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Abstract

During the last few years, the field of dynami-
cal systems has been developing innovative tools
to study the asymptotic behavior of different op-
timizers in the context of neural networks. In
this work, we redefine an extensively studied opti-
mizer, employing classical techniques from hyper-
bolic geometry. This new definition is linked to
a non-linear differential equation as a continuous
limit. Additionally, by utilizing Lyapunov stabil-
ity concepts, we analyze the asymptotic behavior
of its critical points.

1. Introduction

Classical optimization algorithms like gradient descent are
commonly used, and their connection to dynamical sys-
tems is evident when viewing the weight updates as the
evolution of a system state over iterations (Narendra &
Parthasarathy, 1991). If 0 represents the parameters, and
L(6) the loss function, the weight updates in each itera-
tion, ;11 = 6; — nVL(0;), resemble the dynamics of a
discrete-time dynamical system, where 7 is the learning
rate and VL(0;) is the gradient of the loss function. The
optimization process aims to locate minima within the loss
landscape, analogous to identifying equilibrium points in
the energy landscape of a dynamical system. This can be
expressed as 0* = argming L(6), where 6* signifies the
optimal parameters.

Recall that hyperbolic spaces are homogeneous spaces of
constant curvature equal to —1. The more relevant and cru-
cial theoretical property of hyperbolic spaces and of spaces
of negative curvature (Bridson & Haefliger, 2013) in general
is that they can embed graphs such as trees with arbitrar-
ily low distortion of the natural metrics. Gromov has first
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observed this (Gromov, 1987a), who introduced a much
larger class of spaces, called d-hyperbolic spaces, which
are shown to be almost isometric to trees (Gromov, 1987b),
including cases of graphs with control on the diameter of
cycles (Sarkar, 2012). In contrast, euclidean and positively
curved spaces do not allow to embed trees with bounded
distortion of the metric (Bourgain, 1985; Indyk et al., 2017;
Chami, 2021; Aggarwal et al., 2001; Rodriguez-Flores &
Papadopoulos, 2020; Borassi et al., 2015). Hyperbolic em-
beddings have also shown promise for routing (Cvetkovski
& Crovella, 2009), clustering (Chami et al., 2020; Lamping
et al., 1995), biological networks (Albert et al., 2014), phy-
logenetic trees (Billera et al., 2001; Matsumoto et al., 2021),
neuroscience (Allard & Serrano, 2020), text embedding
(Dhingra et al., 2018; Balazevic et al., 2019), knowledge
graphs (Sun et al., 2020).

Hyperbolic Neural Networks (HNN) leverage hyperbolic
geometry for representing data in a more natural way, espe-
cially for capturing hierarchical relationships (Chami et al.,
2019; Ganea et al., 2018; Yang et al., 2022). However, the
non-Euclidean nature of hyperbolic spaces poses challenges
for classical optimizers. In the hyperbolic setting, if g(6;)
represent the Riemannian gradient, accounting for the cur-
vature of the hyperbolic space, then the update rule becomes
0i+1 = Expg, (—ng(0:)), where Expy, is the exponential
map in the hyperbolic space.

Optimizers tailored for hyperbolic geometry, such as Rie-
mannian optimization methods, play a crucial role. They
efficiently navigate the unique curvature of the hyperbolic
space, ensuring stable convergence. Proper optimization
allows hyperbolic neural networks to exploit their intrinsic
geometry fully, leading to enhanced performance in captur-
ing hierarchical relationships and complex data structures.

In this work, we present an optimizer based on ADMM
(Boyd et al., 2011), but tailored to work in hyperbolic geom-
etry, particularly within the Poincaré ball model. Establish-
ing a connection between this optimizer and a non-linear
ordinary differential equation (ODE) enriches our compre-
hension of the dynamics. The novel contribution lies in
delving into stability through ODE linearization, offering
valuable insights for practically implementing the hyper-
bolic optimizer in real-world applications.
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1.1. Related work

The Alternating Direction Method of Multipliers (ADMM)
can be seen as a dynamic process, whether we consider
it as a continuous-time or discrete-time evolution. In the
continuous case, ADMM updates are likened to the gradual
transformation of states in a dynamical system ci. The al-
gorithm employs an augmented Lagrangian function, and
the iterative updates of Lagrange multipliers resemble the
dynamics of continuous-time systems. Analyzing the con-
tinuous limit involves studying the algorithm’s behavior
through differential equations, shedding light on stability
and convergence properties.

In practice, ADMM is often implemented as a discrete-
time algorithm. Each iteration corresponds to a step in the
evolution of a discrete-time dynamical system. This dis-
crete nature allows us to understand ADMM through the
framework of difference equations, capturing the recursive
relationship between consecutive updates. The convergence
of ADMM, akin to stability in dynamical systems, is of-
ten analyzed to provide assurances about the algorithm’s
reliability (Boyd et al., 2011). The fixed points or equilib-
ria of ADMM correspond to solutions of the optimization
problem, and understanding these points is analogous to
analyzing stable states in a dynamical system.

The method often converges well for a wide range of convex
optimization problems (Franca et al., 2018).

The scaled form of ADMM is given by (Boyd et al., 2011)
Tp4+1 = argmin f(x) + B||Ax — 2+ ugl]?
xER™ 2
Zk+1 = argmin g(z) + gHAJ?kH —z+u)?

z€R™

Up1 = U + ATpr1 — 2i41,

where p > 0 is a penalty parameter and u; € R™ is the kth
Lagrange multiplier estimate for the constrain z = Ax.

Let f: R* — Rand g: R™ — R be a continuously dif-
ferentiable convex functions and A € R™*"™ an invertible
matrix.

Theorem 1.1. (Franga et al., 2018) Consider the optimiza-
tion problem given by

min{V(z, z) = f(z) + g(z) subjectto z = Az}

and the associated function V(x) = f(x) + g(Ax). Then,
the continuous limit associated with the ADMM updates,
with time scale t = k/p, corresponds to the initial value
problem

X'+ (ATA)IVV(X) =0
with X (0) = .

1.2. Paper contributions

Empirical evidence widely supports the effectiveness of
low-dimensional hyperbolic spaces in learning hierarchical
datasets. Despite a longstanding historical connection to
embedding theory, as far as our knowledge extends, no
theoretical investigations have been conducted on dynamical
systems and hyperbolic optimizers. This article addresses
and fills this gap in the literature, presenting the following
key contributions:

* We proved the existence of a non-linear differential
equation linked to the continuous limit of the Hyper-
bolic ADMM flow. This enables us to explore the
asymptotic behavior of critical points and provides
insights for conducting numerical analyses in future
studies.

* We also proved that if a specific critical point X * re-
mains at a low value under small perturbations, it sig-
nifies stability over time. This is advantageous as it
indicates the optimization process is effective, steadily
converging toward the best solution. The result offers a
form of assurance that our optimization will ultimately
settle at this optimal point and not deviate elsewhere.

2. Preliminaries

Riemannian manifolds basics (see also (Petersen, 2016)).
We recall that a d-dimensional manifold X is roughly a
topological space that is locally parameterized by open sets
of R?. A differentiable manifold has parametrizations such
that the change of parametrization is a differentiable map.
This allows us to define infinitesimal directions at each
point p € X, forming the tangent space 7, X of X atp. A
differentiable manifold X with an inner product g,(-, ) on
each tangent space T), X ~ R? (called a Riemannian metric)
is a Riemannian manifold. By integrating the g ;)-norm
of the tangent vectors along a curve (t), we can define
the Riemannian length of a curve and the minimum length
required to connect two points gives a Riemannian distance
on X. A geodesic is a curve on a Riemannian manifold that
locally minimizes the length between its endpoints.

The sectional curvature k£ of a Riemannian manifold at a
point z in the tangent space 7T, M in the direction of two
linearly independent tangent vectors x, y is given by:

o) = B@y)y,z)
oY) = TR - (oo

where R(x,y)y is the Riemann curvature tensor.

Hyperbolic spaces. Unlike Euclidean geometry, hyper-
bolic geometry rejects the parallel postulate, which leads
to intriguing geometric properties. To fully understand this
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geometry, one must become familiar with the hyperbolic
parallel postulate and the concept of curvature. Further-
more, understanding how hyperbolic space is represented
and visualized using models, such as the Poincaré disk or
the hyperboloid model, is crucial.

k>0 k<0

Figure 1. Example of different curvatures. On the right hand, we
have negative curvature, thus a hyperbolic manifold.

The only Riemannian manifold of constant negative curva-
ture —1 and dimension d is the hyperbolic space B¢, which
can be identified (in the so-called Poincaré model) with the
unit ball of R¢ with the non-euclidean distance:

|z — yl?
~(x,y) = arccosh (1 +2 .
(L= llz[*) (T = lyl?)
Note that this distance is the Riemannian distance on the
unit ball, associated with the Riemannian metric for which

the norm of an infinitesimal vector v at point x is given by
o2 = 2lvll/(1 = [|=]|*).

Figure 2. Poincaré model with d = 2. The curves are geodesics
(i.e., coincide with the minimum-v-length paths between any two
points on the curve) and have infinite y-length.

Hyperbolic convexity. In hyperbolic geometry, the con-
cept of hyperbolic convexity plays a crucial role in under-
standing the properties of sets and functions. A set is hy-
perbolically convex if, for any two points within the set,
the geodesic connecting them lies entirely within the set.
Geodesics in hyperbolic space are represented by hyperbolic
lines, the analogs of straight lines in Euclidean geometry.

Hyperbolically convex sets have unique properties, such as
stability under hyperbolic isometries. This means that if
a set is hyperbolically convex and undergoes a hyperbolic
isometry, the transformed set remains hyperbolically convex.

This property is essential in various applications, including
understanding hyperbolic reflections and symmetry.

Moreover, the notion of hyperbolic convexity extends to
functions. A function is considered hyperbolically convex
if the region below its graph is a hyperbolically convex set.
Hyperbolically convex functions have significant implica-
tions in optimization problems and variational principles in
hyperbolic geometry.

The study of hyperbolically convex sets and functions pro-
vides valuable insights into the geometry and structure of
hyperbolic space. It allows us to explore the relationships
between geometric objects and transformations, offering a
deeper understanding of the fundamental principles under-
lying hyperbolic geometry and its applications in diverse
fields.

Convex sets in hyperbolic spaces, H", are closely related to
convex cones belonging to the interior of the Lorentz cone

L= {xeR"“:anzy/x%—&--“—i—x%}.

Definition 2.1. We say that the set C C H" is hyperbolically
convex if for any p, ¢ € C the geodesic segment joining p to
q is contained in C.

The hyperbolically convex sets are intersections of the hy-
perboloid with convex cones that belong to the interior of

L.

Proposition 2.2. Let C be an open hyperbolically convex
set and f: C — R be a differentiable function. The function
f is hyperbolically convex if and only if f(q) > f(p) +
(Vf(p),log, q), forall p,q € C and p # q.

Proposition 2.3. Let C C H" be an open hyperbolically

convex set and f: C — R a differentiable function. The
function f is hyperbolically convex if and only if V f satisfies

(Vf(p),log, 0)+(Vf(q),log,p) <0, Vp,q€C,p#q.

Gyrovector spaces.

Definition 2.4. Let V be a real inner product space and Vj
the ball centered in 0, of radius s. We define the Mobius
addition as

(1+2/su-v+1/s%|v]*)u+ (1 = 1/5%||ul*)v

ud v = 1+2/5%u- v+ 1/s4|ul|?[v]]?

Also we can define the Mobius subtraction as ©w © v =
u@® (—v).

Remark 2.5. Note that if s — oo, then we can recover the
Euclidean vector space sum.

In this work, we fix s = 1.
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Definition 2.6. We define the Mdbius scalar multiplication
onB™\ {0} by

rRr= tanh(rarctanh(HmH))”iH
x

r 1+ x||)) x
= tanh ( In < —.
2 \1—|=l// ll=|

We say that a set of gyrovectors {c; }!_, is linearly indepen-
dent in a gyrovector space if r1 @ 1 d--- Dr @ a; =0
whenr; =ro =---=7r; = 0.

Given a matrix M and a vector x we define

[ M|
]|

Mz
arctanh(x”)) ]

M®x:tanh(

See Appendix A for more details.

3. Hyperbolic Optimization
3.1. Hyperbolic convex functions

We can extend the notion of hyperbolically convex functions
to any hyperbolic model. Specifically, in the Poincaré ball
model, we define

log,: B" — T,B"

1+||—2zdy
yH(L—xWNn<||”>
= [—zayl
' - Dy
T—zayl

and

exp,: T,B" — B"

Iyl v
v (ranh na
AT

If we take the tangent space in « = 0, we have

logo () = In (”'f””> 2

L=zl /]
X

expy(z) = tanh ([|z[))

]
ezl — 1 4
Te2lel 41 |z

Definition 3.1. A subset S of a Riemannian manifold M
is geodesically convex if, for every z,y € S, there exists
a geodesic segment c¢: [0,1] — M such that ¢(0) = =z,
¢(1) =yand c(¢) isin S for all ¢ € [0, 1].

In a geodesically convex set S, any two points are connected
in S by at least one geodesic segment c¢. Composing a

function f: S — R with ¢ yields a real function on [0, 1].
If all of these compositions are convex in the usual sense,
we say f is convex in a geometric sense.

Definition 3.2. A function f: S — R is geodesically
(strictly) convex if S is geodesically convex and f o
¢: [0,1] — Ris (strictly) convex for each geodesic segment
¢: [0,1] = M whose image is in S (with ¢(0) # ¢(1)).

In other words, for S a geodesically convex set, we say
f: S — R is geodesically convex if for all z,y € S and
all geodesics ¢ connecting x to y in S the function f o
c: [0,1] — R is convex, that is,

vt e [0,1],  fe(®) < (A =0)f(x) +1f(y)

It can be shown that if g, € 7, M we have an equivalent
definition of geodesically convex function:

f(@) = f(x) + (- +expy ' (¥))ar  Va,y € M.
If M is a hyperbolic manifold, we have
fy) = f(z) +(V[(z),log,y), Vr,ye M.

If f satisfies the previous condition and M is a hyperbolic
manifold, we say that f is a hyperbolic convex function.

Definition 3.3. A function f: M — R is geodesically
(hyperbolically) p-strongly convex if for any z,y € M,

F) = £(@) + (gasexp; " y)e + S (x.y),
where d(+, -) is the Riemannian distance.
If M = B" we have
fly) = f(@) +(Vf(2),log, y)

2 _ 2
+ g (arccosh (1 + Iz = y]

(1= [l]*)(1 - ||y||2)>)2’

for any =,y € M.

It is clear that if f is a hyperbolically u-strongly convex
function, then it is hyperbolically strictly convex.

Proposition 3.4. Let

{min f(x)

s.t. x € B”,

where f is hyperbolically convex. If n € B" satisfies
Vf(n) =0, then n is a global minimum,

Proof. From the definition of being hyperbolically convex,
we have

fly) > f(@) +(Vf(x),log,y),  Vo,yeB"
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In particular, if we choose = = 7, then

fy) > f(z) + (Vf(z),log, y),  Vx,yecB"
fy) = fn) +(Vfn)log,y),  VyeB"
fly) > f(),  VyeB"

O

A necessary and sufficient condition for 7 to be a global
minimum is that V f(n) = 0.

Proposition 3.5. Let

{min f(x)

s.t.x €8,

be an optimization problem where f: Q) C B" — R is
hyperbolically strictly convex on S, a convex set. Then, the
optimal solution is unique.

Proof. Suppose that z,y € B™ are different and both are so-
lutions to the optimization problem. Then, f(z) = f(y) <
f(2), for any z € Q. But since

fy) > f(z) +(V[(z),log, y),

and V f(r) = 0 we have a contradiction. So, the solution
must be unique. O

3.2. Hyperbolic ADMM

ADMM is an algorithm intended to blend the decompos-
ability of dual ascent with the convergence properties of the
method of multipliers. The algorithm solves problems in

the form:
min f(z) + g(z)
s.t. Az + Bz = ¢,

Let f: B® — R and g: B"™ — R be two continuously
differentiable and hyperbolically convex functions. Now,
choose a matrix A € B™*™ with full column rank, i.e., the
columns vectors form a linearly independent set. Let & and
® be the Mobius addition and multiplication defined in the
Poincaré ball model.

Consider a function V' defined by:
V:B" - R
= f(z) + g(A®x).

The following equations are the scaled form of ADMM in
the gyrovector space version:

Tpy1 = argmin f(z) + g”A Qrozoul® (1)
reBn

sy = argming(z) + JA@aii Oz O ul? @)
zeB™

Upt1 = U D AR Tpy1 O Zhot1- 3)

Unfortunately, the operations within gyrovector spaces
present a challenging task due to their intricate nature. The
inherent complexities make handling these spaces demand-
ing and require a thoughtful approach. Due to this complex-
ity, a better way to study ADMM in a hyperbolic space is
by using a classical technique that identifies the Euclidean
structure with the hyperbolic one.

Let f: B® — R and g: B"™ — R be two continuously
differentiable and hyperbolically convex functions. Now,
choose a matrix A € R(™=1x(n=1) with full column rank,
i.e., the columns vectors form a linearly independent set.
V:B" >R
z = f(z) + g(exp, (A(log, x))).

We define the scaled form of ADMM in the hyperbolic
version:

Thy1 = argmin f(z) + gH(Afx Oz) Qugl® @
reB™

2eq1 = argming(z) + gn(A;J@ka Sowl? 6
ZGIB’"L

U1 = ugp ® (AY Tr11) © Zrg1), (6)

where AYz = exp,, (A(log, x)).

In Riemannian Geometry, the choice of the tangent space
at a particular point, often taken to be the zero point, is a
convention that simplifies many calculations and allows for
a more intuitive geometric interpretation. So,

rir = argmin f(2) + G[(AF2) © ) © wel* - (7)
zeB™

211 = argmin g(z) + gH(A(?ka) Oz)@ul* (8)
zeB™

U1 = U B (AF Tht1) © 2t1)- )]

We have the main result of the paper:

Theorem 3.6. Consider the hyperbolic optimization prob-
lem given by

{minw,Z{V(Jc, z) = f(x) + g(2)},

subject to z = expy(A(logg x))

and the function V() = f(x) + g(expy(A(logy x))). The
continuous limit associated with the Hyperbolic ADMM
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updates, with t = k/p, corresponds to the initial value
problem

(ATA)IVV(X) + (ATA) IO + (AT A) 1T X +
(ATA)T1AQs + U X)X =0 (10)
with X (0) = g
where Q); depends implicitly on X foralli=1,2,3,4.
Sketch of the proof. Define L, as
L,:B"xB™ xB™ =R

(z,2,u) = f(z) +9(2)
+u' (expy (A(log, 7)) © 2)

+ £l expy(A(logy 2)) & =

have that if
8 and 9,

Now, from Proposition 3.5, we

(Tk+41,2K+1, Uk+1) satisfies equations 7,
then the solution is unique and then

0= ézk+1vf(xk+1) - €$k+lv.g(zk+1)
+ pg$k+1£2k+1yk+1(2k+1 - Zk?)’

for certain terms ¢ 14 and vy .

Zh419 Y Th41

Following the idea of (Franca et al., 2018) we choose t = dk,
xp = X(), 2z = Z(t), up = U(t) and v, = N(t). Using
the Mean Value Theorem on the ith component of zj4; we
have that

Zht1i = Zi(t +6) = Zi(t) + 0 Z;(t + (;0),
for some ¢; € [0, 1]. Thus

. Rk+4+1,4 —
lim ZEtLe
6—0 1)

Since this hold for every i, we can choose p = 1/§ and get

0="L7) V(X)) —lxx)Ve(Z(1))
+UxwlzyN(t)Z'(t)

Under the same idea, we can get (exp, Alogy X);(t) =
Z;(t) and since this holds for every component ¢ we have:

Z(t) = exp(Ao(logy X (t)))
Z'(t) =nt) + ()X (t) + k(t)AX'(t)
+w(t)ATAX (1) X' (t),

for certain terms 7)(t), ¢(t), x(t) and w(t).

Finally, since nor £x ;) or £z(;) vanishes at any point, we
have the result. O

For more proof details, see Appendix B.

This theorem provides a way to understand the continuous
version of the optimization process. In other words, it helps
us predict how our variables will evolve smoothly over time
as we try to find the best values to minimize the function
V' (z, z). The initial value X (0) = z( gives us the starting
point for this process.

4. Stability

Recall that + is the metric given in B™. Note that (B", v) is
a complete metric space. Fix y € B"™ and then,

lim ~(z,y) = ILm In(t++/72-1)

llz|—1
= OO,
lla—y|*
A=[lz[*)(A-[lylI*) "

This implies that any Cauchy sequence is included in a set

where 7 =1+ 2

K.:={r: |yl <r<1}.

Clearly, K, is compact in the Euclidean topology. Also, the
metrics are equivalent in K,.. Then we have convergence
in the Euclidean sense if, and only if, we converge in the
hyperbolic sense. Thus, (B™, ) is a complete metric space.

Now consider

X'=F(X,t), X(t)=Xo (11)
a first order dynamical system with F': B” x R — B",
X=X(@t)eB", XoeB"andt € R..

Let F' be a L-Lipschitz continuous function on X, i.e.
V(F(le t)) F(X27 t)) < L'Y(le XQ)
for a fixed t, L > 0 and for all X, X, € B".

Let ) C B" xR, (X, o) € € and suppose that F is contin-
uously differentiable on Q. Since (B™, ) is a complete met-
ric space, 11 has a unique solution X (t) ont € (tg—e,t+¢)
forany € > 0 and X (t9) = Xo. We can extend the solution
throughout €2 and furthermore, due to (Hirsch et al., 2012).
the solution is a continuous function of (X, t9), and if F’
depends continuously on some set of parameters, then it’s
also a continuous function of those parameters.

Definition 4.1. Let X* be a point such that F/(X*,¢) =0
for all t > ty. Then X * is a critical point of the system 11.
Also:

1. The point X * is stable if for all neighborhood O C B"
of X*, there exists a neighborhood O C O of X*



Hyperbolic Optimizer as a Dynamical System

such that every solution X (¢) with initial condition
X(tg) = Xo € O satisfies F(O',t) C O for all
t>tg;

2. The point X™* is asymptotically stable if is stable and,
lim X (t) = X*, forall X, € O,

t—o0

3. The point X ™ is unstable if it is not stable.

The given definition indicates that a critical point X* is
considered stable if, within a small neighborhood, there
exists an even smaller neighborhood O’ where all solutions
starting from points within (' remain within the original
neighborhood O for all future times. If this stability condi-
tion also involves the system approaching X * as time goes
to infinity, then it is termed asymptotically stable. Con-
versely, if X* is not stable, it is classified as unstable. This
categorization provides insights into the long-term behavior
and stability characteristics of the dynamic system centered
around the critical point X*.

The following result characterizes the critical points of the
Hyperbolic ADMM flow 10.

Proposition 4.2. Let X* be a strict local minimizer on
V(X). If || X*(t)|| = 1 when t — oo, then X* is a critical
point on the Hyperbolic ADMM flow 10.

Proof. Since X* is a strict local minimizer for V' (X), then
there exists a set O such that X* € O and V(X) > V(X*)
forall X € O\ {X*}. Due to the first-order optimality
conditions, we have that VV (X*) = 0. Using this fact, and
the fact that || X*(¢)|| — 1 when ¢ — oo we can conclude
that X* is a critical point of the dynamical system 10. [

We can use the Lyapunov stability to check the stability of a
system. In fact, we can determine if a dynamic system will
stay in a particular state over time. Furthermore, we can
extend to the Poincaré ball model a classical result (Hirsch
etal., 2012).

Theorem 4.3. (Hirsch et al., 2012) Let X* be a critical
point of the dynamical system 1. Also, let O C B™ be an
open set containing X* and L: O — R be a continuously
differentiable function. We have the following:

1. if L(-) satisfies
« L(X*) =0,
e L(X)>O0forall X € O\ {X*},
e L/(X) < O0forall X € O\ {X*},
then X* is stable and L is called a Lyapunov function;
2. If we have a strict inequality in the last point, then

X* is asymptotically stable, and L is called a strict
Lyapunov function.

The statement means that as a system evolves over time
according to certain equations, a strict Lyapunov function
can be used to show that the system’s solutions decrease
or get closer to a specific condition (see Figure 3). The
level sets here refer to sets of points where the Lyapunov
function takes constant values. The term strict implies that
the Lyapunov function consistently decreases, emphasizing
a clear trend towards stability in the system.

Figure 3. Solution decreases through the level sets of a strict Lya-
punov function.

Theorem 4.4. Let X* be a critical point (and a strict local
minimizer of V(X)) of the linearized Hyperbolic ADMM
flow. If A is a positive definite matrix, VV (X) > 0 near
X* and X (t) > 0 for all t > to, where ty € [0,00), then
X* is asymptotically stable.

Proof. For this result, we need to assume that n = m, i.e.,
A is a square matrix.

Recall that the flow of the Hyperbolic ADMM is given by

0=(ATA)TI'VV(X) + (ATA)71Q, + (ATA) 1, X
+ (AT A)TTAQ; + U X)X,

This is a non-linear differential equation. Then, if we take a
small perturbation X = X* 4 §.X implying X’ = § X’ and
replacing in the flow of the Hyperbolic ADMM, we have

0= (ATA)'VV(X* +6X)
+ (AT A) 710 + (AT A)10(X™ 4 6X)
+ ((ATA)TTAQs + Qu(X* +6X))5X'.

Now, if we linearize the non-linear terms by neglecting the
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high-order terms involving 6 X and § X', we have
0=(ATA) VAV (X*)0X + (ATA)"16X
+ (AT A)71AQ3 + QX *)0 X',
0= (ATA) N (VPV(X") + Inxn) 6X
=A
+ ((ATA)TLAQs + QuX*) 5 X

=B

Thus, we have a dynamical system of the form
AX +BX' =0. (12)
Note that in 12, we’re omitting J.

Finally, defining £(X) = X7 PX, where P is a positive
definite matrix, we can show using Theorem 4.3, and the
fact that A is a positive definite matrix, that the critical point
X* is asymptotically stable. O

This result states that if we have a specific critical point
X* and this point stays low when we make small changes
around it, then it is stable over time.

In the context of the Hyperbolic ADMM flow, this means
that if we start at X* and the conditions mentioned in the
result are satisfied, then as time goes on, we will stay close
to the critical point. This is good because it indicates that
the optimization process works effectively, converging to
the best solution. The result provides a kind of guarantee
that our optimization will eventually settle at this optimal
point and not wander away.

5. Conclusions and future work

In this study, we introduce a novel optimizer using hyper-
bolic geometry. Specifically, we connect the Poincaré ball
model to a non-linear differential equation. The complexity
arises when the equation is not linearized, necessitating nu-
merical analysis for stability studies. Linearizing the ODE
reveals crucial insights into system behavior.

Looking forward, we propose a more general exploration
of the optimizer, incorporating exponential and logarithmic
operations at arbitrary points. This broadens our understand-
ing of its behavior. We also pose questions about extending
the optimizer to other hyperbolic models and the impact of
isometries on stability and convergence.

Comparing our hyperbolic ADMM with the original, we
find increased complexity in the hyperbolic version, advanc-
ing our understanding of why Hyperbolic Neural Networks
perform well. We anticipate a numerical comparison with
ADMM in gyrovector space, suggesting our hyperbolic ver-
sion’s potential superiority. While M&bius operations are
computationally expensive, their optimization may be task-
dependent, offering a balance between cost and efficiency.

Impact Statement

This paper presents work whose goal is to advance the field
of Machine Learning. There are many potential societal
consequences of our work, none which we feel must be
specifically highlighted here.
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Hyperbolic Optimizer as a Dynamical System

A. Use of Mobius operations

Definition A.1. Two vectors z,y € B"™ are linearly dependent if for some a € R we can write x = a ® y.

Consider the set {(1/2,0), (1/4,0)}. Now,

(162> Cas <1é4>
—ann (G (547)) 4 ()
- (5=1) )

Then we have

1 (5/3)"—1
2 (530 +1
+1=2(5/3)" —
In3

" In(5/3)°

(5/3)" +

Thus, the vectors (1/2,0), (1/4,0) are linearly dependent.

More generally, if we have

then

Proposition A.2. A ser A is linearly dependent in R™ if and only if is linearly dependent in B™
In B™, choose {(1/2,0), (0,1/2)} and suppose that a, b # 0, then

0
1/
() () (w5) () =

32 41=0
3% = 0.

Thus,

10
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The previous system has no solutions. Thus, the set {(1/2,0), (0,1/2)} is Li.
Now, if we choose {(1/2,0), (1/2,0)} and again a,b # 0 we will have

L3 1 3v 1 . 31 2+1 3¢ 1
30 +1 3b+1 3b+1 30 +1
39 —1\? 39 -1 3 —1

2-2
<3a+1> +(<3a+1>+(3’ur1>
3% —1 N 3v_1
3¢ 4+1 341

2

2

~—_ ~— ~—
Il
o

where
32 —1 3 -1

3a+1 3417

This equation has no solutions. Note that

(x+y)? =222 -2

y=+vV2/22 —-1—z

1/2\ _ 1/2
() =22 (%)
Proposition A.3. Let B" = (B", @, ®). If a set of two vectors x,y are orthogonal in R", then x,y are linearly independent
in B™.

and 22 — 1 < 0. In fact, it is easy to note that

Proof. Consider a,b € R\ {0} and {x,y} C B"™ such that (x,y) = 0. Then,

aRrPby=0

a 1+$II>> T (b (1+||y||>> y
tanh < In ( — @ tanh [ = In —— =0
2 \1—|zll /) |zl 2 \1—1wll// llyll

ALY a2
((1|y|) - 1> () -1)
1+ o\ s|z+ |1+ (<1+”w”>a+1)2 y=0
((1—|y|) + 1> =]
— :T2
=
It is easy to see that r; and r5 can’t be zero. So, the orthogonal set {x, y} is linearly independent. [

For a matrix multiplication, we will use the following example.

Take / /
1/2 0 1/3 0
M_<O 1/2)’ N_(O 1/3)'
Then
V2-1 0
M®N = (V%H ﬁ_l)
V2+1
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If M, N € B"*™ where M = [M;]...|My]and N = [Ny]...|N,,] we define

M&N=[M; & N|...|My, & N,

M= (1(/)2 1(/)2)’ N= (1(/)3 1?3)'

MeN = (162 1(/)2) © (163 193)
- (263 2?3)

Let x € B™. We’re searching for a matrix M such that

As an example, choose

Then

Mexr=zx.

If we choose M as the n-dimensional identity matrix (i.e. diagonal entries are 1s and the rest Os) we have

Mr==x
tanh (m (Hllxl» .
L—|z| /) |zl
(i)
— 5 | T=X
L+ [z

then,

2I1
. S,
1+ 22 + 23 !
QIQ —
1+a22 +22 >

This equation has no solutions (assuming that x; # x2 # 0) because ||x|| < 1. Thus, M cannot be the n-identity matrix.

To solve M ® x = x for M, we have to compute when

M
tanh (' Ilarctanh(”x)) = ||Mz||.

|zl
Then v v
, m'm(”'m”)—m(““ >
] L— |l 1— || Mz

This equation has solutions only by numerical approximation.

B. Proof of Theorem 3.6

Theorem B.1. Consider the hyperbolic optimization problem given by

{minx,z{v(xﬁ Z) = f(l‘) + g(Z)},

subject to z = expy(A(logg x))

12
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and the function V(z) = f(z) + g(expy(A(logg ))). The continuous limit associated with the Hyperbolic ADMM updates,
with t = k/p, corresponds to the initial value problem

(ATA)'WV(X) + (ATA) Q1 + (ATA) 10X + (AT A) TAQs + QX)X =0 (13)

with X (0) = xg
where ; depends implicitly on X foralli=1,2,3,4.

Proof. Define L, as
L,: B" xB™ xB™ =R
(@, 2,u) = f(2) + g(2) + u(expy(A(logy 2)) © 2) + gl\ expq(A(logy ) © 2|

Differentiating L, w.r.t u we have

oL
871:) = uy, @ (expy(A(logy Tx+1)) © Zk+1)

14 |= x
Uk41 = Uk D (expo A (111 ( ” kHl) s ) S Zk+1>
L=kl ) Nzrgall

14+ ||z Ax
= Uur P (expo In ( || k+1||> kil S) Zk+1>

L=kl ) Nkl
I+fleg g1 1Azl
62 ln(lfllwk-HH) Terrl 1 Axk—i—l
=t @ 2 (oY e Az | © Fi
e Tyt ) Topstl 41 +
9 [ Azp il
(1+sz+1\|> Tkl
— @ T ) Axg41 o -
= Uk QA2 sl [ Az k+1
1+ ||zky1]| [N +1
I—lzktall
Now define
gllAzR 1l
1+ ||zt | legal 1
o 1—lzg41ll Axgiq
k+1 = TAep 1l ' :
2 o+l Ax
(1+\|Ik+1”) [E +1 H k+1||
1—[lzk+1]l
Then,

U1 = U ® (A1 © Zk41)
@ ((1 — Aap1, 2e41) + 1z ]*) s — (1 — ||ak+1|2)2k+1>
1= 2(apt1, 2e41) + ok ||| 2o [
_ 1 — 2apt1, 241) + [z 1 — [y |
=ur @ 3 5 Okl — 3 5 %k+1 | -
1= 2(apt1, 2641) + llow1 ][ ze+1 ] 1= 2(apt1, 2641) + |1 ][ 2541 ]

In the right hand of the equality, we have two constants multiplying two vectors, call it j1;,+1 and vg4; respectively. Thus,

(L + 2(up, 101 — Vi1 2e+1) + 1 0ne1 — Ve 2o |*)un + (1 — [Jugl®) (1001 — Vier1 2i41)
1= 2(uk, pr10k41 — Vi1 2k641) + [unl? [ e+ 1041 — Vi1 zp4a [|?

Uk4+1 =

13
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Using the previous notation we can redefine equations 7 and 8 as:

ohr = argmin f(2) + 5| (ue = vyzp) & (14)
sk = argmin g(2) + 5 (i r0ks1 —v2) & (15)
zeB™

Now, from Proposition 3.5, we have that if (11, 2k+1, ur+1) satisfies equations 14, 15 and 9, then the solution is unique.
Thus, we have

Oltgt1 Oag41 OVj11
0= Vf(@rs1) + p(Hr+10k41 — Vht12k + Uks1) (aka Q41 + &Bkil He+1 — :ﬂki Zk+1

=/

Tr41

O+ Vg1
0= Vg(zk+1) + p(Hk+1Qk+1 = Vit12641 + Ukt1) < L g1 — 2 g1 — Vit
0241 0241

=lapiq

Multiplying the first equality by /., ,, , the second one by ¢ and subtracting both we have

Tr41

0= észerf(l’k_H) - g$k+1vg(zk+1) + pgxk+1£zzc+1yk+1(zk+1 - Zk)

Following the idea of (Boyd et al., 2011) we choose t = 0k, x, = X (t), zi = Z(t), ur, = U(t) and vy, = N(¢). Using the
Mean Value Theorem on the ith component of z;; we have that
Zk+1,i = Zi(t + (5) = Zl(t) + 5Zl/(t + Ci(S), for some (; € [0, 1].
Thus
lim ZkALi ~ 2k Zl(t).

6—0

Since this hold for every i, we can choose p = 1/§ and get

ZZk+1vf(xk-i-l) - gwk+1v9(zk+1) + p€$k+lgzk+1yk+1(zk+1 - Zk) =0
_>

Lz V(X (1) = €x)Vg(Z(t) + txylzmN#)Z'(t) =0

Now, on the i—th component of 9 we have

Ui(t +6) = Us(t) + (expy(A(log X)))i(t +0) — Zi(t + ).

Again, by the Mean Value Theorem there exists ¢; € [0, 1] such that
SU!(t + ¢;0) = (expy Alogy X)i(t + ) — Z;(t + )
s0, (expy Alogy X);(t) = Z;(t). Since this holds for every component ¢, we have:

14
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Z(t) = expy(A(logy X (1)))

QlAX )] lAX G
X @)l xeon LHIX @I o IAX @O Al + 2 HX(t>H —2X(t)
(1*I\X(t)|\ 8\ =X @) IxX@I [1x@l LHIXOIY (1-[[X(®)])?
Z/(t):_2 (1 I1X (%) H)
QlAax 2
(1+HX(t)H) Ixor
1= X (Bl
L x ) \ 2 TR
n (1—|\X<t>n Tl (AIAX(t) ATAX(t)> X'(1)
(1 Hx(t)u)Q"wﬁfé?h” . JAX (1)]1?
1= X (@)l
=n(t) + ()X () + k() AX'(t) + w(t) ATAX () X' (2),

where

IAX (0]
(1 ux(t)H)? Xl 10g(1+\|X(t)H) Amas (AT A)
(t) = —4 1-[[ X ()]l 1-[[ X ()]l Xl
K Qlax®l 2
(1+|\X(t)|\) TXOT _ 4
=X
IAx (D) lAX ()]
(1) = g (L IX@IN T XD X0
=X Jlaxan N2
LX) ) TXOT
((IIIX(t)I) >
Slax(@)]
L[ X (¢ TX (O
o [ERETEE )
x> et | 1AX @
(1—|\X(t)|\) n
QllAX @)1l
L[ X (¢t X
o [CERED
L x @) 2 TRt ) [AX(8)]1?
(1*\\X(t)|\> -
Since nor £x ;) or £,y vanishes at any point, we have
lx
VIX(®) = g, SV9Z0) + LN OZ (B = 0
t
VV(X(t)) + xiyN&)n(t) +x sy N (t)e(t) X () + Lx @y N(t)r(t) AX'(t) + Lx )N (t)w(t) ATAX()X'(t)) =0
—— —
=Q1 (t) =Q,(t) =Q3(t) =Q4(t)

VV(X(t) 4+ Qu(t) + Qo) X (1) + Qs () AX' (1) + () ATAX (1) X' (1)) =
(ATAIWWV(X (1) + (ATA) 720 (1) + (ATA) 1 () X (1) + (ATA)LAQs () X (t) + () X (£) X'
(ATA)TIVV(X (1) + (ATA) 1 (1) + (AT A) () X (1) + (AT A) T AQs(1) + Qu(1) X (1) X'

which is equivalent to 10 since A is invertible.

Finally, since 10 is a non-homogeneous first-order linear equation, the dynamics is specified by X (0) = x, where x is the
estimate of the initial solution of B.1. O
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C. Closed forms.

Due the Theorem 3.6 we have explicit forms for the derivatives of a1, pig+1 and vg41 W.rt. g1 and zg1. This will be

useful to run experiments in the future.

Recall

(14 2(up, prr1011 — Vi1 2e41) + i 10rs1 — veprzep ) ue + (1= [Jug|®) (rg10r1 — Ves12r41)

Uk+1—

For a1 define

1 — 2(uk, e 10k+1 — Vi1 2k+1) + [kl e 10m11 — Vi1 2412

1+ [[@p41 ] | Azg41]| Ajq
Brt1 = Vg1 = 20— and 41 = "
1= [Jzgqall’ llzks1ll Az 1|
this implies that
'7k+1
(B,
Xht1 = | g _q | Ok+L
5k+1 -
Then,
MWry1  —2xp41 O _ ol Azhea] AL O%k4r _ Al AZj | — AT Az
Pt A= ToertD® Bwnrs - Towstll Tewetl]l ™ Bzien e E
and
Yie+1 OVk+1 Ye+1 OBrt Vh+1
041 _ 6k+1 (1Ogﬁk+1 OTp41 + Br+1 893k+1) (ﬂkJrl )
O0Tk41 (Bt —1)2
Vh+1 OVie+1 Ye+1 OBkt Vht1 4
5k+1 (10g5k+1 ATpy1 + Brot1 8fﬂk+1> (ﬁk'*‘l 1)
- 2
(Bei1 —1)?
~
L Bt + 1\ 00k
BZT; — 1) Ozpyr
Vi+1 Vet1 Yet+1 OBri
. Brit (IOgﬁkH dzee: T Bena 3$k+1) ﬁzkﬁl D611
(51??11 - ) ﬁ;fll —1) 0zpqa
2HA11¢+1H 2 Az k41l
Ltlzpgall )™ Boeral 0o (Itllzesll ) o IAZRall _[IA] + [ETeY] —2Tpy1
I—[lzwtll &\ T lzssa Hwk+1” [T (H”’”’H—l”) A=llzr+1])?
I—lzgiql
= —2 5
2||A1'k+1H
(1+H5Ek+1\|) L
I—{lzkt1ll
2HAm}¢+1H
1+ka+1|\) AEPE
+ (1_”““” 1 <A||A1'k+1|| - ATAxkﬂ)
Az i1l 2
(1+Hmk+1|\)2 Teeil g [ Azt
[ BT
Now,
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1 —2(apy1, 2it1) + ||z [
1 — 2(apt1, 2641) + ok ][ 2ot (|2
Opg1 0 1 — 2(ons1, zir1) + 2o |?
Oxpy1r  Ozpn <1 — 2(@k41, 2k41) + ||ak+1||2||2k+1|2)
o (U= e, zen) + e [P) (1 = 2{ans, 2541) + Nl [z )
a (1= 2k, zrr1) + llews1l?l|ze4111%)2
(1= 2{ar1, zo1) + 21 1?) oy (1= 2ty zi1) + o |l 2r101?)

(1 = 2(ak+1, 2641) + o ?20117)?

HEk+1 =

0 oy,
25t 2kt (o [P 2k |? = Nznanl®) = 25555 N 22 12 (1 = 20k, 2z041) + 241 (1?)

(1= 2{ekt1, 2e41) + lara [Pl 2r42117)?

0
So now we have a closed form for M.
O0Tk41
Recall that
1— ot |)?
. s

1= 2(okt1, 2rg1) + llawgalPllzea|?”

then,

Wpn _ 0 ( 1 — [t )
Oxpi1 Ozpyr \1—2{apt1, zr41) + |l 2|z 12

o
255 || (1 = 2{es1, 2er1) + ot | ll2rr1?)

(1= 2kt ze41) + lanral 241 ]12)°

12} 12}
(1= lawsal?) (-25252 200 + 522202001 )

(1= 2{akrt, zea1) + ol ze41]2)°

Now we need the derivatives w.r.t. z;y1:

1 — 2(agt1, 241) + |21 )
1= 2(apt1, zk41) + k41 1Pl 2641
Oprr _ 0 1 — 241, 2kt1) + [|zw41 12
Ozkt1  Ozpsr (1 = 2(Qk 41, 21t1) + |ak+1|2||zk+1||2>
(1 =2kt zrr1) + 2641121 = 2(akt1, zir1) + ol ze410%)
(1 = 2(t15 2k41) + [t [Pl 2e41]12)?
(1= 2(kr1s ze1) + zr1 1) 322 (1= 2 hrs zo1) + o [l ze4111%)
(1 = 2{at1, 2641) + okl 26+12)?

—2(kr1 = llzea1 DA = 2{ani1, 2641) + llowga P 2a1 )

(1 — 2{akt1, 2b11) + okl 2041 7)?
(1 = 2(okt1, 2r11) + 21 l*) (a1 = llawsa P 2e41)

(1 = 2(at1s 241) + [t [ 2e41]12)?
~ 20zl = ek llllzesnll = 2{eks15 2511) = Nawgall? + 2llenpa|*{anr1s 2641) + argall2zea )
a (1 = 2(at1, 241) + [|art[Pll2e41]12)?

[h+1 =

0
02k 41

+2
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g 0 ( 1— [lovesa]? )
Ozkr1 Ozprr \1 = 2(ht1, 2k41) + laksr [ zr41 |2

0 (1 = 2ans1, zer1) + lawsa P llze1 ) A = llowsa]?)

T 9zkt+1
(1 = 2{ahr1, zk41) + llawta [P ll2e4111%)?
(2041 + 2l ]* [ zr+1 ) (w4 | = 1)
(1 = 2(ans1, 2041) + [l [P]lzr41l2)?
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