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ABSTRACT

Large mini-batch parallel SGD is commonly used for distributed training of deep
networks. Approaches that use tightly-coupled exact distributed averaging based
on AllReduce are sensitive to slow nodes and high-latency communication. In
this work we show the applicability of Stochastic Gradient Push (SGP) for dis-
tributed training. SGP uses a gossip algorithm called PushSum for approximate
distributed averaging, allowing for much more loosely coupled communications
which can be beneficial in high-latency or high-variability scenarios. The tradeoff
is that approximate distributed averaging injects additional noise in the gradient
which can affect the train and test accuracies. We prove that SGP converges to
a stationary point of smooth, non-convex objective functions. Furthermore, we
validate empirically the potential of SGP. For example, using 32 nodes with 8
GPUs per node to train ResNet-50 on ImageNet, where nodes communicate over
10Gbps Ethernet, SGP completes 90 epochs in around 1.6 hours while AllReduce
SGD takes over 5 hours, and the top-1 validation accuracy of SGP remains within
1.2% of that obtained using AllReduce SGD.

1 INTRODUCTION

Deep Neural Networks (DNNs) are the state-of-the art machine learning approach in many applica-
tion areas, including image recognition (He et al.,[2016) and natural language processing (Vaswani
et al., 2017). Stochastic Gradient Descent (SGD) is the current workhorse for training neural net-
works. The algorithm optimizes the network parameters, @, to minimize a loss function, f(-),
through gradient descent, where the loss function’s gradients are approximated using a subset of
training examples (a mini-batch). DNNs often require large amounts of training data and trainable
parameters, necessitating non-trivial computational requirements (Wu et al., [2016; [Mahajan et al.|
2018)). There is a need for efficient methods to train DNNSs in large-scale computing environments.

A parallel version of SGD is usually adopted for large-scale, distributed training (Goyal et al., 2017}
Li et al.| 2014). Worker nodes compute local mini-batch gradients of the loss function on different
subsets of the data, and then calculate an exact inter-node average gradient using either the ALLRE-
DUCE communication primitive, in synchronous implementations (Goyal et al., 2017), or using a
central parameter server, in asynchronous implementations (Dean et al.,2012)). Using a parameter
server to aggregate gradients introduces a potential bottleneck and a central point of failure (Lian
et al.,|2017). The ALLREDUCE primitive computes the exact average gradient at all workers in a
decentralized manner, avoiding issues associated with centralized communication and computation.

However, exact averaging algorithms like ALLREDUCE are not robust in high-latency or high-
variability platforms, e.g., where the network bandwidth may be a significant bottleneck, because
they involve tightly-coupled, blocking communication (i.e., the call does not return until all nodes
have finished aggregating). Moreover, aggregating gradients across all the nodes in the network can
introduce non-trivial computational overhead when there are many nodes, or when the gradients
themselves are large. This issue motivates the investigation of a decentralized and inexact version
of SGD to reduce the overhead associated with distributed training.

There have been numerous decentralized optimization algorithms proposed and studied in the
control-systems literature that leverage consensus-based approaches to aggregate information; see
the recent survey NedicC et al.| (2018) and references therein. Rather than exactly aggregating gradi-
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ents (as with ALLREDUCE), this line of work uses less-coupled message passing algorithms which
compute inexact distributed averages.

Most previous work in this area has focused on theoretical convergence analysis assuming convex
objectives. Recent work has begun to investigate their applicability to large-scale training of DNNs
(Lian et al., 2017; Jiang et al., 2017). However, these papers study methods based on communica-
tion patterns which are static (the same at every iteration) and symmetric (if ¢ sends to j, then ¢ must
also receive from j before proceeding). Such methods inherently require blocking and communica-
tion overhead. State-of-the-art consensus optimization methods build on the PUSHSUM algorithm
for approximate distributed averaging (Kempe et al., [2003; [Nedi¢ et al., 2018)), which allows for
non-blocking, time-varying, and directed (asymmetric) communication. Since SGD already uses
stochastic mini-batches, the hope is that an inexact average mini-batch will be as useful as the exact
one if the averaging error is sufficiently small relative to the variability in the stochastic gradient.

This paper studies the use of Stochastic Gradient Push (SGP), an algorithm blending SGD and
PusHSUM, for distributed training of deep neural networks. We provide a theoretical analysis of
SGP, showing it converges for smooth non-convex objectives. We also evaluate SGP experimentally,
training ResNets on ImageNet using up to 32 nodes, each with 8 GPUs (i.e., 256 GPUs in total).
Our main contributions are summarized as follows:

e We provide the first convergence analysis for Stochastic Gradient Push when the objective
function is smooth and non-convex. We show that, for an appropriate choice of the step

size, SGP converges to a stationary point at a rate of O (1 /VnK ), where n is the number
of nodes and K is the number of iterations.

e In a high-latency scenario, where nodes communicate over 10Gbps Ethernet, SGP runs up
to 3x faster than ALLREDUCE SGD and exhibits 88.6% scaling efficiency over the range
from 4-32 nodes.

e The top-1 validation accuracy of SGP matches that of ALLREDUCE SGD for up to 8 nodes
(64 GPUs), and remains within 1.2% of ALLREDUCE SGD for larger networks.

e In a low-latency scenario, where nodes communicate over a 100Gbps InfiniBand network
supporting GPUDirect, SGP is on par with ALLREDUCE SGD in terms of running time,
and SGP exhibits 92.4% scaling efficiency.

e In comparison to other synchronous decentralized consensus-based approaches that require
symmetric messaging, SGP runs faster and it produces models with better validation accu-
racy.

2 PRELIMINARIES

Problem formulation. We consider the setting where a network of n nodes cooperates to solve
the stochastic consensus optimization problem

. 1
Mg eRd j=1,....n 7 2?21 ]EEiNDiFi(wi§ 51) 1)
subject to T, =x;,Vi,j=1,...,n.

Each node has local data following a distribution D;, and the nodes wish to cooperate to find the
parameters  of a DNN that minimizes the average loss with respect to their data, where F; is the
loss function at node ¢. Moreover, the goal codified in the constraints is for the nodes to reach
agreement (i.e., consensus) on the solution they report. We assume that nodes can locally evaluate
stochastic gradients VF(x;;&;), & ~ D;, but they must communicate to access information about
the objective functions at other nodes.

Distributed averaging. The problem described above encompasses distributed training based on
data parallelism. There a canonical approach is large mini-batch parallel stochastic gradient descent:
for an overall mini-batch of size nb, each node computes a local stochastic mini-batch gradient
using b samples, and then the nodes use the ALLREDUCE communication primitive to compute the
average gradient at every node. Let f;(x;) = E¢,~p, F;(x;; &;) denote the objective at node ¢, and
let f(x) = 2> | fi() denote the overall objective. Since V f(x) = L 31" | Vf;(x), averaging
gradients via ALLREDUCE provides an exact stochastic gradient of f. Typical implementations of
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ALLREDUCE have each node send and receive 2"T_1B bytes, where B is the size (in bytes) of the
tensor being reduced, and involve 2 log,(n) communication steps (Rabenseifner, 2004). Moreover,
ALLREDUCE is a blocking primitive, meaning that no node will proceed with local computations
until the primitive returns.

Approximate distributed averaging. In this work we explore the alternative approach of using
a gossip algorithm for approximate distributed averaging—specifically, the PUSHSUM algorithm.

Gossip algorithms typically use linear iterations for averaging. For example let y(o) € R" be a

vector at node ¢, and consider the goal of computing the average vector -- ZZ 1 yl(o) at all nodes.

Stack the initial vectors into a matrix Y'(°) € R"*¢ with one row per node. Typical gossip iterations
have the form Y (*+1) = P()) Y (¥) where P(®) € R™*" is referred to as the mixing matrix. This

(k+1) _ Zn (k) (k)

corresponds to the update y; 1P; ; Y, at node i To implement this update, node

only needs to receive messages from other nodes j for which p 7& 0, so it will be appealing to use
sparse P(¥) to reduce communications.

Drawing inspiration from the theory of Markov chains (Senetal 1981), the mixing matrices P*) are
designed to be column stochastic. Then, under mild conditions (e.g., ensuring that information from
every node eventually reaches all other nodes) one can show that lim g, Hszo P® = 71T,
where 7r is the ergodic limit of the chain and 1 is a vector with all entries equal to 1. Consequently,
the gossip iterations converge to a limit Y () = W(ITY(O)); i.e., the value at node i converges to

yl(oo) =y =1 yjo). When the matrices P(¥) are symmetric, it is straightforward to design the

algorithm so that m; = 1/n for all 7 by making P%) doubly stochastic. However, symmetric P*)
has strong practical ramifications, such as requiring care in the implementation to avoid deadlocks.

The PUSHSUM algorithm only requires that P(*) be column-stochastic, and not necessarily sym-

metric (so node ¢ may send to node j, but not necessarily vice versa). Instead, one additional scalar

parameter wgk) is maintained at each node. The parameter is initialized to wgo) = 1 for all ¢, and

updated using the same linear iteration, w*+1) = P®)w(*)  Consequently, the parameter con-

(00)

verges to w(™) = 7w(1Tw(®), or w,; = mn at node ¢. Thus each node can recover the average

of the initial vectors by computing the de-biased ratio Y, (c0) / wgoo)

finite number of gossip iterations K and compute yl K) / w; K) " The distance of the de-biased ra-
tio to the exact average can be quantified in terms of properties of the matrices {P(k’)}kK:_Ol. Let
j\/'i"“t(k) = {j: p§-{? > 0} and /\/'ii“(k) = {j: pz(-’kj) > 0} denote the sets of nodes that 4 transmits

to and receives from, respectively, at iteration k. If we use B bytes to represent the vector yi(k),

. In practice, we stop after a

then node ¢ sends and receives |J\/f”t(k) ’B and |./\/l-“‘( )|B bytes, respectively, per iteration. In our

experiments we use graph sequences with ‘/\/’i"“‘(k)| = |J\/;-i“(k)‘ = 1 or 2, and find that approximate
averaging is both fast and still facilitates training.

3 STOCHASTIC GRADIENT PUSH

Algorithm description. The stochastic gradient push (SGP) method for solving equation |1] is
obtained by interleaving one local stochastic gradient descent update at each node with one iteration
of PUSHSUM. Each node maintains three variables: the model parameters wf;k)

PUSHSUM weight wz( ) ( )= ( (k))_l .
(0) (0)

zi(o) can be initialized to any arbitrary value as long as x; . Pseudocode is shown in Alg.|1 I
Each node performs a local SGD step (lines 2—4) followed by one step of PUSHS UM for approximate

distributed averaging (lines 5-8).

at node %, the scalar

(0)

and the de-biased parameters z The initial z; * and

( )

Note that the gradients are evaluated at the de-biased parameters z;"’ in line 3, and they are then

used to update mg ), the PUSHSUM numerator, in line 4. All commumcation takes place in line 5,

and each message contains two parts, the PUSHSUM numerator and denominator. In particular, node

1 controls the values p(‘k)

;i used to weight the values in messages it sends.
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Algorithm 1 Stochastic Gradient Push (SGP)

Require: Initialize v > 0, wgo) = zi(o) € R4 and wgo) = 1forallnodesi € {1,2,...,n}
1: fork=0,1,2,--- , K do at node ¢

Sample new mini-batch §§k) ~ D; from local distribution

Compute a local stochastic mini-batch gradient at zl(k): VFi(zgk); fz(k))

2 = 2V — U F (M)

Send (pgi)ml(.ﬂ%),pg?wgk)) to out-neighbors j € N

1
receive (pg?g;(_k*'ﬁ Py ®)

;2 pigw;") from in-neighbors j € ./\/ii“(k)

k+1 k) (k+3)
6: :L'E ) = Zjengn(k) pz(,j)wj ?
7

k+1 k k
U)Z( ) = ZjGN;“(k) pz(J)U)J( )

3: ZEk-&-l) _ m§k+1)/w§k+1)
9: end for

We are mainly interested in the case where the mixing matrices P(*) are sparse in order to have low

communication overhead. However, we point out that when the nodes’ initial values are identical,
mgo) = 2\ for all i,7 € [n], and every entry of P(¥) is equal to 1/n, then SGP is mathematically
equivalent to parallel SGD using ALLREDUCE. Please refer to appendix [A] for pratical implementa-
tion details, including how we design mixing matrices P*).

Theoretical guarantees. SGP was first proposed and analyzed in (Nedi¢ & Olshevskyl [2016))
assuming the local objectives f;(x) are strongly convex. Here we provide convergence results in the
more general setting of smooth, non-convex objectives. We make the following three assumptions:

1. (L-smooth) There exists a constant L > 0 such that |V f;(x) — Vfi(y)|| < L|lx — y]|, or
equivalently

L
fi(z) gfi(y)—i—Vfi(y)T(zc—y)—i—§||y—w||2. 2
Note that this assumption implies that function f(x) is also L-smooth.

2. (Bounded variance) There exist finite positive constants o2 and ¢2 such that

Eep, [|[VE;(z;€) — Vfi(x)||*> < 0® Vi,Va, and 3)
1 n

~ > Vi) = V@) < ¢ Ve )
=1

Thus o2 bounds the variance of stochastic gradients at each node, and ¢? quantifies the similarity of
data distributions at different nodes.

3. (Mixing connectivity) To each mixing matrix P(*) we can associate a graph with vertex set
{1,...,n} and edge set E*) = {(i,): pEZ) > 0}; i.e., with edges (4, j) from j to i if ¢ receives
a message from j at iteration k. Assume that the graph with edge set U,(ClillggB_l E(®) is strongly
connected and has diameter at most A for every [ > 0. To simplify the discussion, we assume that
every column of the mixing matrices P(¥) has at most D non-zero entries.

Let z(F) = % Z?Zl mfk) Under similar assumptions, |[Lian et al.|(2017) define that a decentralized
algorithm for solving equation [T|converges if, for any € > 0, it eventually satisfies

1 K
= 2 EIVI@E")* <e 5)

k=1
Our first result shows that SGP converges in this sense.

Theorem 1. Suppose that Assumptions 1-3 hold, and run SGP for K iterations with step-size v =
Vn/K. Let f* = ming f(x) and assume that f* > —oo. There exist constants C > 0 and
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€ (0, 1) which depend on B, n, and A such that if the total number of iterations satisfies

nLAC60? L*C*Pn L2C2nPy
K = max qn, s 7O — fr L L2 2 7O _ e g L
1=g)* " A-*(f@) = f++£5)2 (1 - 2(f (@) — f*+ L)
6)
DI | LI 2 2722 iy L[
where Py = 4(0% + 3(%)n + and Py = 0% + 3(*L=C* + 2= , then

K HW@W)HQ 12(f(@©) — f* + L)
K = VnK '

The proof is given in Appendix|C] where we also provide precise expressions for the constants C' and
q. The proof of Theorem I|builds on an approach developed in|Lian et al.| (2017). Theorem|I]shows
that, for a given number of nodes n, by running a sufficiently large number of iterations K (roughly
speaking, 2(n), which is reasonable for distributed training of DNNs) and choosing the step-size fy
as prescribed, then the criterion equatlonl is satisfied with a number of iterations K = (1/ne?).

That is, we achieve a linear speedup in the number of nodes.

Theorem shows that the average of the nodes parameters, Z*), converges, but it doesn’t directly
say anything about the parameters at each node. In fact, we can show a stronger result.

Theorem 2. Under the same assumptions as in Theorem(l]

1 W — 1

= (k) (k)

S el 0 <0 (L4 )
and

LSRN <0 (et k)

k=0 i=1

The proof is also given in Appendix [C} This result shows that as K grows, the de-biased variables
sz) converge to the node-wise average Z(®), and hence the de-biased variables at each node also

converge to a stationary point. Note that for fixed n and large K, the 1/v/nK term will dominate
the other factors.

4 RELATED WORK

A variety of approaches have been proposed to accelerate distributed training of DNNs, including
quantizing gradients (Alistarh et al.l 2007; Wen et al.l 2007) and performing multiple local SGD
steps at each node before averaging (McMahan et al.l2017). These approaches are complementary
to the tradeoff we consider in this paper, between exact and approximate distributed averaging.
Similar to using PUSHSUM for averaging, both quantizing gradients and performing multiple local
SGD steps before averaging can also be seen as injecting additional noise into SGD, leading to a
trade off between training faster (by reducing communication overhead) and potentially obtaining a
less accurate result. Combining these approaches (quantized, inexact, and infrequent averaging) is
an interesting direction for future work.

For the remainder of this section we review related work applying consensus-based approaches to
large-scale training of DNNs. [Blot et al.| (2016) report initial experimental results on small-scale
experiments with an SGP-like algorithm. Jin et al.| (2016) make a theoretical connection between
PUsHSUM-based methods and Elastic Averaging SGD (Zhang et al., 2015)). Relative to those previ-
ous works, we provide the first convergence analysis for a PUSHSUM-based method in the smooth
non-convex case. [Lian et al.[(2017) and Jiang et al.|(2017) study synchronous consensus-based ver-
sions of SGD. However, unlike PUSHSUM, those methods involve symmetric message passing (if ¢
sends to j at iteration k, then j also sends to ¢ before both nodes update) which is inherently block-
ing. Consequently, these methods are more sensitive to high-latency communication settings, and
each node generally must communicate more per iteration, in comparison to PUSHSUM-based SGP
where communication may be directed (z can send to j without needing a response from ¢). The de-
centralized parallel SGD (D-PSGD) method proposed in|Lian et al.| (2017) produces iterates whose
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node-wise average, Z*), is shown to converge in the sense of equation Our proof of Theorem
showing the convergence of SGP in the same sense, adapts some ideas from their analysis and also
goes beyond to show that, since the values at each node converge to the average, the individual val-
ues at each node also converge to a stationary point. We compare SGP with D-PSGD experimentally
in Section [5] below and find that although the two methods find solutions of comparable accuracy,
SGP is consistently faster.

Jin et al| (2016) and [Lian et al.| (2018)) study asynchronous consensus-based methods for train-
ing DNNs. |Lian et al.| (2018) analyzes an asynchronous version of D-PSGD and proves that its
node-wise averages also converge to a stationary point. In general, these contributions focusing
on asynchrony can be seen as orthogonal to the use of a PUSHSUM based protocol for consensus
averaging.

5 EXPERIMENTS

Next, we compare SGP with ALLREDUCE SGD, and D-PSGD (Lian et al., 2017)), an approxi-
mate distributed averaging baseline relying on doubly-stochastic gossip. We run experiments on a
large-scale distributed computing environment using up to 256 GPUs. Our results show that when
communication is the bottleneck, SGP is faster than both SGD and D-PSGD. SGP also outperforms
D-PSGD in terms of validation accuracy, while achieving a slightly worse accuracy compared to
SGD when using a large number of compute nodes. Our results also highlight that, in a setting
where communication is efficient (e.g., over InfiniBand), doing exact averaging through ALLRE-
DUCE SGD remains a competitive approach.

We run experiments on 32 DGX-1 GPU servers in a high-performance computing cluster. Each
server contains 8§ NVIDIA Volta-V100 GPUs. We consider two communication scenarios: in the
high-latency scenario the nodes communicate over a 10 Gbit/s Ethernet network, and in the low-
latency scenario the nodes communicate over 100 Gbit/s InfiniBand, which supports GPUDirect
RDMA communications. To investigate how each algorithm scales, we run experiments with 4, 8,
16, and 32 nodes (i.e., 32, 64, 128, and 256 GPUs).

We adopt the 1000-way ImageNet classification task (Russakovsky et al.|[2015) as our experimental
benchmark. We train a ResNet-50 (He et al., 2016) following the experimental protocol of |(Goyal
et al.|(2017), using the same hyperparameters with the exception of the learning rate schedule in the
32 node experiment for SGP and D-PSGD. In the experiments, we also modify SGP to use Nesterov
momentum. In our default implementation of SGP, each node sends and receives to one other node at
each iteration, and this destination changes from one iteration to the next. Please refer to appendix[A]
for more information about our implementation, including how we design/implement the sequence
of mixing matrices P(¥).

All algorithms are implemented in PyTorch v0.5 (Paszke et al.). To leverage the highly efficient
NVLink interconnect within each server, we treat each DGX-1 as one node in all of our experi-
ments. In our implementation of SGP, each node computes a local mini-batch in parallel using all
eight GPUs using a local ALLREDUCE, which is efficiently implemented via the NVIDIA Collec-
tive Communications Library. Then inter-node averaging is accomplished using PUSHSUM either
over Ethernet or InfiniBand. In the low-latency experiments, we leverage GPUDirect to directly
send/receive messages between GPUs on different nodes and avoid transferring the model back to
host memory. In the high-latency experiments this is not possible, so the model is transferred to host
memory after the local ALLREDUCE, and then PUSHSUM messages are sent over Ethernet.

5.1 EVALUATION ON HIGH-LATENCY INTERCONNECT

We consider the high-latency scenario where nodes communicate over 10Gbit/s Ethernet. With a
local mini-batch size of 256 samples per node (32 samples per GPU), a single Volta DGX-1 server
can perform roughly 4.384 mini-batches per second. Since the ResNet-50 model size is roughly
100MBytes, transmitting one copy of the model per iteration requires 3.5 Gbit/s. Thus in the high-
latency scenario the problem, if a single 10 Gbit/s link must carry the traffic between more than two
pairs of nodes, then communication clearly becomes a bottleneck.
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Figure 1: Results on Ethernet 10Gbits. (a): Validation performance w.r.t. training time (in seconds)
for model trained on 4 and 32 nodes. (b): Average time per training iteration (in seconds) (c): Best
validation accuracy. Stochastic Gradient Push (SGP) is faster than both Decentralized-Parallel SGD
(D-PSGD) and ALLREDUCE SGD while decreasing validation accuracy by 1.2%.

Comparison with synchronous approaches. We first compare SGP with other synchronous and
decentralized approaches. Figure[](a) shows the validation curves when training on 4 and 32 nodes
(additional training and validation curves for all the training runs can be found in [B.I). Note that
when we increase the number of nodes n, we also decrease the total number of iterations K to K/n
following Theorem(I|(see Figure[B.3). For any number of nodes used in our experiments, we observe
that SGP consistently outperforms D-PSGD and ALLREDUCE SGD in terms of total training time in
this scenario. In particular for 32 nodes, SGP training time takes less than 1.6 hours while D-PSGD
and ALLREDUCE SGD require roughly 2.6 and 5.1 hours. Appendix provides experimental
evidence that all nodes converge to models with a similar training and validation accuracy when
using SGP.

Figure [T] (b) shows the average time per iteration for the different training runs. As we increase the
number of nodes, the average iteration time stays almost constant for SGP and D-PSGD, while we
observe a significant time-increase in the case of ALLREDUCE SGD, resulting in an overall slower
training time. Moreover, although D-PSGD and SGP both exhibit strong scaling, SGP is roughly
200ms faster per iteration, supporting the claim that it involves less communication overhead.

Figure[I] (c) reports the best validation accuracy for the different training runs. While they all start
around the same value, the accuracy of D-PSGD and SGP decreases as we increase the number of
nodes. In the case of SGP, we see its performance decrease by 1.2% relative to SGD on 32 nodes. We
hypothesize that this decrease is due to the noise introduced by approximate distributed averaging.
We will see below than changing the connectivity between the nodes can ameliorate this issue. We
also note that the SGP validation accuracy is better than D-PSGD for larger networks.

Comparison with asynchronous approach. The results in Tables [1|and [2| provide a comparison
between the aforementioned synchronous methods and AD-PSGD (Lian et al., 2018)), a state-of-
art asynchronous method. AD-PSGD is an asynchronous implementation of the doubly-stochastic
method D-PSGD, which relies on doubly-stochastic averaging. All methods are trained for exactly
90 epochs, therefore, the time-per-iteration is a direct reflection of the total training time. Train-
ing using AD-PSGD does not degrade the accuracy (relative to D-PSGD), and provides substantial
speedups in training time. Relative to SGP, the AD-PSGD method runs slightly faster at the ex-
pense of lower validation accuracy (except in the 32 nodes case). In general, we emphasize that this
asynchronous line of work is orthogonal, and that by combining the two approaches (leveraging the
PUSHSUM protocol in an asynchronous manner), one can expect to further speed up SGP. We leave
this as a promising line of investigation for future work.

5.2 EVALUATION ON A “LOW LATENCY” INTERCONNECT

We now investigate the behavior of SGP and ALLREDUCE SGD over InfiniBand 100Gbit/s, follow-
ing the same experimental protocol as in the Ethernet 10Gbit/s case. In this scenario which is not
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4 nodes 8nodes 16nodes 32 nodes
ALLREDUCE SGD 76.23 76.41 76.37 76.21

D-PSGD 76.42 76.14 75.69 74.35
AD-PSGD 76.07 75.96 75.51 74.98
SGP 76.33 76.40 75.73 75.00

Table 1: Top-1 Validation accuracy (%) over 10Gbps Ethernet showcasing an additional comparison
with the AD-PSGD asynchronous doubly-stochastic approach.

4 nodes 8nodes 16nodes 32 nodes
ALLREDUCE SGD 0.704 0.896 1.086 1.308

D-PSGD 0.628 0.618 0.632 0.657
AD-PSGD 0.361 0.363 0.374 0.388
SGP 0.377 0.377 0.411 0.426

Table 2: Average time per iteration (seconds) over 10Gbps Ethernet showcasing an additional com-
parison with the AD-PSGD asynchronous doubly-stochastic approach. The average time per itera-
tion for the asynchronous method is calculated by dividing the average time per epoch by the total
number of iterations per epoch.

communication bound for a Resnet-50 model, we do not expect SGP to outperform ALLREDUCE
SGD. Our goal is to illustrate that SGP is not significantly slower than ALLREDUCE SGD.

On this low-latency interconnect, SGD and SGP obtain similar timing and differ at most by 21ms
per iteration (Figure [2] (b) for 4 nodes). In particular, using 32 nodes, SGP trains a ResNet-50 on
ImageNet in 1.16 hours and SGD in 1.20 hours. SGD, however, exhibits better validation accuracy
for large networks. Communication on InfiniBand is not a bottleneck for models the size of ResNet-
50. These results therefore confirm that SGP benefits are more prominent in high-latency/low-
bandwidth communication-bound scenarios. Although timing are similar, SGP still shows better
scaling in term of sample throughput than ALLREDUCE SGD (see Figure|B.6))

For experiments running at this speed (less than 0.31 seconds per iteration), timing could be im-
pacted by other factors such as data loading. To better isolate the effects of data-loading, we run
additional experiments on 32, 64, and 128 GPUs where we first copied the data locally on every
node; see Appendix [B.3] for more details. In that setting, the time-per-iteration of SGP remains
approximately constant as we increase the number of nodes in the network, while the time for
AllReduceSGD increases with more nodes.

5.3 IMPACT OF GRAPH TOPOLOGY

Next we investigate the impact of the communication graph topology on the SGP validation perfor-
mance using Ethernet 10Gbit/s. In the limit of a fully-connected communication graph, SGD and
SGP are strictly equivalent (see section [3). By increasing the number of neighbors in the graph, we
expect the accuracy of SGP to improve (approximate averages are more accurate) but the communi-
cation time required for training will increase.

In Figure[3] we compare the training and validation accuracies of SGP using a communication graph
with 1-neighbor and 2-neighbors with D-PSGD and SGD on 32 nodes. By increasing the number
of neighbors to two, SGP achieves better training/validation accuracy (from 74.8/75.0 to 75.6/75.4)
and gets closer to final validation achieves by SGD (77.0/76.2). Increasing the number of neighbors
also increases the communication, hence the overall training time. SGP with 2 neighbors completes
training in 2.1 hours and its average time per iteration increases by 27% relative to SGP with one
neighbor. Nevertheless, SGP 2-neighbors is still faster than SGD and D-PSGD, while achieving
better accuracy than SGP 1-neighbor.
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Figure 2: Results on InfiniBand 100Gbits. (a): Validation performance w.r.t. training time (in
second) for model trained on 32 nodes. (b): Average time per training iteration (in second) (c): Best
validation accuracy. Stochastic Gradient Push (SGP) is on par and sometime even slightly faster
than ALLREDUCE SGD on “low latency” network while slightly degrading the accuracy.
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Figure 3: Comparison of SGP using a communication graph with 1-neighbor, SGP using a graph
with 2-neighbors, D-PSGD and SGD on 32 nodes communicating over 10 Gbit/s Ethernet. Using
one additional neighbor improves the validation performance of SGD (from 75.0 to 75.4) while
retaining most of the computational benefits.

6 CONCLUSION

DNN training often necessistates non-trivial computational requirements leveaging distributed com-
puting resources. Traditional parallel versions of SGD use exact averaging algorithms to parallelize
the computation between nodes, and induce additional parallelization overhead as the model and
network sizes grow. This paper proposes the use of Stochastic Gradient Push for distributed deep
learning. The proposed method computes in-exact averages at each iteartion in order to improve
scaling efficiency and reduce the dependency on the underlying network topology. SGP converges

to a stationary point at an O (1 /VnK ) rate in the smooth and non-convex case, and proveably

achieves a linear speedup (in iterations) with respect to the number of nodes. Empirical results show
that SGP can be up to 3x times faster than traditional ALLREDUCE SGD over high-latency inter-
connect, matches the top-1 validation accuracy up to 8 nodes (64GPUs), and remains within 1.2%
of the top-1 validation accuracy for larger-networks.
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A IMPLEMENTATION DETAILS
)
) (9
() )
() ®
@

(a) Directed Exponential Graph high-
lighting node 0’s out-neighbours

Figure A.1: Example of an 8-node exponential graph used in experiments

A.1 COMMUNICATION TOPOLOGY

Directed exponential graph. For the SGP experiments we use a time-varying directed graph to
represent the inter-node connectivity. Thinking of the nodes as being ordered sequentially, ac-
cording to their rank, 0,...,n — 111_-] each node periodically communicates with peers that are
20 o1 . 2log2(n=D] hops away. Fig. shows an example of a directed 8-node exponential
graph. Node 0’s 2°-hop neighbour is node 1, node 0’s 2!-hop neighbour is node 2, and node 0’s
22-hop neighbour is node 4.

In the one-peer-per-node experiments, each node cycles through these peers, transmitting, only, to a
single peer from this list at each iteration. E.g., at iteration k, all nodes transmit messages to their
20-hop neighbours, at iteration k + 1 all nodes transmit messages to their 2!-hop neighbours, an
so on, eventually returning to the beginning of the list before cycling through the peers again. This
procedure ensures that each node only sends and receives a single message at each iteration. By
using full-duplex communication, sending and receiving can happen in parallel.

In the two-peer-per-node experiments, each node cycles through the same set of peers, transmitting
to two peers from the list at each iteration. E.g., at iteration k, all nodes transmit messages to
their 20-hop and 2'-hop neighbours, at iteration k& + 1 all nodes transmit messages to their 2'-
hop and 22 neighbours, an so on, eventually returning to the beginning of the list before cycling
through the peers again. Similarly, at each iteration, each node also receives, in a full-duplex manner,
two messages from some peers that are unknown to the receiving node ahead of time. Thereby
performing the send and receive operations in parallel.

Definition of P(*), Based on the description above, in the one-peer-per-node experiments, each
node sends to one neighbor at every iteration, and so each column of P*) has exactly two non-
zero entries, both of which are equal to 1/2. The diagonal entries pgﬁ) = 1/2 for all ¢ and k.

At time step k, each node sends to a neighbor that is 2% mod Llog2(n—1)] hops away. Thus, with
hy, = 2k mod Llogz(n—1)J "we get that

#x _ [1/2, if j = (i+ hy)modn
i 0, otherwise.

Note that, with this design, in fact each node sends to one peer and receives from one peer at every
iteration, so the communication load is balanced across the network.

In the two-peer-per-node experiments, the definition is similar, but now there will be three non-zero
entries in each column of P(¥)_ all of which will be equal to 1/3; these are the diagonal, and the
entries corresponding to the two neighbors to which the node sends at that iteration. In addition, each

"We use indices 0, ..., n — 1 rather than 1, ..., n only in this section, to simplify the discussion.
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node will send two messages and receive two messages at every iteration, so the communication load
is again balanced across the network.

Undirected exponential graph. For the D-PSGD experiments we use a time-varying undirected
bipartite exponential graph to represent the inter-node connectivity. Odd-numbered nodes send mes-
sages to peers that are 2! — 1,22 —1,..., 2llog>(n=1)] _ 1 (even-numbered nodes), and wait to a
receive a message back in return. Each odd-numbered node cycles through the peers in the list in a
similar fashion to the one-peer-per-node SGP experiments. Even-numbered nodes wait to receive a
message from some peer (unknown to the receiving node ahead of time), and send a message back
in return.

We adopt these graphs to be consistent with the experimental setup used in |Lian et al.[(2017)) and
Lian et al.| (2018)).

Note also that these graphs are all regular, in that all nodes have the same number of in-coming and
out-going connections.

Decentralized averaging errors. To further motivate our choice of using the directed exponential
graph with SGP, let us forget about optimization for a moment and focus on the problem of dis-

tributed averaging, described in Section 2, using the PUSHSUM algorithm. Recall that each node ¢
(0)

starts with a vector y, ’, and the goal of the agents is to compute the average y = % > yl(O). Then,

since ygkﬂ) = E?Zl pEZ)yj(.k), after k steps we have

Yy = p=1) plk=2) .. p() pO)y(0)
(k)

where Y (%) is an x d matrix with y;"” as its ith row.

Let P(:—1:0) — p(k=1) p(k=2) ... p(1) P(O) The worst-case rate of convergence can be related to
the second-largest singular value of P(*~1:0) Nedi¢ et al.|(2018). In particular, after k iterations we

have *) ©
D ly = glls < A (PETTOYS "y — g3,

where Ao (P(*~1:0)) denotes the second largest singular value of P(*~1:0),

For the scheme proposed above, cycling deterministically through neighbors in the directed expo-
nential graph, one can verify that after k = |log,(n — 1)] iterations, we have Ao (P*~19)) = 0, so
all nodes exactly have the average. Intuitively, this happens because the directed exponential graph
has excellent mixing properties: from any starting node in the network, one can get to any other
node in at most log,(n) hops. For n = 32 nodes, after 5 iterations averaging has converged using
this strategy. In comparison, if one were to cycle through edges of the complete graph (where every
node is connected to every other node), then for n = 32, after 5 consecutive iterations one would
have still have A\ (P(k’m)) ~ 0.6; i.e., nodes could be much further from the average (and hence,
much less well-synchronized).

Similarly, one could consider designing the matrices P*) in a stochastic manner, where each node
randomly samples one neighbor to send to at every iteration. If each node samples a destination
uniformly from its set of neighbors in the directed exponential graph, then EXy(P#~10)) ~ 0.4,
and if each node randomly selected a destination uniformly among all other nodes in the network
(i.e., randomly from neighbors in the complete graph), then IE)\Q(P(’“*“))) ~ 0.2. Thus, random
schemes are still not as effective at quickly averaging as deterministically cycling through neighbors
in the directed exponential graph. Moreover, with randomized schemes, we are no longer guaranteed
that each node receives the same number of messages at every iteration, so the communication load
will not be balanced as in the deterministic scheme.

The above discussion focused only on approximate distributed averaging, which is a key step within
decentralized optimization. When averaging occurs less quickly, this also impacts optimization.
Specifically, since nodes are less well-synchronized (i.e., further from a consensus), each node will
be evaluating its local mini-batch gradient at a different point in parameter space. Averaging these
points (rather than updates based on mini-batch gradients evaluated at the same point) can be seen as
injecting additional noise into the optimization process, and in our experience this can lead to worse
performance in terms of train and generalization errors.
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A.2 STOCHASTIC GRADIENT PUSH

In all of our experiments, we minimize the number of floating-point operations performed in each
iteration, k, by using the mixing weights

k ut(k
A =y e

forall 4,7 = 1,2,...,n. In words, each node assigns mixing weights uniformly to all of its out-
neighbors in each iteration. Recalling our convention that each node is an in- and out-neighbor of
itself, it is easy to see that this choice of mixing-weight satisfies the column-stochasticity property.
It may very well be that there is a different choice of mixing-weights that lead to better spectral

properties of the gossip algorithm; however we leave this exploration for future work. We denote
(k)

)

node ¢’s uniform mixing weights at time ¢ by p
the receiving node.

— dropping the other subscript, which identifies

To maximize the utility of the resources available on each server, each node (occupying a single
server exclusively) runs two threads, a gossip thread and a computation thread. The computation
thread executes the main logic used to train the local model on the GPUs available to the node,
while the communication thread is used for inter-node network I/O. In particular, the communica-
tion thread is used to gossip messages between nodes. When using Ethernet-based communication,
the nodes communicate their parameter tensors over CPUs. When using InifiniBand-based commu-
nication, the nodes communicate their parameter tensors using GPUDirect RDMA, thereby avoiding
superfluous device to pinned-memory transfers of the model parameters.

Each node initializes its model on one of its GPUs, and initializes its scalar push-sum weight to 1. At
the start of training, each node also allocates a send- and a receive- communication-buffer in pinned
memory on the CPU (or equivalently on a GPU in the case of GPUDirect RDMA communication).

In each iteration, the communication thread waits for the send-buffer to be filled by the computation
thread; transmits the message in the send-buffer to its out-neighbours; and then aggregates any
newly-received messages into the receive-buffer.

In each iteration, the computation thread blocks to retrieve the aggregated messages in the receive-
buffer; directly adds the received parameters to its own model parameters; and directly adds the
received push-sum weights to its own push-sum weight. The computation thread then converts the
model parameters to the de-biased estimate by dividing by the push-sum weight; executes a forward-
backward pass of the de-biased model in order to compute a stochastic mini-batch gradient; converts
the model parameters back to the biased estimate by multiplying by the push-sum weight; and
applies the newly-computed stochastic gradients to the biased model. The updated model parameters
are then multiplied by the mixing weight, pz(-k), and asynchronously copied back into the send-buffer
for use by the communication thread. The push-sum weight is also multiplied by the same mixing
weight and concatenated into the send-buffer.

In short, gossip is performed on the biased model parameters (push-sum numerators); stochastic
gradients are computed using the de-biased model parameters; stochastic gradients are applied back
to the biased model parameters; and then the biased-model and the push-sum weight are multiplied
by the same uniform mixing-weight and copied back into the send-buffer.

A.3 HYPERPARAMETERS

When we “apply the stochastic gradients” to the biased model parameters, we actually carry out an
SGD step with nesterov momentum. For the 32,64, and 128 GPU experiments we use the same
exact learning-rate, schedule, momentum, and weight decay as those suggested in (Goyal et al.,
2017) for SGD. In particular, we use a reference learning-rate of 0.1 with respect to a 256 sample
batch, and scale this linearly with the batch-size; we decay the learning-rate by a factor of 10 at
epochs 30, 60, 80; we use a nesterov momentum parameter of 0.9, and we use weight decay 0.0001.
For the 256 GPU experiments, we decay the learning-rate by a factor of 10 at epochs 40, 70, 85, and
we use a reference learning-rate of 0.0375. In the 256 GPU experiment with two peers-per-node,
we revert to the original learning-rate and schedule.
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Algorithm 2 Stochastic Gradient Push with Momentum

Require: Initialize v > 0, m € (0, 1), wgo) = zl(o) € R? and wgo) = 1 for all nodes i € [n]

1. fork=0,1,2,--- , K do at node ¢

2 Sample new mini-batch §i(k) ~ D; from local distribution

3: Compute a local stochastic mini-batch gradient at zl(k): VFi(zZ(k); fz(k))
AN I )
5
6

k+3 )
2 =2 —y(mu" + VRV M))
(k+3) (k) (k)

Send (pgf?ml ,P;;w;") to out-neighbors j € Neal®),

1 .
receive (pgf?)w§k+2), pl(-fcj)wj(-k)) from in-neighbors j € M"(k)
k+1 k k41
7: "BE +1) _ Zjej\f;"““) Pg,j)wﬁ 3)
k+1 k k
8: U)z( ) = ZjeN;n(k) pl(ﬂ)w]( )
9: z£k+1) _ w§k+1)/w§k+1)
10: end for

B EXTRA EXPERIMENTS

B.1 ADDITIONAL TRAINING CURVES
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Figure B.1: Training on Ethernet 10Gbit/s
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Figure B.2: Training on InfiniBand 100Gbit/s

Figur show the train and validation curve for the different runs performed on Ethernet 10Gbit/s.
Figure show the train and validation curve for the different runs performed on InfiniBand
100Gbit/s.
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Figure B.3: Training/Validation accuracy per iteration for SGP (Ethernet 10Gbit/s). Each time we
double the number of node in the network, we half the total number of iterations.

4 nodes 32 nodes

Error

0 20 40 60 80

(a) Discrepancy on 4 nodes (b) Discrepancy on 32 nodes

Figure B.4: Resnet50, trained with SGP, training and validation errors for 4 and 32 nodes exper-
iments. The solid and dashed lines in each figure show the mean training and validation error,
respectively, over all nodes. The shaded region shows the maximum and minimum error attained at
different nodes in the same experiment. Although there is non-trivial variability across nodes early
in training, all nodes eventually converge to similar validation errors, achieving consensus in the
sense that they represent the same function.

Figure [B.3] reports the training and validation accuracy of SGP when using a high-latency inter-
connect. As we scale up the number of nodes n, we scale down the total number of iterations K
to K /n following Theorem In particular, 32-node runs involves 8 times fewer global iterations
than 4-node runs. We additionally report the total number of iterations and the final performances
in Table 3] While we reduce the total number iterations by a factor of 8 when going from 4 to 32
nodes, the validation accuracy and training accuracy of the 32 node runs remain within 1.7% and
2.6%, respecively, of the validation and training accuracy achieved by the 4-node runs (and remains
within the 1.2% of ALLREDUCE SGD accuracies).

Nodes || 4 8 16 32

Iterations || 112590 56250 28080 14040
Training (%) 76.75 76.59 75.64 74.79
Validation (%) 76.3 76.40 75.73  75.00

Table 3: Total number of iterations and final training and validation performances when training a
Resnet50 on ImageNet using SGP over Ethernet 10Gbit/s.

B.2 DISCREPANCY ACROSS DIFFERENT NODES

Here, we investigate the performance variability across nodes during training for SGP. In figure[B-4]
we report the minimum, maximum and mean error across the different nodes for training and vali-
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Figure B.5: Average time per training iteration for model trained on 4, 8 and 16 nodes using data
copied on the local nodes and InfiniBand interconnect. SGP time per training iteration remains
approximatelly constant as we increase the number of node, while SGD shows a slight increase.

dation. In an initial training phase, we observe that nodes have different validation errors; their local
copies of the Resnet-50 model diverge. As we decrease the learning, the variability between the
different nodes diminish and the nodes eventually converging to similar errors. This suggests that
all models ultimately represent the same function, achieving consensus.

B.3 TIMING ON INFINIBAND WITH LOCAL DATA COPY

To better isolate the effects of data-loading, we ran experiments on 32, 64, and 128 GPUs, where
we first copied the data locally on every node. In that setting, we observe in Figure [B.3] that the
time-per-iteration of SGP remains approximately constant as we increase the number of nodes in
the network, while the time for ALLREDUCE SGD increases.

B.4 SGP SCALING ANALYSIS

20000 30000 SGP (Ethernet) A
25000 -4 SGP (InfiniBand)
T 2 25000 2 SGD (Ethernet)
S S § 200001 i 5GD (infiniBand)
& 15000 & 20000 & e
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2 2 ©10000 >
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(a) ETH 10Gbit/s (b) InfiniBand 100Gbit/s (c) Scaling of SGP and SGP

Figure B.6: SGP throughput on Ethernet (a) and InfiniBand (b). SGP exhibits 88.6% scaling effi-
ciency on Ethernet 10Gbit/s and 92.4% on InfiniBand. Comparison of SGD vs SGP throughput in
Figure (c) shows that SGP exhibit better scaling and is more robust to high-latency interconnect.

Figure [B.6] highlights SGP input images throughput as we scale up the number of cluster node on
both Ethernet 10Gbit/s and Infiniband 100Gbit/s. SGP exhibits 88.6% scaling efficiency on Ethernet
10Gbit/s and 92.4% on InfiniBand and stay close to the ideal scaling in both cases. In addition
Figure (c) shows that SGP exhibit better scaling as we increase the network size and is more robust
to high-latency interconnect.

C PROOFS OF THEORETICAL GUARANTEES

Our convergence rate analysis is divided into three main parts. In the first one (subsection [C.I)) we
present upper bounds for three important expressions that appear in our computations. In subsection
we focus on proving the important for our analysis Lemma [§|based on which we later build the
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proofs of our main Theorems. Finally in the third part (subsection [C.3) we provide the proofs for
Theorems [Mland 2}

Preliminary results. In our analysis two preliminary results are extensively used. We state them
here for future reference.

e Leta,b € R. Since (a — b)? > 0, it holds that
2ab < a® + b2 (7

2 2
< (ll[|” + [ly[I7)/2-
e Letr € (0, 1) then from the summation of geometric sequence and for any K < oo it holds

that
ZrkSZrkzliT (8)

Matrix Representation. The presentation of stochastic gradient push (Algorithm [T)) was done
from node i’s perspective for all i € [n]. Note however, that the update rule of SGP at the k‘"
iteration can be viewed from a global viewpoint. To see this let us define the following matrices
(concatenation of the values of all nodes at the k'" iteration):

Xk — {wgk),mék),..., (k } e RIxn k) — [g(k) g(k) ”’Sr(lk)} cR®

yoeey

7.k — {zgk)7zék) zgk)} c Réxn
VF(Z®, ) = (VA 6), VR ), . VE.(20;60)] e RO

VIE®) = [VAED) VED), Vi) e RO
Using the above matrices, the 6" step of SGP (Algorithm can be expressed as follows

X (k+1) — (X<k> AVF(Z®), 5<k>)) P77 9)
where [P®)]T is the transpose of matrix P* with entries:
N in(k
(k) _ 1/d;(k), ifjeN; ©. (10)
b 0, otherwise.

Recall that we also have Z(%) = X(k)l =31 Zz 1T (k)

Bound for the mixing matrices. Next we state a known result from the control literature studying
consensus-based optimization which allows us to bound the distance between the de-biased param-
eters at each node and the node-wise average.

Recall that we have assumed that the sequence of mixing matrices P(¥) are B-strongly connected.
A directed graph is called strongly connected if every pair of vertices is connected with a directed
path (i.e., following the direction of edges), and the B-strongly connected assumption is that the

graph with edge set Ug:llB)B_l E®) is strongly connected, for every [ > 0.

We have also assumed that for all & > 0, each column of P*) has D non-zero entries, and the diam-

eter of the graph with edge set U(lJrl )B=1 B(#) has diameter at most A. Based on these assumptions,
after A B consecutive iterations, the product

AW = p+AB=1)  p(k+1) p(k)

has no non-zero entries. Moreover, every entry of A%) is at least D~25.

’Note that in a similar way we can obtain matrix expressions for steps 7 and 8 of Algorithm

18
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Lemma 3. Sugpose that Assumption 3 (mixing connectivity) holds. Let \ = 1 — nD =28 and let

= \V(AB+Y)  Thep there exists a constant
2v/dDAB
C AB+2 b)
A\AB+1
where d is the dimension off(k), zi(k), and xi(o), such that, foralli =1,2,...,nand k > 0,

2
VFi(zis);ﬁf”)]L) -

2
2

This particular lemma follows after a small adaptation to Theorem 1 in|/Assran & Rabbat|(2018) and
its proof is based on|Wolfowitz| (1963)). Similar bounds appear in a variety of other papers, including
Nedi¢ & Olshevskyl (2016).

k
(O)H C k—s

C.1 IMPORTANT UPPER BOUNDS

Lemma 4 (Bound of stochastic gradient). We have the following inequality under Assumptions 1
and 2:

e R e R L

Proof.
EHVfi(Zi(k))HQ < 3EHVf1 2 Vi@ H +3IE3HVf @®) — v @E®) H +3EHVf

L-smooth

3L2EHz§k)—§(k)H +3EHVfi(§k) V(& H +3]EHVf (1)) H

Bounded Variance

2 2
3L°E Hzi(k) - 5<’“>H +3¢2 4+ 3E HW@(’“ )H

O
Lemma 5. Let Assumptions 1-3 hold. Then,
2 4C? qkCc? 12C? q*30?
Qgh:EWﬁm—%ww < (f +9 )02+(f +5 )C
(1-9? '1-g¢ (1-4¢)? l1—gq
22 k
(72 12L2C k3L202> S gk
i=0
k 2
(»2E qw) 3¢k [[vs@)|
=0
2 2
+ ( 2 4 g 20 ) mi(O)H : (12)
—-q
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Proof.

o® - E Hfm L, ‘2

k 2
Lemma Bl
< E<C‘1kH‘”i(°) +9C S g \WM%@”)H)
s=0

k 2
- E (ch |20 +9C > VR E ) - vril) + Vfi(zZ?S))‘D
s=0

IA

b k
E| ¢t [|e | +90 3 ¢ [ VEE:67) - VAED)|| 490 3 ¢ || VA
— s=0 =

a

b c
(13)

Thus, using the above expressions of a, b and ¢ we have that ng) < E(a?+b*+c?+2ab+2bc+2ac).
Let us now obtain bounds for all of these quantities:

o = Cszi(o)’rqzk

k
o= 4202 Zq2(k—j) HVFi(Zz'(j)§§z'(j)) _ Vfi(zi(j))H2
7=0

k k
+292C2N) 0 N

VA7) = VG| [PRGEE) - V)|

7J=0s=35+1
b1
k 4 ) 9 k k ) )
02 — ,YQCQZqQ(k—]) ‘vfl(szj))H _’_272022 Z q2k—]—s Vfl(zl(j))H vaz(zz(S))H
j=0 j=0s=j+1

Cc1

k
2ab = 203" [, 3000 || VA6 - V)|
s=0
k
2ac = 2702qu:BZ-(O)Hqu_S Vfi(zl-(s))H
s=0
2bc = 27°C? z:q%*]*S VFi(zZ(J);fi(J))—Vfi(zfj))H vaz’(zgs))H.
=0 5=0

20
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The expression b; is bounded as follows:

k k
72022 Z q2k7j752

§=0 s=j+1

72c2zk: zk: q2k—s—j

=0 s=j+1

k k
+ 72022 Z q2k—s—j HvFi(zi(S);fi(S)) _ Vfi(zZ(S))Hz
Jj=0s=j+1
ko k
202 ZZqQkfsfj HVFi(zi(j)in(j)) _ Vfi(zi(j))HQ

7=0s5=0

k Kk
+ 720222q2k—s—j

§=0 s=0

by

VEED;62) = VD) |6 - v (2|

=

. . . 2
VE(D:6") - Vi)

IN

2
VE(=(:67) - V()|

b _ N TP L
P02y ||VEGED €)= VD) Y
j=0 s=0

_|_

k
72c2 Z qk—s
s=0

k
2 )
VR 60) - Vi) Y
=0

k

I o0 k—j (). ¢ )
1_q,}/ C q VE(z;"7:&7) = Vi(z")

2

ING

Jj=0
k
1 —s S £ S
ey VE(z6()) — Vfi(2)
s=0
k
2 . . ) .
= O |VREE ) - VG| (14)
Jj=0

+

Thus,

k
i . . . 2
Bo= 2O P |VEGED D) - VAED)| b
=0

. . 2
VE(6D) = i) + b

(3

IN

22 k
%qu—j
=0

k
> ¢ |[VEGED: e - i) as)

J=0

NG

3y2C?
1-q

where in the first inequality above we use the fact that for ¢ € (0, 1), we have ¢* < 1=, Vk > 0.

By identical construction we have

3v2C? e NIE
’ < ’ ! H / (]) H ’
(SRS 1—¢ j§=0 q V fi (Zz )

Now let us bound the products 2ab, 2ac and 2bc.
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k
2ab = ’yC’qu qu*SQ Hwi(O)H HVFl-(zES);fl(s)) — Vfi(zgs))H
()
2 e kzqk gHVF O, 0y _ v 1,(29) H +~C?% kzqk ngw)H
j_
() iy N Aoz 02 @
< ’Yozqkzqk jHVFi(zz(J);gz(]))7vfi(zzgj))H + 1||_q || (16)
j=0
By similar procedure,
2 kk ks O el E2]
2ac < yC*¢" Y o _o4q i (2 )H + 1 4 (17)
Finally,
ko k
oMo — 20222!12’“’%52HVFi(Zi(j);ﬁi(j))*Vfi(zz(j))HHWﬁ(%”>H
7=05=0
(7 ko F o . . N2 k 2
< 7202 q2k—]—s VFz(ZZ(J),fz(J))—sz(Zl(]))H +,7202 Zq2k j—s sz )‘ ,
J:OS:O 7j=0s5=0

k
, o L2
4202 quﬂ HVFZ‘(%(])E@(])) - ij(zga))H qu—s 4202 qufs
j=0 s=0 s=0

k
2 .
VA6,
j=0

g 202Zk]

RGN (s)

VF( (J) 5(])) vfz (]) H ’7 qu k—s
s=0

By combining all of the above bounds together we obtain:

E(a® 4 b* 4 ¢* 4 2ab + 2bc + 2ac)

k
BEC S o1 VRGP €) - VG|
j—O

4’)/20 G)
+ El—q Z k= JHsz J)H
7=0
el
202 |2 ,
1—-g¢q

+ EyC%¢ Zk: ¢ [V H2

=0

QP

IN

IA

k _ L o2
+ ENC%gF qui] HVFz‘(Zi(])éfi(j)) — Vfi(z'l(]))H . (19)
j=0
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After grouping terms together and using the upper bound of Lemmaf] we obtain

4 2 k2
Q(k) < 2 9 +'yq C o2 2k02+,yq H O)H
' (I-¢q? '1-g¢
2 4C? k2 . k—j ON&
+ vy iq + vq C Zq EHv.fz(Zz )H
§=0
Lemma [ 402 quQ 202 2
2 2 2k 2 k 4(0)”
- <7 (1—q)2+71—q>0+<q O+7q1—<1>’xl
12C? vq*3C?
2 2
" (7 (1*c1)2Jr 1(1)C
121202 i
+ <,y2 + ,qu3L202> qu—ng(q)
1—¢q 5
7=0
12C2 , k . 2
o (PG ) S|
§=0
This completes the proof. O

Having found a bound for the quantity ng), let us know present a lemma for bounding the quantity
Zf:_ol M®) where K > 1 is a constant and M () is the average of ng)across all nodes i € [n].
. k
That is, M) = % > QE )
~212L2C?%  ~3L2C?

Lemma 6. Let Assumptions 1-3 hold and let us define Dy = 1 — a 2 — a 2 Then,
—q —q
K—-1
4C? c?
M® < ( 2) 02K+< ) o?
,;0 = U 097D T —9?Ds
12C? > < 30?2 >
+ (Ve | K+ | | ¢
(V (1—q)*D; ¢ (1-4q)°D; ‘
Cc? 202 z; (0
+ ( > +7 > ) Zz 1 H H
(1=q)?Dy  (1—-q)*Dy n
1202 302 )K y 2
+(? + > E|vr@®)| @1
(V (1—q)D; (1 q)?D; P f@)
Proof. Using the bound for ng) let us first bound its average across all nodes M (¥)
1 n
M® = l (k)
n ;Ql
Lemmal[ll 4C? quQ) 12C? vq*3C?
< 2 + o’ + ( 2 + ) ?
(7 (1—g7 " 'T=¢ T 1y ¢
+ (7 +7qk302> qu JEHVf (J))H
2,2 k
(’y 12L%C k3L202> qu @)
7=0
02 N PROIE
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At this point note that for any A € (0, 1), non-negative integer K € N, and non-negative sequence
{BU }k,o, it holds that

K k
ZZ)\k—jB(j) _ 5(0) ()\K + AE-L R )\0> + 5(1) ()\K—l + AE—2 et )\0) et B(K) (/\0)
k=0 j=0
1 K
- ()
< 75287 (23)
7=0
Similarly,
o K F o K F IR ) 1 K
Z G Z M) = 3 NN g0 < ST N gl) D Y > BY (24
k=0  j=0 k=0 j=0 k=0 j=0 j=0

Now by summing from ¥ = 0 to K — 1 and using the bounds of and we obtain:

K—-1
4C? c?
< (o (1)
2 (1-q? T2
12C2 5 v3C%\
T - ) e (1 - Q) ‘

(*

¥ (1 ¢t 0;2> S |7|1xi<0>|12
(*
(=

+

+

: o

1202 302 K !
(1—q)? R

k=0

+

2 k

1—q k=0

By rearranging:
(1 2 1212C2 3L202> ’“M(k) <( , AC? > 2 (7 c? > )
- — — | o — | o
g2 "1-¢ P =\ a2 (1-q)?

(g >2f«+<<:32;><2

("

2 2 e )2
( C 20 )2> > [l |
G

+

* 1-— l—q n

302 K-1
) 2

* 1fq 17

" & |[vsa)]

Note that since ¢ € (0, 1) it holds that =5 < = q)zﬂThus

3This step is used to simplified the expressions involve the parameter ¢. One can still obtain similar results
by keeping the expression 1fq2 in the definition of D2
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(- i) B = () e (s 7)

() e+ (a2q)

+(102q 2 Huwu
o

o) S eleE|

~212L2C? 73L202
(1-¢? (@A-97

Dividing both sides with Dy = 1 — completes the proof. O

C.2 TOWARDS THE PROOF OF THE MAIN THEOREMS
The goal of this section is the presentation of Lemma (8] It is the main lemma of our convergence
analysis and based on which we build the proofs of Theorems [T]and 2]

Let us first state a preliminary lemma that simplifies some of the expressions that involve expecta-
tions with respect to the random variable §i(t)
Lemma 7. Under the definition of our problem and the Assumptions 1-3 we have that:

’ 2

(i)
2
e [ZLVEC L L VREDED) - VA [ | S VAGE)
£ n = B " N
(ii)
2
n k k k
Sy VRGP ) v RE) [T g2
E, < —
i n n
Proof.
n 2 n n 2
S VEER T S VEED E) - vaEEY) S VAED)
Eg(k) = ]Eg(k) +
i n i n n
2
S VEEN M) - i)
= E§<k> =
i n
n RGNS
+E. Zi:lvfz(zz )’
fi n

- <22’_1 Eew VE(":6") = Vi) s vp 0 >

)
n n

n k), (K k) |12
ko |EEEEREY) - )
3 n
n RGN
VB | = VI )| - 25)
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where in the last equality the inner product becomes zero from the fact that E £ VFE; (zgk); fi( k)) =

V(5.

i

n k) (K n MK
E Dic1 VF’L(Zz( )551'( ))_Zizlvfi(zi( ))
3 n
1 - ’
Eaw |30 [VEGD; ) - i)
i=1

2
VEGED:6M) - ViGD)|

1 n
T2 ) Ego
i=1

2
+ 5> (B VEE ") = VD), Ego VE (:67) - V1 ()

i75
1 & ,

= 5 Y B [VREEP: ) - VD)

=1
Bounded Variance ] n 0_2

< G at= ”

= 5 ’

[ n

Before present the proof of next lemma let us define the conditional expectation E[-|Fj] =
Eew,.p,[]=Egw
for node i € [n] at the k'" iteration. In other words, Fj denotes all the information generated by
the stochastic gradient-push algorithm by time ¢, i.e., all the xgk), zi(k), wgk), ygk), VFl-(zEk); §§k))
for k = 1,...,t. In addition, we should highlight that the choices of random variables £¥ ~ D;,
£ f ~ D, at the step t of the algorithm, are independent for any two nodes ¢ # j € [n]. This is also
true in the case that the two nodes follow the same distribution D = D; = D;.

[-]. The expectation in this expression is with respect to the random choice @UC)

Lemma 8. Let Assumptions 1-3 hold and let

2 2,72 2,72
> and D2:1—712LC; —73LC2.
(1-9q) (1—-q)

b1 L7 (129%0% 4 3/C?
T2 2 (1—¢q)2D,

Here C > 0 and q € (0,1) are the two non-negative constants defined in Lemma [3| Let {X}.}72
be the random sequence produced by (9) (Matrix representation of Algorithm|[I)). Then,

)

K-—1 K-—1
1 2 1-1L1 VF(Z®")1,
- <D1 S E|vi@?)| + =2 ZEH( . )
k=0

K
k=0
- f@D) — N Lyo?  4L*~4%2C2%0% + 12L242C%¢%  ~L2C?0? + 3L%~(C?(?
- YK 2n 2(1 —q)2D, 2K(1—q)%Dy
n 2
L2C + 202402\ Yoy |||
2(1 — q)2DyK n ’
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Proof.

=

s (i(kﬂ)) _ (X(k;)ln)

A VE(Z®, €9 PMT1,,
f( n )

@ X1, VF(Z®, e,
n
L— Gmooth <

(
) <Vf <X k>1n) , VF(z<k>,§<k>)1n>
n n

2

(k) ¢(k)y1
Ly | VE@H, €0, o
2 n
Taking expectations of both sides with respect to F:
X(k+1)q X*1, X*®1,\ VF(Z®)H1,
2 (5)im] e o) (w5 TR
n n n n
2
L [ VFE®. €)1,
2 n ’
Lemmald) / <x<k>1n) _7<vf <X<k>1n) 7VF(Z(’“))1n>
n n n
2 [l R E®. ® (=)
Ly HZHV i) - s Ve [
2 n
n (k)
L~ V fi
T pAAC )’w]
Lemma [Ti] X®1, X®1, F(Z")1,,
() (v () TR
n n n
2 2 n (o, (K) 2
LVU—FLiE sz'_1vf1(zz ) |Fi
2n n
XM1,\ v X®1,\ |7 VF(Z)1, ||
- ~2ilvr e I
n 2 n 2 n
X1, F(zM™h, Ly?0?
o (5) -5 5
2 n 2n
2
L2 n (2%

where in the last step above we simply expand the inner product.

Taking expectations again and using the tower property, we get
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E [f <X(k—;1)1n):|

Let us now focus on find an upper bound for the quantity E

E

(k) (k) 2 (k) 2
< o[ ()] -3 e ()| e TR
n 2 n 2 n
+ Tr|||lvy XM1,\  VFEZO),|*] | 1?0
2 n n 2n
n k 2
+ ﬁE[ Zi:lvfi(zz( )) ‘}
2 n

2

(k) (k) 2 A2 (k)
n 2 n 2 n
X1 F(Z®), | 202
+ lE [HVf( n) _ \Y (Z ) n L~y“o (29)
2 n n 2n

VF(Zz%"H1,,

|
&=

e (55)
n

Thus we have that:

()

“Vf (X(’;)ln) _ VF(Z:“))L,L’

X VD)

1

n

T

n

|

X VD)

n

|

n n (k)
Jensen 1 . )
< i ZE [ vfz (Zz_l T, ) sz(zl(k)>
n Z n
L—smooth L2 n [ Zn m( ) A 2
< - E i=1""1 z( )
n =1 n
L% 5~ k)
- ;Q, (30)
X1, xX®1,\ |7 — Iy F(ZM1, |1
< Elf g ||y (A 0= Ly ||| VE(ZT) ’
n 2 n 2 n

€19}
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By rearranging:

X1\ ||? — Iy | VF(Z®)1,,
(s (B ) 1w
2 n 2 n

2

<oy (B -wy (X))

Ly?0?  AL? (k)
32
+ 2n T on 2n ZQ (32)

Letusnow sum fromk =0to k = K — 1:

K-l k) ? _ 2 Kl *)N1, ||° K-l (k) (k+1)
v X®)1,, v — Ly VF(Z")1, X", X 1,
L A IR S < — B
: E[HW‘( - ) |+ Y Bl —— | < Elf (=) -Elf (=]
k=0 k=0 k=0

K-—1 K—-1 n

L'yza2 'yL2 k)
+ o+ o 2 2B
k=0 k=0 i=1

IN

w (X0 )i (X))

IN
=
8

e
N—

|

kﬁ
*

LEA?0?  yL2 S 1~ k)
e . 33
+ Tt ;n;@ (33)
T ——

For the last inequality above, recall that with f* we define the optimal solution of our problem.

Using the bound for the expression ZkK;()l Mj, from Lemma@we obtain:

K—-1 ) 2
v Xk,
ZN'E

2 K-1
S VF(Z%")1,,
i E[H()

2 n

=0 k=0

_ . LK~?%0?

<f@) - f*+ %

LLQ4720202K +7C%0? LLQ 1272C%¢%K + 37y C%¢?

2 (1 — q)2D2 2 (1 — q)2D2
K
yL? [(124%C? + 3’yCQ> AN
(22 (1220 3CY S g |

- (i, 2 E|vI@)

L2 (@ i O]
: |

RN TRmEr» n

By rearranging and dividing all terms by ny we obtain:

1 (1 L2 [1292C? + 37C? 2 L*y VF(ZM)1, |
£ (-5 (E5eme)| S x5 Seforee
x(B-7 (RGO elve %
- f@D) — N Lyo? 4L272020—2 + 12L27202(2 yL2C2%0? + 3L27C2C2
- K 2n 2(1 —q)?Do 2K (1 —q)?Ds
L202 +2L2’}/CQ Z?:l H$1(O)H2
2(1 — q)2DyK n '
By defining D; = [7 - %2 (%)} the proof is complete. O
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C.3 PROOFS OF MAIN THEOREMS

Having present all of the above Lemmas we are now ready to provide the proofs of main Theorems|I]
and[2

C.3.1 PROOF OF THEOREM[I]

L [-9)? ,
Let'y S min {60_[126’27 1 5. Then:

D1 v212L2C? 43L2C? <vz><v> ) y15L2C? .
2 = — — = — 5 = _
(I-¢? (@A-9g2 (1-q)? 4

>

N =

and
2 22 2\ (v2<y) 272
poo L L (1222430 01 1 1 1 1
2 2 (1-¢)2Dy 2 2(1-¢)2Dy 2 8D 4

By substituting the above bounds into the result of Lemma [§] and by removing the second term of
left hand side we obtain:

2
1 EHW )H 1 1K1]EHstc(’“ H L’yz Vsz
4 K - K \44Z
F@EOY = f*  Lyo?  4L2~42C2%02 + 12L27202(:2 yL2C%0? + 3L2yC2 (2
K 2n (1—q)? K(1-q)?
L2C + 202402\ Y, ||,

(1—q)°K n

Let us now substitute in the above expression v = /7. This can be done due to the lower

bound (see equation @ on the total number of iterations K where guarantees that /% <
min M 1
60L2C27 " |°

f@O) =5 Lyo?  LAL2C?%0% 4 12L2C%¢2  L2C?%0% + 3L2C2¢3

4 K = vK * 2n 7 (1—-¢q)? 7 K(1-q)?
, e TLleOF e B Ol
(1-q)*K n (1-q)’K n
=i @) - N Lo®> n 4L202a2 + 12L2C?¢2 \/7 L*C?0?% + 3L2C2%¢?
VnK N (1—q)? K K(l-q)?
Lore SO ﬁ 2122 Y 0
(1-9q)2%K n K (1-¢q)?K n
S {0 b e LA G PPV PPV D B8 Hwi(o)‘ﬁ]
VnK K(1-q)? n
VnL?*C? o2 4 302022 4 o&i=t 1T L Die 1” H

VE(1 - ¢)’K

Using again the assumption on the lower bound (6)) of the total number of iterations K, the last two
terms of the above expression are bounded by the first term. Thus,

2
K-1 —(k
| SIS E||vi@®)| L JED) -1 ke

- 36
1 % < e (36)
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C.3.2 PROOF OF THEOREM 2]

Proof. From Lemma [ we have that:

K—-1
1 , 4C? 5 C? o?
?ZM <@aﬂw>gﬁmﬂm2K

12C? 3C? 2
LTESEN G+ (Tm >
1 — q D2 (1 — q) DQ K

(-
( 202 )ZLJ%@W
("

+

+ 1—¢q)?DyK (1 —q)?Ds K n

+

(37)

2
) 1202 302 ) szol E Hv‘f(f(k))H
Y

02D, +7(

1-— q)QDQ K

Using the assumptions of Theoremand stepsize ¥ = \/

iKZ_:lMUc) o (n_4C? N o ([n_C \o?
K &~ = \K(1-9)2D, K(1-q2D,) K
n 1202 /R3C? N\ ¢
?1—(;2172 ¢ (1—q)2D, K
n 2
D i1 Hwi(O)H
1—q2D2K 1—q2D2 n

K (1—¢q)2Dy \/K(l—q)2D2 VnK

_|_

_|_

_|_

1| 4nC26® 1202 2R @@ . 3y/nC212 | f@O) - [+ Lo?|

= — +
K |(1-¢)%Dy (1-¢q)%?D, n(l —q)?Ds Vvn(l —¢q)%2D,
L1 [ | gere acrmr e MMVRCSE) 5ot
KEVEK |(1=q?Dy  (1-¢)?D>  (1-¢)*D2y/n (1-a)*D2
1 1
= Ol=+—~
(K KJE)

where  the  Big O notation swallows all  constants of our  setting

(Tl, L,U, Ca qua Z?:l Hxl(o) ||2 andf(i(())) - f*)
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Now using the above upper bound equation 38| and result of Theorem [T] we obtain:

1K711n 2 1K711n N 2
Bl U 2 P
1 K—ll n , i 2
< K = n P 2E Vf( ) Vf( (k)> +9E va(w(k))H
) il{ilim Vi) - viEY) 2+1K211i2]EHVf(m(k)
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where again the Big O notation swallows all

(TL, L,CT, Cv C,(b Z?:l Hl'z(o) ||2 andf(E(O)) - f*)
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