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DISTRIBUTED STOCHASTIC OPTIMIZATION WITH LARGE DELAYS

ZHENGYUAN ZHOU*, PANAYOTIS MERTIKOPOULOS!, NICHOLAS BAMBOS®,
PETER W. GLYNN®, AND YINYU YE°

ABsTRACT. One of the most widely used methods for solving large-scale stochastic
optimization problems is distributed asynchronous stochastic gradient descent (DASGD),
a family of algorithms that result from parallelizing stochastic gradient descent on
distributed computing architectures (possibly) asychronously. However, a key obstacle in
the efficient implementation of DASGD is the issue of delays: when a computing node
contributes a gradient update, the global model parameter may have already been updated
by other nodes several times over, thereby rendering this gradient information stale. These
delays can quickly add up if the computational throughput of a node is saturated, so
the convergence of DASGD may be compromised in the presence of large delays. Our
first contribution is that, by carefully tuning the algorithm’s step-size, convergence to
the critical set is still achieved in mean square, even if the delays grow unbounded at a
polynomial rate. We also establish finer results in a broad class of structured optimization
problems (called variationally coherent), where we show that DASGD converges to a
global optimum with probability 1 under the same delay assumptions. Together, these
results contribute to the broad landscape of large-scale non-convex stochastic optimization
by offering state-of-the-art theoretical guarantees and providing insights for algorithm
design.

1. INTRODUCTION

With the advent of high-performance computing infrastructures that are capable of
handling massive amounts of data, distributed stochastic optimization has become the
predominant paradigm in a broad range of applications in operations research [15, 16, 30,
32, 44, 45, 50]. Starting with a series of seminal contributions by Tsitsiklis et al. [49], recent
years have witnessed a commensurate surge of interest in the parallelization of first-order
methods, ranging from ordinary (stochastic) gradient descent [1, 11, 18, 31, 35, 40, 42], to
coordinate/dual coordinate descent [2, 17, 33, 34, 46, 47|, randomized Kaczmarz algorithms
[34], online methods [22, 24, 26, 41], block coordinate descent [36, 51, 52|, ADMM [23, 53],
and many others.

This popularity is a direct consequence of Moore’s law of silicon integration and the
commensurately increased distribution of computing power. For instance, in a typical
supercomputer cluster, up to several thousands of “workers” (or sometimes tens of thousands)
perform independent computations with little to no synchronization — as the cost of such
coordination quickly becomes prohibitive in terms of overhead and energy spillage. Similarly,
massively parallel computing grids and data centers (such as those of Google, Amazon,
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IBM or Microsoft) may house up to several million computing nodes and/or servers, all
working asynchronously to execute a variety of different tasks. Finally, taking the concept of
distributed computing to its logical extreme, volunteer computing grids (such as Berkeley’s
BOINC infrastructure or Stanford’s folding@home project) essentially span the entire globe
and harness the computing power of a vast, heterogeneous network of non-clustered nodes
that receive and process computational requests in a non-concurrent fashion, rendering
syncrhonization impossible. In this way, by eliminating the required coordination overhead,
asynchronous operations become simultaneously more appealing (in physically clustered
systems) and more scalable (in massively parallel and/or volunteer computing grids).

In this broad context, perhaps the most widely deployed method is distributed asynchro-
nous stochastic gradient descent (DASGD) and its variants. In addition to its long history
in mathematical optimization, DASGD has also emerged as one of the principal algorith-
mic schemes for training large-scale machine learning models. In “big data” applications
in particular, obtaining first-order information on the underlying learning objective is a
formidable challenge, to the extent that the only information that can be readily computed is
an imperfect, stochastic gradient thereof [13, 14, 27, 40, 54, 55]. This information is typically
obtained from a group of computing nodes (or processors) working in parallel, and is then
leveraged to provide the basis for a distributed descent step.

Depending on the specific computing architecture, the resulting DASGD scheme varies
accordingly. More concretely, there are two types of distributed computing architectures
that are common in practice: The first is a cluster-oriented, multi-core, shared memory
architecture where different processors independently compute stochastic gradients and
update a global model parameter [11, 18, 31]. The second is a “master-worker” architecture
used predominantly in computing grids (and, especially, volunteer computing grids): here,
each worker node independently — and asynchronously — computes a stochastic gradient
of the objective and sends it to the master; the master then updates the model’s global
parameter and sends out new computation requests [1, 31]. In both cases, DASGD is
inherently susceptible to delays, a key impediment that is usually absent in centralized
stochastic optimization settings. For instance, in a master-worker system, when a worker
sends its gradient update to the master, the master may have already updated the model
parameters several times (using updates from other workers), so the received gradient is
already stale by the time it is received. In fact, even in the perfectly synchronized setting
where all workers have the same speed and send input to the master in an exact round-robin
fashion, there is still a constant delay that grows roughly proportionally to the number of
workers in the system [1].

This situation is exacerbated in volunteer computing grids: here, workers typically
volunteer their time and resources following a highly erratic and inconstant update/work
schedule, often being turned off and/or being used for different tasks for hours (or even days)
on end. In such cases, there is no lower bound on the fraction of resources used by a worker
to compute an update at any given time (this is especially true in heterogeneous computing
grids such as BOINC and SimGrid), meaning in turn that there is no upper bound on the
induced delays. This can also happen in parallel computing environments where many tasks
with different priorities are executed at the same time across different machines and, likewise,
even in multi-core infrastructures with a shared memory, memory-starved processors can
become arbitrarily slow in performing gradient computations.

From a theoretical standpoint, the issue of delays and asynchronicities has been studied
from the early days of distributed computing [7], and one of the principal results in the field is
the subsequential convergence of DASGD with probability 1 when no constraints are present
and when the observed delays grow moderately with time — i.e., sublinearly relative to a
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global clock [48, 49]. In several current systems (for example, in volunteer computing grids),
as slower workers become saturated and accumulate computation requests over time while
new (and possibly faster) workers enter the system, delays can quickly add up and grow at a
superlinear rate relative to the system’s global timer. Further, in several applications, there
are natural constraints imposed on a subset (or all) of the decision variables that represent
the model parameters. In such contexts, the following questions remain open: How robust is
the performance envelope of DASGD for constrained optimization under large delays and
asynchronicities? Can this robustness be leveraged from a theoretical viewpoint in order to
design new and more efficient algorithms?

1.1. Our Contributions and Related Work. Our aim in this paper is to establish the conver-
gence of DASGD in the presence of large, superlinear delays, in as wide a class of objectives
as possible and in the presence of constraints where efficient projection can be performed. To
that end, we focus on the following classes of problems, where different convergence results
can be obtained:

General non-convex objectives. ~We first consider the class of general smooth non-convex
functions, with no structural assumption on the objectives. In this (difficult) case, Tsitsiklis
et al. [49] showed that, under sublinear delays, DASGD converges to a level set of the
objective which contains a critical point with probability 1; in particular, if every such
point is a global minimizer (e.g., if the problem is pseudo-convex) and the method is run
with an Q(1/n) step-size schedule, DASGD converges to the problem’s solution set. More
recently, Lian et al. [31] derived an estimate for the rate of convergence of the surrogate
length n=* Y7 E[||V f(X)||3] as n — oo under the assumption that the delays affecting
the algorithm are bounded. Our first contribution is to show that these assumptions on the
delays are not needed: specifically, as we show in Theorem 1, by tuning the algorithm’s
step-size appropriately, it is possible to retain this convergence guarantee, even if delays grow
as polynomials of arbitrary degree.

Variationally coherent objectives. Albeit directly applicable to general non-convex stochas-
tic optimization, Theorem 1 only guarantees convergence to stationarity in the mean square
sense; to ensure global optimality, stronger structural assumptions on the objectives must be
imposed. The “gold standard” of such assumptions (and by far the most widely studied one)
is convexity: in the context of distributed stochastic convex optimization, recent works by
Agarwal and Duchi [1] and Recht et al. [42], have established convergence for DASGD under
bounded delays for each of the two distributed computing architectures, while Chaturapruek
et al. [11] and Feyzmahdavian et al. [18] extended the bounded delays assumption to a
setting with finite-mean i.i.d. delays. To go beyond this framework, we focus the class of
mean variationally coherent optimization problems [56, 57], which includes pseudo-, quasi-
and/ star-convex problems, as well as many other classes of functions with non-convex
profiles. Our main result here is that, in such problems, the global state parameter X,, of
DASGD converges to a global minimum with probability 1, even when the delays between
gradient updates and requests grow at a polynomial rate (and this, without any distributional
assumption on how the underlying delays are generated).

To go beyond this framework, we focus on a class of unimodal problems, which we call
variationally coherent, and which properly includes all pseudo-, quasi- and/ star-convex
problems, as well as many other classes of functions with highly non-convex profiles. Our
main result here may be stated as follows: in stochastic variationally coherent problems,
provided a lazy descent scheme is used (akin to dual averaging) to mesh with the constraint
set in the distributed procedure, the global state parameter X,, of DASGD converges to a
global minimum with probability 1, even when the delays between gradient updates and
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requests grow at a polynomial rate (and this, without any distributional assumption on how
the underlying delays are generated).

This result extends the works mentioned above in several directions: specifically, it shows
that

1. Convexity is not required to obtain global convergence results.

2. Constraints do not hinder almost sure convergence under a suitable lazy projection
scheme.

3. The robustness of DASGD is guaranteed even under large, superlinear delays.

We find these outcomes particularly appealing because, coupled with the existing rich
literature on the topic, they help explain and reaffirm the prolific empirical success of
DASGD in large-scale machine learning problems, and offer concrete design insights for
fortifying the algorithm’s distributed implementation against delays and asynchronicities.

Techniques. Our analysis relies on techniques and ideas from stochastic approximation
and (sub-)martingale convergence theory. A key feature of our approach is that, instead of
focusing on the discrete-time algorithm, we first establish the convergence of an underlying,
deterministic dynamical system by means of a particular energy (Lyapunov) function which
is decreasing along continuous-time trajectories and “quasi-decreasing” along the iterates of
DASGD. To control this gap, we connect the continuous- and discrete-time frameworks via
the theory of asymptotic pseudotrajectories (APTs), as pioneered by Benaim and Hirsch [4].
By itself, the APT method does not suffice to establish convergence under delays. However,
if the step-size of the method is chosen appropriately (following a quasi-linear decay rate
for polynomially growing delays), it is possible to leverage L? martingale tail convergence
results to show that the problem’s solution set is recurrent under DASGD. This, combined
with the above, allows us to prove our core convergence results.

Even though the ordinary differential equation (ODE) approximation of discrete-time
Robbins—Monro algorithms has been widely studied in control and optimization theory
[20, 28], transferring the convergence guarantees of an ODE solution trajectory to a discrete-
time algorithm is a fairly subtle affair that must be done on a case-by-case basis. Further, even
if this transfer is complete, the results typically have the nature of convergence-in-probability:
almost-sure convergence is usually much harder to obtain [9]. Specifically, exisiting stochastic
approximation results cannot be applied to our setting because a) the non-invertibility of
the projection map makes the underlying dynamical system on the problem’s feasible region
non-autonomous (so APT results do not apply); b) unbounded delays only serve to aggravate
this issue, as they introduce a further disconnect between the DASGD algorithm and its
continuous-time version. To control the discrepancy between discrete and continuous time
requires a more fine-grained analysis, for which we resort to a sharper law of large numbers
for LP-bounded martingales. Finally, we also mention that the recent work of Lian et al. [32]
has also considered distributed zeroth-order methods (where only the function value, rather
than the gradient is available) and used techniques that are different from gradient-based
analyses.

2. PROBLEM SETUP

Let X be a subset of R? and let (£2, F,P) be some underlying (complete) probability space.
Throughout this paper, we focus on the following stochastic optimization problem:

minimize f(x)

t
subject to x € &, (Opt)



DISTRIBUTED STOCHASTIC OPTIMIZATION WITH LARGE DELAYS 5

where the objective function f: X — R is of the form
@) =Bl (@) = | Ploiw) ap(e) 1)

for some random function' F': X x Q — R. Using standard optimization terminologies,
(Opt) is called an unconstrained stochastic optimization problem if X = R% and is called
a constrained stochastic optimization problem otherwise. In this paper, we study both
unconstrained and constrained stochastic problems under smooth objectives. Specifically, we
make the following regularity assumptions for the rest of the paper, which are standard in
the literature:

Assumption 1. We assume the following:

(1) F(z;w) is differentiable in « for P-almost all w € Q.
(2) V F(x;w) has? finite second moment, that is, sup,¢ v E[|VF(z;w)||3] < oc.
(3) VF(x;w) is Lipschitz continuous in the mean: E[V F(x;w)] is Lipschitz on X'.

Remark 1.  Assumptions 1 and 2 together imply that f is differentiable, because finite
second moment (by Statement 2) implies finite first moment: E[||VF(z;w)|2] < oo for
all z € X; and hence the expectation E[VF(z;w)] exists. By a further application of the
dominated convergence theorem, we have V f(z) = VE[F(z;w)] = E[VF(z;w)]. Additonally,
Assumption 3 implies that V f is Lipschitz continuous. In the deterministic optimization
literature, f is sometimes called L-smooth, where L is the Lipschitz constant.

One important class of motivating applications that can be cast in the current stochastic
optimization problem (Opt) is empirical risk minimization (ERM) in machine learning. As
is well-known in the distributed optimization/learning literature [1, 27, 31, 40, 54], the
expectation in Eq. (1) contains as a special case the common machine learning objectives of
the form % Zivzl fi(x), where each f;(z) is the loss associated with the i-th training sample.
This setup corresponds to ERM without regularization. With regularization, ERM takes the
form % Zfil fi(x) + r(z), where r(-) is a regularizer (typically convex and known), which is
again a special case of (Opt). Other related examples that are also special cases of (Opt)
include the objective Zf\;l v; fi(x), which are standard in curriculum learning: v; are weights
(between 0 and 1) generated from a learned curriculum that indicates how much emphasis
each loss f; should be given.

In the large-scale data setting (N is very large), such problems are typically solved in
practice using stochastic gradient descent (SGD) on a distributed computing architecture.
SGD? is widely used primarily because in many applications, stochastic gradient, computed
by first drawing a sub-batch of data and then computing the average of the gradients on that
sub-batch, is the only type of information that is computationally feasible and practically
convenient to obtain®. Further, such problems are generally solved on a distributed computing
architecture because: 1) Computing gradients is typically the computational bottleneck.
Consequently, having multiple processors compute gradients in parallel can harness the
available computing power in modern distributed systems. 2) The data (which determine

1t is understood that a random function here means that F(z;-): € — R is a measureable function for
each z € X.

2t is understood here that the gradient V F(x;w) is only taken with respect to x: no differential structure
is assumed on 2.

3In vanilla SGD (i.e. centralized/single-processor setting), an iid sample of the gradient of F at the
current iterate is used to make a descent step (with an appropriate projection made in the constrained
optimization case).

4For instance, Google’s Tensorflow system does automatic differentiation on samples for neural networks
(i.e. fi(-)’s are parametrized neural networks).
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Figure 1. Two commonly used distributed computing architecutures: (a) master-
worker (left) and multi-processorwith shared memory (right).

the individual cost functions f;’s) may simply be too large to fit on a single machine; and
hence a distributed system is necessary even from a storage perspective.

With the above background, our goal in this paper is to study and establish theoretical
convergence guarantees for applying stochastic gradient descent (SGD) to solve (Opt) on a
distributed computing architecture. Two common distributed computing architectures that
are widely delpoyed in practice (see also Fig. 1):

(1) Master-worker system. This architecture is mostly used in data-centers and parallel
computing grids (each computing node is a single machine, virtual or physical).

(2) Multi-processor system with shared memory. This architecture is mostly used in
multi-core machines or GPU computing: in the former, each processor is a CPU,
while in the latter, each processor is a GPU.

In the next two subsections (Sections 2.1 and 2.2), we describe the standard procedure
of parallelizing SGD on each of the two distributed computing architectures. Although
running SGD on these two architectures have some differences, in Section 2.3 we give a meta
algorithmic description, called distributed asynchronous stochastic gradient descent (DASGD)
that unifies these two parallelizations on the same footing.

2.1. SGD on Master-Worker Systems. Here we consider the first distributed computing
architecture: the master-worker system. The standard way of deploying stochastic gradient
descent in such systems — and that which we adopt here — is for the workers to asychronously
compute stochastic gradients and then send them to the master,” while the master updates
the global state of the system and pushes the updated state back to the workers ([1, 31]).
This process is presented in Algorithm 1.

Due to the distributed nature of the master-worker system, a gradient received by the
master on any given iteration can be stale. As a simple example, consider a fully coordinated
update scheme where each worker sends the computed gradient to and receives the updated
iterate from the master following a round-robin schedule. In this case, each worker’s gradient
is received with a delay exactly equal to K — 1 (K is the number of workers in the system),
because by the time the master receives worker K’s computed gradient, the master has
already applied K — 1 gradient updates from workers 1 to K — 1 (and since the schedule is
round-robin, this delay of K — 1 is true for any one of the K workers).

However, delays can be much worse since we allow full asynchrony: workers can compute
and send (stochastic) gradients to the master without any coordinated schedule. In the

5As alluded to before, in machine learning applications, this is done by sampling a subset of the training
data, computing the gradient for each datapoint and averaging over all datapoints in the sample.
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Algorithm 1. Running SGD on a Master-Worker Architecture

Require: 1 Master and K workers, k =1,..., K

1: Each worker is seeded with the same inital iterate

2: repeat

3:  Master:
(a) Receive a stochastic gradient from worker k
(b) Update current iterate.
(c) Send updated iterate to worker k

4:  Workers:
(a) Receive iterate
(b) Compute an i.i.d. stochastic gradient (at the received iterate)
(¢) Send the computed gradient to master

5: until end

asynchronous setting, fast workers (workers that are fast in computing gradients) will cause
disproprotionately large delays to gradients produced by slow workers (workers that are slow
in computing gradients): when a slower worker has finished computing a gradient, a fast
worker may have already computed and communicated many gradients to the master. Since
the master updates the global state of the system (the current iterate), one can gain a clearer
representation of this scheme by looking at the master’s update. This is given in Section 2.3.

2.2. SGD on Multi-Processor Systems with Shared Memory. Here we consider the second
distributed computing architecture: multi-processor system with shared memory. In this
architecture, all processors can access a global, shared memory, which holds all the data
needed for computing a (stochastic) gradient, as well as the current iterate (the global state
of the system). The standard way of deploying stochastic gradient descent in such systems
([11, 31]) is for each processor to independently and asychronously read the current global
iterate, compute a stochastic gradient ¢, and then update the global iterate in the shared
memory. This process is given Algorithm 2:

Algorithm 2. Running SGD on a Multi-Processor System with Shared Memory

Require: K processors and global (shared) memory.
1: The initial iterate in the global memory.
2: repeat
3:  (a) Each proceesor reads the current global iterate.
(b) Each processor reads data from memory and computes a stochastic gradient.
(c) Each processor updates the global iterate.
4: until end

The key difference from Algorithm 1 is that there is no central entity that updates the
global state; instead, each processor can both read the global state and update it. Since each
processor is performing the operations asynchronously, different processors may be reading
the same global iterate at the same time. Further, the delays in this case is again caused by
the heterogeneity across different processors: if a processor is slow in computing gradients,
then by the time it finishes computing its gradient, the global iterate has been updated by
other, faster processors many times over, thereby causing its own gradient stale. Here, we

6This is again done by sampling a subset of the training data in the global memory and computing the
gradient at the iterate for each datapoint and averaging over all the comptued gradients in the sample.
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also adopt a common assumption that updating the global iterate is an atomic operation
(and hence no two processors will be updating the global iterate at the same time). This is
justified” because performing gradient update is a simple arithemtic operation, and hence
takes negligible time compared to reading data and computing a stochastic gradient, which
is the main computational bottleneck in practice. However, despite a cheap computation,
performing the whole gradient update (typically achieved via locking) does have overhead.
In particular, a less stringent model would be only updating one coordinate at a time: this is
known as an inconsistent write/read model since different processors are updating different
components of the global parameters and hence can read in elements of different ages. For
simplicity, we do not consider this case, as our focus in this paper is on delays. See [31] and
[34] for lucid discussions and analyses on this model. Finally, one can gain a clearer picture
of this update scheme by tracking the update to the global iterate in the shared memory.
This is given in Section 2.3.

2.3. DASGD: A Unifying Algorithmic Representation. In this subsection, we present a
unified algorithmic description, aptly called distributed asynchronous stochastic gradient
descent (DASGD), that formally captures both Algorithm 1 and Algorithm 2, where their
differences are reflected in the assumptions of the meta algorithm’s parameters. We start
with the unconstrained case, see Algorithm 3.

Algorithm 3. Distributed asynchronous stochastic gradient descent

Require: Initial state Xy € RY, step-size sequence a,
1: n <+ 0;
2: repeat
3 Xn+1 =X, - an+lvF(Xs(n)>wn+1);
4@ n<+<n+1;
5: until end

6: return solution candidate X,

Algorithm 4. Distributed asynchronous stochastic gradient descent with projection

Require: Initial state Y € R?, step-size sequence a,

1: n <+ 0;

2: repeat

3 Xn =pry(Ya);

4 Yo =Yy — an 1 VE(Xy(n), Wnt1);
5 n<+<n+1;

6: until end

7: return solution candidate X,

In more detail, n is a global counter and is incremented every time an update occurs to the
current solution candidate X,, (the global iterate): in the master-worker systems, the master
updates it; in the multi-processor systems, each processor updates it. Since there are delays
in both systems, the gradient applied to the current iterate X,, can be a gradient associated
with a previous time step. This fact is abstractly captured by Line 3 in Algorithm 4. In full

"On a related note, we also note that our analysis can be further extended to cases where only one variable
or a small block of variables are being updated at a time. We omit this discussion because the resulting
notation is quite onerous, and will obscure the main ideas behind the already complex theoretical framework
developed here.
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generality, we will write s(n) for the iteration from which the gradient received at time n
originated. In other words, the delay associated with iteration s(n) is n — s(n), since it took
n — s(n) iterations for the gradient computed on iteration s(n) to be received at stage n.
Note that s(n) is always no larger than n; and if n = s(n), then there is no delay in iteration
n.

Now, the difference between the two distributed computing archecitures is reflected in
the assumption of s(n). Specifically, in the master-worker systems, each s(-) is a one-to-
one function®, because no two workers will ever receive same iterates from the master per
Algorithm 1. On the other hand, in multi-processor systems, s(n) can be the same for
different n’s (since different processors may read the current iterate at the same time);
however, it is easy to observe that the same s will appear at most K times for different
n’s, since there are K processors in total. As an important note, our analysis is agnostic
to whether s(n) is one-to-one or not. Consequently, in establishing theoretical guarantees
for the meta algorithm DASGD, we obtain the same guarantees for both architectures
simultaneously.

Notation-wise, we will write d,, for the delay required to compute a gradient requested
at iteration n. This gradient is received at iteration n + d,,. Following this notation, the
delay for a gradient received at n is d,(,) = n — s(n). Note also we have chosen the subscript
associated with w to be n 4+ 1: we can do so because w,,’s are iid (and hence the indexing
is irrelevant). Finally, in constrained optimization case (where X is a strict subset of R%),
projection must be performed. This results in DASGD with projection?, which is formally
given in Algorithm 4.

3. GENERAL NONCONVEX OBJECTIVES

In this section, we take X = R? (i.e. unconstrained optimization) and consider general
non-convex objectives. Note that for a general non-convex objective where no further
structural assumption (e.g. convexity) is made, convergence to an optimal solution (even a
local optimal solution) cannot be expected, and will not hold in general, even in the absence
of both noise and delays (i.e. single machine deterministic optimization). In such cases, the
best one can hope for, which is also the standard metric to determine the stability of the
algorithm, is that the gradient vanishes in the limit°.

3.1. Delay Assumption. Our goal here is to establish convergence guarantees (in mean
square) of DASGD for a general non-convex objective in the presence of delays. In fact, a
large family of unbounded delay processes can be tolerated. We state our main assumption
regarding the delays and step-sizes:

Assumption 2.  The gradient delay process d,, and the step-size sequence «,, of DASGD
(Algorithms 3 and 4) satisfy one of the following conditions:

0 2

(1) Bounded delays: sup, d, < D for some positive number D and >~ o7 < oo,
Yoy On = 00,

(2) Sublinearly growing delays: d, = O(n?) for some 0 < p < 1 and a,, < 1/n.

8Except initially if all the workers have the same initial point.

9This tpe of projection is technically known as lazy projection.

10An alternative phrase that is commonly used is that the criticality gap vanishes. This is also colloquially
referred to as convergence to a stationary point/critical point in the machine learning community. Note
further that convergence to second-order-stationary points can be achieved by stochastic gradient descent
(and its variants) under weaker assumptions (than convexity): Lipschitz Hessian and strict saddle point
property. See [19, 25, 29] for this line of work.
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(3) Linearly growing delays: d, = O(n) and a,, < 1/(nlogn).
(4) Polynomially growing delays: d, = O(n?) for some ¢ > 1 and o, x 1/(nlognloglogn).

Note that as delays get larger, we need to use less aggressive step-sizes. This is to be
expected, because the larger the delays, the more “averaging" one needs perform in order
to remove the staleness that is caused by the delays; and smaller step-sizes correspond to
averaging over a longer horizon. This is a one of the important insights that occur throughout
the paper. Another thing to note that is the Assumption 2 also highlights the quantitative
relationship between the class of delays and the class of step-sizes. For instance, when the
delays increase from a linear rate to a polynomial rate, only a factor of m needs to
be added (which is effectively a constant). From a practical standpoint, this means that a
step-size on the order of 1/(nlogn) will be a good model-agnostic choice and more-or-less

sufficient for almost all delay processes.

3.2. Controlling the Tail Behavior of Second Moments. We now turn to establish the theo-
retical convergence guarantees of DASGD for general non-convex objectives. Our first step
lies in controlling the tail behavior of the second moments of the gradients that are generated
from DASGD. By leveraging the Lipschitz continuity of the gradient, its telescoping sum,
appropriate conditionings and a careful analysis of the interplay between delays and step-sizes,
we show that (next lemma) a particularly weighted tail sum of the second moments are
vanishingly small in the limit (see appendix for a detailed proof).

Lemma 1.  Under Assumptions 1 and 2, if inf,cx f(x) > —o0, then
D i E[|| V f(X,)|[3] < oo (2)
n=0

Remark 2. Since > 07 anq1 = 00, Lemma 1 implies that liminf, . E[|| V f(X,)||3] =0
(see Appendix A of [6]). Note that the converse is not true: when a subsequence of
E[|| V f(X,,)|/3] converges to 0, the sum in Equation (5) need not be finite. As a simple
example, consider o, 41 = %, and

Loifn=2Fk
B[V f(Xa)[13] = {; S hermice (3)

Then the subsequence on indicies 2" converges to 0, but the sum still diverges. Consequently,
Lemma 1 is stronger than subsequence convergence.

3.3. Bounding the Successive Differences. However, Lemma 1 is still not strong enough to
guarantee that lim,,_,, E[|| V f(X,)||3] = 0. This is because the convergent sum given in
Equation (5) only limits the tail growth somewhat, but not completely. To demonstrate this
point, let ¢; be the following boolean variable:

(4)

Cp —

_J 1, if n contains the digit 9 in its decimal expansion,
0, otherwise.

1

1oife, =1
For instance, cg = 1, ¢11 = 0. Now define o, 11 = 1, and E[|| V f(X,,)[|3] = f’ lf ¢ 0
, if ¢, = 0.

As first-year Berkeley Math PhDs delightfully found out during— or painfully found out after
— their qualifying exam, Y~ | a1 E[|| V f(X,,)]|3] < oo (see Problem 1.3.24 in [12]), even
though the limit E[|| V f(X,,)||3] does not exist. This indicates that to obtain convergence
of E[|| V f£(X,)||3], we need to impose more stringent conditions to ensure its sufficient tail
decay. Note that one issue that is revealed by the above counter-example is that the distance
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between two successive terms is always bounded away from 0, no matter how large n is. This
obviously makes it possible for convergence to occur: a necessary condition for convergence is
that the difference converges to 0. Note that intuitively, this pathological case cannot occur
for gradient descent, because the step-size is shrinking to 0, hence making the successive
difference converge to 0 (at least in expectation). Consequently, we can bound the difference
between every two successive terms in terms of a decreasing sequence that is converging to
0. This ensures that E[|| V f(X,,)||3] cannot change two much from iteration to iteration.
Further, the change between two successive terms will be vanishing. This result is formalized
in the following lemma (the proof is given in the appendix):

Lemma 2.  Under Assumptions 1 and 2, there exists a constant C > 0 such that for every
n}

E[| V f(Xnt0)3) = ElIl V f(Xn)[5]] < Canya.

3.4. Main Convergence Result. Putting the above two characterizations together, we obtain:

Theorem 1.  Let X,, be the DASGD iterates generated from Algorithm 3. Under Assump-
tions 1 and 2, if inf cx f(x) > —o0, then

i E[| ¥ (X)[3] = 0. (5)

Remark 3.  Three remarks are in order here. First, note that the condition inf,cx f(x) >
—oo means that the optimization problem (Opt) has a solution. This is necessary, because
otherwise, a stationary point may not exist in the first place, and DASGD (or even simple
gradient descent) may continue decrease the objective value ad infinitum. Note that since f
is smooth, a minimum point is necessarily a stationary point.

Second, the above convergence is a fairly strong characterization of the fact that the
gradient vanishes. In particular, it means that the gradient of the DASGD iterates converges
to 0 in mean square. Consequently, this implies that the norm of the gradient vanishes in
expectation, and that the gradient converges to 0 with high probability. Note further that
if we strengthen Assumption 1 to require that all stochastic gradients are bounded almost
surely (as opoosed to just bounded in second moments), then a similar analysis ensures
almost sure convergence of || V f(X,,)||2. We omit the details due to space limitation. Finally,
that Theorem 1 is a direct consequence of Lemmas 1 and 2 is a simple excercise in elementary
series theory (in particular, Lemma A.4).

4. VARIATIONALLY COHERENT PROBLEMS

In this section, our goal is to establish global optimality convergence guarantees of DASGD
in as wide a class of optimization problems as possible. Since global convergence cannot
be expected to hold for all non-convex optimization problems (even without delays). a
standard structural assumption to make in the existing literature on the objectives (even in
the no-delay case) is convexity. Here we instead consider a much broader class of stochastic
optimization problems than convex problems. Further, we allow for constrained optimization;
in particular, X is assumed to be a convex and compact subset of R¢ throughout the section.
We first discuss the class of objectives and then present global convergence results and their
analyses in the subsequent two subsections. We focus on the class of mean variationally
coherent optimization problems [37, 38, 57, 58], defined here as follows:

Assumption 3.  The optimization problem (Opt) is called variationally coherent in the
mean if

E(V F(z;w),z — x*)] > 0, (VC)
for all z* € X* and all x € X with equality only if x € A™*.
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Figure 2. Examples of variationally coherent objectives: on the top row, the Beale
function f(x1,22) = (1.5 —x1 +m1x2)2 +(2.25—x1 +mlx§)2 +(2.625 — 1 +mlxg)2
over the benchmark domain [—4, 4] x [—4, 4]; on the bottom row, the polar example
f(r,0) = (3 4 sin(50) 4 cos(30))r?(5/3 — r) over the unit ball 0 < r < 1. In both
figures, the black curves indicate a sample trajectory of DASGD with linearly
growing delays.

Note that we do not impose the “if" condition for equality: if x € X'*, then the equality
may or may not hold. By Assumption 1, we can interchange expectation and differentiation
in (VC) to obtain

(Vf(zx),z —z") =0, (6)
for all z € X, z* € X*. As a result, mean variational coherence can be interpreted as
an averaged coherence condition for the deterministic optimization problem with objective
f(z). Mean variationally coherent optimization problems include convex programs, pseudo-
convex programs, non-degenerate quasi-convex programs and star-convex programs as
special cases. For instance, if ¢ is star-convex, then (Vf(z),x — z*) > f(x) — f(«*) for
all x € X, ¥ € X*. This is easily seen to be a special case of variational coherence
because (Vf(z),z —x*) > f(z) — f(z*) > 0, with the last inequality strict unless z € X'*.
Note that star-convex functions contain convex functions as a subclass (but not necessarily
pseudo/quasi-convex functions). See [56, 57] for a more detailed discussion on why these
various classes of optimization problems are special cases. Fig. 2 also provides two more
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elaborate examples of a variationally coherent optimization problem that are not quasi-convex.
Put together, these examples indicate that variationally coherent objectives can have highly
non-convex profiles. Nevertheless, for the class of variationally coherent functions, it is
possible to establish almost sure convergence guarantees (which we do so in the subsequent
sections).

4.1. Deterministic Analysis: Convergence to Global Optima. To streamline our presenta-
tion and build intuition along the way, we will begin with the deterministic case in this
subsection, where there is no randomness in the calculation of a gradient update. In this case,
DASGD boils down to distributed asynchronous gradient descent (DAGD), as illustrated in
Algorithm 5:

Algorithm 5. Distributed Asynchronous Gradient Descent (DAGD)

Require: Initial state yy € R?, step-size sequence a,,
1: n+0
2: repeat
3 xp = Pry(yn);
4: Yn+1 = Yn — Oén+1Vf(l'S(n));
5 n << n+1;
6: until end
7: return solution candidate x,,

4.1.1. Energy Function. We start with an energy function that measures on how “optimal"
the dual variable y is: the smaller the energy (i.e. the closer it is to 0), the better the dual
variable.

Definition 1.  Let 2* € X*. Define the energy function E: R? — R as follows:
E(y) = inf By (y), where Bu-(y) = 2" I - [pra ()3 + 20y praly) — 7). (7)

Note that one can think of E,-(y) as the energy of y with respect to a fixed optimal
solution x*, while F(y) is the best (smallest) energy for a given y. We next characterize a
few of its useful properties.

Lemma 3. For all y € R?, we have:

(1) E(y) > 0 with equality if and only if pry(y) € X*.

(2) Let {yn}5°, be a given sequence. If lim, o E(y,) = 0, then pry(y,) — X* as'!
n — oo.

Remark 4. The proof is given in the appendix, but it is helpful to make a few quick remarks.
The first statement justifies the terminology of “energy", as E(y) is always non-negative.
This energy function will also be the tool we use to establish an important component of
the global convergence result. Further, given that E(y) > 0, it should also be clear that
when pry(y) € X* C X, we can choose a particular 2* = pr,(y) such that E(y) = 0 (but
that F(y) = 0 implies pry(y) € X* is less obvious). Statement 2 of the lemma provides us
with a way to establish convergence to optimal solutions. If we can show that E(y,) — 0,
then z, = pry(y,) — X*. Nevertheless, as we shall see later, unlike many other Lyapunov

11Following the convention in point-set topology, a sequence s, converges to a set S if dist(sn,S) — 0,
with dist(-,-) being the standard point-to-set distance function: dist(sp,S) £ infscs dist(sn,s), where
dist(sn, s) is the Euclidean distance between s, and s.
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functions in optimization, E(y,) does not decrease monotonically; consequently, it is difficult
to directly establish E(y,) — 0. In fact, a finer-grained analysis is required to characterize
the convergence behavior of E(y,) (see Section 4.1.2).

We also assume that the converse of Statement 2 of the above lemma holds:
Assumption 4.  If lim, o F(y,) = 0, then pry(y,) = X* as n — oo.

Assumption 4 can be seen as a primal-dual analogue of the reciprocity conditions for
the Bregman divergence. This assumption usually holds (e.g. when the feasible set X is a
polytope), unless X" is pathological.

Lemma 4. Fiz any z* € X*.

(1) I pra(y) — 913 — lpra(@) — 913 < lly — 9113, for any y,§ € R%.
(2) Ep+(y+ Ay) — Ep-(y) < 2(Ay, pra(y) — z*) + | Ayll3, for any y, Ay € R%.

Remark 5. The first statement of the above lemma serves as an important intermediate
step in proving the second statement, and is established by leveraging the envelop theorem
and several important properties of Euclidean projection. To see that this is not trivial,
counsider the quantity || pry(y) — §ll2 — || Prx (§) — 9|2, which we know by triangle’s inequality
satisfies:

[Pra(y) —gllz — [[Pra(9) —Jll2 < [ Pra(y) — Pra(@lz < ly — 92 (8)

where the last inequality follows from the fact that projection is a non-expansive map. How-
ever, this inequality is not sufficient for our purposes because in quantifying the perturbation
E(y + Ay) — E(y), we also need the squared term ||Ay]||3, which is not easily obtainable
from Equation (8). In fact, a tighter analysis is needed to establish that ||y — §||3 is an upper

bound on || pry(y) — i3 — [l pra(9) — 93

4.1.2. Main Convergence Result. An intermediate result, interesting on its own and useful
also as a heavy-lifting tool for our convergence analysis is then provided by the following
technical result:

Proposition 1. Under Assumptions 1 to 4, DAGD admits a subsequence x,, that converges
to X* as k — oo.

We highlight the main steps below and refer the reader to the appendix for the details:
(1) Letting b, =V f(25(n)) — V f(zn), we can rewrite the gradient update in DAGD as:

Yn+1 = Yn — Qn41 \% f(xs(n))
=Y — Qpt1 V f(xn) - an+1{v f(ws(n)) - Vf(xn)}
=Y — pt1(V f(2n) + by). 9)

Recall here that s(n) denotes the previous iteration count whose gradient becomes
available only at the current iteration n. By bounding the magnitude of b,, using
the delay sequence through a careful analysis, we establish that under any one of
the conditions in Assumption 2, lim,_, ||bn||2 = 0. The analysis here, particularly
the one for the last three conditions, reveals the following pattern: as the magnitude
of the delays gets larger and larger in the order of growth, one needs to use a more
conservative step-size sequence in order to mitigate the damage done by the stale
gradient information. Intuitively, smaller step-sizes are more helpful in larger delays
because they carry a better “amortization" effect that makes DAGD more tolerant
to delays.
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(2) With the defintion of b,,, DAGD can be written as:
Tn = Pry(Yn),
Yn+1 = Yn — O‘n+1(v f(xn) + bn)'

We then use the energy function to study the behavior of y,, and z,,. More specifically,
we look at the quantity F(yn+1) — E(yn) and, using Lemma 4, we bound this one-
step change using the step size «,, the b, sequence and the defining quantity
(V f(zy), 2, — x*) of a variationally coherent function (as well as another term that
will prove inconsequential). We then telescope on E(yn+1) — E(yn) to obtain an
upper bound for F(y,+1) — E(yo). Since the energy function is always non-negative,
E(yn+1) — E(yo) is at least —FE(yq) for every n. Then, utilizing the fact that b,
converges to 0 and that (V f(z,),z, — z*) is always positive (unless the iterate is
exactly an optimal solution, in which case it is 0), we show that the upper bound will
approach —oo if X,, only enters N (X*,¢€), an open e-neighborhood of X*, a finite
number of times (for an arbitrary € > 0). This generates an immediate contradiction,
and thereby establishes that X,, will get arbitrarily close to X'* for an infinite number
of times. This then implies that there exists a subsequence of DAGD iterates that
converges to the solution set of (Opt), i.e, z,, — X™* as k — oc.

(10)

Theorem 2.  Under Assumptions 1 to 4, the global state variable x,, of DAGD (Algorithm 5)
converges to the solution set X* of (Opt).

We give an outline of the proof below, referring to the appendix for the details.

Fix a 6 > 0. Since z,, — z*, as k — oo (per Proposition 1), we have E(y,,) — 0
as k — oo per Lemma 3. So we can pick an n that is sufficiently large and F(y,) < ¢.
Our goal here is to show that for n large enough, once E(y,) < ¢, it will stay so forever:
E(ym) < §,Ym > n. Note in particular that the above statement is not true for all n, but
only for n large enough.

However, the behavior of E(y,,) is not very regular: it can certainly increase from iteration
to iteration for any n. Nevertheless, we can precisely quantify how large this increment (if
any) can be. This leads us to break it down to two cases:

(1) Case 1: E(yy) < 6/2.
(2) Case 2: 6/2 < E(yn) < 6.

For Case 1, we show in the appendix that
E(ynt1) — E(yn) < 2BCaans1 + 205, ,(Ca + B?), (11)

for suitable constants B and C‘s. Now for n sufficiently large, we can make the right-hand
arbitrarily small, and in particular, smaller than §/2. This means E(y,+1) < E(y,) + 3 < 0.
Consequently, in this case, the energy stays within the 6 bound in the next iteration.

For Case 2, we show in the appendix that

a
E(yat1) = Eyn) < ~20011[§ — ansa(Co + B (12)

where a is a positive constant that depends only on §. Again, since n is sufficiently large,
we can make % — ay41(C2 + B?) positive, thereby making the right-hand side negative.
Consequently, E(yn+1) < E(yn) < d. Hence, again, the energy stays within the § bound in
the next iteration.

The key conclusion from the above is that, for large enough n, once E(y;,) is less than 4,
E(yn+1) is less than ¢ as well and so are all the iterates afterwards. Since § is arbitrary, it
follows E(y,) — 0, and therefore z,, — X* by Lemma 3.
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4.2. Stochastic Analysis: Almost Sure Convergence to Global Optima. Having established
deterministic global convergence of DAGD, we now proceed to study stochastic global
convergence of DASGD. Compared to the deterministic analysis, the stochastic case is much
more involved because randomness can lead to very volatile behavior in the presence of
delays; in particular, the simple approach employed in Theorem 2 (to establish that once
E(y,) is less than 4, it will always remain so) no longer works. To deal with both delays and
noise, a much more sophisticated analysis framework needs to be developed, which requires
several news ideas. To streamline our presentation, we break the theoretical development into
four subsections, each comprising an important component and step of the overall analysis.

4.2.1. Recurrence of DASGD. Our first step lies in generalizing Proposition 1 to the sto-
chastic case. Specifically, in the presence of noise, we show that the iterates of DASGD visit
any neighorhood of A* infinitely often almost surely.

Proposition 2.  Under Assumptions 1 to 4, DASGD admits a subsequence X, that con-
verges to X* almost surely: X,, — X* with probability 1 as k — oo.

We outline the two main steps of the proof below, referring the reader to the appendix for
the details.

(1) We begin by rewriting the gradient update step in DASGD as:

Yot mTn _ ~VF(Xg(n),Wnt1)
[e77 R}
= -V f(X»)
— [V f(Xsm) = V f(Xn)]
— [VE(Xsnys wnt1) = V f(Xsm))]- (13)

Letting B,=V f(XS(n)) -V f(Xn) and Un—i—l = VF(XS(n),wn+1) -V f(XS(n)), we
can rewrite the DASGD update as

Yn+1 = Yn — Oén+1{v f(Xn) + Bn + Un+1}. (14)

We then establish the following two facts in this step. First, we verify that
Z?:o U,n+1 is a martingale adapted to Y1,Ys ..., Y, 1, where {Up41}52, is a Lo-
bounded martingale difference sequence. Second, we show that lim, . ||Bpll2 =
0,a.s..

The second claim is done by first giving an upper bound on ||B,||2 by writing
V f(Xsm)) — V f(X,) as a sum of one-step changes (V (X)) =V f(Xsm)+1) +
V [(Xstmy+1) — -+ V f(Xn-1) = V f(X,)) and analyzing each such successive
change. We then break that upper bound into two parts, one deterministic and one
stochastic. For the deterministic part, the same analysis in the proof of Proposition 1
yields convergence to 0.

The stochastic part turns out to be the tail of a martingale. By leveraging
the property of the step-size and a crucial property of martingale differences (two
martingale differences at different time steps are uncorrelated), we establish that
said martingale is Lo-bounded. Then, by applying a version of Doob’s martingale
convergence theorem, it follows that said martingale converges almost surely to a
limit random variable with finite second moment (and hence almost surely finite).
Consequently, writing the tail as a difference between two terms (each of which
converges to the same limit variablewith probability 1), we conclude that the tail
converges to 0 (a.s.).
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(2) The full DASGD update may then be written as
Xy =pry(Yn)
Yn+1 - Yn - an+1[v f(Xn) + Bn + Un+1]- (15)

As in Step 2 of the proof of Proposition 1, we again bound the one-step change
of the energy function E(Y,,4+1) — E(Y;,) and then telescope the differences. The
two distinctions from the determinstic case are: 1) Everything is now a random
variable. 2) We have three terms: in addition to the random gradient V f(X,,) and
the random drift B,,, we also have a martingale term U, ;. Since B, converges
to 0 almost surely (as shown in the previous step), its effect can be shown to be
negligible. Futher, the analysis utilizes law of large numbers for martingale as well as
Doob’s martingale convergence theorem to bound the effect of the various martingale
terms and to establish that the final dominating term converges to —oo almost surely
(which generates a contradiction since the energy function is always positive) unless
a subsequence X,,, converges almost surely to X'*. |

Even though recurrence, which can be seen as the counterpart of Proposition 1, holds
as per the above proposition, the random iterates X,, are much more irregular than their
deterministic counterpart x, in DAGD. To deal with this complexity, we work with and
characterize the sample trajectories “generated" (to be made precise later) by X,, (rather
than individual iterates X, ). To work towards this general direction, we first push the
DASGD update into a determinstic ordineary differential equation (ODE), as explained in
the next subsection.

4.2.2. Mean-Field Approximation of DASGD. We can rewrite the DASGD update as:
Xn = Pry (Yn)

Y1 =Y, — a1 {Vf(Xn)+ By +Ups1} (16)
Written in this way, DASGD can be viewed as a discretization of the “mean-field” ODE
T = Ppry (y)v
y=-V[f() (17)

The intuition is that this ODE provides a “mean" approximation of the DASGD update,
because in (16), the noise term U,; has 0 mean, and the term B,, converges to 0 (and
therefore has negilible effect in the long run). Thes leaves only the term Y, 1 = Y, —
ant1 V f(X,), which can be seen as a Euler discretization of the ODE. (Of course, that
Equation (17) is a good-enough approximation of Equation (16) for global almost sure
convergence purposes here will be rigorously justified later.)

Next, writing Equation (17) solely in terms of y yields § = —V f(pry(y)). Since V f
and pr, are both Lipschitz continuous and X is a compact set, the composition V f o pry
is itself Lipschitz continuous and bounded. Standard results from the theory of dynamical
systems then show that (17) admits a unique global solution y(t) for any initial condition
y(0). On the other hand, since pr is not a one-to-one map, it is not invertible; consequently,
there need not exist a unique solution trajectory for x(t). By this token, the rest of our
analysis will focus on the trajetory of y(t).

With the guarantee of the existence and uniqueness of the y trajectory, let P: Ry x R% —
R? be the semiflow!? of (17), i.e., P(t,yo) denotes the state of (17) at time ¢ when the
initial condition is yo. In other words, when viewed as a function of time, P(-,yo) is the
solution trajectory to § = —V f(pry(y)). It is worth pointing out that writing it in this

1256e Appendix A for a more rigorous definition. Furthermore, R is the set of non-negative reals.
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double-argument form also allows us to interpret P as a function of the initial condition:
for a fixed ¢, P(t,-) gives different states at ¢ when the ODE starts from different initial
conditions (in particular, P(0,y) = y). Both views will be useful later.

It turns out that with the energy function introduced here, E(P(t,y)) is always non-
increasing. Furthermore, it is also decreasing at a meaingful rate. We end this subsection
with a “sufficient decrease” property of the mean dynamics (17) (the proof given in the
appendix due to space limitation):

Lemma 5. With notation as above, we have:

(1) If pry(P(t,y)) & X*, then E(P(t,y)) is strictly decreasing in t for all y € R9.
(2) For all 5 > 0, there exists some T = T(J) > 0 such that, for allt > T, we have

sup, {E(P(t,y)) — E(y) : E(P(t,y)) = 0/2} < —0/2. (18)

Lemma 5 essentially says F(P(t,y)) is strictly and uniformly (across all y) decreasing
at a non-vanishing rate. More specifically, to give some intuition of the second part of
Lemma 5, note that E(P(t,y)) — E(y) is the energy change at time ¢ when starting at y.
The first part says this quantity is always non-negative. While the second part says provided
E(P(t,y)) > 6/2, the decrease in energy will be at least 2, no matter what the initial point
yis. If E(P(t,y)) > 6/2 does not hold, that means the energy at time t is already really
small (i.e. E(P(t,y)) < ¢/2). Consequently, the mantra of the above lemma can be stated
succinctly as follows: either the energy is already close to 0, or the energy will decrease
towards 0.

In fact, by some additional analysis, one can further show'?® that Lemma 5 implies
P(t,y) — X*,Vy as t — oco. Now, despite being an interesting result on its own (which
establishes that the continuous dynamics of DASGD converges to X'*), it is still some distance
away from our final desideratum: our goal is to establish (almost sure) convergence of the
discrete-time process in DASGD. So unless we can somehow relate the discrete-time iterates
to the continuous-time trajectories, the convergence of DASGD is still uncertain. We fulfill
this taks in the next subsection.

4.2.3. Relating DASGD Iterates to ODE Trajectories. Our goal here is to establish a quan-
titative connection between the DASGD iterates and the ODE trajectory studied in the
previous subsection. Our general idea is that if we show the trajectory generated by the
discrete-time iterates of DASGD is path-by-path “close" to the continuous-time trajectory
P(t,y), then likely almost-sure convergence of the DASGD iterates can be guaranteed as
well.

To be more specific, there are two things that need to be more precisely defined from the
preceding high-level discussion. First, what does it mean to be a trajectory generated by
the discrete-time iterates of DASGD? Second, what does it mean for this trajectory to be
“close" to the ODE trajectory? In general, the answers to these questions can vary depend
on the specific goal at hand. In the current context, our goal is to establish global almost
sure convergence (a very strong result). Consequently, we need to choose the answers rather
judiciously: on the one hand, the answers must be stringent enough to ensure global almost
sure convergence in the end (for instance, for the second question, a fairly strong notion of
“closeness" is needed); on the other hand, they must also be flexible enough to fit in the
current context.

13Although this is an interesting conclusion, we do not prove it here because we are mainly concerned
with establishing convergence of the DASGD iterates, rather than the ODE solution trajectory.
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As it turns out, the answer to the first question is rather intuitive: (perhaps) the simplest
way to generate a continuous trajectory from a sequence of discrete points is the affine
interpolation: connect the iterates Yy, Y7,...,Y, at times 0, aq,..., Zf:ll a,. We call this
curve the affine interpolation curve of DASGD and denote it by A(t). Note that A(t) is a
random curve because the DASGD iterates Yy, Y7, ...,Y,, are random. To avoid confusion,
we summarize the three different objects discussed so far:

(1) The DASGD iterates Yy, Yy, ..., Y,.
(2) The affine interpolation curve A(t) of Yj,.
(

3) The flow P(t,y) of the ODE (17).

The answer to the second question lies in the notion of an asymptotic pseudotrajectory
(APT) , a concept introduced by Benaim and Hirsch [4] and Benaim and Schreiber [5].
Specifically, in our current context, a continuous curve s(t) is considered close to ODE
solution P(t,y) if the following holds:

Definition 2. A continuous function s : R, — R% is an APT for P if for every T > 0,
lim sup d(s(t+h),P(h,s(t))) =0, (19)

t—o0 0<h<T
where d(-,-) is the Euclidean metric'® in R?.

Intuitively, the definition matches exactly the naming: s is an APT for P if, for sufficiently
large t, the flow lines of P remain arbitrarily close to s(t) over a time window of any (fixed)
length. More precisely, for each fixed T' > 0, one can find a large enough #g, such that for all
t > tg, the curve s(t + h) approximates the trajectory P(h, s(t)) on the interval h € [0,T]
with any predetermined degree of accuracy.

With this definition in place, to push through the agenda, we need to establish that A(¢),
the affine interpolation curve of the DASGD iterates, is an APT for the flow P(¢,y) induced
by the ODE (17). More precisely, we establish that A(t) is an APT for the flow P(t,y)
almost surely, because as mentioned before, A(t) is a random curve.

Lemma 6. Let A(t) be the random affine interpolation curve generated from the DASGD
iterates. Then A(t) is an APT of P(t,y) almost surely.

Note that this result means any resulting affine interpolation curve of DASGD is close to
the ODE trajectory. This also forms the basis for reasoning convergence on a path-by-path
scale. However, more work still remains to be done because, unfortunately, the condition
that A(t) is an APT for P almost surely does not guarantee that the discrete-time iterates
of DASGD converge to X* (for many counterexamples in general dynamical systems, see
Benaim [3]). In other words, the notion of APT is not sharp enough to ensure direct
convergence result. We fulfill this final gap in the next subsection.

4.3. Main Convergence Result. Even though A(t) being an APT for P almost surely does
not itself guarantee that the discrete-time iterates of DASGD converge to X'*, we can use the
energy function to further sharpen this result. Specifically, we use F(A(t)) to further control
the behavior of the affine interpolation curve. In fact, the advantage of working with the
affine interpolation curve A(t) is that once we show E(A(¢)) is bounded by some § almost
surely from some point onwards, then we know E(Y,,) is bounded by § almost surely (also
from some point onwards): this is because the discrete-time iterates and the affine curve

A5 should be obvious from the definition, APTs can be defined more generally in metric spaces in
exactly the same way.
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coincide at discrete time points. Consequently, we focus on boudning F(A(¢)), which will
enable us to obtain our main convergence result:

Theorem 3.  Under Assumptions 1 to 4, the global state variable X, of DASGD (Algo-
rithm 4) converges (a.s.) to the solution set X* of (Opt).

Again, we only give an outline of the proof below. By Proposition 2, X,, gets arbitrarily
close to X'* infinitely often. Thus, it suffices to show that, if X, ever gets e-close to X'*, all the
ensuing iterates are e-close to X* (a.s.). The way we show this “trapping" property is to use
the energy function. Specifically, we consider E(A(t)) and show that no matter how small e
is, for all sufficiently large to, if E(A(to)) is less than € for some tg, then E(A(t)) < €, Vt > to.
This would then complete the proof because A(t) actually contains all the DASGD iterates,
and hence if E(A(t)) < €,Vt > tg, then E(Y,) < ¢ for all sufficiently large n. Furthermore,
since A(t) contains all the iterates, the hypothesis that “ if E(A(tp)) is less than € for some
to" will be satisfied due to Proposition 2.

We expand on one more layer of detail and defer the rest into appendix. To obtain control
E(A(t)), we control two things: the energy on the ODE path E(P(t,y)) and the discrepancy
between E(P(t,y)) and E(A(t)). The former can be made arbitrarily small as a result of
Lemma 5 (we have a direct handle on how the ODE path would behave). The latter can also
be made arbitrarily small as a result of Lemma 6: since A(t) is an APT for P, the two paths
are close. Therefore, the discrepancy between F(P) and F(A) should also be vanishingly
small. Consequently, since E(A(t)) = E(P(t,y)) + {E(A(t)) — E(P(t,y))}, and both terms
on the right can be made arbitrarily small, so can E(A(t)) be made arbitrarily small.

5. DISCUSSION

We end the paper with a short simulation discussion that reveals an interesting practical
observation. Specifically, we test the convergence of Algorithm 4 against a Rosenbrock
test function with d = 1001 degrees of freedom, a standard non-convex global optimization
benchmark [43]. Specifically, we consider the objective

1000
fros() = Y [1000(zs41 — 27)* + (1 — @), (20)
i=1
with z; € [0,2], ¢ = 1,...,1001. The global minimum of fres is located at (1,...,1), at the
end of a very thin and very flat parabolic valley which is notoriously difficult for first-order
methods to traverse [43]. Since the minimum of the Rosenbrock function is known, (VC) is
easily checked over the problem’s feasible region.

For our numerical experiments, we considered a) a synchronous update schedule as a
baseline; and b) an asynchronous master-worker framework with random delays that scale
as d, = ©(n). In both cases, Algorithm 4 was run with a decreasing step-size of the form
apn x 1/(nlogn) and stochastic gradients drawn from a standard multivariate Gaussian
distribution (i.e., zero mean and identity covariance matrix).

Our results are shown in Fig. 3. Starting from a random (but otherwise fixed) initial
condition, we ran S = 10° realizations of DASGD (with and without delays). We then
plotted a randomly chosen trajectory (“test sample” in Fig. 3), the sample average, and the
min/max over all samples at every update epoch. For comparison purposes, we also plotted
the value of the so-called “ergodic average”

¢ k1 Xk

Xy ===, 21
22:1 Qg 2D
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Value convergence (averaged over S=100 samples) Value convergence (averaged over S=100 samples, asynchronous)
T T T T T T T
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(a) Convergence with no delays between gradient (b) Convergence with linearly growing delays
updates

Figure 3. Value convergence in a non-convex stochastic optimization problem
with d = 1001 degrees of freedom.

which is often used in the analysis of DASGD in the convex case (see e.g., 1). Even though
this averaging leads to very robust convergence rate estimates in the convex case, we see here
that it performs worse than the worst realization of DASGD. The reason for this is the lack
of convexity: due to the ridges and talwegs of the Rosenbrock function, Jensen’s inequality
fails dramatically to produce an improvement over X,, (and, in fact, causes delays as it causes
X, to deviate from its gradient path). Consequently, this simple simulation indicates that
establishing convergence of the iterate X, itself is not only theoretically stronger (and hence
more difficult) than convergence of the ergodic average, but also more practically relevant.

A. AUXILIARY RESULTS

We collect here in one place all the auxiliary results in the existing literature that will be
used in our proofs subsequently. The first one is a well-known characterization of convex
sets and the projection operator given in [39]:

Lemma A.1.  Let X be a compact and convex subset of RY. Then for any x € X,y € R?:
(pry(y) —z,pry(y) —y) <O0. (A1)
The second one is an Ly,-bounded martingale convergence theorem given in [21]:

Lemma A.2. Let S, be a martingale adapted to the filtration S,. If for some p > 1,
sup,,>o E[|Sn|P] < oo, then S, converges almost surely to a limiting random variable Su
with E[|Sx|P] < c0.

Remark 6. Note that E[|S|P] < oo for p > 1 obviously implies S, is finite almost surely.
The third one is the classical envelope theorem (see [10]).
Lemma A.3. Let f: R" x R™ — R be a continuously differentiable function. Let U be a

compact set and consider the problem

max f(z,0). (A.2)
Let z* : O — R™ be a continuous function defined on an open set O C R™ such that
for each 0 € O, x*(0) solves the problem in Equation A.2. Define V : R™ — R where

V(0) = f(z*(0),0). Then V(0) is differentiable on O and:
VV(0)=V f(z*(6),0). (A.3)
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The fourth one is an elementary sequence result (see [8]).

Lemma A.4.  Let a,, b, be two non-negative sequences such that Ziozl an = 00, ZZO=1 apb, <
oo. If there exists a real number K > 0 such that |b, 41 — b,| < Kay,. Then, lim,, o b, = 0.

The fifth one is law of large numbers for martingales given in [21]:
Lemma A.5.  Let M, =Y ,_,dy be a martingale adapted to (F,,)22 and let (u,)22, be a

nondecreasing sequence of positive numbers with limy, oo u, = 0o. If Y 0o u,? E[|dg|P| F,] <
oo for some p € [1,2] (a.s.), then:

lim Mn _ 0 (as.) (A.4)

n—00 Uy,

Finally, we recall the standard notion of semiflow.

Definition 3. A semiflow P on a metric space (M, d) is a continuous map P : Ry x M — M:
(t,x) = Pi(x),

such that the semi-group properties hold: Py = identity, P;ys = P;o P for all (¢,s) € Ry xRy

Remark 7. A standard way to induce a semiflow is via an ODE. Specifically, if F': R™ —

R™ is a continuous function and if the following ODE has a unique solution trajectory for
each initial point £ € R™:

dx
E = F(ZL’),
z(0) =1,

then P;(%) defined by the solution trajectory x(t) € R™ as follows is a semiflow: P;(Z) £ x(t)
with 2(0) = Z. We say P defined in this way is the semiflow induced by the corresponding
ODE.

B. TECHNICAL PROOFS

B.1. General Nonconvex Objectives.

B.1.1. Proof of Lemma 1. Proof: We start by rewriting the delayed gradient update X, 41 =
X — a1 VF(X (), wnt1) in Algorithm 3 in two forms as follows, both of which will be
used subsequently:

Xn+1 = Xpn — Apt1 <vf(Xs(n)) + VF(XS(n),er_l) - Vf(Xs(n))>

=Xy —onp1 <vf(Xn) + vf(XS(n)) -V f(Xn) + VF(XS(n)awn+1) - vf(XS(n))
(B.1)
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Denoted B £ sup, ¢y E[||VF(z,w)|3] per Assumption 1. Since V f(z) = E[V F(z,w)] is
Lipschitz per Assumption 1, letting L be the Lipschitz constant, we have:

FXnar) = F(Xa) <4V (X)Xt = X} + 51 X1 — Xl

L
= —an+1(V f(Xn)aVF(Xs(n)»Wn+1)> + §Han+IVF(Xs(n)aWn+1)H§
= _an+1<vf(Xn)a Vf(Xn) + vf(Xs(n)) - Vf(Xn) + VF(Xs(n)vwnJrl) - vf(Xs(n))>

L
+ §Oéi+1|| V f(Xsn)) + VE(Xgn),wni1) — V F(Xsm)I3
= —ap41| vf(Xn)”% —an1(V f(X,),V f(Xs(n)) -V (X))

— Qn41 <Vf(Xn)v VF(XS(n)7wn+1) -V f(XS(n))>

L
+ iaiJrl” Vf(XS(n)) + VF(XS(n)vwn+1) - Vf(XS(n))H%

< —an 1| VA5 + ansd | V F(X) 2l V f(Xemy) = V F(Xn)ll2
— ant1(V f(Xn), VF(Xs(n),Wn+l) -V f(Xs(n))>

+ 502 {20V (X 420V F (X, n1) =V (X3}
< —p1 | V F(Xa)[5 + VBani |V f(Xsmy) = V F(Xn)l2
— any1(V f(Xn), VF(Xs(n)vwnJrl) -V f(Xs(n))>
< 102 VB + |V F(Xypswni1) =V f(Xa) I3}
where in the last inequality follows because by Jensen’s inequality, we have:
IV f(Xn)l3 < Sup IEVF(z,w)]ll3 < jggEHIVF(x,W)Ilg] < B.

Denote the filtration generated by Xg, X1,..., X, to be F,,. We take the expectation of
both sides of Equation (B.2) and obtain:

E[f (Xn41) = f(Xn)] € —anta B[V F(Xa)[3] + VBant1 E[| V f(Xoim) = V (Xn)ll2]
— a1 BV f(X0n), V F(X(n), wns1) = V [(Xsm))] + LVBaZ

+ Laj Bl V F( Xy, wnt1) — V f(Xym)lI3)

= —an 1 B[| V £(X0) ]3] + VBan 1 B[| V f(Xomy) = V F(X0)|2]

}‘n}}

+ L\/EOC,%H,I + La?H»l E[” A% F(Xs(n)u w’n+1) -V f(Xs(n))H%]
= —n 1 B[| V £(X0) 3] + VBan 1 B[| V (X)) = V F(Xn)]|2]

]—"n}>}

+ LVBa2,; + La2 4y Ell| V F (X, wnt1) = V F (X 3]

— —ant E[| V F(X)IB] + VBansr B V F(Xy() = V £(X)ll2] + VB2,

+ Lo2 BV F(Xotny,wni1) = V f(Xem) I3

< —an1 E[| V F(X)I3) + VBani Bl V f(Xy(m) = V F(X)ll2] + LVBa2,; +4LBa2,,

—on E { E {<vf(Xn)7 VF(XS(n)aWn+1) - vf(XS(n))>

— On+1 E {<V f(Xn)vE { VF(Xs(n)awn-‘rl) - vf(Xs(n))
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where the third equality follows from E { V F(Xgn)wWnt1) — V [(Xsn)) ]—'n} = 0, since
Wpy1 is independent of F,, and the last inequality follows from E[|| V F/(X ), wny1) —
V [(Xsm)l3] < sup,ex E[| V F(2,wpi1) — V f(2)]13] < 4B. Since V f is L-Liptchiz contin-
uous, we have:

H vf(XVS(n ) Vf H2 < LHXS(n XnH2

= LHXs(n) - Xs(n)+1 + Xs(n)+1 - Xs(n)+2 +o+ X1 —

n—1 n—1 n—1
= LH _z(: ) {X’r' - X7-+1}H2 = LH _z(:)a1'+1VF(XS(T)vw7'+1)H2 <L Z a7-+1HVF(XS(T)7W7-+1)H2.

r=s(n)
(B.2)
Taking the expectation of both sides of the above equation then yields:
n—1
E[| Vf(Xsm) = V(X)) €L Y arst E[[VF(X oy, wria) o]
r=s(n)

n—1

<L Y amp SHE]EHIVF(I swrt1) 2] (B.3)
r=s(n) z€
n—1

<LB Z i1 (B.4)

r=s(n)

where B £ sup, ¢y E[| VF(2,w,+1)||2] < co per Remark 1. Combining Equation (B.3) with
Equation (B.2) then yields:

n—1
Elf(Xn+1)] — E[f(Xn)] € —an E[[|V f(Xn)”g] + LB\/EanJrl Z Qr41+ L\/EaiJrl + 4LBO‘721+1'
r=s(n)

(B.5)
Telescoping Equation (B.5) then yields:

— o0 < inf f(a) = f(Xo) < E[f(Xr1) )] - ELf(X)]}

’_' obﬂH
/—’H
i
=

T
< =Y ann El|V f(X)[3] + LBVB Z(anﬂ Z am) + (LVB +4LB) Zanﬂ
n=0

n=0 rs(n) n=0

(B.6)

Taking T' — oo, the above equation yields:

00 o] n—1 0o
—00 < =Y BV GBI+ LBVEY (anst Y. ar1) + (VB +4LB) Y ad,,.
n=0 n=0 r=s(n) n=0

(B.7)

Note that in all cases in Assumption 2, we have Y>>~ a2, < co. We next proceed to bound

> (anﬂ Z:’l;sl(n) arﬂ) and show that it is finite in each of the cases in Assumption 2.
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(1) In the bounded delays case, since sup,, d, < D, it follows that s(n) + D > n and

hence:
[e%s) n—1 e’} n oo
SN SR ED o GRS S EIUIRI) 3 RISt
n=0 r=s(n) n=0 r=n—1-D n=0
<(D+1 ( 1 . ): D+1 ( 2 )
SOEDY (o B9y T e By 0ret) PO [ may e

= (D+1)22a%+1 < 00,
n=0
where all the terms «,. are defined to be 0 when r drops below 0.
(2) In the sublinearly growing delays case, since d,, = O(nP), it follows that s(n) +
KsP(n) > n for some positive number K, which further implies that s(n) + Ks(n) >
s(n) + KsP(n) > n, thereby leading to s(n) > 5. Consequently, we have:

0o n—1 o] n 0o o] 00
1 1 Ksp 1 1 n
_ ~ op—1 < - p—1
> (o 3 am) <X (5 X 5) < Z( ) KY oo m) <KD ()
n=0 r=s(n) n=0 r=s(n) n=0 n=0 n=0
< (K + 1)7’72717”72 < 00.
n=0
(B.8)
(3) In the linearly growing delays case, since d,, = O(n), it follows that s(n)+ Ks(n) > n
for some positive number K and hence again s(n) > #%r1- Consequently, we have:
oo n—1 oo 1 n 1 oo 1 s(n)+Ks(n) 1
< <
Z(a"H Z arH) _Z(nlogn Z rlogr) _Z(nlogn rlogr)
n=0 r=s(n) n=0 r=s(n) n=0 r=s(n)
s(n)+Ks(n) 0
< / 1 dr) _ Z ( 1 log log(s(n) + Ks(n)))
= \nlogn Jyn) rlogr “— \nlogn log s(n)

tnqg

< \nlogn log log s(n) nlogn log s(n)

3
Il

log(K + 1) = 1 log(K + 1)
<
nlogn logs(n) )_Z(

p'%g

nlognlogn —log(K + 1)

n=0

> (o
( log(K+1)+logs(n)>:§:< : 10%(1+w))
(i

1
~ K —_— . B.9
7;) n(logn)? =0 (B-9)

(4) In the polynomially growing delays case, since d,, = O(n?), it follows that s(n) +
Ks%(n) > n for some positive number K. Note that in this case, s(n) = Q(ni),
because otherwise, s(n) + Ks?(n) = O(nﬁ + Kn?) = o(n), which is a contradiction.
Consequently, we have:

n—1 00 n

<
> (O‘"“ > O"”“) = nE::o (nlognlog logn rzg(:n) rlogrlog logr)

n=0 r=s(n)
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s(n)+Ks?(n)

1
nlognloglogn Z) rlogrloglogr)

r=s(n

1 s(n)+Ks(n) 1
_ / —dr)
nlognloglogn Jyum, rlogrloglogr

1 o log((K + 1)log s(n) + alog s(n)))
nlognloglogn loglog s(n)

—\n log nloglogn loglog s(n)
<i 1 log(K+1+a)>
- nlognloglogn loglog s(n)

(
(
(
<y (-t rog s LA
(
(

1 log(K +1+ a))
nlognloglogn 7

n24

log log "=

. 1
~ K
T;) nlogn(loglogn)? <

(B.10)

Consequently, in each of the above 4 cases, we have Y (anﬂ Z::_Sl(n) ar+1) < 0.
Therefore, Equation (B.7) yields

oo [eS) n—1 o)
-0 < — Z an1 B[ V F(Xn)lI2] + LB\/EZ (an+1 Z Oér+1> +(LVB +4LB) Z i
n=0 n=0 r:s(n) n=0

< =Y ann B[V f(X0)[3] + C,
n=0

- (B.11)
for some finite constant C. Reversing the above inequality immediately yields the result:

S anti B[V £(X) 3] < 0.

n=0

B.1.2. Proof of Lemma 2. Proof: We first recall a useful fact: for any two vectors a, b and
any finite-dimensional vector norm || - ||,

‘(Ilall + [l (lall - IIbII)‘ < [la+bllfla — bl|. (B.12)

Using this fact, we can expect bound the term in question as follows:

E

’E[Ivf(XnH)II%] —E[|V(Xa)l3]

(Vf<XnH>||2 . IIVf(Xn)z) (IIVf(Xn+1)I2 - w%nu)] ’

|
J

] <E [2 sup ||V f(z)|2 -
9 reX

<E \Wf(XnH)nz VA

- \Wf(XnH)nz VA e

. va(XnH) - Vf(Xn)

‘Vﬂxnm V(X

2

< E[HVf(XnH) + Vf(Xn)
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<2VBE HVf(XnH) —Vf(Xn) 1 <2VBE LHXn+1 - X,|| | =2LVBE Hxn+1 - X, ]
2 2 2
= 2LVBE | ||an11VF (X g(n) Wnt1) ’ < 2ILVBay, 1 sup E HVF(:v,wn+1) 1
2 TEX 2

= 2L\/§0¢n+1 sup E
reX

HVF(:v,wnH)

< 2L\/§an+1 sup , | E

2
2
reX

2
2‘|
< 2LVBay VB = 2LBoy, 41,

where the first inequality is an application of Jensen’s inequality, the second inequality
follows from Equation (B.12) the fifth inequality follows from Lipschitz continuity and the
second-to-last inequality follows from another application of Jensen’s inequality and that the
squre root function is concave. |

HVF(%C%H)

B.2. Variationally Coherent Objectives. We define the following constants that will be handy
later:

(1) Cr = sup,ex E[[|[VF (5 w)]l2].

(2) C2 = sup,cx E[[|VF(z;w)[3].

(3) Cj is the Lipschitz constant for V f(z)(= E[VF(z;w)]) :

|V f(x) =V f(@)]2 < Csllz — 2|2 (B.13)
(4) Cy=sup, pey ||z — 2|2

B.2.1. Proof of Lemma 3. Per the definition of the energy function, we have:

Eo-(y) = I prac(y) — a3 = ll2"[3 = | pra ()3 + 2y, pra(y) —2") - {II pry(y)ll3 — 2(pra(y),z") + IIx*Hg}

= —2[|pry(y)|l5 +2(y — pra(y), pra(y) — ) + 2(pry(y), pra(y) — z*) + 2(pray(y), z*)

=2(y —pry(y), pra(y) —a") >0,
(B.14)

where the last inequality follows from Lemma A.1. Consequently, E,-(y) > || pra(y)—z*||3 >
0. Taking the infimum over X* yields E(y) > 0.

Next, we establish that E(y) = 0 if and only if pry(y) € X*. The if part is already
established in Remark 4. It suffices to show that F(y) = 0 implies pry(y) € X*. To see
this, observe that if E,«(y) = 0, we must have || pry(y) — 2*||3 = 0, therefore implying
pry(y) = z*. Since Egz«(y) is a continuous function of z* for each fixed y, and since X* is a
compact set, inf,«cx+« F.+(y) must be achieved by some z* € X*. Namely E(y) = E.«(y).
Consequently, by the preceding observation, E(y) = 0 implies pry (y) = z* € X™*.

For the second statement, suppose on the contrary F(y,) — 0 but pry(y,) does not
converge to X*. Then there must exist a subsequence ny such that pry(yn,) is bounded
away from X*. Denoting by AN'(X*,¢) the e-open ball around X* (i.e. N(X*,€) £ {z € R? |
dist(z, X*) < €}). Then for the subsequence ny, there must exist some positive € such that
pry(y,) remains in X N N¢(X*,¢e). Since X N N°(X*, €) is an intersection of two closed
sets, it is itself closed; it is also bounded since X is bounded: hence it is compact. Further,
since for each fixed z*, F,-(y) is a continuous function of pry(y), F.-(y) must achieve the
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minimum value on the compact set X NN ¢(X*, €), where the minimum value a,~ is positive
per the first statement:

Ey(y) > az= > 0,Vpry(y) € X NNC(X*€),Va* € X*

Finally, since E,-(y) is continuous in z*, it must achieve the minimum value (over z*) on
the compact set X'*, where the minimum value a (corresponding to some F,-(y)) must again
be positive:

= > i x = .
E(y) wlgﬁ( E,- ()7w*12£(*am a>0

Consequently, E(y,,) > a > 0 since pry(yn,) € X N N(X*,¢€),Vk. However, on this
subsequence, the energy function still converges to 0 by assumption: E(y,,) — 0, which
immediately yields a contradiction. The claim is hence established. |

B.2.2. Proof of Lemma 4. We first prove the first claim. By expanding it, we have:

Ipra(y) — 915 — lpra(@) — 93 = lpra(y) —y +y —3l5 — [[pra(@) — 9l
=y =903 + [l pra(y) — yll2 + 2(pra(v) — v,y — 5) — [ Pra(d) —3l3 (B.15)

= lly = 913 — {Jl prae() — 513 — I Practy) — vl — 20y — Prac(y).i - 1)}

Now define the function f(x,y) = ||o —yl||3. It follows easily that the solution to the problem
max,ex ||z — y||3 is *(y) = pra(y). Consequently, by Lemma A.3, V(y) = f(z*(y),y) is a
differential function in y and its derivative can be computed explicitly as follows:

VV(y) =V " (y),y) =2y —2"(y) = 2(y — pra(y)). (B.16)
Futher, since for each z € X, f(x,y) is a convex function in y, and taking the maximum
preserves convexity, we have V (y) is also a convex function in y. This means that

V() = V() —(VV(y),§—y) > 0.

By Equation (B.16) and that V(y) = f(z*(y),y) = || pra(y) — z||3, the above equation
becomes:

Ipra (@) = 9l3 = I pra(y) = ylls — 2y — pra(y), 5 —y) > 0.
Consequently, Equation (A.2) then immediately yields:

Iprx(y) = 9l13 — I prac@) — 93 < lly — 3l3-

We now prove the second part. Expanding using the definition of the Lyapunov function
(and skipping some tedious algebra in between), we have:

Epe(y+A) = Epe (y) = ||l2*]I5 — \\prx(y+A)||2+2<y+A pry(y+A)—z7)

— {11118 = 1 P ()13 + 2(. Prac(y) — =) }
=lprx()l3 — [ pra(y + A3 - 2<y,prx(y) a*) +2(y + A, pry(y + A) — z*)
= lpra@Il3 — [ Pra(y +A)[3 +2(y, pra(y + A) — pra(y))

2(A,pry(y) — 2" +pry(y +A) —pry(y))
=2(A,pry(y) — ) +2(y + A, pra(y + A) —pra(y)) + | pra ()3 — [ praly + A5
=2(A,pry(y) — ) + | pra(y) — (y+ A5~ [lpraly+A) — (y + A3
<2(A,pry(y) —z*) + A3 (B.17)

where the last equality follows from completing the squares and the last inequality follows
from the first part of the lemma. |
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B.2.3. Proof of Proposition 1. We provide the details for all the steps.
(1) Defining b, = V f(z5n)) — V f(2n), we can rewrite the gradient update in DAGD
as:
Yn+1 = Yn — Qi1 V f(Tsn))
=Yn — ny1 V f(Tn) — an1{V f(xs(n)) =V f(zn)}
=Yn — ant1(V f(zn) + bn). (B.18)
Recall here once again that s(n) denotes the previous iteration count whose gradient

becomes available only at the current iteration n. To establish the claim, we start
by expanding b,, as follows:

1bnll2 = IV f(@sn)) = V f(@n)ll2 < Cslzs(ny — znll2
= G3]| Pry (Ys(n)) — Pra(Un)ll2 < C3|Ys(n) — ynll2

< C3{||ys(n) — Yst)+1ll2 + 1Ysm)y+1 = Ystyt2lle + -+ [|[Yn-1 — ynH2}

n—1 n—1 n—1
- CS Z ||ar+1 vf(xs(r))”Q < CB sup || Vf(l')HQ Z Qpy1 = CBVmax Z Apy1.
r=s(n) zeX r=s(n) r=s(n)
(B.19)

We now consider two cases, depending on whether the delays are bounded or not.
(a) If {an}p; and d,, < D,Vn satisfy Assumption 2, then dy,y = n —s(n) < D.
Consequently,

n—1 n n
0< ZO(T_H: Z a, < Z a, <D max a, -0 asn— oo, (B.20)
r=s(n) r=s(n)+1 r=n—D ré{n=D...n}
where the limit approaching 0 follows from lim,, ., a,, = 0, which itself is a
consequence of Assumption 2. This implies lim,, oo C3Vimax Z::Sl(n) ary1 =0
and consequently, lim,, . [|b,||2 = 0.
(b) We consider each of the three conditions in turn.
When a,—1 = 1 and d,, = o(n), we have n—s(n) < Ko(s(n)) for some universal
constant K > 0, which means n < s(n) + Ko(s(n)). Consequently, we have:

n—1 s(n)+Ko(s(n)) s(n)+Ko(s(n)) 1
0< Z Qg1 = Z arg/ —dr
r=s(n) r=s(n) s(n) "

Ko(s(n)) + s(n)

= log(s(n) + Ko(s(n))) —log s(n) = log )

—logl =0 asn — oo,

(B.21)
where the last limit follows from s(n) — oo as n — oo because n < s(n) +
Ko(s(n)).
When o, = @ and d,, = O(n), it is easy to verify (by integration) that

this particular choice of sequence satisfies Y . | a2 < 00, > " | @, = co. Since
d, = O(n), we have n — s(n) < Ks(n) for some universal constant K > 0,
which means n < s(n) + Ks(n). Consequently, we have:

s(n)+Ks(n) s(n)+Ks(n) 1

n—1
0< Z Qry1 = Z ozTg/

r=s(n) r=s(n) (n)

dr

rlogr
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log(s(n) + Ks(n)) ~log log(K + 1) + log s(n)
log s(n) log s(n)

where the last limit follows from s(n) — oo as n — oo because n < s(n)+ Ks(n).

When a,,_1 = Wloglogn and d,, = O(n%),a > 1, it is again easy to verify

(by integration) that this particular choice of sequence satisfies Assumption 2.

Since d,, = O(n®), we have n — s(n) < Ks(n)?® for some universal constant

K > 0, which means n < s(n) + Ks(n)®. Consequently, we have:

= log —0 asn— oo, (B.22)

n—1 s(n)+Ks(n)® s(n)+Ks(n)®

O<ZO[7-+1: Z aré/

r=s(n) r=s(n) (n)
loglog(s(n) + Ks(n)*)

1
——dr
rlogrloglogr

=1

o8 loglog s(n)
<lo loglog(s(n)® + Ks(n)®)
=08 loglog s(n)
<o log((K + 1)log s(n) + alog s(n))

& loglog s(n)
~ log log(K + 1+ a) + loglog s(n) 0 asn— oo
log log s(n) ’

(B.23)
where the last limit follows from the fact that s(n) — co as n — oo (again,
because n < s(n) + Ks(n)®).

(2) With the defintion of b,,, DAGD can be written as:
Ty = Pry(Yn),
Ynt1 = Yn — an1(V f(2n) + bn).

To prove the claim, we start by fixing an arbitrary z* € X* and applying Lemma 4
to bound the energy change in a single gradient update as follows:

(B.24)

Eqy (yn-i-l) — By (yn) < 2<yn+1 — Yn, Py (Yn) — %) + [Jyn — yn-i-lH%

= —2ant1(V f(@n) +bn), 20 — 27) + [lyn — yn+1H§'
Now telescoping the above inequality yields:

(B.25)

Ew* (yn-‘rl) - Eaa* (yO) = Z{Ew* (yr-‘rl) - Ew* (yr)}
r=0

< Z{_Qar+1<v f(x7) +bp, T — $*> + 0434-1” Vf(xr) + erg}
r=0

< =23 arn{(V flan) o —27) = bl — 272} +2) @ {1V Fl@)l3 + b3}

r=0 r=0
< =23 a1 {(V f(2r), 2, — 2%) = Cullb, |2} + 2> a7 1 {Co + B},
r=0 r=0

(B.26)
where the last inequality follows from the fact that b,’s must be bounded (since
lim, o0 ||bnll2 = 0) and hence let B £ sup,, ||bn|l2. By Assumption 2, we have

2% a2,4{C>+ B} = B < co. Now fix any positive number e. Assume for
contradiction purposes x,, only enters A/ (z*,€) a finite number of times and let ¢;
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be the last time this occurs. This means that for all » > 1, x, is outside the open

set N(X*,€). Therefore, since a continuous function always achieves its minimum
on a compact set, we have: (V f(z,),z, — 2*) > mingex_px-o(V f(2),z — 2*) £
a > 0,Vr > t; (note that a depends on ¢). Further, since b, — 0 as r — 0o, pick t9
such that [[b,[|2 < 3&;,Vr > t2. Denoting ¢ = max(t1,¢2), we continue the chain of
inequalities in Equation (B.26) below:

_Eac* (yO)

< By (Ynt1) — Eo(yo) < _2Zar+l{<vf(xr)axr —a") — C4Hb,~H2}
r=0

~2 3 @ {(V J(@). 2 = 2% = Callbrlla} +2 3" 02,,{Co + B

r=t+1 r=0

t n
< =23 i {(V f(@r),xp —2%) = Cullb 2} =2 D appfa—Callbr]o} + B
r=0 r=t+1

t n
- a
§204Zar+1|br||2+3—2 Z OZT+1{(I—§}
r=0 r=t+1

=B-a Z Qpp1 — —00, a8 N — 00
r=t+1
where the first inequality follows from the energy function always being positive
(Lemma 3), the second-to-last inequality follows from variational coherence and the

limit on the last line follows from Assumption 2 and that B2 20, Z::o Qyy1|by||2+B
is just some finite constant. This yields an immediate contradiction and the claim is
therefore established.

B.2.4. Proof of Theorem 2. Fix a given § > 0. Since o, — 0,0, — 0 as n — oo, for any
a > 0, we can pick an N large enough (depending on § and a) such that Vn > N, the
following three statements all hold:

)
2BCyan41 + 20, 1 (Cy + B?) < bR
a

Oén+1(02 + B2) < g

We show that under either of the following two (exhaustive) possibilities, if E(yy) is less
than 6, E(yn+1) is less than ¢ as well, where n > N.

(1) Case 1: E(y,) < 3.
(2) Case 2: § < E(y,) < 4.
Under Case 1, it follows from Equation (B.25):
Epe (Ynt1) — Epe(yn) < =200 41(V f(zp) + by, 20 — 27) + 04721+1|| V f(zn) + bn”%
< =20 41(bn, T — T*) + O‘i-&-l” V f(xn) + bn”%
< 2an41[[ball2llzn — 2|2 + 207 11 (C2 + B?)

0
< 2BCyap41 + 202 4 (Cy + B?) < 5

(B.28)
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where the second inequality follows from variational coherence. Taking the infimum of x* over
X* then yields: E(ynt+1)—FE(yn) < g. This then implies that E(a*, yn4+1) < E(x*, yn)—i—% < 4.
Under Case 2, Eq. (B.25) readily yields:

By (Ynt1) — Eoe (Yn) < =200 11(V f(20) + by, vp — %) + 0‘721+1|| V f(wn) + bn”%
= 20 41(V f(2n), Tn — x*> = 20541{bn, Tp — ) + O‘121+1H \Y f(xn) + bn”%
< =2ap 10+ 2041 ||bnllo|@n — 2|2 + 2074, (Ca + B?)

< —2ozn+1{a — C4lbp |2 — a1 (Co + BQ)} (B.29)
a
< —2an+1{a —5 an41(C2 + BQ)}
a
= —2an+1{§ — Oén_;’_l(CQ + BQ)}
<0,

where the second inequality follows from (V f(z,),z, — 2*) > a under Case 2'°. Taking the
infimum of z* over X'* then yields: E(yn+1) < E(y,). This then implies that E(y,41) <
Consequently, putting the above two cases together therefore yields E(y,+1) < 9. ]

B.2.5. Proof of Proposition 2. Using the definitions introduced in the main text, we rewrite
the gradient update in DASGD as:

Yn+1 = Yn — an+1{V f(Xn) + Bn + Un+1}. (B?)O)

(1) To see that Y."_, Uy+1 is a martingale adapted to Yy, Y1 ..., Y, 1, first note that,
by defintion, B,, is adapted to Yy, Y7 ...,Y,, (since X,, is a deterministic function
of ¥,,) and Y;,11,Y,, B, together determine U, ;1. We then check that their first

moments are bounded:
n

B[ 1Urtalla) <D E[Urpalla) = Y EIIVE (X wri1) = V f(Xo)ll2]
r=0 r=0 r=0

'MS\

<> {EUVF(Xy,wri)lla] + BV £ (Xor)lla]}
r=0

< { s BlIVE(,w)a] + sup |V ()]l } (B.31)
r—0o %€ xTE

3 |l

= > { swp EIIVF (@) 2] + sup | E[VF(z, )]l }

< Z 2 stelgE[HVF(x,w)Hg} = Z 2C1 =2(n+1)C; < 0,
r=0 ¥ r=0
where the last inequality follows from Jensen’s inequality (since || -||2 is a convex func-
tion). Finally, the martingale property holds because: E[Y_""_  Uy41 | Yi1,..., Y1) =
E[VF(Xs(n)awn+1) - vf(Xs(n)) | Y1, Y] + Z:}:_(} Urp1 = ZZ:_Ol Urt1., since
wWn+1 18 iid. Therefore, Z:}:o U,41 is a martingale, and U, 11 is a martingale differ-
ence sequence adapted to Yp, Y7 ..., Y, 41,

15Here a is a constant that only depends on §: if E(z*,y) > g, then by part 2 of Lemma 3, pr (y) must
be outside an e-neighborhood of z*, for some € > 0. On this neighborhood, the strictly positive continuous
function (V f(z),z — z*) must achieve a minimum value a > 0.
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Next, we show that lim, o ||Byn||2 = 0, a.s.. By definition, we can expand B, as
follows:

[Bulla = [V f(Xsm)) = VF(Xn)ll2 < Cs[| Xs(ny = Xnll2 = Csll pra(Yom)) — pra(Ya)ll2

< C3|Ysny = Yallz = C3||Ya(n) = Yaemy+1 + Ysyt1 — Ysyea + -+ Yoo1 —

n—1
SR S sp et tomn]

(n) r=s(n)

tvjﬁ

n—1

=C3 Z ar+1{ V f(Xsy) + VE( Xy, wr1) =V f(Xs(r))}H2
s(n)

r

n—1
:CS Z O‘T-l—lvf s(r) Z Oér+1U7+1H

r=s(n) r=s(n)

n—1 n—1
<C ||V f(Xor Cs| ri1Ura
< 3r§(n)a 11V f(Xsm)ll2 + Cs T;ﬂ)a +1 U1,

n—1 n—1
< O30 Z a1 + Cs| Z ar41Urg1]|2

r=s(n) r=s(n)
n—1 n—1 s(n)—1
= C3Ch Z a1 + Cs| Z oy 1Upy1 — Z or41Ur 1|2, (B.32)
r=s(n) r=0 r=0

where the first inequality follows from V f being Liptichz-continuous (Assumption 3)
and the second inequality follows from pr, is a non-expansive map.

By the same analysis as in the deterministic case, the first part of the last line of
Equation (B.32) converges to 0 (under each one of the conditions on step-size and
delays in Assumption 2):

n—1
nll_)l’réo 0301 Z Qpy1 = 0. (B33)
r=s(n)

We then analyze the limit of || >-"") a1 Upy — Zf,(zno)_l @y 41Ur41]|2. Define:
n—1

Mn: § ar+lUr+1~
r=0

Since U,11’s are martingale differences, M, is a martingale. Further, in each of the
three conditions, Y o ; @2 < co. This implies that M,, is an Ly-bounded martingale

because:
2
sup E[| M, 3] = sup E Z ariaUra | ) = supE| Z NI Sy
r=0
n—1
=supE[D> (i1Uir1,aj41Uj41)] = sup > Elar1Upi1, 0r41Urg)] (B.34)
n .’] r— O

n—1 n—1

—supZar_HIE U415 ]<sup4CQZozT+1 <4C’220¢T+1 < 00,
r=0 r=0 r=0
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where the last inequality in the second line follows from the martingale property as
follows:

E[{@it1Uit1, @j+1Uj41)] = qip10aj41 E[(Uis1, Uji1)]
= @i10541 E[E[(Uiy1, Ujp1) [ Yo, Y1, ..., Yiga]] (B.35)
= ;10541 E[Uip1, E[Uj41 | Yo, Y1, ..., Yi])] = aip1a541 E[(Uig1,0)] = 0,

where the second equality follows from the tower property (and without loss of
generality, we have assumed ¢ < j, the third equality follows from U, is adapted
to Yp, Y1,...,Y;+1 and the second-to-last equality follows from U,,;; is a martingale
difference. Consequently, all the cross terms in the second line of Equation (B.34)
are 0. Therefore, by Lemma A.2, by taking p = 2 lim,,_,o, M,, = M, a.s., where
Mo has finite second-moment. Further, since in all three cases s(n) — oo as
n — oo (because there is at most a polynomial lag between s(n) and n), we have
limy, 00 My(n) = Mo, a.s.. Therefore

s(n)—1

n—1
i (S o= 3 ot} = i ot 00} 0.

thereby implying:

n—1 s(n)—1
hrn CgH Z CXT+1UT+1 - Z ar+1Ur+1H2 = O (B36)
r=0 r=0

n—oo

Combining Equation (B.33) and Equation (B.36) yields lim, o || Br||2 = 0, a.s..
(2) The full DASGD update is then:

X, =pry(Yn) (B.37)
Yn+1 = Yn - an+1{v f(Xn) + Bn + Un+1}~ (B38)

We now bound the one-step change of the energy function E(X*,Y, 1) — E(X*
(which is now a random quantity) and then telescope the differences.
Pick an arbitrary z* € X* and apply Lemma 4, we have:

Ey- (Yn-i-l) — By (Yn) < =204 (V f(Xn) + By + Ung1, Xn — x*> + HYn - Yn-&-ng
=20, 41(V f(Xn) + By + Upg1, Xy — 2%) + 0‘121-0-1” V f(Xn) + Bn + Un+1||§
~20041(V f(Xn) + B+ U1, Xo = @) + 302 {9 S (Xa) I3+ 1 Ballf + 10113}

IN

IN

=20 11(V f(Xn) + Bu + Unsr, Xo — %) + 302, {Ca + | Ball§ + |Unsa 3}
(B.39)

For contradiction purposes assume X,, enters N'(X*,¢€) only a finite number of
times with positive probability. By starting the sequence at a later index if necessary,
we can without loss of generality X, never enters N (z*, €) with positive probability.
Then on this event (of X,, never entering N'(X*,¢€)), we have (V f(X,,), X,, — z*) >
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a > 0 as before. Telescoping Equation (B.39) then yields:

n

00 < By (Yp) < By (Vo) = Ear (o) = Y {Ea (Yr1) — Eoe (V)

r=0
n n
< _QZan+1<vf(Xn) + B + Uny1, Xy — %) + 320‘%4—1{02 + HBHH% + HUn-&-l”%}
— r=0
<2 ann{at Byt Unin X — 29} £330 02,0 {Co + 1Bul3 + [Vnn )
r=0 r=0

— —00 a.s. as n — oQ.
(B.40)

We justify the last-line limit of Equation (B.40) by looking at each of its compo-
nents in turn:
(a) Since > , a2, < 0o, and per the previous step, lim, o || By[|3 =0, a.s., we

have 3% 7 Oé%+1{02 + ||BnH§} = C, a.s., for some constant C' < .
(b) >0 ya2.1||Uns1]|3 is submartingale that is L; bounded since:

sup K| Zan+1”Uﬂ+1” < SupzanHE [1Un+1113] < Supzanﬂ]E [1Un-+1113]

r=0 r=0 r=0
= SUPZ a31+1 EH|VF(XS(TL)7WH+1) - vf(XS(n))”%]
=0

< QSUPZ(%%H{E[H V F(Xy(nyswnt1) 3] + E[] vf(Xs(n))H%]}
n
r=0
n
< QSupzaiH{ SEEE[H V F(z,w)|3] + sup | Vf(l‘)H%}
n r=0 x x

n
< 2supz QCgafH_l < 00.

" r=0

Consequently, by martingale convergence theorem (Lemma A.2 by taking p = 1),
33 a2 1 |Uns1ll3 = R,as., for some random variable R that is almost
surely finite (in fact E[|R|] < c0).

(c) Since ||By]|2 converges to 0 almost surely, its average also converges to 0 almost
surely:

ZanHHB nll2 —0. as
- ) My

Z’r‘ 1 a’l""rl

there by implying that

i an+1<Bna Xn - :C*>

n
"—0 27:1 Q41

since [(By, Xn — 2%)| < || By |2[| X0 — 2*([2 < Cul| By
In addition, ay41{(Unt1, Xn — x*) is a martingale difference that is Ly bounded
because a1 is square summable and

=0, a.s.,

E[(Un+1, Xn = &)3] < El|Uns1[3[1Xn — 2*[13] < CaE[|[Un41I3] < 4C4C2 < o0.
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Consequently, by applying Lemma A.5 with p = 2 and w, = Y _,_; ay41 (which
is not summable), law of large number for martingales therefore implies:

oo *

Qi1 U, 1 X,—z
S el X 20 g
n=0 E’!‘Zl Qr41

Combining the above two limits, we have

hm Z;L:Q O4’n—i—1<Bn + Un—i—la Xn - -/E*>

n
n—0oo ZT‘:O Qi1

Consequently, — Y ""_, Oén+1{a +(Bp +Upt1, Xpn — I*>} =—{>r an+1}{a +

> or=o a’!L+1<§7L+U’!L+17X’!L7$*>} — —00, a8 T — —00.
r=0 &r+1

=0, a.s.

B.2.6. Proof of Lemma 5. The first claim follows by computing the derivative of the energy
function with respect to time (for notational simplicity, here we just use y(t) to denote

P(t,y)):

%Ew* (y()) = %{le* 12 — | pra (@) + 2(y(t), pra(y(t)) — x*>}
= prau(e) — ) + IOl + 2000, —a") )

= 205(t), Pra(y(t)) — y(0)) + 20y(0),5(0)) + 2(3(0), ") } (B.41)

— 2V f(a(t).(t) — u(B) — 2T Fa(0).y(0)) — 27 Flalt),—a")}
= —(V f(z(t)),z(t) — 2*) <0,

where the last inequality is strict unless pry (y(t)) = z(t) = «*. Take the infimum over z*
then yields the result: in particular, if pry(y(t)) = z(t) ¢ X*, then £ E,-(y(t)) < —e <
0,Vz* € X*, hence yielding the strict part of the inequality. Note also that even though
pry(y(t)) —y(t) is not differentiable, || pry (y(t)) — y(t)||3 is; and in computing its derivative,
we applied the envelope theorem as given in Lemma A.3.

For the second claim, consider all y that satisfy E(P(t,y)) > %. Fix any z* € A*. By the
monotonicity property in the first part of the lemma, it follows that E.«(P(s,y)) > g,VO <
s < t. Consequently, P(s,y) must be outside some e neighborhood of X* for 0 < s <'t, for
otherwise, E.«(P(t,y)) would be 0 for at least some z* € X*, which is a contradiction to
E(P(t,y)) > 3.

This means that there exists some positive constant a(d) such that V0 < s < ¢,Va* € X*:

d .

75 B (P(s,9)) = —(V f(2(5)), 2(s) — 27) < —a(9). (B.42)
Consequently, pick T'(§) = 2;26)’ Equation (B.42) implies that for any ¢ > T'(¢):
0
Ep-(P(t,y)) < Ep-(P(T(9),9)) < Eae(y) = T(9)a(6) < Eu(y) = 3- (B.43)
Taking the supremum over x* € X'* then yields:
]

E(P(t,y)) < B(y) - - (B.44)

Since Equation (B.44) is true for any y, taking sup over y establishes the claim. |
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B.3. Proof of Lemma 6. First, from previous analysis, we already know that U, ;1 is a
martingale difference sequence with sup,, E[||U,+1]/3] < oo and that «,, is a square-summable
sequence. Recall also lim,_,~ B, = 0 (a.s.). Now, by combining Proposition 4.1 and
Proposition 4.2 in Benaim [3], we obtain the following sufficient condition for APT:

The affine interpolation curve of the iterates generated by the difference equation Y, 11 =
Y, — ant1{G(Xn)+Ups1} is an APT for the solution to the ODE y = —G(y) if the following
three conditions all hold:

(1) G is Lipschitz continuous and bounded. *°.

(2) Up41 is a martingale difference sequence with sup,, E[[|U,41]/5] < coand Y~ ::ﬁ <

oo for some p > 2.

By using a similar analysis as in Benaim [3] (which we omit here due to space limitation),
we can show that if the following conditions all hold:

(1) G is Lipschitz continuous and bounded.

(2) lim, 00 By, =0 (a.s.).

(3) Upn41 is a martingale difference sequence with sup,, E[[|U,41]/5] < coand Y~ ::ﬁ <

oo for some p > 2,
then, the affine interpolation curve of the iterates generated by the difference equation
Y1 =Y, —ani1{G(Xn) + By + Upy1} is an APT for the solution to the ODE gy = —G(y).
Take p = 2 and recall V f(pr(-)) is Lipschitz continuous and bounded. The above list of

three conditions are thus all verified, thereby yielding the result.

B.3.1. Proof of Theorem 3. By Proposition 2, Y,, will get arbitrarily close to X'* infinitely
often. It then suffices to show that, after long enough iterations, if Y,, ever gets e-close to X'*,
all the ensuing iterates will be e-close to X'* almost surely. The way we show this “trapping"
property is to use the energy function. Specifically, we consider E(x*, A(t)) and show that
no matter how small € is, for all sufficiently large t, if E(z*, A(¢)) is less than e for some
to, then E(z*, A(t)) < €,Vt > to. This would then complete the proof because A(t) actually
contains all the DASGD iterates, and hence if F(z*, A(t)) < ¢€,Vt > tg, then E(x*,Y;,) < ¢
for all sufficiently large n. Furthermore, since A(t) contains all the iterates, the hypothesis
that “ if E(x*, A(to)) is less than e for some to" will be satisfied due to Prop 2.
We now flesh out more details of the proof. Fix any € > 0. Since A(t) is an asymptotic
pseudotrajectory for P, we have:
lim sup ||Y(¢t+h)— P(h,Y(t))||2 =0. (B.45)
=0 0<h<T
Consequently, for any § > 0, there exists some 7(d,T) such that ||[Y(¢+h)— P(h, Y (t))]2 <6
for all t > 7 and all h € [0,7]. We therefore have the following chain of inequalities:

By (A(t+ 1)) = By (P(h, A(t)) + At + h) — P(h, A(t))) (B.46)
< Eo (P(h, A1) + (At + 1) = P(h, A()), pra(P(h, A(t))) — z7) + %IIA(t +h) = P(h, A1) |3

1
< B (P(h, A(1))) + Cid + 56° = Eo (P(h, A1) + % (B.47)
where in the last step we have choosen § small enough such that C46 + £6% = <.
Now by Proposition 2, there exists some 7y such that E,-(A(79)) < 5. Our goal is to
establish that E,«(A(1o + h)) < € for all h € [0,00). To that end, partition the [0, 00) into

16This condition is also sufficient for the existence and uniqueness of the ODE solution
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disjoint time intervals of the form [(n — 1)T;,nT.) for some appropriate T.. By Lemma 5,
we have:

Eﬂppmwﬂm»)gzgwpmﬂqm»)=£;4Aﬁm)<§ for all h > 0. (B.48)
Consequently:
Ey-(Almo + ) < Ea (P(h, A(o))) + 5 < S + = ==, (B.49)

where the last inequality is a consequence of (B.48).
Now, assume inductively that Eq. (B.49) holds for all k € [(n — 1)T.,nT.) for some n > 1.
Then, for all h € [(n — 1)T.,nT:), we have:

By (A(ro + Tz + h)) < By (P(Te, A(ro + b)) + 5 < max{ 2, B (Ao + ) = 5} + 5

E €
<-4+ -==¢. B.50
SatgTe (B-50)
Consequently, Eq. (B.49) holds for all h € [nT¢, (n + 1)T). This completes the induction.
Taking the infimum over z* then completes our proof.
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