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Abstract

We study the problem of distributed stochastic non-convex optimization with in-
termittent communication. We consider the full participation setting where M
machines work in parallel over R communication rounds and the partial participa-
tion 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 opera-
tions. 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 A/ machines:

| M
iréerb F(zx):= M7; F,.(x), (1.1)
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
[L, 2] 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 [3} 4} 15} 16,
7,18, 19, 110k [114 2, [12] over the past decade. Many recent works have focused on the problem with
non-convex and heterogeneous objectives [[13} 14, [15] which are common in cross-device federated
learning (FL) [16,(17]. Towards this end, several algorithms [18}119},120, 121,122, 123], all involving local
updates (a la local-SGD [3,[16]]), 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 [24} 25! [26]
(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. [2] showed that the optimal algorithm
often does not require local updates at all. Even when F;,,’s are not identical, for high levels of
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heterogeneity, accelerated mini-batch SGD [27] is optimal [28]]. 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?
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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[5).
fThe variance term is optimal as the algorithms’ analyses don’t assume mean squared smoothness.

In this paper, we start by noting that in the absence of any heterogeneity assumption (c.f., Section
(), 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 [[18, 21} 22]. However, in the absence of any lower
bound that explicitly depends on the heterogeneity parameter (such as in [15} 29]), 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.

Method (Reference) Communication Complexity (R) Oracle Complexity (V)
Full Participation Setting

SCAFFOLD', MB-SGD' AL DAL
[18] € =
MB-STORM (Theorem|[C.2) AL oAL
[26] € /2
Lower Bound (Centralized) AL oAL
(Theorem|2.1 € €3/2
STEM ALto?4c2 (AL)Y/? 40543
[20J € €3/2
BVR-LSGD* [22] Ar OAL
CE-LSGD (Theorem 3.1 € €3/2
Lower Bound N oAL
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Table 2: Comparison of optimal communication and oracle complexity required by different algo-
rithms to attain E|[|VF(Z)||3 < e. ¢ 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{(c/M) - (t/L), AL/o, AT/, (/m}, i.e., € is small enough. The first inequality
ensures we are in the green regime described in Figure 1{and guarantees that ALM /e < o AL/e%/?;
the second inequality guarantees that 02/ < ocAL/ €%/2; the third inequality guarantees that
¢?/me = CAT/me®'?; and the fourth inequality guarantees that AL/e < (AL/me/?. We ex-
pect the red, , and blue terms in the upper and lower bounds to match by improving our bounds
(c.f., Section[3)). *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 . "Note that the oracle complexity is optimal for these algorithms, as they were analyzed
under the bounded variance assumption (see Section [2).



‘We summarize the contributions of our work as follows:

* 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 centralized
algorithms [24} 25| [26] can never achieve this optimal communication complexity, and most of the
existing local-update algorithms cannot attain it either.

* 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 [24, 126] but requires both fewer and lighter “heavy-batch” operations compared to the
existing methods (see discussion in Section [3).

* We also study the partial client participation setting, which is of particular interest in cross-device
federated learning (FL) [17]] 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. 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 [30} [15)]. We summarize our results and the
comparison to important baselines in Tables [I|and 2}

* 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 z € RY, we use
||z|| to denote its £3-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 Our Setting and the Centralized Baselines

In this section, we introduce some definitions and assumptions that will be used in our analysis. Our
goal is to find an e-approximate stationary point of F, i.e., a point z € R? such that E[|| VF (z)||?] < e,
where the expectation is w.r.t. any randomness in the choice of . We consider client objectives in the
class F(L) of differentiable and L-smooth functions, i.e., for all G € F(L), ||VG(z) — VG(y)|| <
L ||z — y||. We also 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.

Definition 1. Assume {F,, € F(L)}M are first-order (-heterogeneous, i.e.,

m=1
SUP, crd Zf\le |VE,(z) — VF(x)||?/M < ¢% And for all A > 0, F(0) — inf cra F(x) < A,
i.e., the average objective has bounded sub-optimality at zero. Then we say that

{Fm}me[M] € -’F}VI(LaA,C)

Definition 2. Assume twice-differentiable {F,, € F(L)}M_, are second-order T-heterogeneous,
i.e., SUD,¢ () zeRd |V2F,,(z) — V2F(2)|| < 7. And for all A > 0, F(0) — inf,cga F(z) <
A, ie., the average objective has bounded sub-optimality at zero. Then we say that

{Fm}mG[M] S .’F?\/I(L, A, ‘I').

We assume that each machine has access to the following multi-point oracle [31]] [Section 5.3, 2.

Definition 3. Given a function G € F(L,A), O’G“L’U : RH x 2 — (R)” x (RH™ is a
multi-point stochastic first order oracle if for some distribution D on Z, and for all x1,...,x, €

. L
RY, the oracle samples a random seed z ~ D and returns estimators O "% (x1,..., Ty, z) =

e}
({f (@5 2) Yiem), {9(wi; 2) Fiem)) such that Vi € [n], E.op(f(24; 2), 9(wi; 2)) = (G(2i), VG ()
and B,.p ||g(zs;2) — VG(x:)|° < o2 Furthermore, the unbiased gradients satisfy L-mean
smoothness, i.e., forall v,y € R E,op [|lg(x;2) — g(y; 2)||] < L |z — vl



As we mentioned before, we want to solve the problem in equation [I.1] in the the intermittent
communication (IC) setting, i.e., M machines work in parallel and are allowed to make K oracle
calls between two communication rounds for R consecutive rounds (see [, 2] for detailed definition).
Therefore, we consider a generalization of zero-respecting algorithms denoted by Az (see Appendix
[A) in the IC setting. This class captures various distributed optimization algorithms, including mini-
batch SGD, accelerated mini-batch SGD, local SGD, and all the variance-reduction algorithms.
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 also denote the class of centralized algorithms in Az g by AZR! (see Append1x
These algorithms query the oracles at the same point within each communication round and use the
combined M K oracle queries each round to get a “mini-batch” estimate of the gradient. Thus, the
class Ace”t includes algorithms such as mini-batch SGD, mini-batch SARAH [24] and mini-batch
STORM [26], but doesn’t include local-update algorithms in Az i such as local-SGD. Furthermore,
these mini-batch algorithms can be naturally implemented in the IC setting.

We first present a lower bound result applicable to centralized algorithms.

Theorem 2.1 (Centralized Lower Bound). For all 7,A,(,0 > 0, and 2L > T, every algorithm
A € AR optimizing a problem in Fi,(L, A () U F2,(L, A, 7), with access to an oracle (92 Lo
over R = 1 communication rounds must output x4 & such that,

E||VF@s ||]>—+ o +<UAL>2/3.

MKR MKR

The proof of this theorem follows the known oracle complexity lower bounds [32] 31] and is
included in Appendix [B] This theorem shows that, mini-batch SARAH/STORM which are centralized
algorithms, already achieve the optimal communication and oracle complexity (see Table [I)) for
algorithms in A¥R! optimizing problems in F3,(L, A, 7). In fact most existing non-centralized
methods 1nclud1ng FEDAVG][16], SCAFFOLD [18]] and FEDPAGE [19] do not have any analysis
showing improvement over the centralized baselines for problems in F3;(L, A, 7). These analyses
do not improve with smaller heterogeneity 7, even for convex optimization problems. At the same
time, the lower bound result holds for all 7 < 2L, which highlights the limitation of the centralized
baselines, showing they can not improve with lower heterogeneity. Certain existing local-update
algorithms such as MIMEM VR [21]] and BVR-L-SGD [22] 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 Az g.

3 Our Algorithm and Min-max Optimality

In this section, we present our communication-efficient algorithm abbreviated CE-LSGD and
illustrate it in Algorithm Note that for m € [M], we use the notation VF,, gm(z) :=
> ienm 9(x;21 ~ Dy,)/|B™| to denote the stochastic mini-batch gradient obtained by querying

O%L 7 for | B™| many times.

At each iteration of Algorithm (I 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,., z,_1, respectively. In the following discussion, we will use the iteration
number R and communication complexity of Algorithm [I]interchangeably.

At the core of our proposed method is the variance reduction term v, and the local gradient es-
timator v, (lines 9 and 15 in Algorithm [I). The construction of the local gradient estimator is
motivated by the variance reduction technique of SARAH [24} 25]]. Intuitively, the estimation
error between the proposed local gradient estimator v;” and the full gradient VF (w:’fH k) 1.€

Ellv, — VE(w, ;)| can be decomposed into two dominating terms: El|v, — VE(z,)||* and

2 K m m . . . .
2K Y Elwl . — w1 |I” . The first term is the estimation error between the variance

reduction term v, and the full gradient V F'(z,.). Since v, is updated based on the momentum-based



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

input Initialization x¢, iteration number R, step size 7, parameters by, b, T and 8 € [0, 1]
1: Letx_1 = x9
2: forr=0,1,...,R—1do
3: ifr=0setp=1,Q=1,B=bpelsesetp=05,Q0=T,B=Q
Communicate (send) (z,, z,_1) to clients
on client m € [M] do
Sample B ~ D25, get VEy, gm (1), VF gm (2r—1), where |B"| = B
Communicate (rec) (VF,, gm (%), VEy, gn(2,-1)) to the server
end on client
9 v, = % Z%Zl VEq,gr(2:) +(1—p) (vr,l M Z L VEq, gm (T, 1))
10:  Communicate (send) (z,,v,) to client m,., where m, ~ Unif ([M])
11:  on client m, do

AN A

12: w,y g =W g = T, U = Uy

13: fork=1,...,Qdo ~

14: Sample Bl ~ DL’ . get Vs gm, (w™ Wy ) Vg g (W) ), where BTy | = b
15: = VI BT (w,y k>+vrk 1 — VE; BT, (w r+1,k71)

16: wr+1,k+1 7‘+1,k - nvr,k

17: end for B

18: Communicate (rec) (w7, o) to the server

19:  end on client _

20:  Letxyy1 = w;'f;‘LQH

21: end for _

output Choose z uniformly from {w,"} }¢[r],ke[q]

variance reduction technique [26]], this estimation error is dominated by L?E||z;. — ._1]|? , which

approaches zero as the algorithm converges. Similarly, the second term Elfw" |, — w/ . I|?

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 () to be one (see Appendix [C.T).

As we mentioned before, we are considering the IC setting, and thus we want to implement Algorithm
[T)in this setting. To this end, we can choose the input 7' = K and b = 1 (see line 14) in Algorithm|T]
and we present the convergence guarantees of our method in the IC setting in the following discussions.
Next we present the convergence guarantee of CE-LSGD in the intermittent communication:

Theorem 3.1. Suppose {Fy }mepm] € F2 (LA T) for LA, > 0,7 < 2L then,

(a) if each client m € [M] has a stochastic oracle O%ja/ and as/summg AL = \/;/127 then
2/3 1/3
the output T of Algorithm |I| using f = max {%, %}, bp = KR, andn =
/
min {%, =+, (/21‘;522 } satisfies
AT AL o2 oAL \?/?
E|VF@)|* < = :

(b) if each client m € [M| has a deterministic oracle 0% then the output T of Algorithm|l|using
Fr
B =1andn = min { i KT} satisfies

E[VF@)|* = — + 75-

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



Theorem 3.2. Forall L,o,7,A,( >0, 7 < 2L, { < VAL, every algorithm A € A,,, optimizing
a problem in Fi,(L, A, () U F2,(L, A, ) with K > 0 intermittent accesses to two-point first-order

e

oracles {O%L }me[an on all the machines, outputs x% after R = 1 rounds such that

¢? AT} AL o? ( ocAL )2/3

"R TKrR T MER MKR

e [IvFah|’] = min{

We can make two observations by comparing the upper and lower bounds for problems in
.7-']2\4(L7 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 [21]]. Second, in the stochastic setting (o > 0), our algorithm’s
upper bound is optimal except for the second term in Theorem which has a AL/(v/K R) factor
as opposed to the AL/(K R) term in the lower bound. We discuss this gap further in Section [C.2]

Our construction for Theorem [3.2] uses the non-convex hard instance proposed by Carmon et al.
[32] 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 [33} [15] 34]. We
prove the result in Appendix [B} From looking at Table [T we can note that BVR-L-SGD [22] also
attains a similar upper bound as our method. In Appendix [C.2] we show that with deterministic
oracle BVR-L-SGD also attains the min-max optimal rate. This is not surprising, knowing that
several variance-reduced algorithms [25} 26| 24] 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

So far, we have looked at convergence rates in - .
the intermittent communication model, where P .
K, R is fixed. However, another perspective is t AL
reducing the communication complexity to the o Tawn 1)
minimum possible with the minimum required B T
oracle complexity. Both these complexities can =T Y

be expressed in terms of € using the convergence : net
|
|

Ll

guarantees we showed, where we want to attain
an e-approximate stationary point. This view is I
often more useful when communication rounds o a «
comprise the bulk of the required physical time.
This scenario is common in FL, where devices
become available intermittently, which delays Figure 1: Illustration of the best communication
the synchronous updates. With this in mind, complexity R and oracle complexity N that our
we summarize the communication and oracle method can obtain for different € and 7. Green
complexities attained by both our method and regime: Our method can obtain the optimal com-
BVR-L-SGD [22]] in Figure[I]when optimizing munication and oracle complexity. Orange regime:
with stochastic oracles. Notice that the figure Our method can obtain the optimal communication
has three different regimes based on the relative using a larger oracle complexity. Red regime: Our
scaling of 7 versus e. We focus on the green method only needs one round of communication
regime characterized by ¢'/2 € (0,70 /(LM)]. using a larger oracle complexity.

This regime is of most practical interest in deep

learning, where modern over-parameterized models often drive € to really small values. And when e
is small enough, this regime covers a wide range of values of TEI.

In the green regime, both CE-LSGD and BVR-L-SGD require K = oL/(rMe'/?) 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,;,4,. In
particular, for BVR-L-SGD, we have pgyr = bmae/K = o7/(Le'/?), which suggests that for
S = LA/o+/e communication rounds, it requires each machine to compute pgyr times heavier
batch stochastic gradients compared to the other communication rounds. As for CE-LSGD, we have

3 We talk about the other regimes while giving the full statement of Theorem in Appendix
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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 ) with
q = 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 7 for both the methods were
tuned in {0.001, 0.005, 0.01, 0.05, 0.1, 0.5& (to obtain best loss) following [22]], our method set the
momentum 8 = 0.3, b2 = K, while b2V E = 5000 according to [22].

> “max max

bo = 03 /(LAMEe'/?), which gives us poyr = bo/K = o?7/(L*>A). This suggests that our method
only requires each machine to compute p,y, times larger batch stochastic gradient, and that too only
once. Furthermore, poy/ppvR = oell/? /(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 = oL /(7 M €l/?).
In that case, the effective communication complexity of both methods is A7 /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.

3.2 The Partial Participation Setting

In settings such as cross-device federated learning [[17], 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 round. More
formally, we can re-state our distributed optimization problem as follows:
min F(z) := Eop [Frn(2)], (3.1
z€R?
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. [21]. We consider the problem classes
FH(L,A,¢) and F3(L, A, 7) that are natural generalizations of F;,(L, A, ¢) and F3;(L, A, 7) to
the partial participation setting as follows, formally defined in Appendix [A]

We adapt Algorithm|[I]to the partial participation setting in Algorithm 2]by communicating with only
M clients at each round and using M clients for the first round to initialize the variance reduction
term. We prove the following guarantee for Algorithm 2]

Theorem 3.3. Suppose for all m in support of P, F,, € F5(L,A,{) N F3(L, A, T) then,

2 2
(a) if each client m has a stochastic oracle O%LU and assuming that % + AL < o 4 ¢

VKR — VMK }/M
2/3
the output T ofAlgorithmusing b = K, My = MR, = max {11%, (%) }



11 1 VBM BM ;
andn = mm{faﬁ’\/}y\/%y TBK }sansﬁes

2 2/3 .o 2/3 2/3
E|VFG)|? < AT+ AL o +( oAL ) +C+(CAT> +(A(UT+LC)) '

- R \/?RJFMKR MKR MR\ MR MVER

;0 AT ¢

2
(b) if each client m has a deterministic oracle O%j , and assuming that = = Wi then the output

2/3
EofAlgorithmusing My=MR, (3= max{ L (A'rm) }, and 1 = min {%7 K%— VﬂM}

R’ ¢*R ’TK
satisfies
e AT AL AT\
E|lVF@|P =+ —=+ ==+ >—= .
IVF@IF= 7+ Zr+tam " (MR

In Tablesmand@ we show that with an exact oracle (i.e., o = 0), CE-LGD attains a strictly faster
convergence rate than the best-known algorithm MIMEM VR [21]] that also uses an exact oracle. More
specifically, CE-LGD’s communication complexity (A7 /M €%/2, improves over the communication
complexity of (AT /+/Me3/? for MIME-MVR. We can also recover the guarantee for MB-STORM
in the partial participation setting, noting that it is a special case of CE-LSGD (see Appendix [C.T).
As far as we know, this guarantee isn’t known in the literature but straightforwardly follows from our
analysis. Furthermore, we prove the following lower bounds showing that the convergence rates of
CE-LSGD are almost optimal.

Theorem 3.4. Forall L,o,7,A,( >0, 7 < 2L, ( < VAL, every algorithm A € A, optimizing
a problem in F},(L, A, () U FA(L, A, 1) with K > 0 intermittent accesses to two-point first-order

oracles {(’)?,’Tf’g}m@uppart(p) on all the machines outputs zg after R > 1 rounds such that

2/3 2/3
]E[HVF(ﬂ?zAz)Hﬂimin{AT C2}+AL+ o +<0AL> +<2+<<AL) .

R'R| " KR ' MKR MKR MR MKR

According to Theorem [3.3|and Theorem [3.4] 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|l} 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/€3/?), see
Table . All of the known results with our partial participation setting [21]] attain at best order 1/ /2
communication complexity, which is consistent with our conjecture. More discussions about the gaps
in this setting can be found in Appendix

4 Simulations

We evaluate the performance of our method by optimizing a two-layer fully connected network for
multi-class classification on the CIFAR-10 [35] data-set. Since we are in the heterogeneous setting,
we need to artificially generate a data-set. We follow the same data processing procedure as in [22].
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, g controls the heterogeneity of our data-set, with small ¢
corresponding to small heterogeneity.

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 [22]]
as well as FEDAVG [16]], SCAFFOLD [18], MB-SARAH [24]] and MB-SGD [5]] 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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Figure 3: Comparing CE-LSGD to centralized and local-update methods, for fixed K = 32 and
varying heterogeneity controlled by ¢ on CIFAR-10 [35] 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]

S 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 [El we provide an extension of CE-LSGD which uses a stochastic Hessian vector
product oracle [[12}36] 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 (A7/M €3/2 term in the lower bound, just like our upper
bound in Theorem [3.3](c.f., the blue terms in Tables[T]and [2). Thus, we conjecture that there is a gap
between the optimal communication complexities in the full and partial participation settings, order
1/€ 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/v/K gap in our optimization term for both participation models, which vanishes
in the deterministic setting (see Table[I). As discussed in Section 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 [3.3](c.f., the red term in Table[I] section[D.T).
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A Additional Definitions

In this section, we present more detailed definitions of our oracle and algorithm classes.

Oracle Class

The oracle framework is a very common abstraction in optimization literature [37, 38| [1]], 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 ([31], c.f., Section 5.3, [2]) 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 4. Given a function G € F(L), O™ : (R))" x Z — (R)" x (RY)™ is a multi-point
stochastic first order oracle if for some distribution D on Z, and for all x1, . .., x, € RY, the oracle
samples a random seed z ~ D and returns estimators

OF™ " (w1, wns 2) = ({F (@i 2) e {9(@i5 2) Yiep) »
such that ¥i € [n],

E.up [(f(2i32), 9(2i52))] = (G (), VG(2;)) and E o [Hg(%‘;z) - VG(%')HQ} < o”

Furthermore, the unbiased gradients satisfy L-mean smoothness, i.e., for all z,y € R?,

Bz [llg(z;2) — g(y; 2] < Lz —yll.

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

Remark. 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. [31|] 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. The mean(-squared) smoothness property is necessary to obtain a O(1/ 3/ 2) oracle
complexity in the serial optimization (M = 1) setting [31|] 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 [31|]. 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 Fy,(-) := 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. [31] show that if a first-order oracle only satisfies the bounded variance assumption but
not the mean(-squared) smoothness assumption, Q(1/€?) 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 communication
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 [[1] 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 [16} [17]. For an efficient implementation, typically,
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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 [32] denoted by Az r in the intermittent
communication (IC) setting defined as follows.

Definition 5 (Distributed Zero-respecting Algorithms). Consider M machines in the IC setting, each
of which is endowed with an oracle O,, : T X Z — V and a distribution D,,, on Z. Let I ;’fk denote

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

1. forall v € [R],k € [K],m € [M], I} is in

U suppOFm(I;"J; 2y~ D) p U U suppOFn(I;l;zgl ~Dy)p,
lelk—1] ne[M],se[r—1],l1€[K]

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

U Or,, (I 27 ~ D) ¢ U U Or, (I15281 ~Dn) ¢,
le[k—1] ne[M],se[r—1],l€[K]

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

U suppOFr, (I¢); 25, ~ Dn)
ne[]\/f],SE[T]JE[K]

We denote this class of algorithms by Azgr. Furthermore, if all the oracle inputs are the same
between two communication rounds, i.e., 1"y = I. € T for allm € [M],k € [K],r € [R], then we

cent

say that the algorithm is centralized, and denote this class of algorithms by AZ g™ C Azg.

This class captures a very wide variety of distributed optimization algorithms, including mini-batch
SGD [5]], accelerated mini-batch SGD [27], local SGD [16]], as well as all the variance-reduced
algorithms [21}[19,20]. 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 [24] and mini-batch STORM [26]].

Additional Definitions for the Partial Participation Setting.

We define ]—'};(L,A,C) and .F%(L,A,T) that are natural generalizations of F1,(L,A,() and
F2;(L, A, 7) to the partial participation setting as follows.

Definition 6. Consider any (, A, L > 0. And for all m in the support of P, assume that F,,, € F(L),
Sup,epd Enmp ||[VE,(2) — VF(2)||> < ¢? and F(0) — inf,cpa F(z) < A. Then we say that our
problem is in F (L, A, ¢).

Definition 7. Consider any 7, A, L > 0 and 7 < 2L. And for all m in the support of P, assume
F, € F(L) are twice-differentiable, Sup,,c uppori(p) were | V> Fm(x) = V?F ()| < 7, and F(0) —
inf,cgpa F(z) < A. Then we say that our problem is in Fo(L, A, T).

B Proof of Lower Bounds

In this section we prove Theorems[2.1] [3.2] [3.4]and[D.2] All of these results share the communication
complexity terms min{ A7 /¢, (?/e}. We’d show that any algorithm in Az 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,
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we’d use the non-convex hard instance proposed by [32] and split it across different machines similar
to [33L[15]]. Specifically, we consider the following functions (where we assume for simplicity d is
even):

Fi(x) + Fy(z)

F(o) = S22 (B.1)
d/2—1
Fi(x) := —(x)d(z1) + Z [W(=22i)p(—22,41) — V(w2i)P(T2i41)] (B.2)
/2 .
Fy(x) =Y [(—w2i1)p(—2i) — ¥(w2i-1)d(2:)] , (B.3)

i=1
where the component functions ¢(-) and ¢(+) are defined as follows,

0, t<1/2, Eo
w(t) = oo (1= k) 1> 172 and ¢(t):\/é/_ooe Sar (B4

The functions F}, F5 have the following interesting property: Let Ej be the span of first k basis
vectors, i.e., span(eq, . . ., ex). Note that when x, € Fj and k is odd, we have

VFl(l'k) € FEj and VFQ((L’k) € Ek+1,

while when £ is even,
VFy (l’k) S Ek+1 and VFQ(Ik) € Ep.

In our construction, half the machines will have the function F}, and the other half will have the
function F5 (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[5)). 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 1. For any vector v € R%, define supp(v) = {i € [d] : v; # 0}. Let xp be the output of
any algorithm A € Azr equipped with oracles { OF,, }me[n] on each machine, initialized at 0 and
optimizing the problem with F on the first half machines and F, on the secocnd half. Then after R
rounds of communication,

supp(zr) € Eg.

The proof of this lemma is identical to Lemma 9 in [15]. 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 2 (Lemma 3 in [32])). The function F satisfies the following:
i. We have F(0) —inf, F(z) < Aod, where Ay = 12.

ii. Forallx € R% ||VF(x)| <23Vd.

iii. For every p > 1, the p-th order derivatives of I’ are l,-Lipschitz continuous, where [, <

exp (%p logp + cp) for an numerical constant ¢ < co. In particular 1y = 152 (c.f., Lemma
2.2in [31)]).

Note that these properties imply the following for F' (c.f., Lemma 2 in [32].).
Lemma 3. Forall 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 E'r after R communication rounds, as
highlighted in Lemmal(l] Formalizing this idea results in the following communication complexity
lower bound:
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Theorem B.1 (Communication complexity second-order). Any algorithm A € A, optimizing a prob-
lemin Fa;(L,A,7), ¥V 7,A >0, 2L > 7 and with K > 0 intermittent accesses to {O;if’o}me[M]
on all the clients needs communication rounds,

R 2 c| - —

to output x4 such that E[|VF (z7) HQ] < e where € < caTA and ¢1, co are numerical constants.

Proof. Let Ay, l; be the numerical constants as in Lemma[2] Given accuracy parameter 0 < € <
I A?l we define the following functions defined on R%*! — R,

A2 T1.4 L , TA? T1.4 L,
Fi@) = R (50) + Tobee B0 = B (50) + o
where \ := 4% -ve and 1.4 € R4 denotes x € Rt restricted to the first d dimensions. For

M > 2 we put FY on the first | /2| machines, F3 on the next | M /2] machines, and if M is odd

. . . 2
we put the zero function on the last machine. This only worsens the result by a factor of (%) as

we’d see below, so we can assume without loss of generality that M is even. We define

Fy(z)+ F3(x) 7N /%14 L
* P 1 2 _ o . 2
F(@) = 2 4z1F( A )+4$d+1

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

4Aplqe
Lemma ),
. . T>\2A0 411€A0 TA
F*(0) — inf F* =F(0) — inf F < -d= <A.
(0) I{Fl (.T) (O) wIEn]Rd ($) - Iy T 4N\olie | —

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 z,
o2 2 2 2
IV =V @) = g [vA (5) =95 (5) | <~
Thus, F}, F5 characterize a distributed optimization problem which satisfies all our assumptions.
Now, we initialize our algorithm at 0. Then using Lemma we know that for all » € [R], the output
of the algorithm after » communication rounds, i.e., x,. € E,. In particular for r € [d — 1] using

Lemma 3] this implies that
. TA
s[ivr ] 2 (1) 2«

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> - —
- — 8Apl; €
This concludes the proof of the theorem with ¢; = ﬁ and ¢y = ﬁ. O

Similarly while optimizing problems in F1,(L, A, ¢) we can get the following communication lower
bound.

Theorem B.2 (Communication complexity first-order). Any algorithm A € A, optimizing a problem
in Fr (L, AC), V1,A >0, AL > ( and with K > 0 intermittent accesses to {O;i’mL’O}mE[M] on
all the clients needs communication rounds,
2
R 2 cy - g
€

to output x4 such that E[||VF (z3) ||2] < e where € < c3¢? and ¢y, co are numerical constants.
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2
Proof. Let Ag, 1 be the numerical constants as in Lemma Given accuracy parameter 0 < € < ﬁ
we define the following functions,

C2 )\2 CQ )\2
Fi(@)i=>-F (5), B@ = 3F(5),
1 ( ) Al 1 A 2 ( ) All 2 A
where \ := Acll - /€. For M > 2 we put Fy on the first | M/2] machines, F3 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 ( M= 1) as we’d see below, so we can assume without loss of generality that M is

even. We define
F(z) + F5(2)
2

as the average objective of M machines. Further choosing d = L A‘igjﬁJ > 1 guarantees that (due to
Lemma2),

F*(x):=

* . * C2A2AQ AlleAO C2
F —inf F < -d=
(O) 11; (l‘) - All d C2 Aollf.

Also, each of our objectives is L smooth as (2/A < L. The first order heterogeneity of our problem
is bounded by (? as for all = (upto numerical constants),

1 2 1 * * 2
LS VB @) - F@I = L IVF ) - VE @),

me([M]
51v7 (3) - 92 ()]
(

23)%ed

_ o2 | €
N (23) ‘ LAolleJ ’

(@) 5
th <

where the last step follows from noting that Ay = 12,1, = 152.

|<a

2

i

N

Thus, Fy, F5 characterize a distributed optimization problem in F},(L, A, ¢). Now, we initialize our
algorithm at 0. Then usmg Lemmal we know that for all € [R], the output of the algorithm after
communication rounds, i.e., z, € E,.. In particular for r € [d — 1] using Lemmathis implies that

E[IVF @] = (CN) >

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

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

Note that Theorems[B.2]and[B.T]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 B.3 (General Lower Bound). Forall L,o, A > 0, every algorithm A € A,,., optimizing
a problem in Fi,;(L,A,¢) U Fa;(L,A,7) where 7/2,¢(*/A < L, and with K > 0 intermittent
accesses to two-point first-order oracles {O%’j’”}me[M] on all the machines, outputs mé after
R > ¢5 rounds such that,

2 2 AT AL o oAL \**
]E{HVF(JUR)H}ZQ'(mln{R R}+KR+MKR+(MKR) ’

where cq, co are numerical constants.
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Proof. Note that using Theoremsandfor any problem in Fi,(LA, () U Fz, (L, A, T) we've

proven that, the communication complexity is lower bounded by min { ar & } when 7/2,(?/A <

€7 €
Landcy - e < -min{7A, (?} (where 1/c, is the maximum of the numerical constants appearing in
and[B.T)). This implies the first two terms in the lower bound for R > ¢;.

To get the second term, we put the function ' on all the machines and endow the machines with exact
oracles, i.e., o = 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 OIQ;L’O 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 € A%/ which requires K total intermittent

accesses to (’)?,JL’O for all m € [M], by instead considering a single machine with 2K intermittent
accesses to C’)}’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/(K¢) communication

rounds. This gives the second term.

Finally, due to [31]], any zero respecting algorithm optimizing F requires at least o2 /¢ + o AL/e%/?
stochastic oracle calls to an active oracle (i.e., an oracle which takes as input both the query point and
the random seed, c.f., Section 5.2 in [31]]) which is strictly more powerful than O%’L’U. 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 + 0 AL/ €3/2. This in turn proves a lower bound on the queries
to the weaker (’)?,’L’U oracles and proves the final two terms.

We choose c; as the minimum of the numerical constants coming from Theorems @], @], [32] and
(31

Similarly we can prove Theorem|2.1

Theorem B.4 (Centralized Lower Bound). For all L,A,oc > 0, every algorithm A € A¥p
optimizing a problem in Fi;(L, A, () U Fa;(L, A, 7) where 7/2,(?/A < L, and with access to an

2,L Do
oracle OF 7 over R > ¢, communication rounds must output xé such that

A2 AL o2 ocAL 2/3
E[IVFEAI?] 2 e (R b (ALY

where c1, co are numerical constants.

Proof. The last two oracle complexity terms follow the same way as in Theorem [3.2]due to [31]]. We
only need to show how to get the higher first term. For this we use the argument in [32]]. 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’O 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 € A¥n! which requires K total intermittent accesses to O%ZL’O for all m € [M],

by instead considering a single machine with 2 intermittent accesses to (’)};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 B.5 (Partial participation lower bound). For all L,o, A > 0 every algorithm A € A,
optimizing a problem in F3(L,A,() U F3(L, A, 7) where 7/2,(*/A < L, and with K > 0
intermittent accesses to two-point first-order oracles {O;WLU Ynesupport(p) 0n all the machines outputs
xﬁ after R > cq rounds such that, ’

2 2 2/3 2 2/3
PNTE RS ¢ f £ o ocAL s CAL
EMVF@R)H } ZC2 (mm{R’ R }+ KR " mikR \mKR tor T \kR ’
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where cq, 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@ 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 [31] 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[B.3] And the reason the second last term
doesn’t have a factor of K, is because we only see m R 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 % (c.f., Lemmas 10, 11 in [31])). O

m

Finally, prove the centralized lower bound for the partial participation setting in theorem|[D.2]

Theorem B.6 (Centralized Partial Participation Lower Bound). For all L, A, o > 0, every algorithm
A € AR optimizing a problem in Fj(L, A, ¢) U F3(L, A, 1) where 7/2,(*/A < L, and with

2,L .
access to an oracle O . 7 over R > ¢y communication rounds must output a:g such that

Av(2 AL o2 oAL 2/3 ¢? (AL 2/3
(vrehl] e (4 oim s (Sh) +int (S) ),

where ¢y, co are numerical constants.

Proof. The first three terms follow from the proof of theorem[2.1] For the last two terms, we consider
a similar argument as in the proof of theorem@ 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 m R 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[3.3] This completes the proof. O

C Proof of Theorem 3.1]

In this section, we provide the full statement of Theorem [3.1] and its corresponding proofs. More
specifically, we choose the input 7" = K in Algorithm[I]and present the results accordingly.

We first present the full theorem of Theorem [3.1]
Theorem C.1. Suppose {Fy, }meim) € F2 (LA T) for LA, 7 > O then,

; ; ; 2,L,o o AL 2
(a) if each Ncllem‘ m € [M] has a stochastic oracle OF "%, and assuming S+ < \/h, then the
output T of Algorithm([I|using

1 (AL)23(MKb)l/3
ﬂ:max{( il ) },bo:KR,n:cl-min{

R’ o4/3 R2/3
satisfies the following

11 1 (BME)Y?
L'Kr' VKL LK ’

Ar AL AL oAL \*? o2

E|lVF@|?<co- | — + — — .

IVE@)" < c2 < R TER T RvEs T (MKbR> MKbR>

(b) if each client m € [M| has a deterministic oracle O?gj’o, then the output © ofAlgorithmusing
B =1andn = min {%, %T} satisfies,

AT AL

E|VF@)|*<ecs- | — + —
VPO <e- (5 +7E)
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where cq, co, c3 are numerical constants.

In addition, if we have €'/? < o7/(LM), ec® < (AL)? and Me'/? < min{o,0°/(LA)}, then
Algorithmusing K = oL/(M1e'/?), by = 03 /(LAMe'/?), B = Le'/?/(o7) can achieve the
e-approximate stationary point with the following communication and gradient complexities

A AL
R < 04—T and N < 05720,
€ €

where cy, c5 are numerical constants.

Proof of Theorem|C_1|and Three Regimes in Figure[l] 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 ||w’ 41,4 — @r||? for each client at local updates. Let’s consider the
local updates for client j. For &k > 1, we have

Hwiﬂ,k — x| = ||wi+1,k71 - n“i,kq — |

1\, ;
< (1 - K) [ |+ (1+ K)772||Ui,k71”2

1 , , 4
< (1 0 Iy = 0P 20 KNPy = TF ()P
P24 KR VF @l I

Therefore, recursively using the above inequality and the fact that wfn +1,1 = Tr, We can obtain

k—1
er+1k z* <201+ K)n Z( > ||vrl 1_VF( r+1,0— DI?

1 k—1
K>n22(1+K) IV )P
=2

326(1"‘}{)7]2 ||Ui,k71 _VF( Wi k- 1)”2‘*‘26 1+ K)n ZHVF r+1k 1)”2
k=2

K-1

=2e(1+ K)ii* ) |lv] = VE (] P +2e(L+ K)n? Y (IVF(w],y )17
k=1

TEMW
T

[

>
Il
—

(C.1)

Next, we will bound the estimation error between the local gradient estimator and the full gradi-
ent E|jv/ , — VF( w) 1 )|I>. According to the definition v), = VFj’Bik(wiH’k) + Ul —

vFj,Bf,,k( r+1, kﬂ)’ we have

EHUZ,L@ VF(w) Wiy, k)H
= ]EH (vi,k—l - VF(wr+1,k—1))

+ (VFj,Biyk(wZ—i-l,k) - VFj,Biyk(wZ-i-l,k—l) - VFJ( v k) T VE; (w) Wy q f— ")

+ (VFJ'(“’ZH,/C) - VFj(w£+1,k—1) + VF(W£+1,1¢—1) VE(w 4 )H
- ]EHV 3.8, ( i+1,k) - vFj,Bivk(wiJrl,kfl) - VFj(wiH,k) + vFj(quLl,kfl)HZ

+ EH (vr,k—l - VF(wz+1,k—1))

(VFj(wiH,k) - VFj(wiH,kﬂ) + VF(w] Wiy k- 1)~ VF(w] Wy, k)) H2
< LBty -l P+ (14 }{)Envikl el
2

+ 1+ K)E[|VFj(w r+1k) VEj(w] ) +VF(w )~ VF(w r+1k:)” ;
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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 OZ’L’” Therefore, using the above inequality recursively, we can get

E||Urk - VF( 'r'+1 k)||2

; el? & ;
< eEllv) o — VF(w), o)lI” + ZEHU’TH kT i+1,k—1”2

e(1+ K) ZEHVF (Wl ) ) = VEj (!, )+ VW, )~ VFEwl, )l
k=1
(C.2)

Since {Fn}mem) € F 2.(L,A, ), by the second-order T-heterogeneity and Lemma 3 in [21],
equation |C_72|1mpl1es that

E”Urk — VF(w] Wiy, k)”2

, el ‘
< eBllvly — VF(w T+10>|2+<+86KT)ZE||wM Wy

eKL?

) . 1 . .
< €Ellvlg — VF(wli1 o) + 2n2( + SeKsz) K S By~ VFl )
k=1

eKL? 1 & :
+2n2< ; +8eK272)KZEVF(wi+17k_1)|2,

k=1
where the second inequality is due to the updating rule as well as adding and subtracting the term
VF(w!,; ,_1)- Asaresult, if we choose n < 1/(CK7) and n < Vb/(C'VKL), and the fact that

J — ) - ;
Wy4q 9 = Wyyq,q = Tp, WE can obtain

K K

= DBl = VPl I < 26Bllo, = VFG) P+ o S EIVF (] I (€3)
k=1 k=1

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

m m m L m
F(wr+1,k+l) < F( W41, k) + <VF( r+1 k)W Wri1,k+1 — Wri, k) + Eer-‘rLk—i-l —w

_ n2L
:F(wﬁl,k)—WVF( r+1, k) rk>+7|| H2

= F(w], W,y ) — <VF(wﬁ1,k)vvf,Lk VF(w) wyy ) + VF(w)! wyy k) + H ||2

< F(wlhy ) = nllVE @y )IP = n{VF (), ol — VF(U}?”H,/C»
+P Loy = VE(w )1 + 0 LIVE (w51

m 3 77z

< Fwlyy ) — 77<4 - 77L> IVEwy o)|I?+ 01 +nL)lvf — VEw )2
m 5 7

< F(wlyy ) — ||VF( wly )P+ Zﬁ”%,k — VF(w, )%,

where the last inequality is due to the fact that 7y < 1/(4L). Therefore, we can obtain that

_ 2 _ _
||VF(1U;”+1,1C)H2 < 5<F(wﬁ1k) - F(wﬁmﬂ)) + 3||Ur,k VF( Wy 1, k)||2'
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Recall that wfﬂrm =z, and wﬁl ki1 = Tri1,averaging from k = 1,... K, and taking expectation,
we can get

K K
1 . 2 _
K Z]E||VF(wr+1,k)||2 < ﬂ(EF(W) EF( 177"+1 Z]E”Urk r+1,k)||2'
= k:
(C4)
Combining equation|C.3]and equation|C.4] we can obtain
K
LN g v 2 2 gF EF 6eE F(z,)|?
17 ; IVE (W p)II” < K777( (2) = EF(2r41)) + 6eElv, — VF(z,)||*+
K ~
5K ZEHVF(wﬂl,kNFa
k=1
which implies that
1 & . 4
% D RV, )7 < T (EF(z,) — EF(z,41)) + 12¢E|jv, — VF(z,)|?.  (C.5)
k=1
Averaging equation[C.5|from ¢ = 0,..., R — 1, we can obtain
R-1 K
1 4 126
Z S E|VEw]y )|* < 7(EF(xO) EF(z,)) + Z E|jv, — VF(z,)|?,
r=0 k=1 =
by the definition of Z, we have
e 4 12¢ § )
E|VE®)|? € - (EF(z0) — EF(zg)) + Z E||v, — VF(z,)|?. (C.6)

RKn e

Next, we consider the estimation error between v, and V F'(z,.). Recall that we have

ZV for +(1-5 (le ZV B]le)

thus we obtain that

~VF(z,) = (1 - B)(vr-1 — VF(2,_1) ( Z VF, VF(:Z:T))

( Zv e —MZV Vg (@r1) + VF(2p1) — VF(xT)>.

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

E.|[v. — VF(z,)||” < (1 - 8)°E, Hvr L= VF(z)|?

1 M 2
+262E ZV jBJ _MZVFj(mT)
j=1
L?
+2(]‘_5)2MKbE HZET xT*lHQ
2
S (]- - B)QErHvrfl - VF($T71)H + 252 ]\;—Kb

2
+2(1 - B)QLET’|$T — (C.7)
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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?,’Tf’o, and the last inequality is due to the stochastic oracle

O%f” Therefore, taking expectations over all iterations for equation we can get

E|v, — VF(z,)||> < (1= B)%E||v,1 = VF(z,_)||* + 28°— i
+2(1—5)2L72EH$ — 2| (C.8)
MEKp T '
Furthermore, we have
R-1 ,
B Elv, — VF(x,)||
r=0
R—1 ,
= Z Elv, — VF(z,)||* = (1 = 8) Y E|v, — VF(x,)|
r=0
2 ey 2 2
= ZEH’UT —VF(z,)||" = (1= 8) Y Eljo, = VF(2,)||” = E|jvr — VF(zg)|
r=1 r=0
+ EHUQ - VF(xo)Hz
R , R—1 , ,
<Y Ellv, = VF(z,)||" = (1= 8)*>>_E|v, = VF(z,)||” — E|lvg — VF(zg)||
r=1 r=0
+El|vo — VF(x0)||*
12 Bl ,o o2 )
<201-8)’ 37 Z |71 — . ||* + 28 RMKb +E||vo — VF(z0)|",
where the last inequality is due to equation @ Since we have
2 0_2
Ejvo — VF(z0)|* = ]EH 7 Zv —VF(@o)| < 35
Therefore, we have
R-1 R-1
2(1 *ﬂ)2L2 2 2
B Z% Ellor = VF@)|* < =575 ; E|z, 41 — a.||” + szM—Kb + W
This implies that that
1= 2 2(1—B)2L2 % o?
In addition, combining equation[C.1]and equatlonm we can get
EHwi-H,k - xTHQ < 862K2772E”U7“ - VF(xT)H2
2¢(1 4 K) =
+ %*”ZEHVF (W )|+ 20+ K Y IVE(w] )
k=1 k=1

K—
< 8¢2K2n*E||v, — VF(z,)||> + 10eK%n? = Z E|[VF(w!,, )% (C.10)
k=1

Therefore, we have

Ell@p41 — 2> = ]EHWZEH k+1 -z,

K—
< 8¢2K2)%E||jv, — VF(z,)||* + 10eK %> = Z E[VE(w!, )% (C.11)
k=1
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Thus, plugging equation [C.T1]into equation @L we can get

-l K-1
> 160L°K2% 1 , 1
7 2 Bl — Gl < 2t Z (Enw VEEI+ g 3 IV )
02 02
2
+ 20515, T AR,
1 R—-1 1 K—1
< _ 2, - m 2
< 24€+ ; (]E||vr V()| + ’;EHVF(wTH’k)H )
0.2 0.2
2
205k T BRI

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

1 R—1 ) R—1 1 K-1 2 0.2

- _ - - 2

R 2 Bl - VEE < 5 Rgo 3 EIVFOT 0l + 45 77 + 2 gy
(C.12)

Combining equation [C.6|and equation [C.12] we can obtain

4 1 2 2
E|\VF(@)|? < — (EF —EF ZE|IVF(@)|? + 4 24
IVF@)I? < g (BF(@0) = BF(en)) + SBIVE@)|P + 48B3 + 2e g,

which implies

2

4 1
RK7) MKb+ 866RMb0 €13

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

E|VF@)|* < (F(a0) — F(z")) + 96e

AT AL AL AL 02 o2
E||VF(Z)|? < . 14
IVF@I < (5 + n + prm + o P g ). (19
Therefore, if we choose by = K R and
1 (AL)*3(MKb)'/3
8= maX{R, 5173 273 =: max{f, B2},
we can obtain,
AT AL AL AL o? o?
E|VEF(7)|? <
IVF@)| Cl(R KR RF R\/B2MKDb (61+62)MK1) ﬂlMKRQ)

which simplifies to,

Ar AL AL oAL \*? o2
2 < —_— _— . .
EIIVE@) Cl( R +KR RVK (MKbR) +MKbR) C15)
Since we need to ensure that 5 < 1, we require the following assumption for 52 <1 (R > 1w.l.o.g.),
AL o2
R MKDb

This concludes the proof of Theorem [C.1] (a).

Deterministic case: Note that if each client m € [M] has a deterministic oracle (’)i’j’o, we can
choose 8 = 1, and according to equation [C.6] we can obtain

~ 4 12
E|VF@)IP < e (BF(20) ~ EF (er)) + = Z Elfo, — VF(z,)|?, (C.16)
r=0
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where we have the following requirements of stepsize n: n < 1/(4L), n < 1/(CK). Furthermore,
we have v; = VF(x,), which implies that

AT AL
E|IVF@)| _04( - +KR)

This concludes the proof of Theorem[C.T] (b).

In the following, we discuss how to obtain the result in Figure[I| when each client m € [M] has a

stochastic oracle (9 7. We always assume that 7 < I and without loss of the generahty, we assume
b = 1, and ignore all the dependence on constants. According to equation [C.14] if we choose 3, by
such that

2 2

o o
< d— < C.17
iy = ™ prare = (17
we can obtain
AT AL AL AL
E|VF@)|* < C — C.18
IVE (@) 5(R RN AT ﬁMKb+€> (C.18)
Therefore, to achieve E||VF(Z)||? < ¢, we need the following communication complexity
AT AL AL AL
R=C
3( T Ke T /K e/BIh MKb)
Furthermore,the gradient complexity of Algonthmlls N = MbKR + bK + Mbg. If we have
Mby < N, (C.19)

we have the following gradient complexity:

MbKAT MbAL MALVKD AL\/ )
+ + .
€ € € VB

Note that we want to keep the R = AT /e while minimizing N, i.e., to obtain N close to ALc /e%/2,
Recall that we have

N =C4MbKR = C’4<

R g+ AL N AL nd N — MEKAT N MAL\/?+ AL\/MK.
€ VK  e/BMK € € evB

To achieve R = A7 /e, we need

L? I?

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

L o o? %
K < max { M2 M Me } (C.21)

Therefore, combining equation [C.20]and equation[C.21] we can obtain
Le'/?

oT

el/? < % and 8 >
In addition, according to equation we have

g ME N _ Le'/?
=~ 62 ~ Ro? o1’

Therefore, we can choose 3 = Le'/? /(o7), and this will lead to
oL
Mr\/e
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In addition, according to equation and equation [C.T9] we have
3

ag
bo = ALMel/?2’
and we need
o3 < 072 < ALc
ALel/2 = ¢ = €3/27

which will hold if we have ea? < (AL)2.
To summarize, if we have ¢!/2 < or/(LM), Le'/? < o7 (e < 0?), and e0? < (AL)?%, we have
AT ALc

R = ? and N = egﬁ
if we choose K = oL/(Mte'/?) > 1 (Me'/? < o), by = 0%/(LAMe/?), B = Le'/?/(o7)
(always less than 1 in this regime). This gives us the green regime in Figure[I]
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 = Ao L /€%, Thus, according to equation [C.20| we
have

N_MLA £+\/MLA £+MLA L
e T VBe T € TBM'

By choosing 8 = 1/M, we can get

N MLA . £
€ T
And we have K = L?/72. Furthermore, according to equation and equation we have
o272 0?2 Mo?> MLA L
Wz =T A AT ST T

where the first inequality holds due to €'/2 > o7 /(L M) and the last one holds if we have eo? <
(LA)2.
To summarize, if we have €'/2 > o7 /(LM) and eo® < (AL)?, we have

A MLA L
R:—TandN: - =,
€ 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 > M L?A?/e2. [

C.1 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.2. Suppose {F}me(n) € F2(L,A,7) for L, A, 7 > 0 then, if each client m € [M]

— L. . 2/3 y 1/3
has a stochastic oracle O?gj’g, then the output T of mini-batch STORM using 5 = %

/ / / / /
1, by = min{ oVHRK) 0P (KR) }, andn = min{ 1 M} satisfies

IN

(AL)2/3M1/3’ (AL)4/3M2/3 T’ LK1/2

AL o? AcL \?/3
D2 <e - | ==
wvmmn_q<3-+MKR+(RMK) ,

where c1 is a numerical constant.

Proof of Theorem|[C.2] The proof of this result directly follows the proof of Theorem[C.T] We can
justset K = 1, let 7 = L, and ignoring the AL/(R+v Kb) term (which appears when local updates
K > 1) in equation[C.15]to get

AL o? oAL\?
E||VF(2)| 01( Ia +MbR+<MbR> )
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provided that
(AL)2/3(M6)1/3 -
o4/3R2/3 —
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 o? AL \*?
EIVF@I <o+ 1m + (mr) )

and we have
ALV2/3(ME)/3 13(RE2/3  58/3(K R)/3
g BLPRIOYS G RY aS R
o4/3 R2/3 (AL)2BM1/3" (AL)*/3M2/3
Note that C, C; are numerical constants. O

C.2 The Gap in the Stochastic Setting

According to the results in Table[T} 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/v/K. 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 [39]. 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,4, 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 b, is usually much larger than 1 [40]]. 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 C.3. Suppose {Fy,} e € F2(L,A,7) for L,A,7 > 0,7 < 2L, each client m € [M]

Lo

has a stochastic oracle 012% which it uses through b-calls for every single query, and assume that

~ 2/ /:
% < \/%. Then the output x© ofAlgorithmusing B = max {%, %%b)ld }, bo = KbR
Vb (BMKD)'?

and n = min {%, %, N A } satisfies the following

? Ar AL AL (UAL )2/3 o2

E[[VF(z)

< — 4+ —— —_—
~ R JrKRJFR,/Kbﬁ_ 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 [C] the last three terms go away altogether.
Using arguments similar to the ones given in Appendix [B|(to prove Theorem[3.2), we can show that
every term except the third term is tight in Theorem[C.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.

D Proof of Convergence for Algorithm 2]
As we discussed before, we can adapt Algorithm[I]to the partial participation setting, and we detail

our method in Algorithm[2] Now, we provide the convergence guarantee of Algorithm[2] Same as
before, we choose the input 7' = K in Algorithm [3.3]and present the results accordingly.
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Algorithm 2 CE-LSGD for Partial Participation

input Initialization 9, communication round R, parameters by, b, T, 5 € [0,1], M, and M,
1: Letx_1 = x9
2: forr=0,1,..., R—1do
3: ifr=0setp=1,0Q=1,B=0y,5=Myelsesetp=08,Q=T,B=Q,S=M
: Sample a subset S, ~ P®% of S clients

4
5:  Communicate (send) (x,, z,_1) to clients m € S,

6: onclientm € S, do

7 Compute V Fy, gm (x,) and VEy, gm (z,_1), where |B"| = B

8 Communicate (rec) (VE,, gm (2,), VFy g (z,-1)) to the server
9 end on client

100 v =2 Y s, VEmsp (@) + (1-p) (ur_l e Yes, Vs (a:r_l))

11:  Communicate (send) (z,,v,) to client m,., where m,. ~ P
12:  onclient m do _

13: w,y g =W g = T, U = Uy

14: fork=1,...,Qdo -

15: Sample By ~ D . get Vs gm, (wry ). VFs, s, (W ), where [BIT [ = b
16: = VI B, (wyyy, k>+vrk 1~ VI BT (w r+1,k71)

17: wr+1,k+1 T+1,k - nvr,k

18: end for N

19: Communicate (rec) (w7, o) to the server

20: end on client _

210 Let@pir = w4

22: end for B

output Choose Z uniformly from {w,"} },¢(r] ke(q]

Proof of Theorem[3.3] The proof of the theorem mainly follows the proof in Theorem|[C.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 [C.6|

- 4 12
EIVE@)I < g (BF (o) ~BF(wp)) + e;%Emr VF@)P. @)

For the variance reduction term v,., we have

1
”|mszﬂ <ﬂWM,MZmeJ)

JES, JES,

thus we obtain that

SV = A B =) (|S 2 VE, VF(:cT))
JES,
i (IS | 2 VE () = ﬁ > Fpgi(we1) + VF(w, 1) — VF(J:T))
JES, T jes,
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Therefore, consider the conditional expectation up to r, we have
2
E, vy — VF(z,)|

< (1 - /8)2]ET‘HUT71 - VF(xrfl)H2
2

"l jes,

2
#2007 32 E, 00 = 157 32 Fyaploraa) + VFormn) = V(o)
JES Jes
9 20 2¢*
< (1-B)E,|[vr_1 — VF(xrfl)H +26° (MKb " )

va-pp (2 + = Bl — @[ >
MEKD T |

where the last inequality is due to the following results. First of all, we have
2

> VFE, g (x,) = VF(z,)|| =E, ZVJBJ o) > VE(x,)
IS | IS | ; \S |
JES, JES,
2
— VF(z,)
768
2
Z VF, |s | > VF(a)
JES, JES,
2
+ 2E, Z VFj(z,) — VF(z,)
jES
2 CQ
< zMKb +25-, (D.3)

where the last inequality is due to the independence between j € S, with |S,.| = m, each client j has
the stochastic oracle (92 Lo and F; e .7-"713(L, A, ¢) with ¢ first-order heterogeneity.

In addition, we have

Zv g1 () |3\ > VF, g (@r-1) + VF(z,-1) — VF(z,)

2

]ES JES,
1 2
"l jes
1 2
+E, 5 > (VFj(xT_l) - VFj(xr)) — VF(x,_1) + VF(z,)
"l jes,
2L 272 2
< (2 + Z Ve~

where the first equality is due to the independence of the random variables, and the last inequality
comes from the following two derivations:
2

E, ﬁ Z <VFJ,’BJT'($) VE; gi(@r1) + VFj(z,1) — VFj(xT)>
JES,
2
- |2E ) ‘ —VE, gy (e 1) + VE (51) — V()
JES,
212
< arprller -
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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

1 2

— VFj (xr—l) — VFJ(ZZ?T) — VF(ZT_l) + VF(I‘T)
512 )

E,

2T 2
S ﬁEerr - xr—l” )

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[D.2] we can get

202 22
Bl — VF(@)|* < (1= 97— VR +28°( 7 + 57 )
L? 72 2
2
+4(1-p) (W—I—M)Enxr—xrl" : (D.4)
Furthermore, we have
R—-1 9
B E|v, — VF(z,)||
r]_?/fl 9 R—1 )
=Y Eljo, = VF(@,)|" = (1= 8) > _ E|v, — VF(x,)]|
r=0 r=0
R ) R—-1 ) )
= E|vr = VF(z,)||" = (1= 8) Y E|jo, = VF(z,)||” = E|jvr — VF(zr)||
r=1 r=0

+ ]EH’UO — VF($0)||2
R R—-1
< S E|jv, - VF(@r)|* - (1= 82 Y E|v, — VF(z,)|” — E||v, — VF(zg)|

r=1 r=0
+ ]EH’UO — VF($0)H2

2 2\ 2 202 22 2
< 4(1-B)? (MKb + M> ; El|@r1 — || + 2ﬂ2R<MKb + M) +El|vo — VF(zo)||",

where the last inequality is due to equation[D.4] Furthermore, according to equation[D.3] we have

El|oo — VF(x0)|* = E| -- 3" VE, i (w0) — V(o) T, 2
Vo o = Mo , j,Bé ZTo i) = MO Mob().
J€So
Therefore, we have
2
202 2¢2 2(2 202
28°R — —
+25 (MKb+ M>+M0+M0bo
This implies that that
R-1 R-1
1 2 9 L? 72\ 1 2
= Z:; E|[v, — VF(z,)||" < 4(1 - ) (ﬁMKb 51 )R ;) E|zrs1 — 2|
202 2¢2 2¢2 202
2 — . D.5
+ 5<MKb * M) t BRM, T BRMoby (D-5)
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In addition, according to equation[C.IT} we have
K-1
1 _
Bty — a0 < 8 KPE v, — VE(e,)|[* 4 10K 1 Y BVl ). D6
k=1

Thus, plugging equation [D.6|into equation[D.3] we can get
R—1 R-1

1 2 160K2n? [ L? 2\ 1
7 2l R < 0 (5rrs + 57 ) 7 2 (Elor = VPGP +

K—

r=0 k=1

428 202 +2<2 N 2¢2 N 202
MKb BRMy  BRMgbg

1 1R1 K-1

2 1 2
< SoTR 2 (B~ VFEI+ g S EIVFh ol

2 2 2
+28 20 2( 2¢ 20
MKb BRMO BRMobO

where the last inequality is due to the fact that n < /BMKb/(C”LK) and n < /M /(C"7K).
Thus, we have

1 R—1 11 R—1 1 K-1
E ZEH’UT—VF(CCT Eﬁ E”VF ;n+1,k)H2
r=0 7‘:0 k:l
2§2 4¢2 402
4 . D.7
+45 MKb ) T BRM, T BRMob 7

Combining equation and equation[D.7} we can obtain

BIVF@I < e (EFuo) EF(er)) + SEIVE@)?

20_2 24—2 4-2 0.2
18 L
+ eB(MKb * ) * e(ﬂRMO - 5RM0bO>’

I /\

which implies

8 .
TKU(F(IO) — F(z"))

202 24-2 <2 o2
96 —= 96 . D.8
+ eﬁ(MKb+ )+ G(BRM0+BRMobo> (D.3)
Note that we have the following requirement for the stepsize : n < 1/(4L), n < 1/(CKT),

n <Vb/(C'VKL),n < /BMKb/(C"LK),n < /BM/(C"7K). Plugging the requirement of

the step-size 7, we get (ignoring constants)

E|VF(@)]?

IN

E|VF@)|? < AT Ar AT AT A AL 02 L o? i 2 n ¢?
RVAM | KR RF RVBIKG U MEb T BRMgb, 2 ' BRM,

AT A L AL AL 02 o? 2 ¢2
- RF( F) N R VS T TV NS VAT

Let Mg = M R and by = K, so that Mybg = M KR (i.e., we can 1mplement the algorithm in the
intermittent communication setting) and 3 be set as follows,

B 1 (A(r+ L/VEb)VM .
F=maxy m \ TRO/Kb+ )

7 =: max{f, B2}

then we have (ignoring numerical constants),
AT AL AL

Z E|VE Wy )] )

CZ

I o2 <2 o2
BIVF@I < T+ 5w mvmm (v <51+62)(MKb+ )
Ar AL o2 ( oAL )2/3 ¢2 (gm) N (A(UT+L§)>2/3

< —
=R’ " Vkor " MKvr T \MKvr) MR T\ MR MVEKbR
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Further note that to get the theorem statement in Theorem [3.3] we need to ensure 32 < 1 (R > 1
w.l.o.g.) which gives the following condition that we state in Theorem [3.3]
A(T+ L/VEKb)VM < o2 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 oAL \?? ¢ CALN?3
E|VF@)|? < = :
IVE@I" < = +MKR+<M.ﬁR> +MR+<MR)
Theorem D.1. Suppose for all m in support of P, Fy,, € F(L, A, () N fP(L A, 1), if each client

2
m has a stochastic oracle (’)2 L, ”, and assuming that AL = \/‘LK + \ﬁ then the output T of

2/3
MB-STORM using by = K, My = MR, 3 = max{ll%, (#{{;)) } andn = -
min {1, \/ﬁM} satisfies

AL o2 oAL \*? 2 CALN?3
E|VE(D)|? < =— .
IVE@I™ = 3 +MKR+<M\/KR> +MR+<MR)

Furthermore, we prove the following lower bound showing that the convergence rate of MB-STORM
is almost optimal.

Theorem D.2. Forall L,o,7,A,( >0, 7 < 2L, ( < VAL, every algorithm A € A¥} optimizing
a problem in .7-"73 (L, A, C) U FP(L A T) with K > 0 intermittent accesses to two-point first-order

oracles {(9 }meéuppw,(p) on all the machines outputs :Z:R after R > 1 rounds such that,
o2 AL ¢2 CALN??
E||VF@ } . .
HV H MKR+(MKR> +MR+(MR>

Deterministic case: Note that if each client m has a deterministic oracle O%’i"o, suppose b = bg = 1,
we can choose

2/3
[ = max 1<W> MO_MRn—mln{l ! ﬂM},

R’ C2R L' Kt 7K

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

~ AT ¢? CAT 2/3
2

<4 =4 2=
EIVE@I" = 3 = KR i MR (MR

Oracle complexity in Table 2 for mini-batch STORM.
We need following many communication rounds to achieve e stationarity:
AL o2 ocAL ¢? (AL
—+ - + >+ :
MKe MKY2e3/2 ° Me  Me3/?
1/2

Recalling the assumptions for table 2, since ¢ = ¢/m we can ignore the first term, since €l/2 <

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

oAL CAL
MK1/2¢3/2 + Med/2"

Thus to get the best communication complexity of order 1/€%/2 we choose K = max{1,02%/¢?}
which simplifies to,

(e + QAL

R Me3/2

Il
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Then the oracle complexity is of the order

ocAL o? ALC
" Me3/2 2 " M2’

where we chose K 22 1 for the first term and K &2 o2 /C 2 for the second term. This simplifies to,

N~ o?AL  oAL ~ 0AL 149
T (32 + 3/2 — 3/2 +Z :

Oracle complexity in Table 2 for CE-LSGD.
We need the following many communication rounds to achieve e stationarity:
AT n AL N o? n cAL n ¢? n CAT A(CL +oT)
€ VEKe MKe MKe¥2 Me Me3/2 MVEKe/2 '

Recalling the assumptions for table 2, since el/2 < ¢/m we can ignore the first and second terms,
since €!/2 < AL/o we can ignore the third term, and since €l/2 < A7/¢ < AL/{ we can also

ignore the fifth term. This gives us the following simplified communication complexity,
ocAL CAT AL+ o7)
MKe/2  Me/2  MJKe3/2

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/€3/2. All we need to do is account for the relative scaling of the problem parameters now. In
particular we choose K such that

¢At . oAL (AT | A((L+o7)

Me3/2  MKe3/2" me3/2  NJEKe3/2'

N oL L? o2
X4 — —=, —= ¢ -
Ak

~ CAT
T Me3/2’

Then we need to ensure

K

I

This ensures that,

and the oracle complexity is upper bounded by,
CAT cAL (AL L oAT o
Me3/2 = ¢3/2 " 3/2 T2 o

~ CAL L  oAL oT
= s taer \Mta)

N>2MK

which recovers the oracle complexity in Table[2]

D.1 The Gap in the Partial Participation Setting

Accroding to the discussion in Section[3.2] 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[I] This gap is most likely a result of our analysis and can be seen in the rate
for CE-LSGD (red terms in Table . However, if we consider the hierarchical setting described in
Section 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.
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Theorem D.3. Suppose for all m in support of P, F,, € F»(L, A, () N F3(L, A, T), each client
m € [M] has a stochastic oracle in’j’a which it uses through b-calls for every single query, and

assume that % + \/%R = \/gkb + % Then the output T ofAlgorithmusing bg = Kb,
Vb VBM /BM

2/3
MO—MR,B—maX{l (M) },andn = min{%,%,ﬁyﬂy TK}

R’ R(02/Kb+(¢?)
satisfies
AT AL AL o? oAL \*/? ¢? CAT 23 Afor + LC)
E|VF@)|* 2 = +—= wr \ R “MYEDR
IVF@)[" = R+KR+mR+MKR+<MKR> +MR+<MR) +< MVEbR

Theorem D.4. Suppose for all m in support of P, F,, € Fh(L,A, () N F3(L,A,7), if each
client m has a stochastic oracle (9%’5"7 which it uses through b-calls for every single query, and

assume that % = \/gKb =+ \f—% Then the output T of MB-STORM using by = Kb, My = MR,

2/3
B = max {}1%, (#%) }, andn = min {ﬁ7 V]?i”} satisfies

AL o2 oAL \??  ¢2 CALNY?
E|VF@E)|? < X S (AR
IVE@I™= 7+ 3rmr + <M\/KbR> TuR " (MR)

If we use similar arguments as in Appendix [B] (for proving Theorem[D.2), we can then show that
the upper bound for MB-STORM in Theorem [D.4]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|[T)) goes away,
just like the full-participation setting.

E CE-LSGD with HvP

In this section we present a version of our algorithm|[I] 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.up,, [f(:;2)] and only client m can sample from D,,. In this model,
if for all z ~ supp(Dy,), f(-;2) € F(L,A) and E.op, [|[Vf(-2) — VF(-2)|*] < o2, then
we can implement O%ﬂf’” at points ,y € R? by first sampling z ~ D,, and then returning
(f(x;2), fy; 2), Vf(x;2), Vf(y; 2)). DSO captures problems in cross-device Federated learning
(FL) [16l[17]] 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(; 2) 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[I] which uses a stochastic Hessian vector
product oracle instead of the multi-point oracle to implement variance reduction [36].

For ease of presentation, we first introduce some definitions. We assume that for all m € [M],

F,, € F(L, Ly, A) := {G € F(L)s.t. G is twice-differentiable, G(0) — ir}g%d Gz) <A
e

z,yeR4

and sup [[V*G(z) - VZG(y)]| Ssz—yl}-

Similarly, we denote F € F(L, Lo, A) and define the problem class Fas(L, L2, A,T) for
{Fn }me[m With bounded second-order 7-heterogeneity.

Definition 8 (Stochastic Hessian-vector Product Oracle). Given a function G € F(L, Ly, A),
Qé’g : (RY)2 x 2 — R x (RY? is a stochastic Hessian-vector Product oracle if for some

distribution D on Z, and for any x,v € RY, the oracle samples a random seed =z ~ D and returns
QL7 (w,v,2) = (f(w:2), gla: 2), hiw; 2)v) such that:
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(@ Baepl(f(2:2).gla: 2), ha: 2)0)] = (Gla), VG(x), VG (a))
(b) Ewvn [lo(a: 2) = VO(@)|*] < 0®

(c) forall z,y € R, E.op [|lg(z;2) — g(y;2) ] < Lz —y

(@) Eanp ||z 2)0 = V2G| < 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. Same as before, we choose the input 7' = K in Algorithm [3]

Theorem E.1. Suppose {Fy.} e € Fag(L, Lo, A, 7), and each client m € [M] has a stochastic
HvP oracle QI%: then Algorithmusing n=cy-min{l/L,1/(KT)} satisfies

E|VF@)|?* < ¢ < + — +e¢

Furthermore, if we choose 1/R < 8 = nK./e - maX{M1/261/4Lé/2/a, L/o} < 1 and assume
el?M < L?/ Lo, with probability at least 7/8, Algorithm E| uses the following number of oracle
calls to achieve e-approximate stationary point
AcL nAL?’K? MnAL’K MAL MAKrt
N =cs + + + ,
€3/2 € € € €

where c1, ca, c3 are numerical constants. In addition, if we have AM < g1/2 VAL < rol/2
and € < 0, then Algorithm using K = 0'1/2/61/4 can achieve the e-approximate stationary point
with the following communication and oracle complexities

ALc

AT
R S 64? and N = C5€377

where ¢4, c5 are numerical constants.

To interpret this result we can consider the simpler distributed stochastic optimization setting, where
Fo =E..p, [f(x;2)] and f(; z) 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|T] (see Theorem without the requirement of simultaneous queries.

In this section, we provide the proof of Theorem [ET]

Proof of Theorem[E-] In the following discussion, we use {C;}°, to denote numerical constants.

First of all, we will bound the estimation error EHvi x — VF (wi k) H2 Consider the local updates
for client j. We have
by,

Joo_ ] 2 3,0—1 4,1 Gl—1
Ur,k: - ’Unk—l + Z Vv fj (wr+1,k7 Zl)(wr—i-l,k: - wr-i—l,k:)’
=1

7,5l :
where w;, Y118 defined as

L l ;
l
'Z+1k brkwi+1’k+ (1— m)wz‘+17k1 forl € {07"'7b7',k}'

Therefore, we can get

bk

j j 2 -1 gl ji—1
kT VF(w7]~+1,k) = ’U7J",k:71 + Z \ fj(wf«+1,k7 Zl)(w:drl,k - wa{+1,k) VF(w] Wi, %)
=1

:UZ,k — VF(w)] Wy k- 1)

b )
-1 i1 il -1
+ Z (V2f; (W g 21) — V2Fj(wyj~+1,k))(wi+1,k — W k)
=1

+ZV2 w7 ) (w i’—f—lk f"—f—llk)—’_VF( Wt k1) = VE(w 7“+1k)'
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Algorithm 3 CE-LSGD with Hessian-vector Product

input Initialization ¢, iteration number R, step size 1), parameters T', By, 8 € [0, 1]
1: Letx_1 = x9
2: forr=0,1,...,R—1do

3: ifr =0setp =1, =1,B = Byelseset p = 5, Q = T and B = B,, where
B, = C1 max {L2||1'7“ - xr_1||2/(Mﬂe), Loz, — :177“—1H2/(ﬂ\/g)a 025/(M€)}
4:  Communicate (send) (z,,x,_1) to clients
5:  onclient m € [M] do
6: Compute V F,,, gm (2,), where |B*| = B,and H® = HV P(z,, .1, B, m)
7: Communicate (rec) (VE,, gn (2,), H™) to the server
8: end on cllent
9 vy = £ SN V(o) + (1= 8) (v — & S0 H)
10:  Communicate (send) (z,,v,) to client m,, where m, ~ Unif ([M])
11:  on client m do _ ~
12: w;”;l L= W = T, 0, =
13: forkz—l ..,Qdo
14: Let by, = C2K - max{ 22K, Lo|lw)lry y — ﬁrmq”z/\ﬁ} when k& > 1
15: v;”,;“ = 1;7’”,: 1+ HVP(w:-,Il,k’wr—irl,k—l’ by, M)
16: W e = r+T1,k -y
17: end for N
18: Communicate (rec) (w7, o,,) to the server
19:  end on client _
20:  Letx,41 = w:,'f[LQH
21: end for

output Choose z uniformly from {wfbk }relR) kelQ)

Algorithm 4 Hessian-vector Products (HVP) Estimator

input Parameters x, Tpry, batch size by, client index j

1: Letb = [bg]

2: Letz! = éx + (1 — é)xprev forl € {0,...,b}

3 H= Z?:l V2f(2' Y 2) (2! — 2!7Y), where 2; ~;i.0. D;
output H

Thus we can obtain that

Eljv) ) = VF(w] )

2

< EH”ik 1 VF(“’Z}l k—1)

2

+ZVF )( r+1k r+1k)+VF( ri1k1) — VF(w r+1k)

2
+E

br,ls,

2 -1 2 -1 j 1 -1
Z (V fi(w i+1 k7zl) \ Fj(wiﬂ,k))(wf«ﬂ,k i+1 k)
=1

1 i j
< (l * K>EH”7J~,1€1 - VF(wi+1,k71)H2

2
-1 ! -1
i+1 ) (w Z~+1,k 3~+1 k)"‘VF( W)y ) = VF(w] ;)

2

bk
-1 -1 i\l -1
E Z (Vij(wZ-i-l,k? z) — Vsz(wiH,k))(wiH,k i+1 %)
1=1
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In addition, we have

2
-1 -1
Z VQF 3‘+1 k:)( 'r+1 k f‘+1 k) + VF( r+1,k:71) VF( 7‘+1 k:)
br,k
-1 il jl— il
j )(w5«+1,k - wf«+1,1k) + Z (VFj(wf«H k1) — VEj(w] r+1 k))
1=1

2

+Z<VF<waiz}k,1> VEF(wl, ) = VE(wh5 ) + VE(wh, )

L2||wr+1 kT i+1,k71||4

2, j j 2
2T, + 275 W] g — Wy el
T

< b2y

L3 j j 4 21, j 2
= 92 . lw) 1 e =Wl o I+ 277wl g —w)yy ol
L)

where the inequality is due to each client m € [M] has a stochastic HvP oracle QIL,: and
{Fn}mem € Fir(L, Ly, A, 7). On the other hand, we have

br.k

2 j,l—1 2 -1 il il—112
E Z(V fj( 7]~+1 k’zl) \Y Fj(w;+1,k))( i+1k w1]~+1,k)H
=1

2
2 -1 2 ji—1 j j
= b2k ZEH V fi( r+1,kazl) -V Fj(wi+1,k)>(wi+l,k - wi+17k71)
k=1
L, ; 2
< b Hwi-&-l,k _“’i+1,k—1H ’
r.k

where the equality is due to the independence of random Variables and the definition of wiil 4> and

the inequality comes from the stochastic HvP oracle ok . 7. Combining these results, we can obtain

, 1 , ,
EHUZ,/C VF(w] Wy, k)H <1+ >EH”rk 1—VF( Wy j— 1)||2+2(1+K)7—2”wi+1,k_wi+1,k—1H2

L2 ) 4 .
+(1+K)os ng ||wr+1 kT i+1,k—1” by ||wr+1 E i-i—l,k—l” :

)

Therefore, using the above inequality recursively, we can obtain

K
Evak - VF(wZH,k)HQ < €E||UZ,0 - VF(W£+1,0)||2 + Z ZL:]EszH,k - wz-+1,k—1”
k=1 "
+ i eg?HwiH,k - wi+1,k71 H4 +4eKT? i HwZH,k - wiﬂ,kleQ'
k=1 " k=1 ED
Next, let’s consider the global variance reduction term v,.. Recall that, we have
M B,
v = MZV + (1= BFo—r+ (1B MZZV% A (g - ),
j=11=1

where z!. is defined as
xl:Lx—i— 1—Lx 1 forl € {0 B}
r BT B, r— gy Drge

T
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Therefore, we have

v, — VF(z,) = (1= B)(vp—1 — VF(z,-1)) + ﬂ( 1 Z VE; i) — VF(:U,,))

M T
1 M B, )
+01- B)(M DY (V@) = VPR @) (@) — 27 h)
=1 1=1
1 jM B,
+(1 - B)(M SN V(@ — 2l + VF(ze21) — VF(3,)).
j=11=1

Thus we can obtain

El|v, — VF(z,)|” < (1—ﬁ)2(1+ i

o
M B,

B
2

)]EHvrl - VF(IT,1)|‘2 + 32

2 L3 L?
+ (1 + ) (1 =825z — ||t + (1= B)? | — 2.

B 4B,? M B,
(E.2)
Suppose we choose b, j, as follows (here j is random sampled as in line 10 of Algorithm E[):
Lo ||w? —w’ ?
by = C1 K -max { ? [2K, 2“ r+1,k r+17k71’| .
’ Ve
Therefore, plugging b,. . into equation we can obtain
) ) 9
E||v] . = VF(w] )| (E.3)

K
. . L2 . .
< eE||“7]~,0 - VF(wﬂ+170)]|2 + Z %"wiﬂ,k - wi+1,k71H2
=1 "
K

K
eKL%, ; ; ;
+ Z b2 : ||wf«+1,k - w5«+1,k—1 ||4 + deKr? Z Hw7j~+1,k - w3~+1,k—1 H2
k=1 Tk k=1

K
. , 1 .
< eEHUiO - VF(wi+17O)”2 + (deK>m2n% + 1/24>E ZlEllvi,kflllz +e
k=1

K
: . 9 1 . .
< eE|[v)  — VF(w! 1 o)||” + (8eKmn* + 1/12) 4 S BNy = VWl )]
k=1

K
1 )
+ (8eK%7r2n% + 1/12) 4 kz_l E|VF(w!, , )II” +e. (E4)

If we choose 7 < Cy/(K7) and use the fact that wﬁﬂ 0= wf;ﬂ 1 = Z,, we can obtain

K K
1 ; ; 1 ;
i7d ZEHUik - VF(wi-&-l,k)Hz < 2¢E|v, — VF(z,)|* + 6K ZE|\VF(wﬂ+Lk)||2 te

k=1 k=1
(E.5)
Thus, according to equation[C.4] and plugging the result in equation[E.3] we can get
1 & : 2 : 3. ,
i Z]EHVF(win)HZ < E(EF(xr) - EF<331+17K+1)) + K ZE”Uf«k - VF(wﬁ,H’k)HQ
k=1 k=1
; ; ; 2
< Kn (EF(2,) —EF(x], ) gy1)) + 6eE[v] g = VF(w] o)||” + 3¢

K
1 .
T oK ZEHVF(WLUC)HQ-
k=1
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Therefore, we can get

ZEHVF wl oy ) < —(EF(%) EF(2,41)) + 12eE|v, — VF(z,)|* + 6e. (E.6)
k 1

Averaging equation[E-6|from ¢t = 0,..., R — 1, we can obtain

1 R—-1 K 4 6 R—
7176 SN EIVF@!, I < Rkn (EF(20) — EF(zR)) + 5 Z E|jv, — VF(z,)||* + 6¢,
r=0 k=1 r=0
by the definition of Z, we have
4 | e =
E|VF(@)|? < TKU(EF(%) EF(cr)) + & Z;o Elv, — VF(z,)|? + 6e. (E.7)

Suppose we choose B, as follows:

B, = (- - max LQHxT_mT_]'HZ L2Hx7'_'r7'_1H2 (E.8)
T 3 MBG ) 6\% ’ .
Therefore, plugging B, into equation[E.2] we have
2
E||v, — VF(z,)||” < (1= 8/2)°E|jv,—1 — VF(z,_1)||” + 262 UB +28e,
Furthermore, we have
3 t—1 )
5 ZEHU’" — VF(xT)H
r=0
R—1 ) R—1 )
= Z]EH'UT_VF(xT)H _(1_6/2)ZEHUT_VF($7)H
r=0 r=0
R ) R—1 ) )
= Eljo, = VF(z,)||” = (1= 8/2) Y Eljo, = VF(x,)||” — E|jvr — VF(zg)|
= r=0
+ EH’UO - VF(.Q?())HQ
& 2 = 2 2
< Ellv, = VF(z,)||” = (1 = 8/2)* Y E|jo, = VF(x,)||” — E|jvr — VF(xg)|
r=1 r=0
+ EH’UO - VF(.Q?())HQ
23—1 o2 o2
<2p ;) MEB. + 2Rfe + m,
which implies
| Bl o2 o2
7;)113”1% V(x| <25 Z B, +26+R6MB (E.9)

Finally combining equation [E.7)and equation[E.9] we have

E|VF@)|? < m(EF(xO) —EF(z,)) 66 ZO E|jv, — VF(z,)||? + 6¢
4 Rl 52 6ea?
< — (EF EF 12 12
< Jegcy (B (o) ~EF () + 05 3 115, MB, T REMB,

'r‘()
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If we have the following

o283 o?
B, =2 and By = , E.l
Me and 2o RBMe (E.10)
we can obtain
E|VF(@)|* < RK ——(EF(z0) — EF(z,)) + 30ee.
Note that we have < 1/(4L) and np < Cy/(K 7). Therefore, we have
LA 1A
E|VE@)|? < Cy| 5= + — E.11
IF@I < (5 + o). ©11)

where A = F(z) — F(z*). Therefore, to achieve e accuracy, we have R < C5(AL/(Ke) + At /e),
where {C;}?_, are numerical constants.

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 [E.T0] we have the following gradient complexity
per client on the global updates

B o? Ao?3
< )
ZB + By = + RpMLe CGMKU€27 (E.12)

where the last inequality comes from that 5 > 1/R and R < C7A/(Kne). In addition, according to
equation[E-8] we have

L2|fz, — o ||* Lofje, — 2 | }

BT203~H13.X{ e , NG

Furthermore, we have

E||z, — zp1|® = Ella? gy — 2maf?

K-1 K-1
<deKn* Y Ellul_y = VE(wl)|? +4ekKn® Y E|VF(w],)|?
k=1 k=1
K—1
< deKn? Z (2¢E||vp—1 — VF(zr_1) ZEHVF ||2 +€)
k=1
K-1
+4eKn* Y E|VF(w! )|
k=1

< 462K27)2E|‘vr,1 — VF(acr,l)H2 + 4eK?n’e

+ (4eK*n* + eKn?) Z E|[VF(w! ),

where the first inequality is due to equation [C.I] and the second one comes from equation [E-3]
Therefore, averaging over R, by equation[E.9]and equation[ET1] we can obtain that

%ZEHCL‘T — J;T,1H2 < 1362K2772€.
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Therefore, we have (the extra gradient complexity is due to line 1 in Algorithm[4)

R L2 I R )
B35 + 1| < Ca( 35 + 5 ) L Bller vl + 7
T’:1 _1
L2 L2 )
< 13eC. REK?n?¢+ R
3( B\f 7
AL?K AL, AL
< — E.l
_an( M e + ﬂ\/g>+C8 +Cs (E.13)

To choose the optimal value of 3, let’s consider equation [E-12]and equation[E-13] Note that given
equation [E-T3] we can use Markov’s inequality to show that (We will specify the probability later)

R
AI’K ALK
E <

r=1
Therefore, combining equation and equation[E.T4] we have the following gradient complexity
for global updates

) Cg AL -‘r Cgf (E.14)

R
Ao?p AL’K ALK AL A7
> (B, +1)+ By =

(Br+1) + By Cg< n62+n eﬂ+ B\[ +6>

r=1
Solving for the 3 to achieve the smallest gradient complexity in terms of the dependence of ¢, we can
get B = nK /e - max{M/2e!/4LY? /5 L/o}. Therefore, equationimplies that

iBr + By < Cg ( ]@:jz + Z@f/fg;) (E.15)
and equation [E-T3]implies that
E TZRI(BT 11| < cg( 20 ﬁ;ﬁfﬁl o AT) (E.16)
In addition, if we have M < L?/(¢'/2Ly), we will have
E ER:(BT 11| < Cw<]@03§2 4oL ~ A;). (E.17)
r=0

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

. L wj _wj - 2
bi,k—ClK-max{nQLQ, 2| T+1J€ﬁ | }

Therefore, we have

ii b +1) = *L2K2R < C1y A”i(LQ,
r=1 k=1
where the inequality comes from the fact that R < C7A/(Kne). In addition, we have
sz+1,k - wi+1,k71’|2 = 772||U£,k71||2
< n2(||vi,k_1 - VF(wi+1,k—1) + VF(wi+17k_1)||2)
< 2772””7{,1@71 - VF(wi+1,k71)H2 + QUQHVF(wiH,kﬂ)HQ

1 -
< 2Kn?|lvp—1 — VF(fl?r—l)HQ + 2K7I2? Z IVE(w] g )%
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Therefore, averaging over R, by equation [E.9)and equation [E.TT] we can obtain that (recall that we
have n = min{1/(4L),C2/(KT)})

% Z Z Eflw) 1 p = )1 s H2 < 2Kn’e + 2K e < 4K’
r=1k=1

Thus, we have
nAL,K? AL AKr )
—F + + .

s[E g o]

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

< \[RK‘Snze + RK < 012<

AnKIL? AL.K?2 AL AK
E Z rk-l-l =Cq3 " -‘rn 2 +— + T
T:lk:l \/E € €
AnKIL? AL’K? AL AK
§013< neE Ll Mt T>, (E.13)
€ Me € €

where the inequality comes from the requirement that M < L?/(¢'/2Ly). As a result, let G denote
the total number of gradient complexity, combining equation [E.T5] equation [E.16]and equation [E.T8]
we have

AocL AnKL? AL2K? AL AK
IE[G]CM( “ sy 22y T).

Me3/2 € Me e €
Therefore, we have
AcL AL2K?2  MnAL’K MAL MAKT
E[ ]—C15<63/2 U p + 776 + c + c )

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

AocL AL?2K?2  MnAL’K MAL MAK
N = 016( 30/2 + L + " + + T> .
€ € € € €

Note that we require 8 < 1, which implies that

and ¢'/2 K <o.

MY23/4 K < oL
PRE
2

Since we have M < L?/(¢'/?Ls), we can reduce to the following requirement

e?K <o, (E.19)

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 €
If we want to achieve N = Ao L/ €3/2 gradient complexities, we need to have

Lo (oL)'/?
K< M Lel/2 and K < L1/2 1/4°

Recall that we have the following requirements M < L?/(e'/?L,) and ¢!/?K < 0.
Case 1: if we have

1/2

g
M= T
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we can get
o
Mel/2®
We still need the requirement M < L?/(e'/2L,). Furthermore, we can get

R:AML f

K =

oel/2 €
And we have

N AclL MAL ALoT

3/2 c Ledl2
If we further have M < o L/(Le'/?), we can get
N — AcL ALot

€3/2 + L€3/2 :

Note that we also need R > 1/3, which implies AL > oe'/2,
Case 2: if we have

1/2
o
M < T,
we can get
1/2
o
K=—-.
el/4

We still need the requirements M < L2/ (61/ 2L,) and €1/2 < . Furthermore, we can get

AL AT
T e3/4g1/2 + e

R
And we have

N DAoL MAL MAc'/?7
T €3/2 € €d/4

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

_AoL Aot
T e3/2 €3/2 "
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