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Abstract—Driven by the need to solve increasingly complex
optimization problems in signal processing and machine learning,
there has been increasing interest in understanding the behavior
of gradient-descent algorithms in non-convex environments. Most
available works on distributed non-convex optimization problems
focus on the deterministic setting where exact gradients are
available at each agent. In this work and its Part II, we
consider stochastic cost functions, where exact gradients are
replaced by stochastic approximations and the resulting gradient
noise persistently seeps into the dynamics of the algorithm. We
establish that the diffusion learning strategy continues to yield
meaningful estimates non-convex scenarios in the sense that
the iterates by the individual agents will cluster in a small
region around the network centroid. We use this insight to
motivate a short-term model for network evolution over a finite-
horizon. In Part II [3] of this work, we leverage this model to
establish descent of the diffusion strategy through saddle points
in O(1/p) steps, where 1 denotes the step-size, and the return
of approximately second-order stationary points in a polynomial
number of iterations.

Index Terms—Stochastic optimization, adaptation, non-convex
cost, gradient noise, stationary points, distributed optimization,
diffusion learning.

I. INTRODUCTION

HE broad objective of distributed adaptation and learning

is the solution of global, stochastic optimization problems
by networked agents through localized interactions and in
the absence of information about the statistical properties
of the data. When constant, rather than diminishing, step-
sizes are employed, the resulting algorithms are adaptive in
nature and are able to adapt to drifts in the data statistics.
In this work, we consider a collection of N agents, where
each agent k is equipped with a stochastic risk of the form
Jr(w) = E;, Qr(w;xy) with Qr(w;xy) referring to the
loss function, w € RM denoting a parameter vector, and
xj, referring to the stochastic data. The expectation is over
the probability distribution of the data. The objective of the
network is to seek the Pareto solution:

min J(w),
w

N
where J(w) £ Zkak(w) (1
k=1

where the p; are positive weights that are normalized to add
up to one and will be specified further below; in particular,
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in the special case when the {p;} are identical, they can be
removed from (I). Algorithms for the solution of (T)) have been
studied extensively over recent years both with inexact [4]-[7]]
and exact [8|]-[[10] gradients. Here, we focus on the following
diffusion strategy, which has been shown in previous works to
provide enhanced performance and stability guarantees under
constant step-size learning and adaptive scenarios [5]], [[11]:

Qi = Wk i1 —Nﬁk(wk,iq) (2a)
N

Wi =Y andy, (2b)
=1

where ﬁk() denotes a stochastic approximation for the
true local gradient V.Jj(-) and 4 denotes the iteration index.
The intermediate estimate ¢, ; is obtained at agent k by
taking a stochastic gradient update relative to the local cost
Ji(+). The intermediate estimates are then fused across local
neighborhoods where ay; are convex combination weights
satisfying:

a 20, Y am=1, ap=0ifL¢N, (3

LeEN; k
The symbol N}, denotes the set of neighbors of agent k.

Assumption 1 (Strongly-connected graph). We shall assume
that the graph described by the weighted combination matrix
A = lag] is strongly-connected [3|]. This means that there
exists a path with nonzero weights between any two agents in
the network and, moreover, at least one agent has a nontrivial
self-loop, ay > 0. |

It then follows from the Perron-Frobenius theorem [5]], [[12],
[13] that A has a single eigenvalue at one while all other
eigenvalues are strictly inside the unit circle, so that p(A4) = 1.
Moreover, if we let p denote the right-eigenvector of A that
is associated with the eigenvalue at one, and if we normalize
the entries of p to add up to one, then it also holds that all
entries of p are strictly positive, i.e.,

Ap=p, 1'p=1, py>0 4)

where the {p;} denote the individual entries of the Perron
vector, p.

Notation: We denote random variables using boldface let-
ters, while deterministic quantities are set using regular font. In
the absence of further specification, ||-|| denotes the Euclidean
norm. For two matrices A and B, we denote A > B, if
A — B is positive semi-definite. We say that f(u) € O(g(w))

if lim, o |§ Eﬁ ; | < (C for some constant independent of i,




and f(p) € o(g(p)) if lim, o J;Eﬁ; 0. We use O(g(p))

and o(g(u)) as placeholders for terms f(u) € O(g(u)) and
f(n) € o(g(p)), respectively. For example, u(u) < v(p) +
o(g(p)) means that there exists f(u) € o(g(p)), such that

u(p) <o(p) + ().

A. Related Works

The performance of the diffusion algorithm (2a)-(2b) has
been studied extensively in differentiable settings [6], [11]],
with extensions to multi-task [14]], constrained [15]], and non-
differentiable [16] environments. A common assumption in
these works, along with others studying the behavior of dis-
tributed optimization algorithms in general, is that of convexity
(or strong-convexity) of the aggregate risk J(w). While many
problems of interest such as least-squares estimation [5],
logistic regression [5], and support vector machines [17]]
are convex, there has been recent heightened interest in the
optimization of non-convex cost functions. Such problems
arise naturally in the design of robust estimators [18|] and the
training of complex machine learning architectures such as
those involving dictionary learning [[19] and artificial neural
networks [20].

Motivated by these applications, recent works have pursued
the study of optimization algorithms for non-convex problems,
both in the centralized and distributed settings [21]-[39].
While some works focus on establishing convergence to a
stationary point [31]-[33], there has been growing interest
in examining the ability of gradient descent implementations
to escape from saddle points, since such points represent
bottlenecks to the underlying learning problem [20]. We defer
a detailed discussion on the plethora of related works on
second-order guarantees [21]-[30], [35], [36], [40] to Part
IT [3]], where we will be establishing the ability of the diffusion
strategy (2a)—(2b) to escape strict-saddle points efficiently. For
ease of reference, the modeling conditions and results from
this and related works are summarized in Table [l

The key contributions of Parts I and II this work are three-
fold. To the best of our knowledge, we present the first analysis
establishing efficient (i.e., polynomial) escape from strict-
saddle points in the distributed setting. Second, we establish
that the gradient noise process is sufficient to ensure efficient
escape without the need to alter it by adding artificial forms of
perturbations, interlacing steps with small and large step-sizes,
or imposing a dispersive noise assumption. Third, relative to
the existing literature on centralized non-convex optimization,
where the focus is mostly on deterministic or finite-sum
optimization, our modeling conditions are specifically tailored
to the scenario of learning from stochastic streaming data.
In particular, we only impose bounds on the gradient noise
variance in expectation, rather than assume a bound with
probability one [25]], [29] or a sub-Gaussian distribution [30].
Furthermore, we assume that any Lipschitz conditions only
hold on the expected stochastic gradient approximation, rather
than for every realization, with probability one [26]—[28]].

B. Preview of Results

We first establish that in non-convex environments, as was
already shown earlier in [6] for convex environments, the

evolution of the individual iterates wy, ; at the agents continues
to be well-described by the evolution of the weighted centroid
vector ijzl Dr Wy ; in the sense that the iterates from across
the network will cluster around this centroid after sufficient
iterations (Theorem [I). We subsequently consider two cases
separately and establish descent in both of them. The first
case corresponds to the region where the gradient at the
network centroid is large and establish that descent can occur
in one iteration (Theorem [2). The second and more challenging
case occurs when the gradient norm is small, but there is
a sufficiently negative eigenvalue in the Hessian matrix. In
this regime, we introduce a short-term model, which allows
for tractable analysis over several iterations, and establish
that it tracks the true dynamics of the diffusion algorithm
well enough. We then leverage this result to establish in Part
IT [3]] that the recursion will continue to descend along the
aggregate cost at a rate that is linear in & per O(1 /) iterations.
Combined with the first result, this descent relation allows us
to provide guarantees about the second-order optimality of the
returned iterates.

The flow of the argument is summarized in Fig. [l We
decompose RM into the set of approximate first-order sta-
tionary points, i.e., those with ||[VJ(w)||*> < O(u) and the
complement, i.e., the large-gradient regime. For the large-
gradient regime, descent is established in Theorem [2] We
proceed to further decompose the set of approximate first-
order stationary points into those that are 7-strict-saddle, i.e.,
those that have a Hessian with significant negative eigenvalue
Amin (V2J(w)) < —7, and the complement, which are ap-
proximately second-order stationary points. For 7-strict-saddle
points we establish descent in Part II [3, Theorem 1]. Finally,
in Part II [3, Theorem 2], we conclude that the centroid will
reach an approximately second-order stationary point in a
polynomial number of iterations.

II. EVOLUTION ANALYSIS

We shall perform the analysis under the following common
assumptions on the gradients and their approximations.

Assumption 2 (Lipschitz gradients). For each k, the gradient
VJi(-) is Lipschitz, namely, for any x,y € RM:

IV Ik (z) = VIR (y)l < bl -yl (5)

In light of (1) and Jensen’s inequality, this implies for the
aggregate cost:

IVJ(z) = VI (y)ll <l =yl (6)

|

The Lipschitz gradient conditions (3) and (6) imply bounds

on the both the function value and the Hessian matrix (when

it exists), which will be used regularly throughout the deriva-
tions. In particular, we have for the function values:

T) <T@+ VI -2 + o le -yl )

For the Hessian matrix we have [5]:

—0I < V?J(z) < oI 8)



Modeling conditions Results
Gradient Hessian Initialization Perturbations Step-size Stationary Saddle

Centralized

[21] Lipschitz — — SGD + Annealing diminishing v asymptoticJr

[22] Lipschitz & bounded* Lipschitz — ii.d. and bounded w.p. 1 constant v polynomial

[23] Lipschitz — Random — constant v asymptotic

[24] Lipschitz Lipschitz — Selective & bounded w.p. 1 constant v polynomial

[25] Lipschitz Lipschitz — SGD, bounded w.p. 1 alternating v polynomial

[26] Lipschitz Lipschitz — Bounded variance, Lipschitz w.p. 1 constant v polynomial

[27] Lipschitz Lipschitz — Bounded variance, Lipschitz w.p. 1 constant v polynomial

[28] Lipschitz Lipschitz — Bounded variance, Lipschitz w.p. 1 constant v polynomial

[29] Lipschitz Lipschitz — SGD, bounded w.p. 1 constant v polynomial

[30] Lipschitz Lipschitz — SGD + Gaussian constant v polynomial

Decentralized

[31] Lipschitz & bounded — — — constant v —

[32] Lipschitz — — SGD constant v —

[33] Lipschitz — — — constant v —

[34] Lipschitz & bounded — — iid. diminishing v —

[35] Lipschitz Exists Random — constant v asymptotic

[36] Bounded disagreement — — SGD + Annealing diminishing v asymptotic
This work Bounded disagreement  Lipschitz — Bounded moments constant v polynomial

TABLE I

COMPARISON OF MODELING ASSUMPTIONS AND RESULTS FOR GRADIENT-BASED METHODS. STATEMENTS MARKED WITH * ARE NOT EXPLICITLY
STATED BUT ARE IMPLIED BY OTHER CONDITIONS. THE WORKS MARKED WITH | ESTABLISH GLOBAL (ASYMPTOTIC) CONVERGENCE, WHICH OF
COURSE IMPLIES ESCAPE FROM SADDLE-POINTS.

[)\min (V2 (wes) > —7 ]

O()-stationary
IVJ(wei)|> < p2 (1+ 1)
—

[Network centroid]

w,,; at time %

~a
NOT O(p)-stationary
IVI(we)lI* > pez 1+ 7)

™
~

E {J(wm) —

(wc,i is approximately second-order stationary.]

T-strict-saddle

\

Descent in one iteration by Theorem [2} ,
E{J(we;) — J(We,is1)| we; € G} > p22 — 2

i

Descent in ¢° = O(1/(p7)) iterations in Part IT [3, Theorem 1]:

J(Weipis)| we; € HY > EMo? — o) — 28

iz
T

Fig. 1. Classification of approximately stationary points. Theorem [2]in this work establishes descent in the green branch. The red branch is treated in Part II [3}
Theorem 1]. The two results are combined in [[3) Theorem 2] to establish the return of an approximately second-order stationary point with high probability.

Constants are defined in Definition [2] and the referenced theorems.

Assumption 3 (Bounded gradient disagreement). For each
pair of agents k and {, the gradient disagreement is bounded,
namely, for any © € RM :

IVIk(z) = V()| <G ©

|

This assumption is similar to the one used in [36] under a
diminishing step-size with annealing. Note that condition (9)
is weaker than the more common assumption of bounded
gradients. Condition (9) is automatically satisfied in cases
where the expected risks Ji(-) are common (though agents
still may see different realizations of data), or in the case
of centralized stochastic gradient descent where the number

of agents is one. This condition is also satisfied whenever
agent-specific risks with bounded gradients are regularized by
common regularizers with potentially unbounded gradients, as
is common in many machine learning applications. Observe
that (9) implies a similar condition on the deviation from the
centralized gradient via Jensen’s inequality:

N
IVTk(2) = VI (@) = ||>_ pe (VIr(x) = V()
{=1

N
< peVIk(z) = V() | < G (10)
=1



Definition 1 (Filtration). We denote by F; the filtration
generated by the random processes wy, ;j for all k and j < i:

(1)

where w; £ col{w j, ..., wy ;} contains the iterates across
the network at time j. Informally, FF; captures all information
that is available about the stochastic processes wy, ; across
the network up to time 1.

Fi2{wo,wi,...,w;}

Assumption 4 (Gradient noise process). For each k, the
gradient noise process is defined as

Ski(Whi-1) = ﬁk(wk,i—l) — Vi (wg,i—1) (12)

and satisfies
E {ski(wk,i—1)|Fi—1} =0 (13a)
E{| ski(wki)|[*|Fia} <o (13b)

for some non-negative constants O’,%. We also assume that the
gradient noise processes are pairwise uncorrelated over the
space conditioned on F;_1, i.e.:

E {sk,i(wk,i—1) Se,i(we,i—1)T|-7:¢—1} =0 (14)

Property (I3a) means that the gradient noise construction
is unbiased on average. Property (I3b) means that the fourth-
moment of the gradient noise is bounded. These properties
are automatically satisfied for several costs of interest [S],
[11], and weaker than imposing a uniform bound to hold with
probability one, or the perturbations to be sub-Gaussian. Note,
that the bound on the fourth-order moment, in light of Jensen’s
inequality, immediately implies:

E{| sk,i(wgi1)|?[Fi1}
(36
< \VE{lski(wri )11 Fi) < oF

15)

While our primary interest is in the development of algorithms
that allow for learning from streaming data, we remark briefly
that the results obtained in this work are equally applicable
to empirical risk minimization via stochastic gradient descent,
by assuming that the streaming data is selected according to
a particular distribution.

Example 1 (Empirical Risk Minimization). Suppose the costs
Ji(+) are empirical based on locally collected data {xkﬁs}le
and take the form:

1 S

Jp(w) = g Z Q(w, zy 5)

s=1

(16)

In empirical risk minimization (ERM) problems, we are in-
terested in finding a vector w® that minimizes the following
empirical risk over the data across the entire network:

1 L1
w® & argrrbi]nﬁz (S;Q(U/7xk,s)> (17)

k=1

If we introduce the uniformly-distributed random variable
@), = xi,s with probability & for all s, then the cost
is equivalent to solving:

N

o 1 1
wo = argngn N ];Ewk Q(wvwk)

(18)

which is of the same form as (I)) with p; = 3. The resulting
gradient noise process satisfies the assumptions imposed in
this work under appropriate conditions on the risk Q(,-).
This observation has been leveraged to accurately quantify the
performance of stochastic gradient descent, as well as mini-
batch and importance sampling generalizations, for empirical
minimization of convex risks in [8]]. |

A. Network basis transformation

In analyzing the dynamics of the distributed algorithm (2a))-
(2D}, it is useful to introduce the following extended quantities
by collecting variables from across the network:

w; = col{wy ;,...,wn;} (19)
A2 A1y (20)
Gowi) 2 col{ﬁ(wu),...,ﬁN(wN,i)} 1)

where ® denotes the Kronecker product operation and col {-}
is obtained by stacking the arguments columnwise. We can
then write the diffusion recursion (2a)—(2b) compactly as:

w; = AT (Wis1 —ug(wi_1)) (22)

By construction, the combination matrix A is left-stochastic
and primitive and hence admits a Jordan decomposition of the
form A = V. JV_ ! with [3], [6]:

]lT

Vi

10l o
0 J}V =

where J. is a block Jordan matrix with the eigenvalues A\ (A)
through An(A) on the diagonal and € on the first lower sub-
diagonal. The extended matrix A then satisfies A = V. JV !
with V. =V, @Iy, J =J @Iy, V7! = V-1 @ Iy. The
spectral properties of A and its corresponding eigendecom-
position have been exploited extensively in the study of the
diffusion learning strategy in the convex setting [5]], [6]], and
will continue to be useful in non-convex scenarios.
Multiplying both sides of (22)) by (pT @1 ) from the left,

we obtain in light of @):

Ve=1[»p VR];J:[ ](23)

PTeoDwi=@ @h)wia—p ©1)gwi1) 4

Letting w ; = 25:1 Dk Wi = (pT ® I) w; and exploiting
the block-structure of the gradient term, we find:

We; = Wei—1 —MZL Pkﬁk(wk,z‘—l) (25)

Note that w.; is a convex combination of iterates across
the network and can be viewed as a weighted centroid. The
recursion for w, ; is reminiscent of a stochastic gradient step
associated with the aggregate cost Zivzl prJi(w) with the
exact gradients V.Ji(-) replaced by stochastic approximations



VJi(-) and with the stochastic gradients evaluated at wy, ;_1,
rather than w.;_1. In fact, we can write:

N

We; = Weio1 —f ZkaJk(wc,i—l) —pdi—1 — 1 s; (26)
=1

where we defined the perturbation terms:
dio1 2 350k (VI (wrio1) = V(weio1) @)
8i 2 b (ﬁk(wk,iﬂ) - VJk(wk,iq)) (28)

We use the subscript ¢ — 1 for d;_; to emphasize that it
depends on data up to time ¢ — 1, in contrast to s; which is
also dependent on the most recent data from time ¢. Observe
that d;_; arises from the disagreement within the network,
and in particular that if each wy ;—; remains close to the
network centroid w. 1, this perturbation will be small in
light of the Lipschitz condition (3) on the gradients. The
second perturbation term s; arises from the noise introduced
by stochastic gradient approximations at each agent. We now
establish that recursion (26) will continue to exhibit some of
the desired properties of (centralized) gradient descent, despite
the presence of persistent and coupled perturbation terms.

B. Network disagreement

To begin with, we study more closely the evolution of the
individual estimates wy, ; relative to the network centroid w. ;.
Multiplying 22) by V} £ (V4 @ I) from the left yields in

light of (23):

VI-I:; w; = V;;AT Wi—1 —MVIEAT/Q\(WZ‘_Q

=JVEwii1 —pJIVEg(wio1) (29)
Then, for the deviation from the network centroid:
Wi — Wei
= (I — (]lpT ®I)) w
= (v oD (veen - (T el)w
Sviviw, (30)

where V;, 2 (V, ® I), so that the deviation from the centroid

can be easily recovered from V}w; in 29). Proceeding
with 29), we find:

[VEwill
R
Al 1
o M=l
€2

®)
< VR Wil +

where (a) follows from the sub-multiplicative property of
norms, and (b) follows from Jensen’s inequality ||la + b]|* <
Lellall’ + o B[ with

o= 7] 2 \/p(JJT)

< \JIITl, < M3 +e<t
(32)

for sufficiently small e due to Assumption |1 l where o

p(A—1pT). We observe that the term HVR Wl” contracts
at an exponential rate given by ||JTH ~ A for small ¢, also
known as the mixing rate of the graph. Iterating this relation
and applying Assumptions[TH4] we obtain the following result.

Theorem 1 (Network disagreement (4th order)). Under
assumptions [[H4} the network disagreement is bounded after
sufficient iterations © > i, by:

B wi— (1" & 1) wi"

16HJT||4 1
<o)t e L)t v (G4 + maxcf;) (33)
(L= k

4log(p) —1
ety T O0) = olp
a term that is higher in order than p~". Convergence to
agreement occurs at a linear rate given by HJJH

Proof: Appendix ]
Note again, that Jensen’s inequality immediately implies for
the second-order moment:

) and o(u
1

where i, = ~1Y denotes

E|w;— (1p" ® 1) WiH2 < \/EHWZ'— (1pT @ I) w;||*

2 2
@ 5 LA IVRITN
< Ve = e
(=170
where (a) follows from and sub-additivity of the square

root, i.e. /T +y < T+ /Y- This result establishes that, for
every agent k, we have after sufficient iterations ¢ > i,:

G2 + ml?x U,%) 34)

E|wgi—we;|? < O(u?) (35)

or, by Markov’s inequality [41]]:

Pr{ || w —we;|* > Cu} < Ow) (36)
for a C independent of u. Hence wy ; will be arbitrarily
close to w,; with arbitrarily high probability for all agents.
This result has two implications. First, it allows us to use
the network centroid w,. ; as a proxy for all iterates wy,; in
the network, since all agents will cluster around the network
centroid after sufficient iterations. Second, it allows us to
bound the perturbation terms encountered in (26)).

Lemma 1 (Perturbation bounds (2nd and 4th order)).
Under assumptions and for sufficiently small step-sizes
L, the perturbation terms are bounded as:

2
(BlldialP) <Eldia]' <O 6D
E{llsil*|1Fi1} < ) pho? 2 0 (38)
E{lsil|'| i1 | < maxoi (39)

after sufficient iterations i > i, where we defined o® =
ZN 2 52
k=1Pr%:

Proof: Appendix [C| [ |



Definition 2 (Sets). To simplify the notation in the sequel, we
introduce following sets:

gL {w VI (w)])? > “%i (1 + i)} (40)
7—[ é {’LU LW e gc7)\min (V2J(w)) S _T} (41)
M é {w RS gcy>\min (VzJ(w)) > _T} (42)

where T is a small positive parameter, c1 and cy are constants:

(43)
(44)

o 2 5 (1—206) = O(1)
co 2 60%/2 =0(1)

and 0 < w < 1 is a parameter to be chosen. Note that G =
HUM. We also define the probabilities 7 = Pr {w.; € G},
7t & Pr{w.,; € H} and 7™ £ Pr{w,; € M}. Then for
all i, we have 7rig + 7Tz-l + 7rZM =1. |

The definitions (40)—-(@2) decompose the parameter-space
RM into two disjoint sets G and G, and further sub-divides
G€ into H and M. The set G denotes the set all points w
where the norm of the gradient is large, while G¢ = H U M
denotes the set of all points where the norm of the gradient
is small, i.e., approximately first-order stationary points. In
a manner similar to related works on the escape from strict-
saddle points, we further decompose the set G of approximate
first-order stationary points into those points w € H that do
have a significant negative eigenvalue, and those in M that
do not [22f], [24]. Points in the parameter space that have a
small gradient norm and no significant negative eigenvalue are
referred to as approximately second-order stationary points,
while points in H are known as strict saddle-points due to
the presence of a strictly negative eigenvalue in the Hessian
matrix. In the sequel, we will establish descent for centroids in
G in Theorem [2] and centroids in  in Part II [3} Theorem 1],
and hence the approach of a point in M with high probability
after a polynomial number of iterations in Part II 3| Theorem
2]. Second-order stationary points are generally more likely
to be “good” minimizers than first-order stationary points,
which could even correspond to local maxima. Furthermore,
for a certain class of cost functions, known as “strict-saddle”
functions, second-order stationary points always correspond to
local minima for sufficiently small 7 [22].

C. Evolution of the network centroid

Having established in @I), that after sufficient iterations, all
agents in the network will have contracted around the centroid
in a small cluster for small step-sizes, we can now leverage
w,,; as a proxy for all wy, ;. From Assumption (2 and @, we
have the following bound:

J(we;) < J(wei—1) + VJ(wc,i—1)T (We,i —Wei—1)

+ §||wc,z‘ —wei|? (45)

From (26)), we then obtain:
J(we,i) < J(we,i-1) — MHVJ('LUC’FI)HQ
— MVJ(wc,i—l)T (di—1 + si)

)
+M2§||VJ(’UJC)Z‘_1) +d;_4 —‘y-.Si||2 (46)

This relation, along with and the results from Lemma [T}
allow us to establish the following theorem.

Theorem 2 (Descent relation). Beginning at w.;,—1 in the
large gradient regime G, we can bound after i > i,:

E {J(wc,i)| Wei-1 € G}

c o(u?
< E{J(we;i-1)|wei—1 € G} — ’uzj + 7(91# )
T i

47)
as long as W?_l = Pr{w.;—1 € G} # 0 where cy and 7
are defined in Definition |2| On the other hand, beginning at
We -1 € M, we can bound:

E {J(w(,l)‘ We,i—1 S M}

O(u°)
ﬂ-.i/\:ll

<E {J(’wc’iflﬂ We -1 € M} + ,u202 + 48)

as long as wM, = Pr{w.;—1 € M} # 0. Finally, we
bound the difference between the initial function value and
the function value when consensus is achieved (see Lemma [I)

as:
E J(wc,io )

>_[VEwol

m
< J(weo) + 3 (14 2p8) 6% \/Prmax Vi | W o(u)
@

Proof: Appendix [E] [ |

Relation ([@7) guarantees a lower bound on the expected
improvement when the gradient norm at the current iterate is
sufficiently large, i.e. w.;—1 € G is not an approximately first-
order stationary point. On the other hand, when w,;_; € M,
inequality (@8] establishes an upper bound on the expected
ascent. The respective bounds can be balanced by appropri-
ately choosing 7, which will be leveraged in Part II [3]. Re-
lation ensures that any deterioration in performance until
agreement according to Theorem [I]is reached is negligible and
will also be used in Part II [3]]. We are left to treat the third
possibility, namely w.,;,—1 € H. In this case, since the norm
of the gradient is small, it is no longer possible to guarantee
descent in a single iteration. We shall study the dynamics in
more detail in the sequel.

D. Behavior around stationary points

In the vicinity of saddle-points, the norm of the gradient
is not sufficiently large to guarantee descent at every iteration
as indicated by (@7). Instead, we will study the cumulative
effect of the gradient, as well as perturbations, over several
iterations. For this purpose, we introduce the following second-
order condition on the cost functions, which is common in the
literature [5], [22], [24].



Assumption 5 (Lipschitz Hessians). Each Jy(-) is twice-
differentiable with Hessian V?Jy(-) and, there exists p > 0
such that:

IV2Jk(2) = V2T < pllz = yll (50)

By Jensen’s inequality, this implies that J(-) = chvzl ik ()
also satisfies:

IV2J(z) = V2JI ()| < pllz -y (51)

Let ¢* denote an arbitrary point in time. We use ¢* in order to
emphasize approximately first-order stationary points, where
the norm of the gradient is small. Such approximately first-
order stationary points w..;» € G could either be in the set of
approximately second-order stationary points M or in the set
of strict-saddle points 4. Our objective is to show that when
w, i+ € H, we can guarantee descent after several iterations.
To this end, starting at ¢*, we have for ¢ > O:

We irtit1 = Weix i —UV I (Weirti) — Plix i — [ Sixyit1
(52)
Subsequent analysis will rely on an auxiliary model, referred
to as a short-term model. It will be seen that this model is more
tractable and evolves “close” to the true recursion under the
second-order smoothness condition on the Hessian matrix (51))
and as long as the iterates remain close to a stationary point.
A similar approach has been introduced and used to great
advantage in the form of a “long-term model” to derive
accurate mean-square deviation performance expressions for
strongly-convex costs in [S[, [L1]], [42], [43]]. The approach
was also used to provide a “quadratic approximation” to
establish the ability of stochastic gradient based algorithms to
escape from strict saddle-points in the single-agent case under
i.i.d. perturbations in [22].
For the driving gradient term in (52), we have from the
mean-value theorem [5]:

VI (we,ixt+i) = VI (Weir) = Hix i (Weir 45 — Weix ) (53)

where

1
Hi*+i £ / V2J ((]. - t) We,i*+i +t ’LUC’Z'*) dt (54)
0

Subtracting (52) from w. ;«, we obtain:

We jx — We i 4i4+1
=Weir — We,inti TUVI (Weini) + pdis i + 18 i
= = pH ;) (Wi —We s i) + pVI (weir)

+ pudix i+ [ Si it (55)
We introduce short-hand notation for the deviation:
1~U§ £ We,i* — Wei*4i (56)

Note that 17];:* denotes the deviation of the network centroid
W x44 at time ¢ 4 ¢ from the initial, approximately first-
order stationary point w.. ;«. Establishing escape from saddle-
points is equivalent to establishing the growth of 1712 whenever
we;~ € H. We hence expect the deviation to grow over

time, but would like to establish that w, ;~4; moves away
from w, ;~ in a direction of descent. We can then write more
compactly:

Wiy = (I — pHie 1) W, + pVJ(wer)

+ pdi g+ 1S i1 (57)

The time-varying nature of H;«,; makes this recursion
difficult to study. Additionally, while d;«,; was shown in
Theorem [I] to be small in the mean-fourth sense, in con-
trast to S;+4;41, it need not be conditionally zero-mean. We
hence introduce the following auxiliary recursion, initialized
at w), ;. = we+, where H.y; is replaced by V2J(we,+)
and the perturbation term pd;«; is omitted:

- w/c,i*Jri)
(58)

— Wiy = (L= pV2 I (weir)) (weis
+ uVJI(Weix) + [ Sixqiv1

We i+

: ~/i* A / .
or, more compactly, with w;" = we+ —w, ;o ;:

~ /3>

W' = (1= pVP T (wei)) W' + pV T (Weis) + 0 8iv i1

(59)

Of course, this second model is only useful in studying the
behavior of the original recursion if the iterates generated
by both models remain close to each other, which we shall
prove to be true. Results along this line have been established
in the centralized and distributed contexts for strongly-convex
costs [5], [11] and in the centralized setting for strict saddle
points [22[]. We show here that this conclusion holds more
generally in the vicinity of O(u)-first-order stationary points.
Before establishing deviation bounds, we establish a short
lemma which will be used repeatedly.

Lemma 2 (A limiting result). For T, u,6 > 0 and k € Z
with p < %, we have:

KO\ ®
hm (]‘ + #’(Sk):_l — €7T5+2]€T§ — 0(1) (60)
#20\ (1 = pd)

Proof: Appendix D} ]

Lemma 3 (Deviation bounds). Suppose Pr{w, ;- € H} # 0.
Then, for i* > i, the following quantities are conditionally
bounded:

IE{ @' | wes € ”H} <O(u) + (’_fj) 61)
IE{ w! 3|wc7¢* € 7—[} <O(u’?) + %’5)) (62)
IE{ w! 4|ww € ”H} <O(u?) + 07544) (63)
E{Hﬂ;;* — @ | e € 7—[} <O0(u?) + Oﬁ’;) (64)
E {H@;i* *Jwein € H} <O(u) + 075’5) (65)
E {va e € H} <O + %’fj) (66)

for i < L where T denotes an arbitrary constant that is
independent of the step-size [i.



Proof: Appendix [F [
These deviation bounds establish that, beginning at a strict-
saddle point w. ;« at time ¢ the iterates will remain close to
w,;+ for the next O(1/p) iterations. Consequently, the short-
term model will be sufficiently accurate for the next O(1/pu)
iterations. We will establish formally in Part II that the
small-deviation bounds in Lemma 3 ensure descent of the true
recursion can be inferred by studying only the evolution of the
short-term model, which is significantly more tractable.

III. APPLICATION: ROBUST REGRESSION

Consider a scenario where each agent k in the network
observes streaming realizations {~y(k, ), hy ;} from the linear
model (k) = hjw® +v(k) where ~(k) denotes scalar obser-
vations and v(k) denotes measurement noise. One common
approach for estimating w® in a distributed setting is via
least-mean-square error estimation, resulting in the local cost
functions:

TE(w) = B |[y(k) — bl 67)

The resulting problem is convex and has been studied exten-
sively in the literature. While effective under the assumption
of Gaussian noise, and similar well-behaved noise conditions,
this approach is susceptible to outliers caused by heavy-tailed
distributions for v (k) [[18]]. This is caused by the fact that the
quadratic risk penalizes errors proportionally to their squared
norm, and as such has a tendency to over-correct outliers, even
if they are rare. Several alternative robust cost functions have
been suggested in the literature. We consider two in particular
in order to illustrate the advantages of allowing for non-convex
costs in the context of robust estimation, namely the Huber
loss Q(w;xy) and Tukey’s biweight loss QP (w;xy,) [18].
For ease of notation, let e(w) £ ~(k) — hjw. Then:

1 2
= f <
QE(w;mk) — 2|e(w)| ’ Ly or |e(w)| > CH (68)
cule(w)| — 5¢g, for le(w)| > cq.
0123<1 16(“’)23> for |le(w)| < e
Qb =+ (17 (17 555) ) orfetwl<en
%B otherwise
(69)

where cp, cp are tuning constants. The Huber cost is merely
convex (and not strongly-convex), while the Tukey loss is non-
convex. Both losses satisfy assumptions [TH4] imposed in this
work. In particular, since the Huber risk .J, ,ﬁl (w) has a unique,
local minimum, which also happens to be locally strongly-
convex, we can conclude that despite the absence of strong-
convexity, the algorithm will converge to within O(u) of the
global minimum. The Tukey loss on the other hand, is non-
convex, and is therefore a more challenging problem. The
setting for the simulation results is shown in Figure [2]
Performance is illustrated in Fig. 3] We first show the
performance of each cost in the nominal scenario, where
v(k) ~ N(0,02). We observe that the distributed strategies
outperform the non-cooperative ones, and that despite differ-
ences in the rate of convergence, there is negligible difference
in the performance of the mean-square-error, Huber and Tukey
variations. In the presence of outliers, modeled as a bimodal

Fig. 2. Graph with N = 20 nodes (left) and regressor power Tr (R;hk) at
each agent (right).
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Fig. 3. Average performance across agents in the nominal (top) and corrupted
case (bottom). The non-cooperative solution consists of a local stochastic
gradient step of the form (Za) without a combination step of the form (2B).

distribution with v(k) ~ (1 — €)N(0,02) + eN(10,02) and
€ = 0.1, the performance of the mean-square-error solution
dramatically deteriorates, as is to be expected in the presence
of deviations from the nominal model. We illustrate the
evolution of average disagreement in Fig. 4] and observe that
disagreement, in all cases, is several decibel smaller than the
mean-square deviation.

APPENDIX A
A LEMMA ON CONDITIONING

Throughout the derivations, we will frequently rely on appro-
priate conditionings to make the analysis tractable. A frequent
theme will be the exchange of conditioning on filtrations by
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Fig. 4. Average disagreement across agents in the nominal (top) and corrupted
case (bottom).

conditioning on events. To this end, the following lemma will
be used repeatedly.

Lemma 4 (Conditioning). Suppose w € RM is a random
variable measurable by F. In other words, w is deterministic
conditioned on F and
E {w|F} = w (70)

Then,

E{E{x|F}|weS}=E{x|weS} (71)
for any deterministic set S C RM with Pr{w € S} # 0 and
random © € RM with E {z |w € 8} < .

Proof. The result is a direct consequence of the law of total
expectation. O

APPENDIX B
PROOF OF THEOREM [I]

Starting from (29), taking norms of both sides and computing
the fourth power, we find:

[Viwi
< I [VE Wit +1VEgOwin1) ||4

-
e slEgovey)

(a) 4
< NI NVE wia +u7
(72)

where step (a) follows from convex1ty of || |4 and Jensen’s

inequality, i.e. ||a + b|* -5 Lllall* + Ty 6]]*. To begin
with, we study the stochastic gradient term in some greater
detail. We have:

VEgowi1)|"
= HV1T29(WF1) + V}ECOI{Sk,i(wkﬂ—l)}H‘l
< 8||V£9(Wz‘71)“4 + SHVECOI {Sk,i(wk,ifl)}Hél (73)

For the first term we have:
8HV1T29(W1'—1)H4
@8 VEg(wir) -

(b)
< 8|VEIlgwi-1) -

VE (1p" @ 1) g(wia)||"

(]lpT ® I) g(Wi_1)H4

c 2
D|VEI* (SN IV Tkl 1) = Vw1

(&) 2
< 8|[VE[* (i 62) < | VR V2 (74)

where (a) follows from the fact that (23) implies VA1 = 0,
(b) follows from the sub-multiplicity of norms and (c) expands
| - |I. For the gradient noise term we find under expectation:

8IE HV}ECO] {sk’i(wk’i,l)}Hzl
= 8|[VE|" B flcol {ss(wri—1)}]|*
2
= s|VilI'E (chvﬂ ||3k7i(wk7i—1)|\2)

(a)
LS|VEI'NEY, B sk (w1

=

< 8VE| NN ot = 8|VE|' N maxof  (75)

where (a) follows from Cauchy-Schwarz, which implies

2
(fo:l xk) < NZ;CVZI x2. Plugging these relations back
into (72), we obtain:

B [VEwil" < |77 B [VEwi

8lITIH s
ot Vi[ N? <G4+ 4)
e e
(76)
We can iterate, starting from ¢ = 0, to obtain:
B[[vEwi
< [[97) B VR wo|*
4
+M48HJ7TH3” T” N2 (G4 eraxak) Z ||JT |n 1
(O A1) =1
(a) i 4
< |7 E (Vi wol|
SHJTH4 T4 2( 4 4)
ot — VR N? (Gt +
ju (1—HJJ||)4” rll max oy,
® , 16/ ’
< pt—e L WEITN? <G4+ 4) 77
Sy R .



where (a) follows from Y% [|JT [~ < 20 [|JT "t =
(1- ||J€T||)71, and (b) holds whenever:

17| B[V wol|
4 SHJETH4 T4 A2 4 4
WHVRH N G —|—mgxak
st v
A= 17TD* B VL wol|*
—ilog (||J[]]) < 4log(n) + O(1)

. Alog(n)
=12 g oW

<u

= |77 < ut

(78)
Finally, we have from (30) under (78):

B |wi— (1" & ) wil|" = E[viviwi

o 167"
< v \\4HiﬁTHMW,EH“z\f2 (G4+maxa,§) (79)
(=71 b

We conclude that all agents in the network will contract around
the centroid vector (1p" ® I) w; after sufficient iterations i,,
where:

4log(p)

, = o) 80
o= Tog (1771 (80

+0(1) @, (n™)

where (a) follows since lim,,_,o plog(p) = 0.

APPENDIX C
PROOF OF LEMMA[I]

We begin by studying the perturbation term s;. We have:

E {Jlsil|Fio1 }

— E{ [ (Fntwnion) = w174

" _ 2
E Y P E { ijk(wk,ifl) = Vi (wp,i-1) H -7:2'1}
()

< Yl piot (81)
where (a) follows from the uncorrelatedness assumption (T4)
and (b) follows from the bound on the second-order mo-
ment (T3). For the fourth-moment, we have:

E {Jlsil"|Fio1 }

= E{szkv_l Dk (ﬁk('wk,ifl) — VJk(wk’i,l)) H4|:Fi1}

(%) Zﬁ:l pr E { Hﬁk(wk,iq) - VJk(wk,i1)H4-7:i1}

(b)

< SN prot < maxy, o (82)

N2 <G4 + max aﬁ)
k

where (a) follows from Zgil pr = 1 and Jensen’s inequality
and (b) follows from the fourth-order moment condition in
Assumption [d For the second perturbation term, we have:

4
il = | ok (VI (wri-1) = Vi(wei))|
(a)
< ZIICV:I Pk ||VJk(wk7,;_1) - VJk(’wc,z‘—l) ||4
(b)
< Y prllwnio1 — we il
S 54pmang:1 Hwk,ifl - wc,i71||4
2

S (54pmax (chvzl Hwkﬂ—l — wc}i_l ||2)
= 64pmaXHWi71 — We,i—1 H4 (83)

where (a) again follows from Jensen’s inequality, (b) follows
from the Lipschitz gradient condition in Assumption 2] and
we introduced W, ; 1 = 1 ® w,.;_1. Result (37) follows by

applying (79) to (83).

APPENDIX D
PROOF OF LEMMA [2]

Since the logarithm is continuous over R, we have:

. (1+ ,u(S)]~C "
#=0\ (1= pd)

log
N«
= lim log %
1—0 (1 = pd)
— kT lim M — (k—1)T lim M (84)
n—0 H n—0 M

We examine the fraction inside the limit more closely. Since
both the numerator and denominator of the fraction approach
zero as p — 0, we apply L'Hopital’s rule:

- log (1 £ pd) +4 s

1 =
u1—>0 M M—IPO 1+ /.L(S

(85)
Hence, we find:

lim <(1 + ug)k

T
(1 6)k1> : — ekT&‘i’(k*l)T(S — 67T5+2kT5 (86)
—u

n—0

APPENDIX E
PROOF OF THEOREM

We begin with (@6) and take expectations conditioned on w;_1
to obtain:

E{J(we,)| wi-1}
(a)
< J(weio1) = pllVI(weio1)|I” = pV I (weio1) dio

) )
20 . o2 2° R 112 .
+u 2H;J<wc,zfl) di H B {HSZH |W171}

(b) n
< J(weim1) — pl| VI (weio1)]” + §||V17(U’c,i71)||2

m
+ §||dz‘71\|2 + 20|V T (we i) |* + p?0l|di o |

1)
+ i S B {sil* i }



(c)

< J(we1) = 5 (1= 2018) | VT (wei)

I
+ 3 ( (87)

U 2p) i+ 42 307
where cross-terms were removed in (a) due to the conditional
zero-mean condltlon ([3a), (b) follows from |la + b]”
2)lal|* + 2[|b]|* and from 2aTb < |lal|® + ||b]|* and (c )

a result of grouping terms and Lemma [T}

Note that continues to be random due to the condition-
ing on w;_1, but that it holds for every choice of w;_; with
probability 1. Furthermore, since w, ;1 = Zivzl Dk Whi—1,
the centroid w, ;1 is deterministic conditioned on w;_;. As
such, the event w.;_; € G is deterministic conditioned on
w;_1, and @ holds for every w.;—1 € G. We can hence
take expectations over w.;—; € G and apply Lemma E| to
find:

E{J(we;)|wei—1 € G}
< E{J(wei-1)|wei-1 € G}
_b (1 —2ud) E{HVJ(wc,i—l)HZ‘ We,i-1 € g}

2
14 2 ] 2§ 2
+ L1+ 200) B {dia]* wei1 € G} + P50

(a)
< E{J(wcz 1)|wc7, 1€g} //4 ClT <1+ 1>

+ O E{dia]*| wei1 € G} + s

C2

(b)

< E{J(wei1)|wei—1 € G} — p*—
+ 20+ 20) B {Jldia | wei1 € G}

In step (a) we applied Deﬁnltlon Pl and in particular, that

from @0) ||V J(wei_1)||” > pe (14 1) whenever w, ;1 €
G, which implies:

(88)

1
B {1V (i) Plweia €6} 2 u (142 59)

We also collected constants into ¢; and ¢, defined in @3)—@4)
for brevity. Step (b) is obtained by grouping terms. Note that
from Lemma we have a bound on E ||di_1||2, but not on
the partial expectation conditioned over w.;—1 € G. We can
decompose the full expectation:

B {|ldi-1* |

= B{|ld1 || wei1 € G -7,

FB{Jlds w1 € 67785 2 00) o)
which implies
E{lldi1 || wei1 €G} < ?Tig”j) o1
so that we obtain for (88):
E{J(we;)|wci—1 € G}
< B{J(we,i-1)| w1 € G} = p2 2 + IR

Similarly:
E{J('wc,i)| We,i-1 € M}
< E{J(wei-1)|wei—1 € M}
(1= 2010) B {||VJ (we1)|| we,io1 € M

=

2
1)
+ £ (14 20) B {dir | weior € M} + 250

(a)
< E{J(wc,i—lﬂ Wei—1 € M} + /chg

+ 2 (14 20) B {11 wei 1 € M)
0(u3)

i 1

(b)
< E{J(we,i—1)|we,i- IEM}-i-M co +

93)

where (a) follows from the fact that ||V.J(w,;_1)||> > 0 with
probability 1 and (b) made use of the same argument that led

to (92).
To bound the expected function value at time 7,, we take
full expectation of (87) and obtain:

]E J(wc’i)
< BJ(we,m1) = 5 (1= 200) B[V (we,0)*

5

+ 5 (14 200) B i |* + 250 (94)

(a) 8
< BJ(weio) + 5 (14 200) B ldis | + p?50”  (95)
where (a ) follows since &5 (1 —2ud) E ||VJ(w. ;- DIF >0

for p < 55. lterating, startmg at 7 = 0, we find:
M 1o—1 5

2, . 20 o
E J(we,;,) < J(weo) + 5 (1 + 2u6) ; E||di||” + iop 57
(96)

We bound the term involving the aggregate disagreement using
Eq. (77). After taking square-roots and applying sub-additivity
of the square root, we find:
E|Viwi
@\ izt 2
< [ 1V wol
T
» VBT
(1 =171

so that we have:

S VRPN (6 mpxat) o)

to—1

ZEIId I
< Z\/EHd

& 3

< Z VE 5 D lwi — el
=0
io—1

D 5 VB0 pa [V Wi
i=0

io—1

\/pmaxHVLH Z \/ E ||VT Wl



o1 ,
— (z |\J:u“2;|vmf)

2 VBT
(1 =7

VI wol .
52\/mVL21||TJTT|’J/2+ZO'

+ Z'0111/252\/ Pmax HVL H

o(p?) (98)

where (a) follows from Jensen’s inequality. Replacing the
bounds in (96), we then find:

EJ(U)C’Z'O)
2
p 2 > [VEw
< J(weo) + 5 (14 200) 0% \/Pmax VL ———173
2 1—[JT)?
g - O(u?) + i, - O(1?)
(@) 1 VTW() 2
< J(wep) + 5( +240) 6 \/prnaxH 2%4—0(#)
(99)

where (a) follows from Lemma [1} since i, = o(pu™1).

APPENDIX F
PROOF OF LEMMA 3]

We refer to (57). Suppose i < % where T is an arbitrary
constant independent of y. We then have for ¢ > 0:

o {J )

DE{| (- nHi ) @]+ VI (wei)

2
+ pdi i+ 1S it H |~7:i*+i}
(a)

. )
’(I —pHi ) w; + pV I (wes) + pdie 4
2
+ 12 B flsin i P Fie s |
PCE ,
1—M6H(IiuH“+i)wi ‘ +g‘|v‘](wc,i*)+di*+i”

+ M2 E ||Sz‘*+i+1H2|-7'-z‘*+i}

®

©

12
~* M 2
H(I—MHi*-H)'wi ‘ +2*5HVJ(wc7i*)H

1—pé
f||d-*+i||2+u2E{st+i+1||2m+¢}

(d) (14 po)?
< S
25 il + 12 B { iy |P1 s

HNl

|+ 29wl
(100)

where (a) follows from the conditional zero-mean property
of the gradient noise term in Assumption {4} (b) follows from
Jensen’s inequality

1 1
la+0f* < ~llall* + ——[lol* (101)
o 11—«
with & = pd < 1 and (c) follows from the same inequality
with & = 1. Step (d) follows from the sub-multiplicative

property of norms along with —§1 < V2J(w..;+) < 61, which

)2|| RH N <G2+maxak>

follows from the Lipschitz gradient condition in Assumption[2]
Since w, ;» is deterministic conditioned on F;«; we can now
take expectations over w, ;« € H to obtain:

e

<0 e )
+2 E{ ||y |wc,*e’H,}

{
pla ]E{||VJ weio)| |wc,¢*€’H}

+PE ||3z*+z+1|| |'w01* EH}

@ (Lt p8) [l p Op?)
+2§.0( )+ O(u?)
5) s O3
H’L& {H ‘wm*eH}JrO( 2) 4 #
(102)

where (a) follows from the perturbation bounds in Lemma
and the starting assumption that w.;« is an O(u)-square
stationary point. Note that, at time ¢ = 0, we have:

~ g

Wy = We i+ — We 0 =0 (103)

and hence the initial deviation is zero, by definition. Iterating,
starting at ¢ = 0 yields:

]E{Hﬁ;

o [ (1+po)?
<(S (5%

n=0

<112
Z ‘|wc,i* EH}

)) CroR sy

(45 \!
_ 1 ( 1—pd ) O( 2)+ O(:U’3)
| (tpo)? a e
1—pd
18)2 i
((4e5) 1) a-m 0?)
- 30 + 02 (O(“H e )

((“j’jff)’T - 1) (1 — ud)

o)
= 35 + 02 (O("H 7 )
O 2
= O(u) + frf,ft) (104)

?

where the last line follows from Lemma [2] after noting that:

(((1+u6)2
1—pd

30 + po? -

T

)M_l)(l—m)< (%)?71

30

(105)
This establishes (6I). We proceed to establish a bound on the
fourth-order moment. Using the inequality [5]:

lla+0]* < [lall* + 3[blI* + 8[lal*[b]* + 4lla]* (a"b) (106)



we have:

% 4
E{HMHH |-7'-z‘*+i}

< H (I = pHioys) ] +pV I (weir) + pediv s
+ 3 E { i il 1Fi i}
802 [(I = pHie ) ] + 59T (o) + pdie
% { i i | i}

b ~g*
@ H(I —pH i) w; +pVJ(weir) + pdis 4

4

2

Lot
“042)

Lot

+ H(I — pH ) ’1772* + uVJ(we i+ ) + pdix 4

()

‘(I — pHis ) ®; + pV T (we i) + pdis 4

(12

+ (H(I — pH ) w;

+ B2V (we i) I+ i 1)) O(s?)

(107)

where in step (a) we dropped cross-terms due to the condi-
tional zero-mean property of the gradient noise in Assump-
tion 4} step (b) follows from the fourth-order conditions on
the gradient noise in Assumption @ along with the perturbation
bounds in Lemma' and (c¢) follows from Jensen’s inequality,
ie. la+b+c|® <3lall” + 3> + 3|c|*. Taking expecta-
tions over w.;» € H on both sides and collecting constant
factors along with y in appropriate O(-) terms:

< B{[| (- pHe ) B+ iV e

O(u°)
it

+ pdi

4
|we i+ € 7—[} +0(u®)

Finally, from Jensen’s inequality, we find for 0 < o < 1:

la+o]* = — ||a|| + - )3 Io]* (109)
andhencefora:l—,uéand0<,u<%:
I {H (I = pH i) @, + pVJ (we0)
4
+ pdis || |we s € H}
@’ (1+ ,u5) {Hﬂ)?* 4 }
T (1—pe)? '
4
%
+ s BV (o) + di il we < ]
1+ ué) i 5
(+7“ {H |wweH}+O( 8 + (i)
(]. —ué U
(110)

where the last hne follows after applying (109) t
|VJ(wei+) +dixi]|*. Hence,

{szHH |wei € H}

(+u5 i o)
<G e {let s e} o
(111)

Recall again that ﬂ)g = 0 and therefore iterating yields:

5 {[@

. (Z ((1 + pb)’

4
‘ We i+ € H}

)) (00 + Oif;))

n—0 (1 - /“S)
(1u8)*
- ((1 Tk ) ( 3)+0(u5)
1 (l-l-;ui)4 ,nz-l
(1—pd)®
(Lrps*\* 1 5
< ((1 1o)° ) . (O(M3)+ O(lj{))
(1+ po)! - (1 — pd) T
(tpd)*\* 5
@ ((kua)s) ! o) + 20
- O(n) T
o) 4
<o)+ 2u) (112)
e
where in (a) we expanded (1 + ud)* — (1 — ud)® = O(n)

and the last step follows from Lemma 2] This establishes (63).
Eq. (62) then follows from Jensen’s inequality via:

e{[ Ve (B{or 1 en))

A\n 3/4
< (O(MQ) + O(i)> < O(*?) + Lﬁf)

T Tix

(113)

We now study the difference between the short-term
model (39) and the true recursion (57). We have:

We,ix4i+1 — We jx 41
= (I = pHiy) w w; i = uV I (wer) —

+ (- MVQJ(wC,i*)) W'l

M i — [ S it
+ uV I (We i+ ) + 1 Sixtit1

~ (I = pH i) W — pde . + (I — V2 I (we)) W'Y
= (I = pV?J(Wei+)) (Weyigi — W gy ) — picdis 4

o (His i — VI (we0)) W) (114)

Before proceeding, note that the difference between the Hes-
sians in the driving term can be bounded as:

V2T (wein) — H s |

1
= ‘ / (VzJ(wcyi*) — V2J ((1 — t) We i* 44 +twcﬂ-*)) dtH

0
(a) [l
S / ||V2J(ww«) - VZJ ((1 - t) We,i*+i +t wc’i*)
0

dt

b) 1
<0 / 10— ) weie —(1— ) we o] dt



1

/ (1—t)dt =" Hﬂ;g (115)
0 2

where (a) follows Jensen’s inequality and (b) follows form

the Lipschitz Hessian assumption [5] Returning to (IT4) and

taking norms yields:

=prvﬁ*

2
| we,iyit1 — We e pip |
= H (I — /,LVQJ(wcﬂ;*)) (wc,i*_;’_i — wlc,i*-‘ri)
— pdix i + (Hi*-i-i — VQJ(wc’i*)) ﬂ)z
(@ 1

‘ 2

2
= 1—7,u5” (I - ’MVQJ(“’CJ*)) (wc,i*+i - wlc,i*+i) H
p 2
* E‘ disyi+ (Hp i — V2 (wei0)) W) ‘
®) 1 ,
< g = VP wei) (e = i)

+ 2% (||di*+i|2 + H (Hz’*—l—i — VZJ(’U)c,i*)) 1712

@(Huaf
- 1—p

H 2 | Pll~i*
2£ (s sall® + 2|

)

(116)

2
i
wa‘*ﬂ‘ - wC,i*JriH

)
where (a) again follows from Jensen’s inequality (I0I) with

a =1— pd and (b) follows from the same inequality with

o= % Taking expectations over w, ;« € H yields:

2
E{ )| wer i1 = Whie i I wesn € 1}

(1+ pé)° 2
= TME{H“’C@*H — Wiy T wei € 7'1}

+ 2L B {ldie il [ wes €7}

14

+%M]E{Hﬂ;§ ] |we i GH}
@ (1 + pd)* ) . O
< TMEch’i*Jﬂ_w;i*JﬂH —f—O(M )—|— 7-(-;_’;(

(117)

where (a) follows from the bound on the network disagree-
ment in Lemma 3]
Since both the true and the short-term model are initialized

at we,+, we have wc,i*+o—w27i*+0 = 0. Iterating and
applying the same argument as above leads to:
2
2 2 O(p”)
Bllweis it = Weipivn |7 < OW") + =3~ (118)
i*

which is (64). Eq. (63) and (66) follow using arguments

analogous to (61) and (62).
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