poisson cumulants of n.

a—1 b a—1
<<n(t) 11 ntt + sp4m) H (t+ s >> :Z(Gd)£<<(xd)anxi(t+sl)>> (t.s1,--,50) [ 6(spam)
n,x l P

)

For example, take a = b = 1. The relevant joint moment (n®x?),,  is

(n ()Xz(t+5)>nx—Z(GT)a<(xd) ) (8) (Xi)x (t + 1) +Z (GT)a{(xDa(t)xi(t + 51))x

—Z (GT)al(xDa(Exilt + 51)x

(53)
where {((x9)o%;) = (x%)ax;) — ((x9)4)(x;) denotes the second cumulant of (x?),, and x;, not a
d + 1-order cumulant of x, since the factor of x% arises from the intensity of n. Fora = b = 1, the
decomposition of (n®x%),, x reduces to just the inner product of G¢ with a d + 1-order moment of
the inputs, evaluated at one set of time lags. The decomposition of (n®x?),, x does not always reduce
to just one term like that. As a second example, take a simple triplet STDP rule (a = 2,b = 1). The
relevant joint moment (n?x?),, x is

(n(t)n(t +so)xi(t +51)) = Y _(GOI((xN)a(t)xi(t + 51))x(s2)
+ 2 (GDI((x) e (£)8(s2) {xi)x(t + 51)
+ Z(Gd)§<(xd)a>x(t) D (GOEx(E + s2))pxi(t + 51) )

3
+Z (GY% bt +52) Y (GHE((xN)(E)xi(t + 51))x
3
) (GHIxDa)x () D (GHE(xN)8)x(t + s2)(xi)x(t+ 51)
a 3

(54)
We can recognize two moments of the input here, combining the first and second lines and either the
third or fourth with the fifth:

(n(On(t + s2)Xi(t 4 51)) 0 = D (GDE(XDa ()it + 51))d(52)
+ 3 (GOENa(t) Y (GHE((x)p(t+ s2)xilt + 1))

B
+ 3 (G a)(t +52) Y (G s(O)xi(t + 51))
a B

(55)
where all expectations on the right-hand side are with respect to the input distribution, p(x).

As discussed above, any joint moment (rn®x"),, 5 can be decomposed into joint cumulants (%), x.
Each of those joint cumulants can be expressed as a tensor product of G with a cumulant of x. To
: : : _wT A\T (ydy  _ (d T,\d\ _ (jd d

isolate the synaptic weights J, lety = Wxs0 (G*)L(x%) o = (J9) o (WTx)?) = (J)a(y?)a-
Since y = WTx, joint cumulants of x,y are cumulants of x. So we can write any joint cumulant of
n, X as a tensor product of J with a cuamulant of x. Using this and the cumulant decomposition of
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(n?x%J¢) in the learning dynamics, eq. lﬁ], yields

7J; =AT Z H Z (J% <<H 4, (t)xi(t+sk)>> S(t+s;) HJ t+s1)

mell (P,Q)em « JjeEP
keQ

)

= LILPAT YD T Y9k <<H )(t)xj(t+sl)>> 5(t+ sk) HJ t+ $m)

m€ll (P,Q)em « kepP
leQ

(56)

Equation eq. 56 gives the dynamics of J as a function of J and weighted cumulant tensors of the
input x. It has, however, a different form than the corresponding dynamics of the non-spiking neuron
(eq- |Z). First, the right-hand side is given y a sum of products of cumulant tensors with J®¢, rather
than just a sum of products of cumulant tensors.

A4 Weight-dependent plasticity

Above, we examined the dynamics of the generalized Hebbian rule with no direct weight-dependence
(c = 0ineq.[T). In biological plasticity, this might not be the case. Within dendritic branches, spatially
clustered and temporally coactive synapses [40] exhibit cooperative plasticity [36} 41]]. Multiplicative
weight-dependence also stabilizes Hebbian spike timing—dependent plasticity distributions [6} (7} 84].
As a first step towards incorporating these effects, we consider the dynamics of eq.[2] with ¢ # 0.

In this case, steady states of the plasticity dynamics (eq.[2) are a new kind of tensor decomposition: J
is invariant under g up to a scaling and elementwise exponentiation. Are these steady states attractors
of eq.[2? Unfortunately, the approach we used to prove theorem[I does not allow us to answer this
question. We next outline the impediment.

Assuming g is symmetric and odeco, inserting the orthogonal decomposition (eq. [5)) and projecting
J onto its factors (as in the proof of theorem|[I)) yields the dynamics for the eigenvector loadings a:

& =Uz)* 0o 2x® —zo (z'U) e Umx®ett (57)

where x°¢ is the elementwise power of  and U is the matrix with columns composed of the
orthogonal components of g (eq.|5). (Compare this to eq.[9]in the proof of theorem|1}) If ¢ # 0, the
dynamics of the loadings « are not closed but depend on the structure of the factors in U. A general
analysis of how U impacts the evolution of x for ¢ # 0 is beyond the scope of this study. We will
instead consider input distributions that impart simple structure to ¢ and analyze the fixed points of
eq. 2| for them.

In this section we also generalize the learning dynamics to incorporate a constraint on any p-norm of
the synaptic weight vector, rather than only its Euclidean norm. This introduces a factor of |.J;|P~2
into the second right-hand-side term of eq. [2| (appendix [A.T).

A.4.1 Diagonal input correlations

We begin by analyzing inputs with constant-diagonal correlations, pt, = 0d, with ¢ > 0. These

could arise if at each time ¢, only one synapse can be activated and the remaining inputs are 0. In
that case the only nonzero contribution to g would be (xg+“>. It is possible in this case p = 0,

for example if x; ~ A(0,1) and a + b is odd. Then the leading-order contribution to J; would be
supralinear in dt. In this case eq. [2|reduces to

T a+c a+c— ]
;JZ:Jﬁ = J; Y e (58)
J
We will analyze fixed points of eq.[58]and their stability. If J is a steady state of eq.[58] its Jacobian
matrix is
T dJl .
g dJk o

o ((a+ QI = ST TFRULE) < (ot e p = DI (59)
J
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We will see that sparse connectivity, with one synaptic weight at 1 and the rest at zero, is always a
stable equilibrium. In addition, sparse connectivity with one weight at —1 is stable if a + ¢ is odd.
In addition to these fully sparse steady states, we identify partially sparse and uniform-magnitude
equilibria and conditions for their stability. We first state and prove these results. Then, we present
simulation results showing that even when other stable equilibria exist, the learning dynamics tend to
converge to the fully sparse equilibria.

Theorem 3. Let p € REXEX-XK — 5§ be a diagonal tensor of order a + 1 with all diagonal
elements equal to 0, o > 0. Let a + ¢ = 1 with a > 1. Then the {P-sphere in R™ with unit radius is
an attracting slow manifold of eq.

Proof. Setting J=0in eq. yields the steady-state requirement
J* = J*<Z|J;|p) (60)
J

Whenever ||J*[|, = 1, (ZJ|J]*|T’) = 1 and vice versa. Any J* with [|J*[|, = 11is thus a steady
state of eq. If [|[J*[|, # 1, the only steady state is J* = 0.

We next consider the linear stability to perturbations around an element J* of the ¢P-sphere. The
Jacobian at J* is of rank one:

dly — 1" I
with eigenvalues — (op/7)A, where X is an eigenvalue of A, Ay, = J|J w7/ J}. The characteristic
equation for A is

(61)

JEP .

Ty | }1' O = \D; (62)
k k

where ¥ is an eigenvector of A. Matching indices, the eigenvector ¢ with unit /’-norm is identical to
J* and it has eigenvalue A = 1. For a + ¢ = 1, any J* on the p-sphere is thus a steady state with one
Jacobian eigenvalue —op/7, corresponding to the eigenvector J*. The remaining & — 1 eigenvalues
are zero, so the orthogonal complement of J* is a slow subspace for the linearized dynamics. Each
point on the ¢ K-sphere has such a slow subspace. Together, the /P K-sphere is a linearly stable
slow manifold. Is it globally attracting? Let

K
L= | (63)
i=1
The total derivative of L with respect to time is
dL . po
= = Jil P2 )i = —=L(1-L 64
yr pEi: 7] —L(1-1L) (64)

which has a stable fixed point at L = 1 and an unstable point at L = 0. The full synaptic weight
dynamics thus must admit a globally attracting subspace on the P K-sphere. Those dynamics are
symmetric with respect to rotations of the axes, so that subspace must be the full sphere. O

Remark. Theorem[3 generalizes the corresponding result for Oja’s rule that, when the inputs are
zero-mean and uncorrelated (1; j = 00; ;), the {*-sphere is a slow manifold of its dynamics. On it,
however, the mean-field dynamics of eq. |58 vanish - so a full accounting of the weight dynamics must
examine fluctuations.

To illustrate these results, we simulated the learning dynamics with individually presented, identically
distributed (standard normal) inputs. Since at each time point only one input is presented, the input
correlation tensors are diagonal. We first examined the classic Oja rule, taking (a, b, c) = (1,1,0).
As expected, the synaptic weights exhibited random motion (fig. [A.4.Th). Their p-norm was fixed and
synaptic weights initialized off the unit p-sphere quickly converged onto it as predicted by Theorem

Bl (fig. [A4.Tb).

Next we examined a different parameter set with a + ¢ = 1: (a, ¢) = (2, —1). We kept b = 1. In this
case, we observed the synaptic weights converge to a sparse solution with one nonzero synapse with
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Figure 4: Dynamics of nonlinear Hebbian plasticity rules with weight-dependence and diagonal input
correlations: the case a+ ¢ = 1. For all panels, we used K = 10 inputs and a learning rate = 1072,
On each time step one uniformly chosen synapse received a normally distributed (mean 1, variance
1) input and the rest had O input. a, b) Example synaptic weight dynamics with p = 2. ¢, d) Norm
of the synaptic weight vector. Solid lines: mean over 20 random initial conditions. Shaded areas:
standard error. Each curve describes simulations from initial conditions with different norm.

magnitude 1 (fig. [A:4.Tc). This convergence occurred over a longer timescale than the convergence
to the unit sphere for (a,c¢) = (1, 0). For that previous parameter set, we did not observe synaptic
weights converge to these sparse solutions even over this longer timescale (simulation not shown).
With (a,c¢) = (2,—1), the dynamics converged to sparse equilibria for different values of p and
for synaptic weights initialized with different variances (fig. [A.:4.1d). This solution is on the unit
p-sphere so does not contradict Theorem 3] It is, however, more particular. Next we examine sparse
and partially-sparse equilibria, and their stability, for integer-valued a + c¢. We begin by examining
even a + ¢, then odd.

Theorem 4. Take a + c even and p € REXE> XK — 5§ be a diagonal tensor of order a + 1 with
all diagonal elements equal. Let {J* € RX} be the set of n-sparse vectors with n nonzero elements

|J¥| = n=Y/P. Any such vector where all elements share a sign, JF = &n~'/P where ¢ € {—1,1},
is a steady state of eq.

Proof. Let J* be a n-sparse vector with nonzero elements J;" = &n~YP where & € {—1,1}. Note
that with £ = 1, J* is a steady state solution of eq.

Without loss of generality, permute J* so that its first n elements are nonzero and last X' —n elements
are zero. Now, set one element {; = —1 and insert this solution for .J into the steady-state condition.
Since a + c is even, this yields

n
l-n=> ¢ (65)
j=1
J#i
&; € {—1,1}, so this requires that { = —1. If one element of £ is negative, all must be. The n-sparse
vector with nonzero elements J;" = —n~1/P is also a steady state of eq. O

Corollary 4.1. If ¢ = 0 and a = 2, and p has finitely many E-eigenvectors, then {J*} contains all
the steady states of eq. 2]
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Proof. Since ¢ = 0, steady state solutions of eq. 2/ are also E-eigenvectors of . If p is a tensor of
order 3 with finitely many E-eigenvectors, then it has 2% — 1 E-eigenvectors, counted with multiplicity
(50, 151].

The set of n-sparse vectors with elements J;* = &n~1/P where £ € {—1, 1}, contains steady states

of eq.[58] There are
K
K
S (5) =2
n
n=1

such steady states with & = 1. The corresponding E-eigenvalues are A =
D il PP 0 (TP = o&n~/P_ The factor of £ cancels out in the E-eigenvector/E-eigenvalue
equation. So with ¢ = 0,a = 2, each of the n-sparse steady states with nonzero elements

Jr = &n~1/P is proportional to an E-eigenvector of o8. Any other vector J* proportional to
an E-eigenvector of p would not be a steady state of eq.[58, since the constant of proportionality
would obtain a power of 2 in one term of eq.[58|and a power of 2 + p in the other term. O

Theorem 5. Take a + c odd and p € REXEX- XK — 5§ pe a diagonal tensor of order a + 1 with
all diagonal elements equal. Let {J* € RX} be the set of n-sparse vectors with n nonzero elements
JF = &n~ P where each & € {—1,1}. Any such J* is a steady state of eq. ISZS’I

Proof. Let J* be a n-sparse vector with nonzero elements J; = &n~Y/P where §; € {—1,1}. Since
a + cis odd, a + ¢ — 1 is even and the steady-state condition for J* is invariant to £. Each such J*
is a steady state of eq. O

Corollary 5.1. Ifc =0, a = 3, and p has finitely many E-eigenvectors, then {J*} contains all the
steady states of eq.

Proof. The proof follows the same construction as for Theorem Each steady state of eq. [58
corresponds to an E-eigenvector of . For a = 3, there are (if finitely many) (3% — 1)/2 E-
eigenvectors of p. The set of n-sparse vectors with elements J* = &n~Y/P, where & € {—1,1},
contains steady states of eq. |5_8| There are ZnKzl 2" (f) = 3% — 1 such steady states. For each n,
two of them are equal up to a global sign change which will cancel out with the E-eigenvalue in the
E-eigenvalue / E-eigenvector equation. Any other vector J* proportional to an E-eigenvector of p
would not be a steady state of eq. since the constant of proportionality would obtain a power of 3
in one term of eq.[58 and a power of 3 + p in the other term and p > 1. So these steady states are
all of the weight vectors corresponding to the E-eigenvectors of p, and they correspond to all of the
E-eigenvectors.

O

Theorem 6. Let p € REXEXXK — 5§ be a diagonal tensor of order a + 1 with all diagonal
elements equal. Let {J*} be the set of n-sparse vectors with n nonzero elements and K — n zero

elements, with nonzero elements J; = &n~'/P where ¢ € {—1,1}. Let a + ¢ # 1. Then the vectors
in {J*} that are linearly stable steady states of eq. [Z]are:

1. Fully sparse solutions with one synaptic weight at 1, unless a + c < 1

2. Fully sparse solutions with one synaptic weight at -1, unless either a) a + c is even and
a+c>1lorb)a+cisoddanda—+ c <1,

3. All n-sparse vectors with each &; = 1, ifa + ¢ = 0,
4. Flat solutions at J = K~Y?1, ifa + ¢ < 0 and even (if p = 1 it is marginally stable),

5. n-sparse solutions with m > 1 weights at —n~'/? and n —m weights at n='/?, ifa+¢ < 1

and odd.

Remark. If c = 0and a € {2,3}, then {J*} contains all steady states of eq.[58} so the only stable
steady states of eq.|58|are those described. Otherwise there might be others.
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Proof. We separate the proof into sections describing the different equilibria. We begin with the fully
sparse equilibria with one nonzero weight J; = £, where { € {—1, 1}. Fully sparse equilibria. The
Jacobian, eq. @], reduces to

T dJZ atc—
;dJk:761k§+ 1(Q+C*1752](G+C+p*1)) (66)
where j is fixed. The Jacobian is diagonal and its eigenvalues are \; = —£27¢"1(a + ¢ — 1), with

algebraic multiplicity K — 1, and Ay = —£%7¢~!(a + ¢ + p — 1). The fully sparse equilibrium with
& = 1 is thus stable unless a + ¢ < 1. The fully sparse equilibrium with £ = —1 is unstable if either
I)a+cisodda+c < 1lor2)a+cisevenand a + ¢ > 1. The opposite conditions guarantee
stability. If a + ¢ = 1 the sparse solution is neutrally stable.

Now let the first 1 < n < K weights be nonzero and J; = fjn_l/p, j =1,...,n. The n-sparse
solution has Jacobian

T dJ; n
2 = §ynetetp=1)/p at+c—1
o dJy kT jz:;fJ
+ 9(71 - Z)e(n — k) (6ik(a + C)€?+C—1n*(a+671)/p _ (CL +e+p— 1)n7(a+c+p71)/p€i€k)

(67)
We will first consider the case when a + ¢ is even and then when a + ¢ is odd.

Partially sparse and flat equilibria: a + c even. In this case, all n nonzero weights have the same sign,
&, and

g dJk

= fg(gikn*(a+c71)/p+g(n71)g(nfk) <5ik(a + C)gnf(aJrcfl)/p —(a+c+p— 1)n*(a+c+p*1)/17)

(63)
where 0(x) is the Heaviside step function. The Jacobian is the sum of a diagonal matrix and a
block-constant matrix. It is similar to a block-diagonal matrix of the form

zenez 0 xl, 0
( o o)\ o0 ylx., (69)
where I, is the ¢ x ¢ identity matrix and e,, = (1,0, ...,0), and the Jacobian eigenvalues are
I\ =2 +2=(a+c)n(ate=D)/p (5 _ n(p—l)/p) — (p— 1)n~(aterp=/p,
o
Tho=z= en~(are=D/P(g 4 ¢), with algebraic multiplicity n — 1 (70)
o

g)\;; =y = —&n~ @ D/P with algebraic multiplicity K — n

If 1 < n < K, the latter two eigenvalues guarantee instability whether a + ¢ > 0 or a 4+ ¢ < 0, since
they share £ = £1. Let n = K, so A3 doesn’t exist. In this case,

Ay =K ~(ate+p)/p ((a +¢) <§K(p+1)/p _ KQ) + Kl/p(l ,p)> (71)

and )\; is negative if
(a+c) (K2-1/P - 5K) <1-p (72)

We can determine the behavior of \; by recalling that p > 1 so K2~1/? > K with equality at p = 1.
If p=¢ =1, then A; = 0 and the flat equilibrium has an associated slow direction. The equilibrium,
J=K"1/r 1, is then marginally stable if Ao < 0, which occurs when a + ¢ < 0.

Ifp>1landa+c > 0then A\;y > 0 forany K whether{ =1loré =—1.Ifp>1landa+ c <0,
then A\; < O for either sign of £. In that case, A2 < 0 only if £ = 1. So for p > 1 and even a + ¢, the
uniform steady states with £ = 1 is stable if a + ¢ < 0 and unstable if a + ¢ > 0.

If a + ¢ = 0, A2 = 0 and there are n — 1 slow directions associated with each n-sparse equilibrium
(since, in the basis of eq. [69, these eigenvalues are associated with the unit basis eigenvectors).
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Inspection of Ay, A3 reveals that n-sparse equilibria are linearly stable with £ = 1 and unstable with
&E=-1
Partially sparse and flat equilibria: @ 4+ c odd. Let n > 2. Without loss of generality, let the first

0 < m < n nonzero weights be negative, the next n — m weights be positive, and the remaining
K — n weights be 0. The Jacobian is

O'dJk_

8~ @FeV/P L 0(n—i)0(n—k) (6ik(a +en~@te /P (g4 cqp— 1)n’(“+c+p’1)/p§i§k>

(73)
which is a sum of block-diagonal and block-constant matrices,

xI, 0 C 0
AN .

where C'is a n x n block matrix, with entries C; o< £;&,. We can calculate the eigenvalues of C' by
noticing that it is the sum of constant and diagonal matrices. The final Jacobian eigenvalues are

LA =n—(ate-D/p (a+c—1),
o

gm —p~@te=D/P (4 4 ¢ 1) (1 + (p/n) (m —(n—m)+2+/(n—2)% + dm(n — m)) /2) ,

g)\g_ =p~(@+e=D/P (g 4 ¢ —1) (1 + (p/n) (m —(n—m)+2—+/(n—2)2+4m(n— m)) /2) ,

g =n~ @t D/P (g 4 ¢ — 1) (14 2p/n),
g

Z)\4 = —n @t /P existsifn < K

7 (75)
If a + ¢ = 1, these are all zero except \4 which is negative. Take a + ¢ # 1 and odd. a + ¢ might be
positive or negative. If a 4+ ¢ > 1, Ay and A3 guarantee instability. If a + ¢ < 1 then Ay, A3, A4 are
all negative and the only possible instability is in Ao+. The discriminant appearing inside the square
root in Ago£, D, is strictly increasing with respect to n. Take Aoy. If a + ¢ < 1, then for fixed n it is
maximized at m = 0:

Aoy < gn*(‘”“”/? (ate—1) (1 n %) <0 (76)

80 Ag4 < 0 and Ao_ determines the stability. If a + ¢ < 1 then for fixed n, A2_ is also maximimized

atm = 0O: o
2 p(ate—1)/p (a+c—1) (1 + 23 — p) (77)
T n

Mg <

If a + ¢ < 1 and p = 1, that upper bound is always negative. If instead p > 1 and n < 2p/(p — 1),
then the upper bound for Ao (m) is positive: as long as m is sufficiently small, Ay_ can be positive.
Ag_ is negative if

s M= P) VPP — 1) +2p°(1—n) 8)
2np

and \o_ is positive if the inequality is reversed. That bound is less than or equal to

1—p+ /P2 —1
0<p+2—pp<1 (79)

and approaches it from below as n — oo. So for @ + ¢ < 1 and odd (i.e., negative) at least one
negative synaptic weight is required to stabilize a n-sparse steady state. O

We have constructed a number of steady states for the nonlinear Hebbian dynamics with weight
dependence and examined conditions for their stability. If ¢ # 0 and @ + ¢ # 1, there are always
K stable sparse equilibria. In several cases, there are also other stable equilibria also (theorem|[6).
eq.[2is a limiting deterministic description (large 7) of an underlying stochastic dynamics, eq. [3.
Here we asked whether the fixed points we described above accurately describe the stochastic system.
To examine the learning dynamics with diagonal input correlations, we presented i.i.d inputs to one
synapse at a time. Since at each time point only one input is presented, the input correlation tensors
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are diagonal. We examined parameter sets in each of the cases of theorem|[6] For odd a + ¢ > 0, the
only stable n-sparse equilibria are fully sparse with one weight at 1 or -1 (fig. [A-4.Th). These were
also the only equilibrium we observed over 50 randomly chosen initial conditions (fig. [A.4.1b). For
even a + ¢ > 0, the only stable equilibrium described in theorem[]is fully sparse with one weight at
1. For such parameters, that was the only equilibrium we observed (fig. [A.4.1c, d).
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Figure 5: Dynamics of nonlinear Hebbian plasticity rules with weight-dependence and diagonal
input correlations. For all panels, we used K = 10 inputs. The learning rate was 77 = 10~2 for all
panels except e-h, which had 7 = 10~3. a) Convergence to the sparse solution with one .J; = 1 for
a+ ¢ > 0 and odd. b) Histogram of final synaptic weight values after 7' = 103 time steps, across 50
random initial conditions. Synaptic weights were averaged over the final 500 time points to smooth
out fluctuations for visualization. ¢) Convergence to the sparse solution with one J; = 1 fora+c¢ > 0
and even. d) Histogram of final synaptic weight values (as in panel a). e) Convergence to the flat
solution at J = K ~1/?1 for a + ¢ = 0. f) Histogram of final synaptic weight values (as in panel a).
g) Convergence to a bimodal distribution with 2 synaptic weights at —K ~/? and the remaining 8 at
K~1/?_h) Histogram of final synaptic weight values (as in panel a).

For a + ¢ = 0, theorem [6 describes a combinatorial explosion of equilibria: each of the n-sparse

steady states is stable. There are Zf;l (

K
n

) = 2K — 1 such points, each with n — 1 neutrally stable

directions. In simulations, we only observed convergence to the flat solution with n = K and all
weights at K—1/7 (fig. , f). The stochastic dynamics we simulated contain terms proportional
to J7; this is the origin of the powers of c in eq. @ Since ¢ < 0 these factors explode for J; — 0.
So the only partially sparse solution consistent with the stochastic dynamics is the one with n = K

nonzero weights.

Finally, for a + ¢ < 0, theorem [6]describes an even greater combinatorial explosion of equilibria.
Each n-sparse steady state with 1 < m < n negative weights and n — m positive weights is linearly
(::L) = 3K _ 2K gych equilibria. As before, however, if any
Ji — 0 the stochastic dynamics would explode because of the factors J{. (a + ¢ < O requires ¢ < 0
since a > 0 by assumption.) So again, we see that the only possible steady states for the stochastic
dynamics have K nonzero weights (fig. , h). In this case there are (i ) equilibria with m

stable. There are Zf:l ([;) >on

m=1

negative synaptic weights and 25:1 (

K
m

) = 2% — 1 such equilibria in total. With odd a + ¢ < 0,

any of these are stable and we observed convergence to various of them (fig. [A-4.Tg, h). For even
a4+ ¢ < 0, only the flat solution with all weights at K ~'/? are linearly stable. In simulations, we did
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not observe convergence to this solution. Instead we observed large fluctuations characterized by
prolonged excursions of individual synaptic weights (fig. |A.4.1h, b). When a + ¢ # 1, the dynamics
of the synaptic weight norm are not closed. With @ + ¢ < 0 and even, the unit-norm ¢P-sphere
appeared unstable in simulations (fig. [A:4.Ic, d).
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Figure 6: Large fluctuations in synaptic weights for a 4+ ¢ < 0 and even. a) Example dynamics for
two different parameter sets. b) Evolution of the synaptic weight norm over 20 realizations. ¢) Impact
of decreasing the learning rate.

A.4.2 Rank one input correlations

Let o = 721, the (a+ 1)-fold outer product of the vector . This corresponds to the case of constant
inputs. The dynamics reduce to

ri = {7 D) = BT I g I (30)
J

and at steady states,
r ST ) = Ji(e T ) w5 (81)
J

Weights orthogonal to the input direction, rTJ =0, area steady state. Otherwise, we see that J; = 0

is always a steady state for ¢ > 0. If r; = 0, then either J; = O or }_, erjC*l\Jj P=0.If Jisa

steady state, the Jacobian is

T;% = ik (r ) (eJf ™y = TSN Pry ) +ard ) (Jir — JiJS T Prg) re—(eAp=1) (rd ) Ji g Tkl P
(82)

where (r7.J)%=1, including at 77 J = 0. At an orthogonal steady state, 7' J = 0, the Jacobian

simplifies to exactly O so that direction defines a slow subspace of the linearized dynamics.

By definition, 7 is an E-eigenvector of p with eigenvalue ||r||§a and p has a rank one CP decomposi-
tion in r. Soif (b,c) = (1,0), J = r is an attracting steady state of eq.[80 (theorem [T). Here we
focus on the dynamics with weight-dependence. We study the simple case of ¢ = 1 and a piecewise
constant r with n elements equal to r, and the remaining zero. We see that in this case, the unit-norm
n-sphere is an equilibrium set for the dynamics and determine when it is stable.
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Theorem 7. Let pp € REXEXXE — patl po g rank one tensor of order a + 1, the (a + 1)-fold
outer product of v, where r € RE. Let r be n-sparse and piecewise constant, with n nonzero
elements equal to r and the remaining K — n elements zero. Let

K
M(J)=>"Ji (83)
i=1
and name S the unit (P n-sphere in RX, with nonzero elements on the dimensions corresponding to

the nonzero elements of r. If c = 1 then

1. The K — n elements of J corresponding to the zero elements of r have a fixed point at zero.
It is stable if M (J) > 0 and unstable if M (J) < 0.

2. S is a slow manifold for the dynamics of the remaining n synaptic weights. It is stable if a
is odd or r > 0 and unstable if both a is even and r < Q.

Proof. Let r be n-sparse and piecewise constant, with its first n elements equal to r and the remaining
K — n elements zero. Assume that J # 0. We proceed in order of the claims. First consider the
K — n inputs where r; = 0. For ¢ = 1, their dynamics are

rJ; = —r M) L(JT)J; (84)
where
K
L(J) =Y |Jif? (85)

i=1
L > 0 by definition with equality only at J = 0. So if 7*T1 M2 > 0, these weights will converge to
a steady state at zero. If rT1 M < 0, these weights will diverge exponentially. If M is fixed at 0
these weights are stable.

Second consider the dynamics of the n weights with nonzero r;, which reduce to
rJi = r T MA(T) (1 — L(J)) J; (86)

and the steady state condition for .J; is that either J; = 0, M = 0 or L = 1. So we have steady states
for the first n elements of J on either the /P n-sphere or on the hyperplane orthogonal to 1 (and the
trivial steady state J; = 0). Next we examine stability for those n weights at one such point J*.
From eq. [82] the Jacobian matrix at J* has rank one

dJ;
T =
dJy
It has one eigenvalue —(p/7)re 1 M*(J*) >_; Jj|J; [P, with associated eigenvector J*. The re-
maining n — 1 eigenvalues are zero, and the orthogonal complement of J* is their slow eigenspace.
Each point J* on the /¥ n-sphere has such a slow eigenspace so the full sphere is a slow manifold.
To determine the stability of the unit-norm n-sphere we will examine the dynamics of the synaptic
weight norm. The dynamics of L and M form a closed system:

7L =pr*t*MeL(1 - L)
M =rtIMet (1 - L)

There are two line equilibria on M = 0 and L = 1 and the Jacobian determinant is pr@*3Mat1(1 —
L)%, which is zero on either of those line equilibria so a linear stability analysis is uninformative.
Recall that L > 0 by definition. There are three relevant cases for the dynamics. When a is odd, all
factors of r are positive and so is M1, When a is even, the sign of  impacts the sign of M. We
next examine the three cases: 1) a odd, 2) a even and r > 0 and 3) a even and r < 0.

First take @ odd (fig.[A.4.2h). Then L = 1 is attracting when M > 0 but repelling when M < 0. M
is always increasing for L < 1 and decreasing for L > 1. With a even and r > 0, L = 1 is always
attracting (fig. [A.4.2b). M = 0 is attracting for L > 1 and vice versa. If aisevenandr < 0, L = 1
is always repelling. In this case, if L(0) > 1 the synaptic weights will explode while if L(0) < 1
the synaptic weights will evolve towards the stable equilibrium L = 0, M = 0 (fig. [A.4.2f). This
corresponds to J = 0. In sum, the unit-norm solution L = 1 can be attracting or repelling. It is
attracting if a is odd, or a even with » > 0. It is repelling if a is even and r < 0. O

—pro M (T TF| TP (87)

(88)
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Figure 7: Dynamics of the synaptic weight norm (phase portraits). The vectors L, M are plotted
with unit norm. For each case, we show two corresponding parameter sets. a) Case 1: a odd. b) Case
2: aevenand r > 0. ¢) Case 3: a even and r < 0.
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