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Abstract—This document provides the supplemental material for our main paper titled “Crowdsourcing in Cyber-Physical Systems:

Stochastic Optimization with Strong Stability”.

In particular, Appendix A, Appendix B, and Appendix C present the detailed proof of

Lemma 1, Lemma 2, and Lemma 3, respectively. Note that we refer to the equations in the main paper by the equation numbers

therein.

Index Terms—Cyber-physical systems; crowdsourcing; stochastic optimization; network strong stability.

APPENDIX A
PROOF OF LEMMA 1

Note that Vz,y, 2 withz > 0,0 < ¥ < Ymaz, 0 < 2 < Zimaz,
we have
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Due to (11), we know that >, . fli(t) <
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Denote by ¢}}** the maximum p0s51ble link capamty
of link (i,j). Since according to (1) ¢}}(t) depends on
d(i,j), P and W™(t), among which d(i, j) and P/™ are
constants, then ¢}}** is determined by W™, ie., the
maximum bandwidth that the channels available on link
(1,7) can have. Thus, since >° ¢\ > germ 5j5(t) < 1
as in (9), i.e., one node can transmit to ‘at most one
neighbor on at most one band at a time, we can
get Yoo f1;(t) < maxjer{5cfj**At}. Similarly, we
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Besides, we have €] (t) < O** and v, (t) < A™**. Thus,
according to (5) and (A.1), we can obtain the following
inequality
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Applying this inequality to the drift-plus-penalty func-
tion, we have
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Thus, Lemma 1 directly follows.

APPENDIX B
PROOF OF LEMMA 2

Accordmg to (11) and (17), we get > . f/i(t) <

Lemer At. Thus, according to the queueing law (16) and
the inequality (A.1), we can have
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According to (A.2) and (B.1), we can obtain
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Thus, Lemma 2 directly follows.

APPENDIX C
PROOF OF LEMMA 3

Denote the optimal amount of CPS services that maxi-
mizes P1 and minimizes P2 by v}(t) and @;(¢), respec-
tively. Thus, according to (14), we can know that
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since the optimal solution to P1 is a feasible solution to
P2. As a result, we get
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The second step is because the optimal solution to
P1 is independent of the system queue size Q(¢). The

third step is due to the strong law of large num-
bers: If {a(t)}2, are i.i.d. random variables, we have
Pr(limr_,o = 3, a(t) = E{a(t)}) = 1. Particularly,
since the optimal solution to P1 is obtained based on
the available spectrum bandwidths and computing re-
sources, which are assumed to be i.i.d. random processes
as mentioned before, then {} (;,cr, f5(t) + vi(t) -
Lics, = D _jer; i (1) — € (t)}i2o are iid. random vari-
ables as well and their time average converges almost
surely to the expected value.
Taking expectation of the above inequality, we have
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We are able to take expectation of Q7(¢) and
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separately because the optimal solution to P1 is in-
dependent of the system queue size. Meanwhile, we
have limy oo 4 320 B jiery Fi () + 05 () - Lizs, —
djer i (#) —€*(t)) < 0. The reason is that for each
Q% (t), we have
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which is a finite constant. Since in P1, Q(t) is strongly
stable, we can ensure its rate stability according to
Theorem 2.

Summing the above over ¢t € {0,1,2,...,T
positive integer T yields
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Since L(Q(0)) =0 and L(Q(T)) > 0, we have
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Taking limitation as 7" — oo leads to
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