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Abstract

We study the problem of distributed stochastic non-convex optimization with intermittent
communication. We consider the full participation setting where M machines work in parallel
over R communication rounds and the partial participation setting where M machines are
sampled independently every round from some meta-distribution over machines. We propose and
analyze a new algorithm that improves existing methods by requiring fewer and lighter variance
reduction operations. We also present lower bounds, showing our algorithm is either optimal or
almost optimal in most settings. Numerical experiments demonstrate the superior performance
of our algorithm.

1 Introduction

We consider the following distributed optimization problem with M machines:

. 1 &
min F(z) := MleFm(:c% (1)

where F,,, which denotes the objective on machine m, is a non-convex function for all m, as is the
average objective F'. We want to solve this problem in the intermittent communication (IC) setting
(Woodworth et al., 2018, 2021) where the machines work in parallel and are allowed to make K
oracle calls between two communication rounds for R consecutive rounds. The IC setting has been
widely studied (Zinkevich et al., 2010; Cotter et al., 2011; Dekel et al., 2012; Zhang et al., 2013, 2015;
Shamir et al., 2014; Stich, 2018; Dieuleveut and Patel, 2019; Woodworth et al., 2020a, 2021; Bullins
et al., 2021) over the past decade. Many recent works have focused on the problem with non-convex
and heterogeneous objectives (Koloskova et al., 2020; Khaled et al., 2020; Woodworth et al., 2020b)
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which are common in cross-device federated learning (FL) (McMahan et al., 2016; Kairouz et al.,
2019). Towards this end, several algorithms (Karimireddy et al., 2020b; Zhao et al., 2021; Khanduri
et al., 2021; Karimireddy et al., 2020a; Murata and Suzuki, 2021; Das et al., 2020), all involving
local updates (a la local-SGD (Zinkevich et al., 2010; McMahan et al., 2016)), have been proposed
and analyzed under assumptions bounding the heterogeneity of machines’ objectives. Although
these algorithms demonstrate promising empirical performances, it remains elusive whether these
algorithms provably dominate the embarrassingly parallelizable alternatives, i.e., mini-batch variants
of the optimal sequential algorithms (Nguyen et al., 2017; Fang et al., 2018; Cutkosky and Orabona,
2019) (a.k.a. centralized algorithms).

Until very recently, the situation was similar even in the simpler convex homogeneous setting
where F,’s are all identical and convex, and Woodworth et al. (2021) showed that the optimal
algorithm often does not require local updates at all. Even when F},,’s are not identical, for high
levels of heterogeneity, accelerated mini-batch SGD (Ghadimi and Lan, 2012) is optimal (Woodworth,
2021). Should we expect something similar in the non-convex setting? Or, can we prove that in
some regime local-update algorithms improve over the naive centralized baselines?

In this paper, we start by noting that in the absence of any heterogeneity assumption (c.f.,
Section 2), centralized algorithms already have the best worst-case convergence guarantee. Thus,
only when the heterogeneity is low can the local-update algorithms potentially have an advantage.
This was the motivation behind some of the recent works (Karimireddy et al., 2020b,a; Murata
and Suzuki, 2021). However, in the absence of any lower bound that explicitly depends on the
heterogeneity parameter (such as in Woodworth et al. (2020b); Glasgow et al. (2022)), it is not
possible to definitively claim such an improvement. To alleviate this, we provide new communication
lower bounds which explicitly depends on the heterogeneity parameter. In addition, we develop
a novel algorithm which can take advantage of low heterogeneity and is (almost) optimal. We
summarize the contributions of our work as follows:

e We provide novel communication complexity lower bounds, under the assumption that F,,’s
have bounded first-order or second-order heterogeneity (see Section 2). We show that central-
ized algorithms (Nguyen et al., 2017; Fang et al., 2018; Cutkosky and Orabona, 2019) can
never achieve this optimal communication complexity, and most of the existing local-update
algorithms cannot attain it either.

e We develop a new algorithm CE-LSGD that we show to be min-max optimal when
equipped with exact gradient oracles and near-optimal when provided with stochastic
gradient oracles (c.f., Section 2). Our algorithm, like many other local-update algorithms,
uses variance reduction techniques (Nguyen et al., 2017; Cutkosky and Orabona, 2019) but
requires both fewer and lighter “heavy-batch” operations compared to the existing methods
(see discussion in Section 3).

e We also study the partial client participation setting, which is of particular interest in cross-
device federated learning (FL) (Kairouz et al., 2019) where there is an extremely large number
of clients. Not only does CE-LSGD improve over the best-known communication complexity,
but it is the only algorithm that doesn’t require exact oracle queries for variance reduction
and still manages to be nearly optimal. Our analysis also provides a convergence guarantee
for MB-STORM (a special case of CE-LSGD) in this setting that wasn’t known before.
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Table 1: Comparison of convergence rate for different algorithms in the intermittent communication
setting. ¢ and 7 are the first and second-order heterogeneity (see Section 2) of the problem. Note that
7 < 2L can be much smaller than L. *See Section 3 for a detailed comparison with BVR-L-SGD.
We expect the red and blue terms in the bounds to match by improving our bounds (c.f., Section 6).
"The variance term is optimal as the algorithms’ analyses don’t assume mean squared smoothness.
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Table 2: Comparison of optimal communication and oracle complexity required by different algo-
rithms to attain E|VF(Z)||3 < €. ¢ and 7 are the heterogeneity (see Section 2) of the problem.
7 < 2L and can be much smaller than L. The results suppress only numerical constants and assume
that €'/2 < min{(oc/M) - (t/L),ALJo,AT/(,(/m}, ie., € is small enough. The first inequality
ensures we are in the green regime described in Figure 1 and guarantees that ALM /e < 0 AL/ €3/2:
the second inequality guarantees that o2/e < oAL/e3/?; the third inequality guarantees that
¢?/me < CAT/me®?; and the fourth inequality guarantees that AL/e < (AL/me3/?. We expect the
red, green, and blue terms in the upper and lower bounds to match by improving our bounds (c.f.,
Section 6). *Although BVR-L-SGD and CE-LSGD have the same fast convergence rate in the full
participation setting, BVR-L-SGD requires each client to compute large batch gradients for many
rounds of communications and is thus less communication efficient in practice (see discussion in
Section 3). TNote that the oracle complexity is optimal for these algorithms, as they were analyzed
under the bounded variance assumption (see Section 2).



Furthermore, if endowed with exact oracles, CE-LGD is almost min-max optimal
even in the partial participation setting. Thus, our results demonstrate the optimality
of local update methods, at least in some regimes. Even in simpler convex settings, we don’t
know of any local update method (exact or stochastic) known to be min-max optimal in the
heterogeneous setting (Wang et al., 2022; Woodworth et al., 2020b). We summarize our results
and the comparison to important baselines in Tables 1 and 2.

e As an auxiliary contribution, we provide a variant of our algorithm which uses stochastic
hessian vector product oracles and is thus useful for settings where only a single copy of
the model can be stored on the edge device. We also empirically compare our method
against centralized and local-update algorithms, demonstrating faster convergence and better
communication efficiency.

Notation. We use B to denote the index set and |B| to denote its cardinality. For » € R?, we
use ||z|| to denote its fo-norm. For A € R¥9 || A| denotes the operator norm. [n] denotes the set
{1,2,...,n}. We use ~, <, = to denote equality and inequality up to numerical constants.

2 OQOur Setting and the Centralized Baselines

This section introduces some definitions and assumptions used in our analysis. Specifically, we
formalize the class of distributed problems we study, the oracle queries we allow on each machine,
and what our algorithms can do with those oracle queries. Our goal is to find an e-approximate
stationary point of F, i.e., a point z € R? such that E[||VF(z)||?] < ¢, where the expectation is
w.r.t. any randomness in the choice of . Note the difference in the definition of an e-stationary
point w.r.t. to references such as Arjevani et al. (2019); Cutkosky and Orabona (2019).

Problem Class

We consider client objectives in the class F(L) of differentiable and L-smooth functions, i.e., for all

feFu),
Vz,y € R ||V f(z) = VW) < Lilz—yl.

We also assume that the average objective has bounded sub-optimality at zero (the defacto initial-
ization point for all our algorithms). In particular we say that {F,, € F(L)}M_, € Fa (L, A) if for
all A > 07 and F := Z?TLE[M] Fm/M,

F(0) — inf F(x) <A.
(0)— inf Fla) <

Finally, we make assumptions that relate the functions of different clients to one another. These are
typically known as assumptions on the “heterogeneity” of the problem, and we consider two classes
of problems based on the heterogeneity assumption.

Definition 2.1. We say that {F,,}_, € Fa(A, L) are first-order ¢-heterogeneous if,

M
1
sup — > [|VEy(x) = VF(2)|* < ¢*.
iEGRd M m=1

We denote such problems by writing {Fin}mepny € Far(L, A, ).



This class of problems is often too restricted due to the first-order heterogeneity assumption (Wang
et al., 2022), which poses boundedness constraints on the gradients of the functions. Fortunately,
our algorithm only assumes the problem is in the following less restrictive class.

Definition 2.2. We say that twice-differentiable {F,,}*_, € Fy(L,A) are second-order 7 -
heterogeneous if,
sup |V2F(z) — V2F(z)| <
me[M],zeR?
We denote such problems by writing {Fi} ey € Far(L, A, 7).

Remark 2.3. Note that even if the functions on each machine are L-smooth, they need not satisfy
the 7-second-order heterogeneity assumption. We can only say that 7 must be smaller than 2L.
Thus, smoothness and heterogeneity assumptions are different kinds of restrictions on our functions.
7 = 0 implies that the functions on different clients can only differ in the linear part, while ( =0
implies that the functions can only differ in constant terms.

Oracle Class

The oracle framework is a very common abstraction in optimization literature (Nesterov et al.,
2018; Nemirovski, 1994; Woodworth et al., 2018), and an oracle call can be seen as a unit of
information and/or computation. This is especially useful when providing lower-bound results.
Stochastic optimization often considers single-point oracles that return unbiased function and
gradient estimators. However, several studies ((Arjevani et al., 2019), c.f., Section 5.3, (Woodworth
et al., 2021)) have shown separations between algorithms that can query the oracle and obtain
unbiased gradients just once for each random seed versus multiple times for the same seed. The
latter kind is a multi-point stochastic oracle, formally defined as follows.

Definition 2.4. Given a function G € F(L), OZ’L’U : (RH™ x Z — (R)™ x (RY)™ is a multi-point
stochastic first order oracle if for some distribution D on Z, and for all z1,...,z, € R% the oracle
samples a random seed z ~ D and returns estimators

Og 7 (@1, s 2) = ({F(@i 2) il {905 2) Yicn))
such that Vi € [n],

Eonp [(f(2:32), 9235 2))] = (G(21), VG(1)) and Evp |llg(ai2) = VG(@)|?] < o>
Furthermore, the unbiased gradients satisfy L-mean smoothness, i.e., for all z,y € R,

E.p[[lg(z;2) — g(y: 2)|] < Lz —yl.
2,L,0

In this paper, we assume each client m € [M] has access to a two-point stochastic oracle O 7.
which is sufficient to implement popular variance-reduced algorithms. All the random seeds are
sampled independently across machines and time steps.

Remark 2.5. For empirical risk minimization (ERM), querying multiple times at the same seed
is easy. The z ~ D corresponds to sampling a data point, and one could just use the same data
point multiple times. So even though the multi-point oracle is more powerful, in machine learning
applications, it is equally practical. Arjevani et al. (2019) prove all their results for an even stronger
oracle, called an active oracle (see section 5.2 in their paper), which better exploits the finite sum
structure of ERM problems, but we don’t consider active oracles in this paper.



Remark 2.6. The mean(-squared) smoothness property is necessary to obtain a O(1/€%?) oracle
complexity in the serial optimization (M = 1) setting (Arjevani et al., 2019) for obtaining an
e-stationary point. Usually, different constants are used to demarcate the L-mean-smoothness from
L-smoothness because one is a property of the oracle while the other of the objective (Arjevani et al.,
2019). We do not make this demarcation here to make the presentation simpler. In the setting of
stochastic optimization, where each machine’s objective is defined as F,,() := E.p, [f(+; 2)] using
L-smooth functions f(-; z), these constants are the same, i.e., L = L. Even though our results apply

more broadly, we have the distributed stochastic optimization problem in our minds throughout the
paper.

Remark 2.7. Arjevani et al. (2019) show that if a first-order oracle only satisfies the bounded
variance assumption but not the mean(-squared) smoothness assumption, €2(1/€2) queries must be
made to such an oracle to obtain an e-stationary point. Distributed algorithms such as FEDAvG,
ScAFFOLD and MB-SGD only assume this weaker oracle, which explains the worse oracle complexity
these algorithms attain (c.f., Table 2).

Algorithm Class

We consider the problem of finding an approximate stationary point in the intermittent communi-
cation setting, where M machines work in parallel and are allowed to make K oracle calls during
each communication for R consecutive rounds. We refer the reader to Woodworth et al. (2018) for
a formal description of this setting in the graph oracle framework. Intermittent communication
is motivated by the sizeable gap between the wall-clock time C required for a single synchronous
communication and the time required per unit of computation 7, say a single oracle call (McMahan
et al., 2016; Kairouz et al., 2019). For an efficient implementation, typically, we want our local
computation budget K to be comparable to C/T, i.e., we want to increase our computation load
per communication to match the time required for a single communication round. We consider a
generalization of zero respecting algorithms (Carmon et al., 2020) denoted by Azp in the intermittent
communication (IC) setting defined as follows.

Definition 2.8 (Distributed Zero-respecting Algorithms). Consider M machines in the IC setting,
each of which is endowed with an oracle O,, : Z x Z — V and a distribution D,, on Z. Let I},

denote the input to the k" oracle call, leading up to the r** communication round on machine m.
An optimization algorithm initialized at 0 is distributed zero-respecting if:

L. forall r € [R],k € [K],m € [M], I]} is in
U supp (Or, (I 27 ~ D)) ¢ U U supp (OF, (I8y; 28 ~ Dn)) ¢ -
le[k—1] ne[M],se[r—1],l€[K]

2. for all r € [R],k € [K],m € [M], I} is a deterministic function (which is same across all the
machines) of

U Okl 27 ~ D) p U U Op, (Il 28 ~Dn) ¢,
le[k—1] ne[M],se[r—1],le[K]



3. at the r*" communication round the machines only communicate vectors in

U supp (OFn (IS"J; zgl ~ Dn))
ne[M],se[r],le[K]

We denote this class of algorithms by Azgr. Furthermore, if all the oracle inputs are the same
between two communication rounds, i.e., I, = I, € Z for all m € [M|],k € [K|,r € [R], then we say

that the algorithm is centralized, and denote this class of algorithms by CZe}%t C Azg.

This class captures a very wide variety of distributed optimization algorithms, including mini-
batch SGD (Dekel et al., 2012), accelerated mini-batch SGD (Ghadimi and Lan, 2012), local SGD
(McMahan et al., 2016), as well as all the variance-reduced algorithms (Karimireddy et al., 2020a;
Zhao et al., 2021; Khanduri et al., 2021). Algorithms that are not distributed zero-respecting are
those whose iterates have components in directions about which the algorithm has no information,
meaning that in some sense, it is just “wild guessing”. We have also defined the smaller class of
centralized algorithms which includes algorithms such as mini-batch SARAH (Nguyen et al., 2017)
and mini-batch STORM (Cutkosky and Orabona, 2019). We first present a lower bound result
applicable to centralized algorithms.

Theorem 2.9 (Centralized Lower Bound). For all 7,A,(,o0 > 0, and 2L > 7, every algorithm
Ae ACZEEt optimizing a problem in .FM(L, A, Q)U F]%/[(L, A, T), with access to an oracle (’)?gj’a over
R > 1 communication rounds must output ac}% such that

A2 AL o? oAL \*?
e {IvrehI] = 5 + i7m + (7%7)

The proof of this theorem follows the known oracle complexity lower bounds (Carmon et al., 2020;
Arjevani et al., 2019) and is included in Appendix A. This theorem shows that when heterogeneity
is large, i.e., 7 &~ L, mini-batch SARAH/STORM already achieves the optimal communication and
oracle complexity (see Table 2). Therefore, most existing methods including FEDAvG (McMahan
et al., 2016), SCAFFOLD (Karimireddy et al., 2020b) and FEDPAGE (Zhao et al., 2021) can not
outperform these centralized baselines as their analyses do not benefit from small heterogeneity.
At the same time, this highlights the limitation of the centralized baselines, which do not improve
with lower heterogeneity. In other words, for algorithms in class Aczegt, the worst-case complexity
is similar for problems in F3,;(L, A,0) and F2,(L,A,2L). Certain existing local-update algorithms
such as MIMEMVR (Karimireddy et al., 2020a) and BVR-L-SGD (Murata and Suzuki, 2021) can
indeed improve upon centralized algorithms in the low heterogeneity regime. In the next section, we
quantify this improvement and show that our algorithm strictly dominates the centralized baselines
and almost matches our lower bound for algorithms in Azp.

3 Our Algorithm and Min-max Optimality

In this section we present our communication-efficient algorithm abbreviated CE-LSGD and
illustrate it in Algorithm 1. Note that for m € [M], we use the notation VF,, gm(z) :=
> ienm 9(x521 ~ Dy,)/|B™| to denote the stochastic mini-batch gradient obtained by querying

(’)?gj’g for |B™| many times, and VFy, .(z) to denote a single stochastic gradient g(z;z ~ Dyy,).
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At each iteration of Algorithm 1, we need two rounds of communication, i.e., two back and
forth communications between the server and all clients. Our method uses the extra round of
communication, i.e., line 4 to line 9, to update the variance-reduced gradient v, using the current
and previous server models x,, x,_1, respectively. In the following discussion, we will use the
iteration number R and communication complexity of Algorithm 1 interchangeably.

Algorithm 1 Communication Efficient Local Stochastic Gradient Descent (CE-LSGD)

input Initialization xy, communication round R, local steps K, step size 1, momentum S € [0, 1],
initial batch size bg
1: Let x_1 = xg
2: forr=0,1,...,R—1do
3:  if r =0 then
4 Set 6=1,K=1,B=1bg
5 else
6: Set 8, K as the input values, B = K
7. end if
8
9

Communicate (send) (z,,x,_1) to clients

: on client m € [M] do
10: Sample BT ~ DEB and compute VF,, gm(z,) and VF,, gm(z,_1), where |B"| = B
11: Communicate (rec) (VEy, gm(z;), VEy, gm(x,—1)) to the server
12:  end on client
13: Uy = ﬁ 2%21 VF’m,B’?1 (xr) + (1 - 5) <'U7'—1 - ﬁ er\,{zl va,BZP (-7}7‘—1))
14:  Communicate (send) (z,,v,) to client m,, where m, ~ Unif ([M])
15: on c~1ient m; do

16: Wy g = ;’rl 0= Ty, U = vy
17: for k=1,. K do
m mp
18: Sample z ~ Dp, and compute VF_ i (w,y1 ) and VF- o (WY1 k1)
. _ (T
19: vy = VF~ ( () k) + “rk 1 VFmT.,Z;"g (WY1 1)
. s
20: wr+1,k+1 - r+1,k - nvr,k
21: end for
22: Communicate (rec) (wﬁfLKH) to the server

23:  end on client
24:  Let xpy1 = w"
25: end for

output Choose Z uniformly from {wfllg }re[R)ke[K]

r+1 K+1

At the core of our proposed method is the variance reduction term v, and the local gradient
estimator v} (lines 9 and 15 in Algorithm 1). The construction of the local gradient estimator is
motivated bﬁf the variance reduction technique of SARAH (Nguyen et al., 2017; Fang et al., 2018).
Intuitively, the estimation error between the proposed local gradient estimator v}, and the full
gradient VF(wy 1), Le., E[[v], — VE(w], ;)||; can be decomposed into two dominating terms:

Ellv, — VF(z,)|? and 72K K Ellw™, . — w™, . 1|I* . The first term is the estimation error

between the variance reduction term v, and the full gradient VF(x,). Since v, is updated based on the



momentum-based variance reduction technique (Cutkosky and Orabona, 2019), this estimation error
is dominated by L?E|[xz, — z,—1]|*> , which approaches zero as the algorithm converges. Similarly,

2 .
the second term Efw;", ; — wl,; 4[|* approaches zero as the algorithm converges and the ‘7

factor controls the benefit we can obtain from small heterogeneity. Intuitively, we can make more
local updates for smaller values of 7, and the algorithm converges faster. Our method reduces to
mini-batch STORM if we choose the number of local updates K to be one (see Appendix C). Our
formal convergence result is as follows:

Theorem 3.1. Suppose {Fy, e € F2,(L,A,7) for L,A,7 > 0,7 < 2L then,

(a) if each client m € [M] has a stochastic oracle (’)?j’o, and assuming A—RL = \/X;—K, then the output
~ . . /3 /8 . /
x of Algorithm 1 using 5 = max{%, %}, bp = KR, and n = min {%, %, (i]\;gi;}

satisfies

E|VF (@) =

H-ﬁ- AL n o? ocAL 2/3‘
R VKR MKR MKR ’

(b) if each client m € [M] has a deterministic oracle O%’:O, then the output z of Algorithm 1 using

B =1and n = min {%, %} satisfies
At AL

E|VF@)|? < =— + ==
IVF(@)||" = = Y ®R

In Appendix B, we derive this result by carefully tuning 3, bg. We show that the convergence
rate attained by our algorithm is almost optimal by proving the following lower bound result.

Theorem 3.2. For all L,o,7,A,( >0, 7 < 2L, { <AL, every algorithm A € A,,., optimizing
a problem in Fi,(L, A, {) U F3, (L, A, 7) with K > 0 intermittent accesses to two-point first-order
oracles {O;’f;’a}me[ ) on all the machines, outputs mg after R > 1 rounds such that

¢? AT} AL o? ( ocAL >2/3

AN 12 .
E|IVER|] = mm{R’R KR T MER ' \MKR

We can make two observations by comparing the upper and lower bounds for problems in
F2,(L,A, 7). First, in the deterministic setting (¢ = 0), our upper bound matches the lower bound;
hence CE-LGD is min-max optimal. Thus, our result improves over all the existing results in
this setting, including MIMEM VR (Karimireddy et al., 2020a). Second, in the stochastic setting
(0 > 0), our algorithm’s upper bound is optimal except for the second term in Theorem 3.1, which
has a AL/(vVKR) factor as opposed to the AL/(K R) term in the lower bound. We discuss this
gap further in Section 3.2.

Our construction for Theorem 3.2 uses the non-convex hard instance proposed by Carmon et al.
(2020) and splits it across different machines to get a communication complexity lower bound. This
idea has been used previously to give lower bounds in the heterogeneous setting (Arjevani and
Shamir, 2015; Woodworth et al., 2020b; Zhang et al., 2020). We prove the result in Appendix A.
From looking at Table 1, we can note that BVR-L-SGD (Murata and Suzuki, 2021) also attains
a similar upper bound as our method. In Appendix B, we show that with deterministic oracle

10



BVR-L-SGD also attains the min-max optimal rate'. This is not surprising, knowing that several
variance-reduced algorithms (Fang et al., 2018; Cutkosky and Orabona, 2019; Nguyen et al., 2017)
are simultaneously optimal even in the sequential setting. Still, our method requires fewer and
lighter variance reduction operations, which leads to better scalability from the algorithmic design
perspective. In the next section, we carefully examine the difference between these methods.

3.1 The Perspective of Reducing Communication

N 4

Figure 1: Illustration of the best communication complexity R and oracle complexity N that
our method can obtain for different ¢ and 7. Green regime: Our method can obtain optimal
communication and oracle complexities. Orange regime: Our method can obtain the optimal
communication using a larger oracle complexity. Red regime: Our method only needs one round
of communication using a larger oracle complexity. L and 7 are the smoothness and second-order
heterogeneity parameters, respectively.

So far, we have looked at convergence rates in the intermittent communication model, where
K, R is fixed. However, another perspective is reducing the communication complexity to the
minimum possible with the minimum required oracle complexity. Both these complexities can be
expressed in terms of € using the convergence guarantees we showed, where we want to attain an
e-approximate stationary point. This view is often more useful when communication rounds comprise
the bulk of the required physical time. This scenario is common in FL, where devices become
available intermittently, which delays the synchronous updates. With this in mind, we summarize
the communication and oracle complexities attained by both our method and BVR-L-SGD (Murata
and Suzuki, 2021) in Figure 1 when optimizing with stochastic oracles. Notice that the figure has
three different regimes based on the relative scaling of 7 versus e. We focus on the green regime
characterized by €'/2 € (0,70/(LM)]. This regime is of most practical interest in deep learning,

!Note that Murata and Suzuki (2021) don’t show how to get this rate, but we do so in Appendix B.
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where modern over-parameterized models often drive € to really small values. And when ¢ is small
enough, this regime covers a wide range of values of 7.2.

K=64 K=1024
110 BVR-LSGD L6
— — CE-LSGD k18
0 7y
-1.20
3 -1.15 3
E E -1.22
® T
= -1.20 = -124
o o> -1.26
O 125 o
-1.28
-1.30
-1.30
15 2.0 2.5 3.0 3.5 4.0 15 2.0 2.5 3.0 3.5 4.0
logi1o(Number of Communication Rounds) logi1o(Number of Communication Rounds)

Figure 2: Training loss of CE-LSGD and BVR-L-SGD on CIFAR-10 data-set versus the number
of communication rounds in the intermittent communication setting with different local-updates K.
We use M = 10 machines, and synthetically generate heterogeneous data-sets (see Section 5) with
g = 0.1. All oracle queries use a mini-batch of size b = 16, i.e., each machine has Kb oracle queries
between two communication rounds. We note that our method has a faster convergence in all the
settings, which highlights its communication efficiency. Fixed step-sizes n for both the methods
were tuned in {0.001,0.005,0.01,0.05,0.1,0.5} (to obtain best loss) following (Murata and Suzuki,
2021), our method set the momentum 3 = 0.3, b9 = K, while b2V = 5000 according to (Murata
and Suzuki, 2021).

In the green regime, both CE-LSGD and BVR-L-SGD require K = oL/(7Me'/?) local steps
to achieve the optimal communication and oracle complexities. However, BVR-L-SGD requires
multiple heavy-batch stochastic gradient computations on each machine with batch size b,,q:-
In particular, for BVR-L-SGD, we have ppyR = bmas/K = o7/(Le'/?), which suggests that for
S = LA/o+/e communication rounds, it requires each machine to compute ppygr times heavier
batch stochastic gradients compared to the other communication rounds. As for CE-LSGD, we have
bo = 03/ (LAMe/?), which gives us pouw = bg/K = o>7/(L?>A). This suggests that our method only
requires each machine to compute po,,y times larger batch stochastic gradient, and that too only
once. Furthermore, pour/pBVR = oel/? /(LA) < 1. Thus, the size of our large batch gradient is also
smaller than the one for BVR-L-SGD, and our method has fewer and lighter heavy-batch
operations.

Suppose one implements both these methods in the intermittent communication model, i.e., by
breaking the large batch computation across multiple rounds, with local budget K = o L/(TM et/ 2.
In that case, the effective communication complexity of both methods is Art/e, and this subtle
difference gets washed away. However, in Figure 2, we show that this equivalence up to numerical
constants doesn’t hold in practice, where our method converges faster than BVR-L-SGD. In Table
2, we summarize the communication and oracle complexities attained by different algorithms in the
green regime.

*We talk about the other regimes while giving the full statement of Theorem 3.1 in Appendix B

12



3.2 The Gap in the Stochastic Setting

According to the results in Table 1, there is a gap between the convergence rates of CE-LSGD and
CE-LGD, which doesn’t go away when ¢ = 0. In particular, the brown term in CE-LGD’s upper
bound, which doesn’t depend on ¢, matches the corresponding term in the lower bound, but the
brown term in CE-LSGD’s upper bound is worse by a factor of 1/\/? This result comes from a
more pessimistic choice of step size in the stochastic setting.

To elucidate this further, consider a more general communication model. Recall that each
machine makes K queries in the IC setting between two communication rounds. We can instead
consider the model where each machine is allowed to make Kb queries but at most at K different
inputs. Centralized algorithms will make just Kb queries at the same input. For instance, in this
model, MB-SGD or MB-STORM will make R updates with batch size M Kb. However, local
update algorithms can make K “mini-batch” style queries, i.e., make b repeated queries at the
current local iterate. This oracle model has been studied for hierarchical parallelism (Lin et al.,
2018). For instance, let’s say each machine has access to a GPU. Then it is preferable that each local
update uses the largest batch size b = by,q, that saturates the GPU’s capacity (such as its memory)
without additional parallel run-time when compared to b = 1. Modern specialized hardware for
deep learning (including FPGAs, TPUs, etc.) is designed with such parallelism, and by,q, is usually
much larger than 1 (Shallue et al., 2018). Thus, if energy usage (i.e., more oracle queries) is a
non-concern and getting to an accurate solution as quickly as possible is most important, then it is
useful to consider this hierarchical setting. In this setting, we can attain the following convergence
guarantee for CE-LSGD.

Theorem 3.3. Suppose {Fy}mepn € Fiy(L, A, 7) for L, A, 7 > 0,7 < 2L, each client m € [M]
has a stochastic oracle (’)iﬂ’i’a which it uses through b-calls for every single query, and assume that

% < \/%. Then the output z of Algorithm 1 using f = max {%, W} bp = KbR
1 1 Vb (BMKb/?

and 7 = min {Zv K UKL T}, satisfies the following

Ar AL AL (O’AL )2/3 02

E|VF(@)|* =X — '
[VF@)" = R +KR+R\/E+ MKbR +MKbR

When b = 1, this reduces to Theorem 3.1 since the third term in the upper bound always
dominates the second term. In the exact setting as we show in Appendix B, the last three terms
go away altogether. Using arguments similar to the ones given in Appendix A (to prove Theorem
3.2), we can show that every term except the third term is tight in Theorem 3.3. We currently
don’t know how to get rid of the loose third term, but as apparent from the theorem, setting b = K
suffices to recover the min-max optimal guarantee even on the stochastic setting. This gap also
appears in the partial participation setting, which we study in the next section.

4 The Partial Participation Setting

In settings such as cross-device federated learning (Kairouz et al., 2019), there are often millions of
clients (think of android mobile users), and it is not feasible to consider training on all of the clients
synchronously. It is more natural to consider a partial sampling of clients for each communication
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round. More formally, we can re-state our distributed optimization problem as follows:

min F(z) := E,p [Fin(2)], (2)

z€R4
where P is a probability distribution on the clients, we assume at each communication round,
we can sample M clients independently from P. We also need to modify the IC setting: during
each communication round, S, ~ P™ clients participate, and each queries their oracle K times.
This setting has also been considered in Karimireddy et al. (2020a). We first need to formalize
the problem classes that we consider. We define .7-"713(L, A, () and .F%(L,A,T) that are natural
generalizations of Fi,(L, A, () and Fi,(L,A,T) to the partial participation setting as follows.

Definition 4.1. Consider any (,A,L > 0. And for all m in the support of P, assume that
Fr € F(L), supyepe Enop||VE,(z) — VF(z)||? < ¢? and F(0) — inf cga F(z) < A. Then we say
that our problem is in .’F'ﬁ},(L, A, Q).

Definition 4.2. Consider any 7,A,L > 0 and 7 < 2L. And for all m in the support of P,
assume Fy, € F(L) are twice-differentiable, sup,,cqupport(p)ccrd |V2E,,(z) — V2F(z)|| < 7, and
F(0) — inf,cpa F(x) < A. Then we say that our problem is in F2 (L, A, T).

We adapt Algorithm 1 to the partial participation setting in Algorithm 2 by communicating

with only M clients at each round and using My clients for the first round to initialize the variance
reduction term. We prove the following guarantee for Algorithm 2.

Theorem 4.3. Suppose for all m in support of P, F,,, € F5(L,A, ()N FA(L, A, 7) then,

2,L,0 2

AT AL a <
VR T URR S ik T VAR

2/3
the output x of Algorithm 2 using by = K, My = MR, 8 = max {}%, (%) }, and

: 1 1 1 BM BM :
n = mln{f?ﬁ’\/ﬁyﬁy e }satlsﬁes

2 2/3 2 2/3 2/3
EHVF(E)HQ < g + AL + 9 + < oAL > + Cf + (CAT> + <A(UT+LC)> ;
R VKR MKR \MKR MR \ MR MVKR

(a) if each client m has a stochastic oracle Oy 7, and assuming tha

(b) if each client m has a deterministic oracle (’)2 L0 and assuming that AT = \ﬁ’ then the output
~ 2/3 /BT
x of Algorithm 2 using My = MR, § = max{}%, (A&\éﬁ) }, and n = min{%,%, fKM}

satisfies

o , AT AL ¢? CAT 2/3
EHvﬂ@”jzz+KR+MR+<MR) '

In Tables 1 and 2, we show that with an exact oracle (i.e., 0 = 0), CE-LGD attains a strictly
faster convergence rate than the best-known algorithm MIMEM VR, (Karimireddy et al., 2020a) that
also uses an exact oracle. More specifically, CE-LGD’s communication complexity (A71/M e3/?,
improves over the communication complexity of (AT /v/M €3/2 for MIME-MVR. Further, we can
recover the following guarantee for MB-STORM in the partial participation setting, noting that it
is a special case of CE-LSGD (see Appendix C). As far as we know, this guarantee isn’t known in
the literature but straightforwardly follows from our analysis.
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Algorithm 2 CE-LSGD for Partial Participation
input Initialization xo, communication round R, local steps K, step size 7, momentum £ € [0, 1],
initial batch size bg, initial client number M
1: Let x_1 = xg
2: forr=0,1,...,R—1do
3: ifr=0set =1,K=1,B=1by,S = M else set 3, K as the input values, B=K,S=M

4:  Sample a subset S, ~ P9 of S clients

5. Communicate (send) (z,,x,_1) to clients m € S,

6: on client m € S, do

7: Compute VFE, gm(z,) and VE,;, gm(x,-1), where |B]"| = B

8: Communicate (rec) (VEy, gm(z,), VEy, gm(x,-1)) to the server
9: end on client

10: Uy = ﬁ ZmGST VF’m,l’j’?1 (xr) + (1 - 5) <UT—1 - ‘571T| ZmEST va,BZP (xr—l))
11:  Communicate (send) (z,,v,) to client m,, where m, ~ P

12:  on client m do N

13: wl’_‘[m = w;'rm = :ET,U;TB” = v,

14: fork=1,...,K do

15: T,g:VF~ 2 (wr+1k)+vrk 1 VFmTZ"Lr( ri1h—1)

16: r+1,k+1 = wr+1 k nv’/‘,k

17: end for

18: Communicate (rec) (wﬁrLKH) to the server

19:  end on client
20:  Let xpy1 = w"
21: end for N
output Choose Z uniformly from {w:':”l; }re(R) kelK]

r+1 K+1

Theorem 4.4. Suppose for all m in support of P, F,, € .FP(L A, Q) NF3(L, A, 1), if each client
2,L,0

m has a stochastic oracle O3 ", and assuming tha \ﬁK + %, then the output = of MB-

2/3
STORM using by = K, MonR,B:max{}%,(%) },andn = ﬁ-min{l,\/ﬁM}

satisfies

EIVE@I® = 5+ MVEKR MR "\ MR

R  MKR
Furthermore, we prove the following lower bounds showing that the convergence rates of CE-
LSGD and MB-STORM are almost optimal for their respective algorithm classes.

AL o2 (UAL >2/3 ¢2 <CAL>2/3
+=2=+ .

Theorem 4.5. For all L,o,7,A,( >0, 7 < 2L, ( < VAL, every algorithm A € A, optimizing
a problem in ]:713 (L,A, () U }% (L,A,7) with K > 0 intermittent accesses to two-point first-order

oracles {(’) }mesupport('p) on all the machines outputs xj% after R > 1 rounds such that
AT 21 AL o2 cAL\¥? 2 CAL \?*/3
E Fad?] = mind 2L % .
IvFER)] —mm{ R’R}+KR+MKR+<MKR> " MR T \MKR
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Theorem 4.6. For all L,o,7,A,( >0, 7 <2L, ¢ < VAL, every algorithm A € A¥n! optimizing
a problem in .7-"73 (L, A, () UF 2 5(L, A, 1) with K > 0 intermittent accesses to two-point first-order

oracles {O%£7U}m€support(73) on all the machines outputs x’}% after R = 1 rounds such that,

A 2
E[HVF(”;R)H]EWJFMKR wkR) Tur T\ MR

AL o2 ( oAL >2/3 ¢2 <CAL)2/3

According to Theorem 4.3 and Theorem 4.5, in the deterministic setting (i.e., o = 0), the
only gap between the rate for CE-LGD and the lower bound is in the last term of CE-LGD’s
upper bound, i.e., the blue term in Table 1. We conjecture that CE-LGD is optimal in the
partial participation setting, and our lower bound can be improved. This would also
imply a gap between the optimal communication complexity of the full and partial participation
settings (O(1/€) v/s O(1/€%?), see Table 2). All of the known results with our partial participation
setting (Karimireddy et al., 2020a) attain at best order 1/ ¢3/2 communication complexity, which is
consistent with our conjecture.

Having said that, we can most likely improve our upper bound for CE-LSGD as well. For
instance, note that the guarantee for MB-STORM, which follows from our general analysis for
CE-LSGD, has a gap w.r.t. the centralized lower bound in the third term, i.e., the red term in Table
1. This gap is most likely a result of our analysis and can be seen in the rate for CE-LSGD (red
terms in Table 1). However, if we consider the hierarchical setting described in Section 3.2, where
each oracle query is made b-times to get a gradient estimate, then we can recover the following
guarantees for CE-LSGD and MB-STORM.

Theorem 4.7. Suppose for all m in support of P, F,, € .7:713(L, A Q)N ]-"%(L,A,T), each client

m € [M] has a stochastic oracle 02 ad
2

that % + \/%R = \/%Kb + \Cﬁ Then the output = of Algorithm 2 using by = Kb, My = MR,

A(r+L/NVEOWIT\ 23 . VBM /BM .
ﬁ-max{é,(W) },andn = mm{L,;T,\/\@L N RS }satlsﬁes

which it uses through b-calls for every single query, and assume

E|VF@)|* <

Ar AL AL o? oAL \?? 2 (¢cAT\? [Alor+ LO)N\?
< —+——+ + + = ST
R "KR' KbR MKR

MKR MR \ MR MVEKbLR

Theorem 4.8. Suppose for all m in support of P, F,,, € ]:713(L, A Q)N ]-"%(L, A, T), if each client

2,L,o

m has a stochastic oracle Oy “" which it uses through b-calls for every single query, and assume

2

that % < Z_ + < Then the output  of MB-STORM using by = Kb, My = MR,

= VMKb ' VM 23
8= max{l (#\/I;@J },andn = min{ﬁ,—ﬁ} satisfies

AL 2 AL \¥3 ¢ AL\?*?
E|VF@)|? < 57 + 2 ° e (S2E)
R  MKbR M+VKbR MR MR
If we use similar arguments as in Appendix A (for proving Theorem 4.6), we can then show that
the upper bound for MB-STORM in Theorem 4.8 is optimal except for the third term. As for

CE-LSGD, by choosing b = K, the gap in the optimization term (brown term in Table 1) goes
away, just like the full-participation setting.
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5 Simulations

We evaluate the performance of our method by optimizing a two-layer fully connected network for
multi-class classification on the CIFAR-10 (Krizhevsky et al., 2009) dataset. Since we are in the
heterogeneous setting, we need to artificially generate a dataset. We follow the same data processing
procedure as in Murata and Suzuki (2021). We first make sure that all the ten classes in CIFAR-10
have the same number of samples (roughly around 5000), and assign ¢ x 100% of class m’s samples
to client m € [10], where ¢ is chosen from {0.1,0.35,0.6,0.85}. For each class m, we evenly split
the remaining (1 — ¢) x 100% samples to the other 9 clients except client m. Thus, ¢ controls the
heterogeneity of our dataset, with small ¢ corresponding to small heterogeneity.

K=32
O —===aao @ —mmm===—ff======== @
-1.25
m
0
(@]
= -1.26
i=
©
—
2 a2
o
—
o
=
-1.28 o @=—— e-——-—-=="" 9
f"’
-
e
-1.29
0.1 035 0.60 0.85
q
- BVR-LSGD MB-SARAH FedAVG
@ CELSGD  -@- MB-SGD Scaffold

Figure 3: Comparing CE-LSGD to centralized and local-update methods, for fixed K = 32 and
varying heterogeneity controlled by ¢ on CIFAR-10 (Krizhevsky et al., 2009) data-set. Like Figure 2
we use mini-batch size b = 16 for each oracle query. Thus each method makes Kb oracle queries
every round per machine. All the methods for different ¢ are tuned separately, following a similar
hyper-parameter search as in Figure 2.

We perform two different experiments. In the first experiment, we directly compare our method,
i.e., CE-LSGD, with BVR-L-SGD in the intermittent communication setting (see Figure 2).
We observe that while both the methods converge to a similar quality of solution eventually, our
method is more communication efficient. In the second experiment, we compare our method with
BVR-L-SGD (Murata and Suzuki, 2021) as well as FEDAVG (McMahan et al., 2016), SCAFFOLD
(Karimireddy et al., 2020b), MB-SARAH (Nguyen et al., 2017) and MB-SGD (Dekel et al., 2012)
for the same number of updates/iterations. The last two methods are centralized baselines, and
we use the local computation to compute a mini-batch stochastic gradient. We again observe that
CE-LSGD and BVR-L-SGD have comparable performance which is better than all the other
methods.
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6 Discussion and Open Problems

In this paper, we provide a new communication-efficient local update algorithm CE-LSGD and
analyze it in the full and partial client participation settings with intermittent communication. In
the deterministic setting, i.e., with access to exact oracles, our algorithm is optimal for the full
participation setting and almost optimal for the partial participation setting. Moreover, when
equipped with stochastic oracles, our algorithm attains the best-known convergence guarantees
to our knowledge in both participation models. Our lower bound results provide a much-needed
baseline to measure algorithmic developments in non-convex distributed optimization and help us
characterize CE-LGD’s optimality.

In Appendix E, we provide an extension of CE-LSGD which uses a stochastic Hessian vector
product oracle (Bullins et al., 2021; Arjevani et al., 2020) instead of a multi-point oracle, and
recovers similar optimal communication complexity. This is relevant for memory-constrained online
settings where it might not be feasible to preserve several copies of a model on the client device for
making simultaneous queries for variance reduction algorithms.

Our work leaves several open questions. We believe our lower bound is loose in the deterministic
partial participation setting. We expect a (A1/M €3/2 term in the lower bound, just like our upper
bound in Theorem 4.3 (c.f., the blue terms in Tables 1 and 2). Thus, we conjecture that there is a
gap between the optimal communication complexities in the full and partial participation settings,
order 1/e versus 1/€3/2. We hope to improve our lower bound in the future work.

We expect that CE-LSGD should attain the min-max optimal rate in the stochastic full
participation setting. There is a 1/ VK gap in our optimization term for both participation models,
which vanishes in the deterministic setting (see Table 1). As discussed in Section 3.2, it is unclear
to us how to remove this gap.

There are several gaps w.r.t. the lower bounds in the stochastic partial participation setting
(c.f., the blue, green, and red terms in Table 2). We believe some of these can be alleviated by
improving the deterministic lower bound, but others seem to imply that our analysis is loose. As we
discussed before, one indication that our upper bound is loose is the gap in the rate we obtain for
MB-STORM by adapting our analysis for Theorem 4.3 (c.f., the red term in Table 1).
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A Proof of Lower Bounds

In this section we prove Theorems 2.9, 3.2, 4.5 and 4.6. All of these results share the communication
complexity terms min{A7 /e, (?/e}. We'd show that any algorithm in Azr no-matter whether it
uses an exact or stochastic oracle, with or without partial participation, and for any number of
oracle queries K between communication rounds must incur these many communication rounds. To
do so, we’d use the non-convex hard instance proposed by Carmon et al. (2020) and split it across
different machines similar to Arjevani and Shamir (2015); Woodworth et al. (2020b). Specifically,
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we consider the following functions (where we assume for simplicity d is even):

Fi(z) + Fa(x)

F(z) = — 5 (3)
d/2-1
Fi(z) == —(x)p(r1) + Z [Y(—22i)p(—22,11) — Y (w2:) P(w2i11)] (4)
/2 -
Fy(z) =Y [(—w2i1)(—wai) — t(wai1)d(w2i)] , (5)
=1

where the component functions ¢ (-) and ¢(-) are defined as follows,

B 0, t<1/2, 1 B ¢ .y
() = exp (1 - (2t_11)*2> , t>1/2. and  ¢(t) = \/6/006 2 ar (6)

The functions Fi, F5 have the following interesting property: Let Fj be the span of first k basis
vectors, i.e., span(ey, ..., er). Note that when x; € Fy and k is odd, we have

VFl(mk) € Ej, and VFQ(xk) € Ek+1,

while when k is even,

VFl(mk) S Ek+1 and VFQ(.’L’k) € E.

In our construction, half the machines will have the function Fj, and the other half will have
the function F» (assume M is even, we’'d see later it only changes the lower bound by a factor
of M — 1/M). First, we initialize all the M machines at 0 and optimize using any distributed
zero-respecting algorithm (see Definition 2.8). Then, the only way to access the next coordinate is
to query the gradient of one of two functions—F if the next coordinate is odd and F5 if the next
coordinate is even. This means that, between two rounds of communication, at least one set of
machines can’t make any progress, and the other set of machines only learns about at most one new
coordinate. Thus, the machines are forced to communicate at least d — 1 times to be able to span
R?. More formally, we can prove the following lemma:

Lemma A.1. For any vector v € R?, define supp (()v) = {i € [d] : v; # 0}. Let 2 be the output
of any algorithm A € Azg equipped with oracles {OF,, }me(ar) on each machine, initialized at 0 and
optimizing the problem with F; on the first half machines and F5 on the secocnd half. Then after
R rounds of communication,

supp ((zr)) € ER.

The proof of this lemma is identical to Lemma 9 in Woodworth et al. (2020b). We’d use this
observation along with some properties of the hard instance to show our lower bound. In particular,
we note the following properties for the function F'(-).

Lemma A.2 (Lemma 3 in Carmon et al. (2020)). The function F' satisfies the following:
i. We have F'(0) — inf, F'(x) < Aod, where Ay = 12.

ii. For all z € RY, |VF(x)|| < 23Vd.
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iii. For every p > 1, the p-th order derivatives of F' are [,-Lipschitz continuous, where [, <
exp (gp logp + cp) for an numerical constant ¢ < oo. In particular [ = 152 (c.f., Lemma 2.2
in Arjevani et al. (2019)).

Note that these properties imply the following for F' (c.f., Lemma 2 in Carmon et al. (2020).).
Lemma A.3. For all z € Ey, where k < d, |[VF(z)| > 1.

In other words, if the model vector = doesn’t span R?, it will be forced to have a large gradient.
And our distributed problem structure forces the iterates to lie in Er after R communication
rounds, as highlighted in Lemma A.1. Formalizing this idea results in the following communication
complexity lower bound:

Theorem A.4 (Communication complexity second-order). Any algorithm A € A,, optimizing a
problem in F3;(L, A, 7), V 7,A >0, 2L > 7 and with K > 0 intermittent accesses to {O;;f’o}me[M]
on all the clients needs communication rounds,

AT

R>c¢ - —
€

to output a4 such that E[HVF(Q:}%)HQ] < € where € < ca7A and ¢y, co are numerical constants.

Proof. Let Ag, 1 be the numerical constants as in Lemma A.2. Given accuracy parameter 0 < € <

42§l1 we define the following functions defined on R — R,

* 7—)‘2 T1.d L TA2 T1:d L
Fi@) = oA (50) + 1o B = R (50 + Jaka

where \ := 4% -ye, and x1.4 € R? denotes x € R4 restricted to the first d dimensions. For M > 2
we put I} on the first | M /2] machines, Fj on the next | M /2| machines, and if M is odd we put
the zero function on the last machine. This only worsens the result by a factor of (%)2 as we’'d
see below, so we can assume without loss of generality that M is even. We define

5 = 0\ ) T gt

as the average objective of M machines. Further choosing d = {ﬁj > 1 guarantees that (due to
Lemma A.2),

F*(0) — ir;fF*(x) = F(0) — inf F(x) <

T)\zAO.d_lelEAo\‘ TA JSA
z€R4 ly T

4Aplqe

Also, each of our objectives is L smooth as 7 < L. The second order heterogeneity of our problem
is bounded by 7 as for all x,

% |V2F (z) — V2F3 ()| = 8771 HV2F1 (;) _ V2R, (%) H <7

Thus, FY}, Fy characterize a distributed optimization problem which satisfies all our assumptions.
Now, we initialize our algorithm at 0. Then using Lemma A.1 we know that for all r € [R], the
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output of the algorithm after » communication rounds, i.e., z, € E,. In particular for r € [d — 1]
using Lemma A.3 this implies that

E [IIVF*(xr)IIﬂ > (E)Q > e.

Thus, if we want to achieve e-stationarity, we need to communicate at least d — 1 times. In other
words,

1 TA
R>d—1> —
- B 8A0l1 €
This concludes the proof of the theorem with ¢ = ﬁ and ¢y = ﬁ. O

Similarly while optimizing problems in F},(L, A, () we can get the following communication
lower bound.

Theorem A.5 (Communication complexity first-order). Any algorithm A € A,, optimizing a
problem in Fi,(L, A, (), V7,A >0, AL > ¢ and with K > 0 intermittent accesses to {O?,;f’o}me[M]
on all the clients needs communication rounds,
2
R Z cl - i
€

to output a4 such that E[HVF(Q:}%)HQ] < e where € < ¢2¢? and ¢y, ¢ are numerical constants.

Proof. Let Ag,l; be the numerical constants as in Lemma A.2. Given accuracy parameter 0 < € <

chll we define the following functions,

Fy(x) := i?fFl (%) , Fy(z) = CZ;;QFQ (;) ,

where \ := % /€. For M > 2 we put F} on the first [M /2] machines, 3 on the next | M /2]
machines, and if M is odd we put the zero function on the last machine. This only worsens the
result by a factor of (%)2 as we'd see below, so we can assume without loss of generality that M
is even. We define . .

F*(l’) = Fl (x) —;FQ (l‘)

as the average objective of M machines. Further choosing d = L AGZfEJ > 1 guarantees that (due to

Lemma A.2),

212 2
F*(0) — inf F*(z) < CXNAo ;. Aheho { ¢

< A.
Alq CQ AolleJ A

Also, each of our objectives is L smooth as (?/A < L. The first order heterogeneity of our problem
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is bounded by ¢? as for all z (upto numerical constants),

= S IVE@) ~ F@)|? = S IV F () - VS ()]

mée[M]
vei (5) - va (5[

Y

where the last step follows from noting that Ag = 12,11 = 152.

Thus, Fy, Fy characterize a distributed optimization problem in Fi,(L, A, ). Now, we initialize
our algorithm at 0. Then using Lemma A.1 we know that for all € [R], the output of the algorithm
after r communication rounds, i.e., z, € E,. In particular for r € [d — 1] using Lemma A.3 this
implies that

2 o (A
E [ VE* } > ($2) >
IVE ] = (5 ) =
Thus if we want to achieve, e-stationarity we need to communicate at least d — 1 times. In other
words,

1 ¢
R>d—-1> -,
- — 2Aplp €
This concludes the proof of the theorem with ¢ = ﬁ and ¢y = ﬁ O

Note that Theorems A.5 and A.4 imply a non-trivial lower bound even if the clients are allowed
infinite oracle accesses between two communication rounds, i.e., K — oo in the intermittent
communication setting. Next, we combine these results with known first-order oracle complexity
lower bounds to get the stated theorem statements. We begin by first re-stating theorem 3.2.

Theorem A.6 (General Lower Bound). For all L, o, A > 0, every algorithm A € A,,, optimizing a
problem in F1,(L, A, ¢) UF2,(L,A,7) where 7/2,(?/A < L, and with K > 0 intermittent accesses
to two-point first-order oracles {(’)%’i’a}me[ ) on all the machines, outputs xé after R > ¢y rounds

such that,
Ay (|2 ¢ AT AL o oAL \*/?
E [HVF(:UR)H } > ¢ - <mm{R,R} Tkr T KR T (MKR> ’

where cq, co are numerical constants.

Proof. Note that using Theorems A.5 and A.4 for any problem in Fi,(LA, ) U Fi, (L, A, T) we've

proven that, the communication complexity is lower bounded by min {g’ %} when 7/2,(?/A < L

€
and ¢z - € < -min{7A, (?} (where 1/cs is the maximum of the numerical constants appearing in A.5
and A.4). This implies the first two terms in the lower bound for R > ¢;.
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To get the second term, we put the function F' on all the machines and endow the machines
with exact oracles, i.e., 0 = 0. Since the oracle is queried at the same input on all the machines,
as well as returns the same fixed output, the M machines can be simulated by a single machine.
Furthermore, a single query to O%’L’O at two different points v, w € RY is equivalent to querying the
oracle (’)#L’O two times at v,w. Thus, we can implement any algorithm A € A¥1! which requires
K total intermittent accesses to O%’L’O for all m € [M], by instead considering a single machine
with 2K intermittent accesses to O}gL’O. Due to Carmon et al., we know that the latter problem
requires at least AL /e oracle calls, which implies that our parallel problem requires at least AL/(Ke)
communication rounds. This gives the second term.

Finally, due to Arjevani et al. (2019), any zero respecting algorithm optimizing F' requires at
least 02 /e + a AL/e/? stochastic oracle calls to an active oracle (i.c., an oracle which takes as input
both the query point and the random seed, c.f., Section 5.2 in Arjevani et al. (2019)) which is strictly
more powerful than O%’L’J. Thus, if we put F;, = F on all machines, and give each machine active
oracles, then the oracle queries must be lower bounded by 2M KR > 02 /e + cAL/ ¢3/2. This in turn
proves a lower bound on the queries to the weaker O%’L’U oracles and proves the final two terms.

We choose ¢ as the minimum of the numerical constants coming from Theorems A.5, A.4,
Carmon et al. (2020) and Arjevani et al. (2019). O

Similarly we can prove Theorem 2.9.
Theorem A.7 (Centralized Lower Bound). For all L,A,o > 0, every algorithm A € A%}

optimizing a problem in F3,(L, A, () U F3; (L, A, 7) where 7/2,(*/A < L, and with access to an

oracle O%’rf’g over R > ¢y communication rounds must output x}“;‘i such that

E MVF@?%)HQ} > ¢y (A; + MJ;R n <J\c;?{[},z)2/3> |

where c¢1, co are numerical constants.

Proof. The last two oracle complexity terms follow the same way as in Theorem 3.2 due to Arjevani
et al. (2019). We only need to show how to get the higher first term. For this we use the argument
in Carmon et al. (2020). We put the function F' on all the machines and endow the machines with
exact oracles, i.e., 0 = 0. Moreover, since this a homogeneous problem, 7, = 0 for this distributed
problem. Furthermore, since the oracle is queried at the same input on all the machines, as well
as returns the same fixed output, the M machines can be simulated by a single machine. A single
query to O%’L’U at two different points v, w € R? is equivalent to querying the oracle O;’L’O two
times at v, w. Thus, we can implement any algorithm A € AcZeﬁt which requires K total intermittent
accesses to O%’L’O for all m € [M], by instead considering a single machine with 2 intermittent

accesses to O};L’O. Due to Carmon et al. we know that the latter problem requires at least AL/e
oracle calls, which implies that our parallel problem requires at least AL/e communication rounds.
This gives the first term of the lower bound. O

Finally, for the partial participation case, we need to argue about one additional term. We first
re-state the formal result.

Theorem A.8 (Partial participation lower bound). For all L, 0, A > 0 every algorithm A € A,,
optimizing a problem in .7-"71)(L, A, ()UJ—"%(L, A,7) where 7/2,¢%2/A < L, and with K > 0 intermittent
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accesses to two-point first-order oracles {O%f’a}n@upport(p) on all the machines outputs x}% after
R > c¢; rounds such that,

2 A7) AL o2 cAL\?? 2 CAL\?/3
B F AN (12 > . . i = > >
(IVFadI] = (mln{R, ottt (owm) tapt (Gxr) )

where c1, co are numerical constants.

Proof. Except for the last two terms, all the other terms follow from the full-participation case
lower bound, i.e., Theorem 3.2. To get these terms, we first put an exact two-point oracle on each
machine so 0 = 0. Now note that the distributed optimization problem in the partial participation
case is just a stochastic optimization problem, where the randomness comes from sampling the
machine n ~ P. Moreover, by sampling a machine n ~ P, we can emulate a stochastic gradient
oracle, with variance bounded by (2, (due to the first-order heterogeneity condition) and where the
stochastic gradients satisfy the mean squared smoothness condition (because the functions on all the
machines are L-smooth). Thus for the last term we can simply use the lower bound of Arjevani et al.
(2019) for any zero respecting first order algorithm that makes mK R active oracle calls, i.e., the
same argument that gave us the variance terms in the lower bound of theorem A.6. And the reason
the second last term doesn’t have a factor of K, is because we only see mR machines/samples, and
through statistical estimation results we know that the sample complexity lower bound (which is

stronger than the lower bound for an active oracle) should be ﬂg—; (c.f., Lemmas 10, 11 in Arjevani
et al. (2019)). O

Finally, prove the centralized lower bound for the partial participation setting in theorem 4.6.
Theorem A.9 (Centralized Partial Participation Lower Bound). For all L, A, o > 0, every algorithm

A € At optimizing a problem in Fi(L, A, () UF3(L, A, 7) where 7/2,(*/A < L, and with access

to an oracle O%’i’a over R > ¢; communication rounds must output azé such that

R AL o2 oAL\?? 2 CALN?
E[HVF“CR)HZCQ'(R+mm+<mm> tor T Gar) )

where cq, co are numerical constants.

Proof. The first three terms follow from the proof of theorem 2.9. For the last two terms, we consider
a similar argument as in the proof of theorem 4.5, i.e., we assume all machines have exact oracles,
and hence the only source of randomness is the sampling of machines from the distribution P.
The difference with respect to distributed zero respecting algorithms is that centralized algorithms
can be simulated by a single query K = 1, because they make queries at the same point within a
communication round and hence with exact oracles, only a single query is required per machine
per communication round. Thus, centralized algorithms can be simulated by mR queries to active
oracles with bounded variance ¢? and L mean squared smoothness. Thus, the last two terms have a
factor of mR as opposed to mK R as in theorem 4.3. This completes the proof. O

B Proof of Theorem 3.1

In this section, we provide the full statement of Theorem 3.1 and its corresponding proofs. We first
present the full theorem of Theorem 3.1.
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Theorem B.1. Suppose {F,} e € Faf(L, A, 7) for L, A, 7 > 0 then,

. . . 2,L, : AL 2
(a) f each client m € [M] has a stochastic oracle Op 7, and assuming S5 < \/ﬁ, then the output
z of Algorithm 1 using

B 1 (AL)?3(MKb)'/3 B B 11 1 (BMEK)Y?
ﬂ—max{R, 1323 ,bo=KR,n=c;-min E’E’\/EL’ K )

satisfies the following

E|VE@)|? <ea- | — 7
IVE@I < e <R “®%e T rvis T \uixor) TR

Ar AL . AL ( oAL )2/3 o’ )
(b) if each client m € [M] has a deterministic oracle 0%7570, then the output = of Algorithm 1 using
£ =1 and n = min {%, %T} satisfies,

AT AL
E|lVE@|?<es3- | —+ — |,
IVF@IE <a- (G + 58)
where ¢, o, c3 are numerical constants.
In addition, if we have €'/? < o7/(LM), ec? < (AL)?, and Me'/? < min{o,o3/(LA)}, then
Algorithm 1 using K = oL/(M7e'/?), by = o3/(LAMEeY/?), 3 = Le'/?/(o7) can achieve the
e-approximate stationary point with the following communication and gradient complexities

A AL
R< 04—7— and N < 057;7,
€ €

where cy4, c5 are numerical constants.

Proof of Theorem B.1 and Three Regimes in Figure 1. In the following proof, we assume that each
client can use a mini-batch gradient with batch size b, which can give us a more general result. First

of all, we will bound the term Hwi Y x,||? for each client at local updates. Let’s consider the
local updates for client j. For k > 1, we have

lewr s = z|* = w7 1y = M0y — |

1 i j
< <1 * K> lw) gy = 2el? + U+ K)ol 1P

1 : : ‘
< (1 i K) sy = 2l 4200+ K)oy = VE ()P

+2(1+ K[ VE(w) )17
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Therefore, recursively using the above inequality and the fact that wZ 41,1 = Zr, We can obtain
k k=l
2 2
-l <2004 003 (14 1) oy = VPwloy )
1=2

1\ A
2(1+K)"722<1+K> IVE(w) ;- DI
—2

I
K . K .
< 2e(1 4 K)n? Z [ VF(wan’k_l)HQ +2e(1 4 K)n? Z HVF(wf«+1,k—1)H2
k=2 k=2
K-1 K-1
=2e(1+K)p* Y |[vl ), — VF(w! )I* +2e(1+ K)n* Y [VF(wl, JI°. (7)
k=1 k=1

Next, we will bound the estimation error between the local gradient estimator and the full
gradient E|lv], — VF(w],, ,)|I>. According to the definition v}, = VF].ﬁik(wiH’k) + v —

VFj,Bﬁk(er,k—l)’ we have

EHUrk — VF(w] Wiy, k)||2

:EH(Unk | = VE(w] Wi k— 1))
+(VF‘ i (wi—l—l,k)_VFj,Bi’k(wi—l—l,k—l) VFj(w),,, k)+VF( k1)

(VF( Wy, k) VFj(wi+1,k—1)+VF( Wy 1,k— 1) VF( r+1k: )H
:]EHVFJ',Bik(wT—&-Lk)_VFj,Biyk(wZ—&—l,k—l) VEj(w) iy ) + VEj (W] )|
+E||(”7j~ k-1 VF(wiH k—l))
+ (VB (W) ) = VE W)y )+ VEw ) = VB! )|
< 2y - gl + (14 ;)Ew,{“ - W(wiﬂ,k,m

+ (1+ K)E||VFj(w r+1k) VFj(w) 1)+ VEw )= VF(w 7~+11<;)’

2

2

)

where the second equality is due to the independence of the random variables, the inequality comes
from the fact that the mini-batch gradients consist of b i.i.d. samples, and each client m € [M] has
the stochastic oracle 02 Lo herefore, using the above inequality recursively, we can get

Envrk — VF(w] Wiy, k)||2

< eE|vl, — VF(w) )| + ZEer+1k W)y gl

K
: : )
e(1+K) ZEHVFJ‘(WZHJJ - VFj(wile,k—ﬁ + VF(uw; Wygy p—1) — VF(w, Wy 1, k)H - (8)
k=1
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Since { Fin e € F2,(L,A,T), by the second-order 7-heterogeneity and Lemma 3 in Karimireddy
et al. (2020a), equation 8 implies that

E””ik VE(w r+1k>”2

, el .
< el o — VF(w r+1o>||2+(+8eK7)ZEer+M I

< €Bllvly — VF (w0l + 2 ( e Q)KZEHvi,k_l—W(wiﬂ,k_l)u?
k=1

eKL? 221 - i 2
+ 202 T+86K ?ZEHVF(“’MMA)”’
k=1

where the second inequality is due to the updating rule as well as adding and subtracting the term
VF( Wy, k 1) As a result, if we choose n < 1/(CK7) and n < vb/(C'VKL), and the fact that

w!, 4o =wl 44 =y, we can obtain

= ZEHUM = VE(w) )I* < 2Ello, = VF(@)|* + ZEHVF w17 (9)
K= K=

Given the above results, we are ready to establish the convergence guarantee of Algorithm 1.
For client m sampled at ¢-th iteration for the local update, we have

_ _ . L - _
F(wﬁl,kﬂ) < F( Wyy1, k) + <VF( Wyq1, )y W ﬁl k+1 — waﬁ1 k) + §Hw:‘n+1,k+1 - wﬁl’kHQ

,'72

= F(w, ) — n(VF (W], ,),v rk>+7” R
2
n
= F(w r+1k) n(VF(w r+1k)v e — VEF(w r+1k>+VF( r+1k>>+7

< F(wlyy ) =l VE @l I = n{VF (W] 1), v — V(Wi )
+ 772L”Ur,k - VF(wﬁl,k)HQ + 772LHVF(WZ«W+1,1€)H2

_ 3 _
< Pl -5 —nL)rVF(w:&l,k)uZ+n<1+nL>uvm V)|

_ n _ 5
< F(wq k) — §HVF(wﬁ1,k)H2 + Zn“vrk VF(w, W,

where the last inequality is due to the fact that n < 1/(4L). Therefore, we can obtain that

2 _ _
IVE (w4 k)||2§5(F(w?}&-1,k)_F(wm—l,k—f—l))"_?’nvrk V(W] )|

Recall that wf}rl,l =z, and wﬁl ki1 = Tr1, averaging from k = 1,... K, and taking expectation,
we can get

K K

1 ﬁ 2 3 m m

7 2 EIVEi )l < o (BF (@) —EF(v41)) + 22 X Eller - VEl )l (10)
k=1 k=1

27



Combining equation 9 and equation 10, we can obtain

2
LS IRl < 7o (BF () ~ EF(@10)) + 6eE|jv. — VF(z,) |+
k=1

K
= D EIVFl, I
k=1

which implies that

4
i ZEHVF wil )l < K—(EF(xT) EF(2,41)) + 12eE|v, — VF(z,)|*. (11)
k=1

Averaging equation 11 from ¢t =0,..., R — 1, we can obtain

R—1 K
1 4 12e
R ZZEHVF r+1k)H2<T{ (EF(z0) — EF(2,)) + ZEHw VF(z)|?,

r=0 k=1

by the definition of Z, we have

EF(zg)) + H"ZEHW V()| (12)

BIVF@)I < - (BF(a) -
r=0

Next, we consider the estimation error between v, and VF(z,). Recall that we have
1 & 1 &
Vyp = VF B] (x,.) + (1 — ﬂ) (’1}7«_1 — M Z VFj,Bi (xr_1)>,

M ,
J=1 7=1

thus we obtain that

1 M
— VF(x,) = (1= 8)(vr-1 — VF(2,-1)) + 5<M

VE. BJ(:ET) VF(xr)>
=1

1 U 1 U
+(1-75) <M VF. B () — W ZVFj,BZ(xT*I) + VF(z,—1) — VF(.QCH)

Therefore, consider the conditional expectation up to r-th iteration, we have

j=1 j=1

E.|jo, — VF(z,) || < (1 = B)*E.|jo,1 — VF(z,— 1)”2
M
VF Bg SUT - ZVF f,E,,,

j=1

28°E,
+28 i

L?
+2(1 - B)? MKbE el — a:r_1H2
2
< (1 - B)QErHvrfl - VF(xrfl)H2 + 232]\40-[(7)

L?
201 = BB — |
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where the first inequality is due to the fact that the mini-batch gradients consists of b i.i.d. samples
and each client has the stochastic oracle O%Zj’o, and the last inequality is due to the stochastic

oracle (92 Lo . Therefore, taking expectations over all iterations for equation 13, we can get
2
Ellor = VF(@,)|* < (1 = 8)°El[o,—1 = VF(zr0)||* + 26° -
2
+2(1 - B)? MKbIEer a1 (14)
Furthermore, we have
R—1 ,
B Eljv, — VF(z,)]|
r=0
R—1 ) R—1 )
=Y E|jo, = VF(z,)||" = (1= 8) Y Eljo, — VF(z,)||
r=0 r=0
R ) R—1 ) )
= ZEHW —VF(z,)|[|" = (1 =8) > E|v.— VF(z,)||” — E|lvg — VF(zp)|
r=1 r=0
+ EHUO - VF(JJ())HQ
4 2 i, 2 2
<Y Ellv, — VF(x,)||" = (1= 8)* > _Eljo, — VF(z,)||” = E|lvg — VF(zr)||
r=1 r=0
+ EHUO - VF(ZL‘())”Z
L2 R—-1 )
<2(1- 5)2m 2 E||zr1 — xr‘ MKb VF(x0)|",
where the last inequality is due to equation 14. Since we have
2 1 M 2 o?
El[vo — VF(z0)||” = ]EHM ;VFijé(mo) — VF(z0)|| < Wby’
Therefore, we have
R—1 R—1
9 2(1 o 6)2L2 9 9 2 02
This implies that that
R 1
2(1 — )2 o?
;EHW VE(z)|? < WZEme—er +2ﬁ + smame ()
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In addition, combining equation 7 and equation 9, we can get

Eer-H K xr|\2 < 8e’K? 2E||vr — VF(Q;T)||2

e(l+ K)n? -
+ *ZEHVF wl o P+ 2e(1+ K> > IVF(wl )P
k=1 k=1
= A
< 82 K?n*E||v, — VF(z,)|*> + IOeKQnQE S EIVF(w! )N (16)
k=1
Therefore, we have
Ellz,41 — 2] = EHwﬁl,kJrl — z?
K-
< 82 K2n’E||v, — VF(2,)||? + 10eK2n% = Z E|VEwm, )] (17)
k:
Thus, plugging equation 17 into equation 15, we can get
R—1 K-1
1 2 _ 160L2K?n? 1 5 1
= ; Ellv, — VF(x,)||” < WR Z Ellv, = VF(z,)[|” + ; E|[VE(w) )|?
2 2
g g
+ 20

MEb T BRMb
1

R—1 1 K-1
E T F T 2 T E F m 2
< s T_O( o~ VEI + e S EIY (Wil

0' 0'2

2
28 * BRMby’

where the last inequality is due to the fact that n < /BMKb/(C"LK). Thus, we have

1 R—-1 ) 11 R—1 1 K—-1 02 02
Ellv, — VE@)||" < =—=Y = S E|VF(Ww™ )| +4 2 . 1
7 2 Bl = VOIS 530 D e D BIVF( I 4 4057 + 25 (09

Combining equation 12 and equation 18, we can obtain

2 2

24
MEb T P BRMby

4 1
~\ (12 2
E|[VF(@)|® < o (BF(x0) ~ EF(z5)) + 5EIVF ()| + 8¢5
which implies
o2 o2
+ 48¢————.
MKb BRMbg

Note that we have the following requirements for the stepsize n: n < 1/(4L), n < 1/(CKr),
n < vb/(C'VKL), n </BMKDb/(C"LK). Plugging these requirements, we can get

AT AL AL AL 02 o2
E|VF@)|? < C
IVE@) 1( R "Kr ' rviy T RvAMERD PRy T BRMb())

E|VF@)|* <

Rf{ (F(z0) — F(z*)) + 96¢3 (19)

(20)
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Therefore, if we choose by = KR and

1 (AL)*3(MKb)'/3
B = max {R’ ( )04/§R2/3 ) } =: max{f, f2},

we can obtain,

) Ar AL AL AL o’ o’
E[|VE(z)] <Cl<R KR T RVEL | RVBMEKD (51+52)MKb ,BlMKR2>

which simplifies to,

2/3 2
AT AL AL < ocAL ) N o > (21)

E|VF@)|* < Ci| —
IVE@)I 1(R+KR+R\/Kb+ MEKbDR MEKDR

Since we need to ensure that 8 < 1, we require the following assumption for 5, <1 (R > 1 w.l.o.g.),
AL o?
—_ .
R MKDb
This concludes the proof of Theorem B.1 (a).

Deterministic case: Note that if each client m € [M] has a deterministic oracle C’)?;Zi’o, we can
choose 8 =1, and according to equation 12, we can obtain

~ 4 12¢ &
E[VF@)|* < e (EF(s0) ~ EF(ep) + Z Ellv, — VF(z,)|? (22)
where we have the following requirements of stepsize n: n < 1/(4L), n < 1/(CKT). Furthermore,

we have v; = VF(x,), which implies that
At AL

E|VF@)|* < C — .
IVF@I < i T+ 1)
This concludes the proof of Theorem B.1 (b).

In the following, we discuss how to obtain the result in Figure 1 when each client m € [M] has
a stochastic oracle O%’WLL’U. We always assume that 7 < L and without loss of the generality, we

assume b = 1, and ignore all the dependence on constants. According to equation 20, if we choose
5, bo such that

2 2
<
Farin = <™ Braze <o (23)
we can obtain
Ar AL AL AL
E|VE(Z)|? < C 24
IVE(@)| 5<R %t TR WMKbJre) (24)

Therefore, to achieve E||VF(Z)|? < ¢, we need the following communication complexity

(AT L AL AL AL AL )
5\/ ev/BM Kb

R = Cs
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Furthermore,the gradient complexity of Algorithm 1is N = MbKR + bK + Mbg. If we have
Mby < N, (25)

we have the following gradient complexity:

MbKAT MOAL MAILVED ALVMED
N:C4MbKR:C4< T4 n + )

€ € € ev/B

Note that we want to keep the R = A7 /e while minimizing N, i.e., to obtain N close to ALc /e
Recall that we have

3/2.

go BT AL AL MEAT MALVEK | ALVME
€ evVK e/BMK € € ev/B

To achieve R = AT /e, we need

L? L?

Green regime: We want to achieve best of both worlds, i.e., R = A7/e and N = ALc/e%/?.
According to N, we need to have

Kgmax{L. o "25}. (27)

T Mel/2" M2’ Me
Therefore, combining equation 26 and equation 27, we can obtain

1/2
12 £ 9T 4 >Le
o cTm ™ pz oT

In addition, according to equation 23, we have

g MK _ N _ Le/?
= 02 T~ Ro?2 o1

Therefore, we can choose 3 = Le'/2/(o7), and this will lead to

oL
K= )
Mry/e

In addition, according to equation 23 and equation 25, we have

b o
0T ALME/?
and we need
o3 < o2 < ALc
ALel/2 = € — /27



which will hold if we have eo? < (AL)2.
To summarize, if we have €'/2 < o7/(LM), Le'/? < o1 (e < ¢?), and eo? < (AL)?, we have

if we choose K = oL/(Mte'/?) > 1 (Me'/? < 5), by = 0®/(LAMEe'/?), B = Le'/?/(o7) (always less
than 1 in this regime). This gives us the green regime in Figure 1.

Orange regime: In this regime, we still want to keep the R = A7 /e while minimizing N. Since we
have €'/2 > o7 /(LM), we cannot make N = AgL/e%?. Thus, according to equation 26, we have

_MLA L VMLA L MLA L
e T VBe T € TBM
By choosing = 1/M, we can get

N

MLA L

€ T

N =

And we have K = L?/72. Furthermore, according to equation 23 and equation 25, we have

o272 <eb _LQ MU2<MLA £
M2 =N T AT A S € T

where the first inequality holds due to €'/2 > 7 /(LM) and the last one holds if we have eo? < (LA)2.
To summarize, if we have €'/2 > o7/(LM) and es? < (AL)?, we have
A MLA L
R==""and N = -,

€ € T

if we choose K = L%/72%, by = 0% /(AT).
Red region: If we have ¢ > A7, then we only need R = 1, and thus we have N > ML2A2/¢2.
O

C Mini-batch STORM

In this section, we present the convergence guarantee of mini-batch STORM for completeness. More
specifically, if we choose the number of local update to be one in Algorithm 1, our method will
reduce to mini-batch STORM. As a result, we have the following convergence guarantee.

Theorem C.1. Suppose {Fy, }penr) € F2,(L,A,7) for L, A, 7 > 0 then, if each client m € [M] has

: ~ . . . 2/3 1/3
a stochastic oracle O%’i’a, then the output x of mini-batch STORM using 8 = % <1,

. 04/3(RK)2/3 08/3(KR)1/3 . 1 (ﬁM)1/2 .
by = mm{(AL)Q/SMl/37 (AL | and n = min 7, 77 ¢ satisfies

- AL o2 AcL 2/3
E|VF(@)|* < e - (R turr T <RMK) ’

where ¢; is a numerical constant.
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Proof of Theorem C.1. The proof of this result directly follows the proof of Theorem B.1. We can
just set K =1, let 7 = L, and ignoring the AL/(Rv Kb) term (which appears when local updates
K > 1) in equation 21 to get

AL o2 oAL 2/3
2 < -
E||VF(z)| 01( i + bR + (MbR) )

provided that

_ (ALPPMb)'S
- o4/3 R2/3 =

Finally, if we choose the batch size to be the number of updates in the local update algorithms, i.e.,

b = K, we obtain that
AL 2 AcL \ /3
||V F(7 )|y2<cl<+ o +< o ) )

R  MKR RMK

and we have

(AL)2/3(MK)1/3 0'4/3(RK)2/3 0.8/3(KR)1/3
8= <1, by = min ,
o4/3R2/3 (AL)2/3M1/3 (AL)4/3M2/3
Note that C1,Cy are numerical constants. O

D Proof of Convergence for Algorithm 2

As we discussed before, we can adapt Algorithm 1 to the partial participation setting, and we detail
our method in Algorithm 2. Now, we provide the convergence guarantee of Algorithm 2.

Proof of Theorem 4.3. The proof of the theorem mainly follows the proof in Theorem B.1. As
before, we prove the result of using the mini-batch gradient with batch size b, which is a more
general result. More specifically, the proof for local updates will not change, and we can get the
following result according to equation 12

BIVF@)I < g (BF(a) ~EF(ar)) + L2 Z%E\ ~VE() P (28)

For the variance reduction term v,, we have

Z VE ]B] +(1-p) <Ur1 - ’Sl71| Z VFj,Bi("ETl)>’

JES,

Ur =

IS\

thus we obtain that

—VF(zy) = (1= ) (vy—1 — VF(2,_1)) + ﬁ(

1
+ <rs ¥ Z VEmslr) ~ 5] < i (1) + VF(@r—1) = vma).
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Therefore, consider the conditional expectation up to r, we have

E.|jv, — VF(z,)|?

< (1= BB, |[v,-1 — VF(w,—1)|

2
+ 26°E, VE, gi(w:) = VF ()
JES,
2
+2(1 - B)’E |S|vajxr—|8|z F, gi(2r-1) + VF(2,-1) = VF ()
JESr JES,
2 2 of 20%  2¢°
< (1= B)°Ep|jvr—1 — VF (1) +28 (me + )

L2
2
+4(1 - ) < —a+ >E |l — (29)
where the last inequality is due to the following results. First of all, we have
1 2 1
Er| g7 2 Vs (o) = VE@)| =E, IS 2 VFBJ ; —|S|ZVF ;)
JES, JES,
2
> VFj(x,) - VF(x,)
‘ 7"’ ]ES
1
< 2B\ o7 D V(o) ’S’ZVF r)
JESr JES,
2
+ 2F, Z VE;(x,) — VF(x,)
]GS
02 <-2
2 2> 30
~ "mKb * m’ (30)

where the last inequality is due to the independence between j € S, with |S,| = m, each client j
has the stochastic oracle (’)%ZJ,L’U, and Fj € ]-"%;(L, A, () with ¢ first-order heterogeneity.
In addition, we have

2

1
E, VE, gi(@r) - |5 | Y VE, g(wr-1) + VF(2,21) = VF ()
" jes, JES,
1 2
—E, 5 > (VF g (1) = VF, gi(@r21) + VFj(x,-1) — VFj(xr)>
JES,
1 2
v > <vpj(x”) — VFj(acr)> ~ VF(x,_1) + VF(x,)
JES,
2L 2t 2
< E r - Lr— )
_<me+m> Hx -l
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where the first equality is due to the independence of the random variables, and the last inequality
comes from the following two derivations:

2

1
"l jes,
L 2
= W}Er Z VFJ’Bf« (-'137') - VF%Bi (l'rfl) + VF]'(;L‘T71) — VF](IET)
" jes,
22 )
< iyl =l

where the equality comes from the independence of each random variable, the inequality is due to
the fact Kb samples are i.i.d. and smoothness assumption. On the other hand, we have

2
E,

|S1r‘ Z <VFj(xT—1) - VFj(x,,)> — VF(xy—1) + VF(2,)

JESK

9 2
< L]ETH-%‘T - l‘rlezv
m

where the inequality is due to the independence between j € S,., and the second-order 7-heterogeneity.
Therefore, taking expectations over all iterations for equation 29, we can get

2 2
Bl — VG| < (0= 87Blors = VP |+ 282 20+ %)

mKb m
L2 ,7_2
+4(1—6)2(m+m)E“$T—$T_1“2. (31)
Furthermore, we have
R—-1 )
55 Ello, — VEG)|
r=0
R-1 ) R-1 ;
=) E|jo, = VF(z,)||" = (1= 8) > Eljo, — VF(z,)||
r=0 r=0
R ) R—1 ) )
=> Eljo, = VF(z,)||" = (1= 8) Y _Eljo, - VF(z,)||" — E|lvg — VF(zr)||
r=1 r=0
+ EH’UO - VF(I’())HQ
4 2 = 2 2
< El|jor = VFE(@r)|” = (1= 82D E|v, — VF(2,)||” — E||vr — VF(xg)|
r=1 r=0

+E|jvg — VF(x0)||”

L2
mKb

202 2¢?

me+Tn)+EWm—VF@@P

)

§4(1—6)2<

T2 R-1
+—> Ewhﬂ—xw2+m¢3<
m 0

r=
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where the last inequality is due to equation 31. Furthermore, according to equation 30, we have

2
2 ot
mo mobo

1
E|[vg — VF(zo)|* = EHmO > VF, gi(20) — VF(xo)
JE€So

Therefore, we have

R—1 ) ) L2 7_2 R—1 )
33 Bl - VF| <40 -5) (me n m) > Ellers |
202 2¢? 202 202
mKb + > + mo + mobo

+ 2,62R<

This implies that that

fzuzuu,ﬁ VE(,)| §4(15)2< +)ZEH9¢T+1xTH

6mKb  Bm /)R =
202 2¢? 2¢2 202
2 — . 32
" /B(me " ) - BRmy * BRmobo (32)
In addition, according to equation 17, we have
K—1
Ella 1 — 2 |” < 8K Ello, — VF() | + 100K 2 S BIVF@ly )% (33)
k: 1
Thus, plugging equation 33 into equation 32, we can get
R-1 R-1 K-
1 2 160K2n? [ L? 712\ 1 2 5
7 2 Bl = VPl < =25 (g + 1) 3 (Bl = VRGP + Z E[VF ()]

202 2¢? 2¢? 202
2
i ﬁ( mKb ) " BRmg | BRmabo

1 1 R-1 1 K-1
< — _ 2 . m 2
< g1 R o (B TP+ S EIVFul )

k=1
202 2¢? 2¢? 202
2
+25 ( Kb ) * BRmg T BRmobo

where the last inequality is due to the fact that n < /fmKb/(C"LK) and n < /fm/(C"TK).
Thus, we have

1 R—1 ) R—l 1 K-1
EZEHUT—VF(:L‘T)H < TE E||VE(w wy g k)“2
r=0 :0 k:l
2¢2 4¢2 40
4 . 34
4P ) * BRmo * BRmobo (34)



Combining equation 28 and equation 34, we can obtain

E|[VF(@)|” < R 70 (EF(w0) —BF(zRr)) + 5 “E|VF(E )|®
20.2 2<2 CQ 0_2
+486ﬁ<me + m) +48e(ﬁRmo + Bngb())’
which implies
E|VF@)|* < - (F(x0) — F(a7))

RKn

202 2(? ¢? o?
+9665< — 5 + > + 966<5Rm0 + Bngb())’ (35)

Note that we have the following requirement for the stepsize n: n < 1/(4L), n < 1/(CKr),
n < Vb/(C'VKL), n < /BmKb/(C"LK), n < /Bm/(C"7K). Plugging the requirement of the

step-size 1, we get (ignoring constants)

A AT AL AL 02 o? ¢? ¢2
E|VF(@)|? < = 5
” ( )H + R\/Bm KR RVK R\/ Kb + BRmybg +I3 + BRmg
AT A ( L > AL AL 02 N o2 5§ ¢?
B R\/ VKb) KR Rwﬁ Kb ' BRmgby BRmo

Let mp = mR and by = K, so that mpby = mKR (i.e., we can implement the algorithm in the
intermittent communication setting) and /3 be set as follows,

1 (A(T + L/\/ﬁ)m> 28

= max{ﬁl, 52}

p=maxy g\ "R2/Kb T )

then we have (ignoring numerical constants),

o AT AL AL A
E|VF@)|? <

C2

Ar AL o2 < oAL >2/3 ¢2 N <gm>2/3+ (A(UT+LC)>2/3

_ AT &
SR T Uk mkor  \mkbR mR  \'mR mvEKbR

Further note that to get the theorem statement in Theorem 4.3, we need to ensure Sy <1 (R >1
w.l.o.g.) which gives the following condition that we state in Theorem 4.3,

A(T+ L/VEKDb)\/m < a* e

R - Kb ’

Mini-batch STORM: As before, we can get the convergence of mini-batch STORM by setting
local update steps to be 1, 7 = L, ignoring the v'K dependence term, and choosing a mini-batch
size of bK compared with the local update algorithm. Therefore, the mini-batch STORM has the
following convergence guarantee for partial participation

AL o2 <0AL )2/3 ¢2 <<AL>2/3
+ =+ (=] .

BIVF@I" < %+ %R VIR mR "\ mR
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Deterministic case: Note that if each client n € [M] has a deterministic oracle O%’f’o, suppose

b =bg =1, we can choose

1 (Arym\?? Ll L VBm
B—max{R,(CZR> , mp=mR, n = mm{L’KT’ K },

and we can get (ignoring the dependence on some numerical constants)

At AL g2+<gm>2/3‘

E|VF@)|* < & TKR T mR mR

Oracle complexity in Table 2 for mini-batch STORM.
We need following many communication rounds to achieve € stationarity:

AL o2 N oAL 2 CAL
€ mKe mK1/2e3/2 " me  med/2
Recalling the assumptions for table 2, since /2 < ¢ /m we can ignore the first term, since

€'/2 < AL/o we can ignore the second term, and since €'/2 < A7/¢ < AL/¢ we can also ignore the
fourth term. This leaves us the following communication complexity,

ocAL N CAL
mK1/2e3/2 T med/2”

Thus to get the best communication complexity of order 1/ €32 we choose K = max{1,02/¢?} which
simplifies to,

(c+ QAL

R= med/2
Then the oracle complexity is of the order

ocAL a2 AL
32 m? 32’

where we chose K 221 for the first term and K = ¢2/(? for the second term. This simplifies to,

0?AL oAL _ oAL <1 0’)

N = Ced/? TaE T anr +Z

Oracle complexity in Table 2 for CE-LSGD.
We need the following many communication rounds to achieve € stationarity:
AT . AL N o? n ocAL n ﬁ CAT  A(CL+o7)
e VKe mKe mKe¥?2 me med?2 mJ/Ked2

Recalling the assumptions for table 2, since €'/2 < ¢ /m we can ignore the first and second terms,
since €'/2 < AL/o we can ignore the third term, and since €'/2 < A1/¢ < AL/¢ we can also ignore

the fifth term. This gives us the following simplified communication complexity,

ocAL n AT A(CL+oT1)
mKed/2  med/2 mvVKed/?2
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Note that because of the second term we are bound to have a communication complexity of
order 1/€%2, just like MB-STORM. What needs to be figured out, is how to correctly balance the
K in other terms. If we choose K = 1, we will get both communication and oracle complexity of
the order 1/ ¢/2. All we need to do is account for the relative scaling of the problem parameters
now. In particular we choose K such that

CAT ocAL (AT _ A(CL+o7)

~

me3/2  mKe3/2 med/2 myKed/?2

Then we need to ensure

L L2 2
K%ma}({J U}.

e
This ensures that,

~ CAT

T med/2’

and the oracle complexity is upper bounded by,

(Ar AL (AL L oAt o
med2 = @2 el T e o

(AL L oAL <1 O'T)
/2 1 €32 CL)’

N =2mK

which recovers the oracle complexity in Table 2.

E CE-LSGD with HvP

In this section we present a version of our algorithm 1 for the online setting. A motivating
example for this discussion is the distributed stochastic optimization (DSO) problem, where for
each client m € [M], F,(-) := E,vp,,[f(;2)] and only client m can sample from D,,. In this
model, if for all z ~ supp (() D), f(2) € F(L,A) and E.p, [|Vf(2) — VF(2)|?] < o2,
then we can implement O%ﬁm’o at points z,y € R? by first sampling z ~ D,, and then returning
(f(x;2), f(y; 2), Vf(x;2), Vf(y; 2)). DSO captures problems in cross-device Federated learning (FL)
(McMahan et al., 2016; Kairouz et al., 2019), where the functions f(+; z) are loss functions and z
denoting a data-sample is observed in an online fashion. The devices don’t store the data for future
queries so all the queries must be made as soon as f(-;z) becomes available. Most variance-reduced
algorithms only require access to f(+; z) at the current and previous models. Thus, the two-point
oracle can be implemented even in the online setting by always storing two models on memory. In
certain settings, though, this is not possible as the model sizes are too big, and two different models
can not be stored on the device. To alleviate this, we propose an extension of our Algorithm 1,
which uses a stochastic Hessian vector product oracle instead of the multi-point oracle to implement
variance reduction (Arjevani et al., 2020).
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For ease of presentation, we first introduce some definitions. We assume that for all m € [M],

F,, € F(L,Ls, A) := {G € F(L)s.t. G is twice-differentiable, G(0) — inf dG(x) <A
T€ERR

and sup ||[V?G(z) — V2G(y)|| < Loz — yH}
x,y€R4

Similarly, we denote F € F(L,Ls,A) and define the problem class F2;(L, L2, A,T) for
{Fin}me[p with bounded second-order 7-heterogeneity.

Definition E.1 (Stochastic Hessian-vector Product Oracle). Given a function G € F(L, La, A),
Qé’g : (RH2 x Z2 = R x (RY)? is a stochastic Hessian-vector Product oracle if for some dis-
tribution D on Z, and for any z,v € R?, the oracle samples a random seed z ~ D and returns

QL7 (x,v0,2) = (f(x;2), gla;2), h(x;2)v) such that:
(a) E.ep|(f(a;2),g(x;2), h(x; 2)v)] = (G(2), VG(2), VG (2)v)
(b) Eep [llglas 2) = VG(@)|?| < 0%,
(c) for all @,y € RY, Eoop (lg(as 2) — gy 2)[[] < L [l — yll,
(d) Esp [Hh(az; 2 — v?a(;p)vm < L2 o).

Note that this stochastic oracle doesn’t require simultaneous queries at the same z. We state
the result of our algorithm with HvP below.

Theorem E.2. Suppose {Fy}me) € Fiy(L, Lo, A, 7), and each client m € [M] has a stochastic
HvP oracle Qé;:, then Algorithm 3 using n = ¢; - min{1/L,1/(KT)} satisfies

E|VF(2)|? < CQ< + — +e€).

Furthermore, if we choose 1/R < 3 =nK/e- max{Ml/zel/‘lLé/Q/a, L/o} <1 and assume e'/2M <
L? /Ly, with probability at least 7/8, Algorithm 3 uses the following number of oracle calls to achieve
e-approximate stationary point

€3/2 € € € €

AcL nAL2K? MnAL’K MAL MAKT
N =c3 + + + :

where ¢1, ¢2, 3 are numerical constants. In addition, if we have e//4M < ¢1/2, /4L < 761/2, and
¢ < 02, then Algorithm 3 using K = /2 / ¢'/* can achieve the e-approximate stationary point with
the following communication and oracle complexities

ALc

AT
< - — -
R<c¢y : and N = c¢5 32

where cq4, c5 are numerical constants.
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Algorithm 3 CE-LSGD with Hessian-vector Product
input Initialization zy, communication round R, local steps K, step size 7, momentum S € [0, 1]
1: Let x_1 = xg
2: forr=0,1,...,R—1do
3: ifr=0set §=1,K =1,B = By else set 5, K as the input values, B = B,, where
B, = Cymax {L?||z, — 2r1|]?/(MBe), La||lw, — 2-1?/(BVe), 0B/ (Me) }
Communicate (send) (z,,z,-1) to clients
on client m € [M] do
Compute VFE,, gm(x,), where |B"| = B, and H]" = HV P(z,, 2,1, B,m)
Communicate (rec) (VF,, gm(z,), H™) to the server
end on client
— LS M  VF,n () + (1-B) <1)T oLy Hm)
10  Communicate (send) (z,,v,) to client m,, where m, ~ Unif ([M])
11:  on client m do

My o My R me . __
12: Wy g = W o P T, U 1= Uy
13: for k=1,...,K do
14: Let by = CoK - max{ 2L2K, Lollw]yy = ity |2/ Ve ) when k> 1
m'r‘ —
15: rk Urk 1 +}IVVP)( r+1 k>’ r+17k—1’b7’7k’ )
m'r
16: W gy =W — 0
17: end for
18: Communicate (rec) (wﬁ’“LKH) to the server

19:  end on client
20:  Let xpy1 = w"
21: end for

output Choose z uniformly from {wfllg bre[R)ke[K]

r+1 K+1

Algorithm 4 Hessian-vector Products (HVP) Estimator
input Parameters x, Tprev, batch size by, client index j

1: Let b= [bo-l

2: Let a! = bx + (1 b)mprev for 1 € {0,...,b}

3 H= Zz:1 V2 ( , l)(iﬂl —al” 1)7 where z; ~; ;4 D;
output H

To interpret this result we can consider the simpler distributed stochastic optimization setting,
where F,, = E,p, [f(x;2)] and f(-;2) is L-Lipschitz. In this setting, we can easily implement the
HvP oracle. Then, Algorithm 3 attains the same order of communication and oracle complexities as
Algorithm 1 (see Theorem B.1) without the requirement of simultaneous queries.

In this section, we provide the proof of Theorem E.2.

Proof of Theorem E.2. In the following discussion, we use {C; }161 to denote numerical constants.
First of all, we will bound the estimation error IEHU r— VF (w? 1k H Consider the local updates
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for client j. We have

j 2 5, j,1—1
r,k rk 1 + Z \ f] r+1 k’ )(wr+1,k - wr—i—l,k)’

j?l

ok is defined as

where w

I [ l ;
wi+1 p = brkWZ—H’k + (1 — m)wiH’k_l for 1 €{0,...,b. 1}

Therefore, we can get

b'r,k

j 2 -1 l -1
_VF( Wy ) = Z,k—1+zv Ji( i+1 ) 21) (W f«+1k wli ) — VE(Ww )
=1
”Z,k—1 - VF(wq]ﬂ—i-l,k—l)

-1 -1 il -1
+ Z (V2fj(wi+1,k’ z) — VgFj(wi+1,k>)(wi+l,k - wi+1,k)

21 (=] ! -1
"‘ZV 7]~+1k)( 7]"+1,k 1j“+1k)+VF( riip-1) — VF(w r+1k)‘

Thus we can obtain that

2
]EHUZ",k VF( 7"+1 k)

SEH”Zk 1 —VF(win )

2
2 -1 ! -1
+ E V2F;( f«+1k)( i+1,k f«+1k)+v1( ri1pe1) — VE(w r+1k)

b'r,k

-1 -1 il -1
Z (Vij(wf*Jrl,k’ 1) — Vsz(wZH,k)) (wi'+1,k - w5‘+1:k)
=1

1 i j
< <1 + K)]EHUik_l - VF(wi—‘,-l,k—l)’

2
+E

’ 2

2
+(1+K)E

2 -1 I -1
ZV Fi( f«+1,k)( £+1k i+1k)+VF( ri1ko1) — VF(w r+1l~c)

2
+E

br,k

2 -1 2 jl—1 l -1
Z(V fj( 7{+1 k;vzl) \ Fj(wiﬂ,k))( 7J"+1k i+1 k;)
=1
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In addition, we have

b’r‘,k 2
2 jl—1 il -1
E|| Y VA (i)l — wl ) + VE(@wl, ) = VRl )
=1
b'r,k
9 -1 -1 -1
ZV Fj (w7 (w!] r+1k —wh )+ (VE(whih ) — VE(w] r+1 9))
=1
by 2
i1 -1
+ (V@I ) = VR, ) = VE i) ) + VE(wh, )
=1
L3|w] w’ 4 ,
2 20 %41,k T+1,k71 2 2
< bk 2 +27 H“’r+1k w1 gl
r.k
L2 . A 5 . . 5
] J J
2b2 er+1k r+1,k—1H +27 er-s-l,k _wr+1,k—1H )

where the inequality is due to each client m € [M] has a stochastic HvP oracle QIL,; and { Fin }re(n) €
F2,(L, Ly, A, 7). On the other hand, we have

br,k
11 11 1 jl—1 (12
E Z (vzfj(wiﬂ,k’ 2) = VQF}(wi+l,k))(w7J“+l,k - wfurl,k)H
=1

br 2
1 B . . ,
bzk ZEH V2f] i—f—l,lk:’ 2) — VQF}(wiil,lkz))(wi-i-l,k - wi+1,k—1)
rk =1
L2 :
S b erﬂ kT i+1,k71H )

where the equality is due to the independence of random variables and the definition of w” +1 i and

the inequality comes from the stochastic HvP oracle ole ., - Combining these results, we can obtain

EH”rk_VF( Wyiq, k)H <1+ K)EH”rk 1 VF(wZ+1,k—1)H2+2(1+K) er+1k i+1,1€—1||2

2

+ 1+ K) o5 2b2k 1k 1J”+1,k71H er+1 k 7J"+1,k71 H :
.

Tv

]

Therefore, using the above inequality recursively, we can obtain

j el?
Bl|of . = VE (w1 )|° < eEllvly = VF (w4 0) +Z EerJrlk

j
r+1,k71H
+ Z b2 2 er+1 kT i+1,k71 H4 +4eKr? Z Hwi+1,k - wiJrl,kfl H2
k=1 1Tk k=1

(36)
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Next, let’s consider the global variance reduction term v,. Recall that, we have
M B,

=f— Zv ]BJ + (1= B)vr—1 + ( sz2f] 17 )( Ly xi_l)a

jlll

where z! is defined as

xi = Lxr + <1 — Bl)anl for [ € {O, . .,Br}.

Therefore, we have

S

— VF(z,) = (1= B)(vr—1 — VF(z,—1)) + 5<Z\14 VF, gi(xr) — VF(ZL‘T)>

j=1

37 L3 (o) = VR ) ek~ at™)

+(1— AZZZWFJ (! —2!™Y) + VF(z,-1) — VF(z,)).

Thus we can obtain
El|v, — VF(z,)[|* < (1 8)? (1 + §>EHUH — VF(z,)|* + 52

J2

MB,

, L2 L?

2
+ (14 5) 0= 82 2allor — grall + (1= B -l — 3l

Suppose we choose b, as follows (here j is random sampled as in line 10 of Algorithm 3):

w 2
by = C1K - max < n°L*K, 2HwTHk ”H’k*lH
T, \ﬁ .
Therefore, plugging b, ;, into equation 36, we can obtain
2
EHUTk - VF( Wy, k)H
el?

= eEH“io VE(w] 0)”24’2 brker—Hk i—&-l,k—lHQ
k=1 "
K
eK L2 . ) )
+ Z 2 er+1 kT i+1,k—1H4 +4eKT? Z Hwi—l—l,k - w7j~+1,k—1H2
Tk k=1

K
. . 9 1 .
< eE|vly — VE(wl )| + (deK>mn* + 1/24) S Bl P +e
=1
. ; 9 1 K . .
< eB||v]y = VF(wly o) + (8eK>m*0* +1/12) 22 > [Ello],_y — VF(w] )

K
) |
+ (ST +1/12) 12 3 EIVE(uy )| + e
k=1
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(38)

(39)



If we choose n < Cy/(K7) and use the fact that wiH 0= wiH | = Zr, We can obtain

K K

Y Bl — VE@] )P < 2B o~ VE@I + o S BIVF@wl, )P +e (40)
k=1 k 1

Thus, according to equation 10, and plugging the result in equation 40, we can get

K

1 .

e Z EHVF(wiH,k) ”2
k=1

K
3 . .
(EF(%) EF (x) T e) T K ZE”vi,k = VE(w )

k=1

§\M x\w

(EF(2,) — EF (2, jo.1)) + 6eE|[v) g — VE(wl, 1 )| + 3

K
1 .
+ 5% S EIVE(wl I
k=1

Therefore, we can get

K
1 ; 4
= D EIVF(uwy )7 < K—U(EF(;L«T) —EF(2,41)) + 12¢E|jv, — VF(2,)|® +6c.  (41)

k=1
Averaging equation 41 from ¢t = 0,..., R — 1, we can obtain
R-1 K 6 R—
7R 3 S EIVP(l I < i (BF (@) ~EF(an) + S Bl — VE()IF + 66
r=0 k=1 r=0
by the definition of Z, we have
R 1
EIVF@I < 7 (EF (o) ~EF(zn) + 20 S Bl — VE() + 6. (42)
r=0

Suppose we choose B, as follows:

(43)

b= o s { Dl ol =il

MpBe ’ Bye
Therefore, plugging B, into equation 37, we have

2
Ellvr = VE (@[ < (1 = 8/2)%El[o,1 = VF(w,-1)|* + 2677 + 28
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Furthermore, we have

B 2
5 Z]EH’UT — VF(z,)|
r=0

R-1 R-1

=3 E|v - VF(@)|* - (1 - 8/2) Z Elv, — VF(z,)|?

:Uﬁ

R
=Y E|v - VF(z,)|* - (1-5/2) EHUT VF(z,)|]* —E|vg - VF(zg)|
r=1 r=0

+ EHUO - VF(.QZQ)H2

R R—1
< S E|jvr - VE@)|* — (11— 8/2)* Y Eljo, — VF(z,)|]* — E|lvr — VF(zg)|?
r=1 r=0
+ EHUO - VF($0)H2
2R71 0_2 0_2
<2 2RBe + ——,
=26 ;MBT+ et 3B,
which implies
1 R—1 2 2
—ZEHUT VF(z)|? <268 Z 5.+ 2t FanE (44)
r=0

Finally combining equation 42 and equation 44, we have

R 1

~ 4
E|VF@)* < 77, (BF(20) ~ EF(zr)) L% ;Myw VE (z)||* + 6¢
R—1
4 1 o? 6eo?
< = (EF(zo) —EF(z,)) +12¢8— 5 -7 +12ee + —0
= Ry (B (20) = BF(2p)) 4126 ZO MB, T RBMB,
If we have the following
o%B o2
B,=2" and By = ——, 4
Me P07 REMe (4)
we can obtain
E|VF(Z)|? < %(EF(xo) —EF(x,)) + 30ee.
Note that we have n < 1/(4L) and n < Cy/(K7). Therefore, we have
LA TA
E|VF@)|? < Cy| o0 + — 46
IVF@I < Ca 5 + T +e) (46)

where A = F(zq) — F(z*). Therefore, to achieve € accuracy, we have R < C5(AL/(Ke) + At/e),
where {C;}?_, are numerical constants.
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Next, we are going to derive the number of oracle calls, i.e., gradient complexity and the number
Hessian-vector product queries. According to Algorithm 3, the number of Hessian-vector product
queries will be at the same order of the number of stochastic gradient evaluations. Therefore, we
only need to determine the gradient complexity of Algorithm 3.

First of all, according to the requirement in equation 45, we have the following gradient complexity
per client on the global updates

a%B o? Ac?
B, + B < 4
Z + 50 = JrRBME C6MK1762’ (47)

where the last inequality comes from that 8 > 1/R and R < C7;A/(Kne). In addition, according to
equation 43, we have

Pl = zra]|* Lollar = ara }

B,,:Cg-max{ M e , NG

Furthermore, we have

EHxT - xr—1H2 = E”xi,KH —

K-1 K-1
<4eKn* > Elvl_y ) — VF(w!)|? +4eKn* Y E|VF(w! )|
k=1 k=1
K-1
En* " (2¢E||vr—1 — VF(z,-1)|)? + 55 ZEHVF WIP+e)
k=1
K-1
+4eKn® > E|VE(w! )
k=1

< 462K2n2EHUT_1 —VF(x,-1) H2 + 4€K27726

+ (4eK°n® + eKn?) ZIEHVF oI

where the first inequality is due to equation 7 and the second one comes from equation 40. Therefore,
averaging over R, by equation 44 and equation 46, we can obtain that

R
%ZEH:ET — a:r,lHQ < 1362K2’I726.
r=1

Therefore, we have (the extra gradient complexity is due to line 1 in Algorithm 4)

R L2 L2 R N
E|> (B +1) 03< 5\/>ZEH%_*’”H” +R
r=1 =1
<
_13603<M56 5\[>RK176+R
AL’K ALK AL AT
< — 4
_0877< M e + NG > Cs +Cs (48)
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To choose the optimal value of 3, let’s consider equation 47 and equation 48. Note that given
equation 48, we can use Markov’s inequality to show that (we will specify the probability later)

R
AL’K ALK AL AT
< -

E (Br+1)0877< M e + NG > Cs +CS (49)

r=1
Therefore, combining equation 47 and equation 49, we have the following gradient complexity for
global updates

R

Ao?3 AL2K ALsK AL m)
B, +1)+ By =C ( +n +1 + .

;( )+ Bo=Co MEKne? ENG p

Solving for the 5 to achieve the smallest gradient complexity in terms of the dependence of €, we
can get = nK./e- maX{M1/261/4L§/2/0, L/o}. Therefore, equation 47 implies that

R 1/2
AclL AcoL,
Zl B’I‘ + BO S CG <M63/2 + M1/265/4) (50)
and equation 48 implies that
R 1/2

AcL AcL AL AT

< 2 ==
g Z_;(Br—i_ Dl = C8<M€3/2 i R T e ) (51)

In addition, if we have M < L?/(e'/?Ls,), we will have
& AcL AL = Ar

E B, +1)| <C i Wl 52
;( )= 10<M63/2 Ke € ) (52)

Next, let’s consider the local updates, we have

LQHM

Ty

j 2
bjk _ ClK max {7]2L2 r—‘,—lk\/E r—‘,—l,k—lH }

Therefore, we have

R K

AnKL?
SN bk +1) = PLPK?R < Oy~
r=1 k=1 €

where the inequality comes from the fact that R < C7A/(Kne). In addition, we have

erﬂ kT Z+1,k71H2 = 772”%1671”2
< 772(””7]",k—1 - VF(wvjurl,k—l) + VF(w, Wyt 1,k-1 H )
< 2772““1,1@—1 - VF(wi-‘,—l,k—l)H +2n HVF wr-l—l,k—l)H2

K
1 .
< 2K o1 = V()| 2K 1 D IV ()
k=1
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Therefore, averaging over R, by equation 44 and equation 46, we can obtain that (recall that we
have n = min{1/(4L),C2/(KT)})

R K
% Z ZEH“)ZH,]@ - wz+1,k—1H2 < 2K+ 2K % < 4K,
r=1 k=1

Thus, we have

R K
. [z S (s + 1)

r=1 k=1

L AL, K? AL AK
< 017QERK37726 + RK < 012<’72 + 22 T>.

+
Ve € €
Hence, the local updates will contribute to the following gradient complexity per client in expectation:

K

g2

(brx+1)| = Ci3
1

AnKL? nAL,K? AL AKr
+ +—+
Ve € €
AnKL?> nAL’K? AL AKT)
+ +—+ ,
€ Me € €

< (i3 ( (53)
where the inequality comes from the requirement that M < L?/(e/?Ly). As a result, let G' denote
the total number of gradient complexity, combining equation 50, equation 51 and equation 53, we
have

Aol  ApKIL? AL’2K?2 AL AK
E[G]:Cl4< 7 kb + = T>.

Me3/2 € Me € €

Therefore, we have

E[N] = 015<

€3/2 € € € €

AcL nAL?K? MnAL’K MAL MAKr
+ + + :

Therefore, using Markov’s inequality, we have with probability at least 7/8,

€3/2 € € € €

AcL AL?2K?2 MnAIL’K MAL MAK
N:C16< el + =1 + + T).

Note that we require S < 1, which implies that
MY2S/A K < 01—62 and €'/2K <o.
Ly

Since we have M < L?/(e'/?Ly), we can reduce to the following requirement
’K <. (54)

Next, we are going to show that under certain conditions, CE-LSGD-HvP is able to achieve the
optimal communication complexity. In the following discussion, we ignore the dependence on the
numerical constants for simplicity. Recall that, we have the following communication complexity:

AL AT

R=—"=
Ke+ €
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If we want to achieve N = AcL/ ¢3/2 gradient complexities, we need to have

(0L)1/2

K L1214

< — <
S VL2 and K <

Recall that we have the following requirements M < L?/(€'/?Ly) and ¢'/?K < o.
Case 1: if we have

1/2
o
M > o,
we can get
o
K= SVPYEk

We still need the requirement M < L?/(e'/2Ly). Furthermore, we can get
AML At

r= oel/2 €
And we have

N - Aol MAL ALoT
 €3/2 + € + Led/2”

If we further have M < oL/(Le'/?), we can get

N AcL n ALoT
YR ey

Note that we also need R > 1/, which implies AL > oel/?.
Case 2: if we have

1/2

o

M S mv
we can get

o1/2

We still need the requirements M < L?/(e'/?Ly) and €'/? < o. Furthermore, we can get

AL AT

k= Ggn T
And we have

N Aol MAL MAc' 27
Te3/2 + € + €5/4

If we further have M < o/e'/2, we can get

AcL Aot
N = 32 B2
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