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SUPPLEMENTARY MATERIAL A: PROOF OF THEOREMI]
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where the first inequality follows from ||z + y||3< 2|||3+2|ly||3. The second inequality is from E{|le — E{e}||3} <
E{|le]l2} — E{e}||3< E{||¢[|3} due to gradient unbiasedness (i.e., Em{ggS(k)} = ggf’(k)). The last inequality follows from
Assumption 2, and 151 is bounded by
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with the first inequality coming from Assumption 1. On the other hand, the expectation of Qs is bounded by
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where the second equality follows by the unbiased gradient using SGD, and the inequality comes from +x”y < 1||z||3+1]/yl[3.
Taking the expectation of both sides in Eq. (Z) and substituting Q1 and Qs, the inequality is rewritten as
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where the last inequality follows from L~ < 1 such that %L = 2(Lvs + (L7s)?) < 1. The proof is now completed. [

SUPPLEMENTARY MATERIAL B: PROOF OF THEOREM 2]
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Take full expectation on both sides of Eq. (@), and it leads to
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By summing both sides of Eq. (3) from 0 to S — 1, and dividing it by Tg = 2;3:—01 ~s, it becomes
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where the last inequality comes from f(8*) < E{f(8Ys)}. ]

SUPPLEMENTARY MATERIAL C: PROOF OF THEOREM 3]

Proof. We start the proof from Eq. (3) as the constant learning rate is a special case in Theorem [2} By setting 75 = =, Eq.
Eq. (3) is rewritten as
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Substituting v = e\/M(f(HO) - f(G*))/(SAL(l + (1/M)Ef:1cfk)) into Eq. (7), the RHS becomes
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Since the LHS of Eq. (7) is the average of ]E{HQGUS 2} for s=0,1,...,5 — 1, we have
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which completes the proof. O



