Shadowheart SGD: Distributed Asynchronous SGD with Optimal Time Complexity Under Arbitrary Computation and Communication Heterogeneity
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Table 1: Time Complexities of Centralized Distributed Algorithms. Assume that it takes at most
KAUST, AIRI, Skoltech KAUST, KAUST KAUST h; seconds to worker ¢ to calculate a stochastic gradient and 7; seconds to send one coordinate/float

University of Pavia to server. Abbreviations: L = smoothness constant, ¢ = error tolerance, A = f(z°) — f*, n =#of

fetri 3 * ot H workers, d = dimension of the problem. We take the Rand X' compressor with K = 1 (as an example)
1. Distributed Stochastic Homogeneous Optimization i CISGD and StaclosarESaD:

We consider the nonconvex smooth optimization problem
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(e.g., (Mishchenko et al., 2022))

the workers are connected to a server which acts as a communication hub;

Shadowheart SGD - = 0 < oo soar farne? no?\ La
« the workers can communicate with the server in parallel and asynchronously; it takes (at (Consilery 45 s papes) 74— 1 e [ B (robuso) max {"' OV } g
most) 7; seconds for worker 7 to send a compressed message to the server; compression is F—— = = —
performed via applying lossy communication compression to the communicated message (a (Theorem 0.5 in the paper) [ sy 220 - -
vector from ]Rd); The time complexity of Shadowheart SGD is not worse llmn me time complexity of the competing centralized methods, and s strictly better in many regimes.
We show that the optimal time complexity.in the family of centralized methods with compression.

 Upper bound time complexities are not derived for Rennala SGD and Asynchronous SGD. However, we, ca derive the lower bound using Theorem 0.5 from the paper with w = 0.

) The mapping ¢* is defined in Definition 3.1
@ The lower bound constructed with the Rand K’ compressor and the dimension d = © (LA /) .

Communication Takes Time Computation Takes Time
I:I ;]i I T T I I 1 Algorithm 1 Shadowheart SGD Definition 3.1 (Equilibrium Time).
C1(v1) T - - N A mapping t* : R>¢ X R>o X (R>¢ x Rx)
am 1\V1 1 1: Input: starting point z° € R, stepsize 7 > pping 20720 20 20/,
fy hy hy hy hy 0, ratio @°/e, computation times h; > 0, and \u/ jz//e (hyym1)
D T2 [ | | ] communication times 7; > 0 for i € [n] o x (R Rog) o R
Ca(v2) X hs ha hs 2: Find equilibrium time ¢* using Def. 3.1 x -+ X (Rao X Rxo) 20
T3 Server D E 3: Setb; = %J and m; = %J forall i € [n] (hn,7n)
I:__]i C3(vs) ho ho ho ho 4: Find Sp = {i € [n] : bi Am; > 0} with  inputs  w, /e, h1,Ti,. .., oy T
time 5: fork=0,1,..., K —1do is called the equilibrium time if it is
. 6:  Run Alg. 2 in active workers S, defined as follows. Find a permuta-
3. Assumptions e oA P
. 7:  Broadcast ¥, b;, m; to active workers Sy tion® m that sorts the pairs (h;,7;) as
Assumption 1.1. f is differentiable & L-smooth, i.e., |V f(z) — Vf(y)|| < L|jz — y||, Vz,y € R9. 8 Initialize g* = 0 max{hn, , r } < --- < max{hy,,7r, } and
) 9:  fori € S, in parallel do find the solution s ( j) €[0,00]in s of”
Assumption 1.2. There exist f* € R such that f(z) > f* for all z € R%. We define A := 10: w @ (b-m+w"i +m¢)* .
f(2°) — f*, where z° € R is a starting point of all algorithms we consider. 11 f07r J=1,...,m do e ( J 1 ) _,
. . arn ’Hr 02w | 2hy; o2 -
Assumption 1.3. For all z € R the stochastic gradients V f(z; £) are unbiased, and their variance 12: Rece‘ve C” (yz ) from worker i S : a
is bounded by 02 > 0, i.e., E¢[V f(x; €)] = Vf(z) and E¢[[|V f (; ) — 2] < g2, 13: ¢* = g* +wiCy; (gF) ©
14: end for for all i Then th q he
is:  endfor 01l"a j € [n]. Then the mapping returns the
4. Goal 16 gt =gt/ (Sl mmd) e
17: ghtl =gk — gk {3k ool T o iy )
Find a (possibly random) vector € R? such that 18 end for = min max{max{f, 7, },5°(7)} € 0, 00l
9 Algorithm 2 Strategy of Worker ¢ (@)
E |:||vf(1“)|| :| S € 1: Receive z*, b;, m; from server, init g¥ = 0 V:’e szhall usen dhe dion  aeiden
2 fori=1,...,b do ' 8w, /e, [hi, milf)
5- Unblased Compressors 3 Calculate Vf(z 1! s Efr ~ Dg “It is possible that a permutation is not unique.
4; glf— ¥ + Vf(z*; €8) T}?e. resu}t 1;)1f the ma}g&ng d;)es f}ft depe?dfogx the
5: end for choice of the permutation. See the proof of Prop-
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7. Lower Bound

Admittedly, the definition of the equilibrium time is implicit; we do not know if it is possible to give
amore explicit formula in general. We provide a lower bound that involves the same mapping. Thus,
the equilibrium time is not an “artifact” of our method, but is of a fundamental nature.

8. Adaptive Shadowheart SGD

Unfortunately, Shadowheart SGD requires {r;} and {h;} as an input. One of the main features
of asynchronous methods (e.g., Rennala SGD, Asynchronous SGD) is their adaptivity to and in-
dependence from processing times. In the paper, we design Adaptive Shadowheart SGD with this
feature. However, as a byproduct of this flexibility, this method has a slightly worse time complexity
guarantee.

9. Bidirectional Shadowheart SGD

Algorithm 5 Bidirectional Shadowheart SGD A

6 7™ Worker’s Strategy (init all workers
1: lnpllt: starting point z°, stepsize 4, the ratio with w® = z0)

1: Receive b;, and m; from the server

2 fork 0,1,...,K—1do B
3 2: lfb,/\m,>0then

Find the chrrent computation speeds hf>0

and communication speeds 7¥ > 0 of the 3 Initgf =0
workers 4: forl=1,...,b;do
4: Find the equilibrium time ¢ using Def. 3.1 5: Calcula'e Vi(whieh), €~ D
5. Seth; = \_;TJ andm; = \_5] foralli € 6 gF=gF+Vf(weh)
n] " i 7:  end for
) . : _ I3 . 8 forj=1,...,m;do
6:  Find active workers Sy = {i € [n] : b; A o Send Cy; (gf) = c(oh uf) to the

m; > 0}
7:  Run Alg. 6 in all workers
8:  Broadcast b;, and m; to all workers
0

9:  Initg* =
10:  fori € S in parallel do
a 2 P

1w owme (bw+wL+m;’T)
123 forj=1,...,m;do
13 Recelve c, " (g1 ) from the i*" worker
14: 9" = g* + wiCi; (gF) . .
15: end for The essential algorithmic changes of Shadowheart
16 e““f“ﬂ/ (5 b SGD are in red. We use compression on the

y gk+1 g, zk ,‘W Le ' server’s side using the EF21-P mechanism (Grun-
19: ﬂk H 0 (Jk 1 _ k) tkowska et al., 2023). Note that Cgcr, is from the
20:  whtl =k 4 phtt biased compressors family (a more general family
21:  Broadcast p**! to all workers than unbiased compressors).

22: end for )
(a) :ffw=0and - =0, thenw; = 1

10. Experiments
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(c) Experiment with computation speeds h; = v/i
and medium communications speeds 7; = \/ / d3/t

One can see that Shadowheart SGD is very robust to all regimes and has one of the best convergence
rates in all experiments. Notably, in the “medium-speed communications” regime, where it is still
expensive to send a non-compressed vector, our new method converges faster than other baseline
methods.



