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only with their immediate neighbours. The main challenge lies in Asynchronous algorithm; big
reducing the communication cost in the network, which involves inter- data; decentralized learning;
node synchronisation and data exchange. To address this issue, a sensor network

novel asynchronous broadcast-based decentralized learning algorithm

is proposed. Furthermore, we prove that the iterates generated by

the developed decentralized method converge to a consensual optimal

solution (model). Numerical results demonstrate that it is a promising

approach for decentralized learning in sensor networks.
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The execution model on a decentralized sensor network and the workflow
of asynchronous computing.

1. Introduction

In recent years much attention has been paid to the fully distributed (decentralized) consensus
optimization problem, especially in applications like distributed machine learning, multi-agent opti-
mization, etc. When big data is generated in a distributed fashion over a sensor network, decentralized
computing is considered to tackle the learning(estimation) problem since it will be very costly and
sometimes infeasible to gather all the raw data in the sensor network due to bandwidth and energy
limitation. In this scenario, data processing is highly preferred to be done in the network and close to
where the data is generated. Decentralized optimization is seen as a scalable approach to solve the
aformentioned problem of big data computing in sensor networks by leveraging the computational
capacity of all the nodes. In addition, it can balance the communication load among the nodes and
preserve the privacy of each node.
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The problem in this paper has a general form as follows. Consider an undirected connected network
G = (V,&) where V denotes the node set and & is the edge set. The size of network is m = |V|
(cardinality of the set V) and two nodes i, j are called neighbours if (i,j) € £. Now each node (sensor or
agent) i privately holds an objective F; : R” — R, which describes the data and acquisition process at
node i. The goal is to find the global consensus solution x € R"” to minimise the optimization problem

as follows.
)[2]1{)1 :F(x) = ZF,-(X)] . Q)

i=1
In general, solving (1) in (wireless) sensor networks requires careful algorithm design. Broadcasting
is usually preferred in sensor networks since communication is more energy and time consuming than
computation. In addition, broadcasting can improve the consensus speed by diffusing information to
more nodes with the same amount of cost. However, huge amount of coordination is required for this
dynamic network if a synchronous algorithm is used. In contrast, an asynchronous method such that
each node can decide its action independently would be more appropriate in this situation.

1.1. Related work

A number of synchronous methods have been proposed in the past years, see, for example [1-
11], and the references therein. If we want to apply the aforementioned algorithms into sensor
networks, synchronisation among neighbouring nodes is inevitably required. Furthermore, for each
node, it has to wait for its slowest neighbour in order to perform its own update. Distributed
optimization methods for asynchronous models have been designed in [12-14]. Wei [12] and lutzeler
[13] leverage alternating direction method of multipliers for the computation part, and in each
iteration, one node needs to randomly wake up one of its neighbours to exchange information.
However, the communication schemes in these works are based on unicast, which is much less
preferable than broadcast communication, especially in real-world wireless sensor network scenario.
Work [14] proposes an asynchronous model for distributed optimization, while in its model each node
maintains a partial vector of the global variable. It is different from our goal of decentralized consensus
such that each node contains an estimate of the global common interest. The first broadcast-based
distributed/decentralized consensus method was proposed in [15] for consensus average problem
without objective. However, the generated consensus solution can not guarantee to be the true
average. Inspired by the push-sum algorithm in [16], several works have been done recently to
overcome the issue [17,18]. In [17], lutzeler applies the push-sum algorithm into the broadcast gossip
model in [15], and develops an algorithm that requires the node to broadcast a pair of variables
(instead of only the solution variable) in the communication stage. This method enjoys not only the
similar convergence speed as the broadcast gossip in [15], but also the guarantee of converging to the
true average. While the broadcast-based works above are developed for consensus average problem,
it is essential to investigate problems with ‘real’ objective functions. Nedic [19] first fills this gap by
considering general decentralized convex optimization under the asynchronous broadcast setting. It
adopted the asynchronous broadcast model in [15] and developed a gradient-based update rule for
its computation.

1.2. Motivation and contribution

There are two important motivations and contributions of this paper. One is adopting the broadcast-
based communication, which is a preferred advantage with wireless networks. One transmission
can be received by all neighbours, hence the transmitter does not need to send to neighbours one
after another. It saves the energy and speeds up the convergence (since more nodes would be
performing update in one round). Another is asynchronous execution, which enables local nodes
to take actions independent of other nodes. Each node then does not need to wait for its slowest
neighbour for update, which is required in synchronous algorithms (the synchronisation is very costly
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and even infeasible in some networks). These settings are realistic for a class of practical sensor network
applications. To our best knowledge, we are among the first to propose them.

In this work, we modify Nedic’s algorithm [19] in order to fit the nature of applications in sensor
networks. We propose a suitable scheme, which is more communication efficient than Nedic’'s method.
Our algorithm has higher complexity than Nedic’s algorithm in the first several iterations but it is
not the main concern here since the computation time in general is much less comparing to the
communication time. We also analyse and prove the convergence of the proposed decentralized
consensus algorithm in terms of objective function and disagreements between nodes. Simulation
results demonstrate that the proposed algorithm converges faster than the benchmark in terms of
number of communication rounds (total execution time).

1.3. Notations and Assumptions

Notation: Letx € R” be a column vector in problem (1), and x' € R" be the local copy held privately by
node i for every i € V. Without further remark, vectors are all column vectors. Subscript k is outer iteration
number, which is also the number of communication. E( - ) denotes the expectation operator.

Each sensor node is assumed to have its local clock that ticks at a user-customised Poisson rate for
unit time, which is independent of the clocks of the other nodes. Each node broadcasts its current
estimate to its neighbours at each tick of its local clock. During broadcasting, each sensor receives
neighbours’ information subject to link failures. For example, when node i broadcasts, its neighbour
j will receive i's iterate with probability pj. It is equivalent to consider a virtual global clock existing
in the network for the algorithm analysis. Since the Poisson clock of each node (suppose rate = 1)
is independent of each other, it is same as a global clock with Poisson rate m. We can then analyse
the problem given that in each global iteration only one node broadcasts its value. There are several
additional assumptions adopted in this paper as follows.

Assumption 1: The network G = (V,&) is connected. The link failure between node i and j is
independent of other links and identically distributed. The probability of a successful connection between
node i andj is denoted as pj.
Assumption 2: The solution set of (1) is nonempty. The private local objective function F;, i € V is
differentiable and convex.
Assumption 3: The gradient of function F; is bounded such that | VF;|| < G, where G > 0 is some
positive number.

Note that the settings above are common for analysis in asynchronous models [15,19,20].

2. Algorithm design
2.1. Proposed algorithm

In this section, we first describe the asynchronous broadcast-based algorithm. Assume in iteration k
(according to the virtual global Poisson clock), one node iy is randomly chosen from V and broadcasts
its most recent value x,'(k_1 to a subset Ji of its neighbours N(ix). Then each node i € J; performs the
following computation using its own F;:

xj, = argmin { Ix — Ox¢_, + (1 —0xi_DI? + ﬁ-(x)} 2)

xeR" Xk
where 6 € (0,1) (e.g.6 = %) is the weight factor and F; is the objective function at node i. For nodes
i & Jx and node i, there is no update performed. The step size «; is set to 1/ ' (i), where T'x (i) is
the number of updates performed at node i up to iteration k (same as the one in [19]). Initially, we set
Jx = NC(ix), which indicates reliable broadcast communication. With iterations we construct J; such
that it consists only nodes j where the broadcast from iy successfully arrives at j with probability p;;.
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Figure 1. Network model and asynchronous computing. Left: The model of an example decentralized sensor network. Right:
Asynchronous computing model.

An optimal solution of (1) should be consensual and optimised at the same time. Hence, two
important measures must be considered for analysing our algorithm. The measures should be vs.
iteration number k, which corresponds to the number of broadcast rounds in the entire network. The
two metrics considered in this paper are described as follows.

e Optimal value of objective function:

m .I m
Fi(Xx), where x, = — Xt
> Fi%e) k m;k

i=1

It determines whether the objective function of the averaged solution reaches the optimal
objective value.
o Disagreement among the nodes in the network:

m

i o2
> " lIxg — Xl
i=1

It measures how close every node in the network reaches the consensus solution.

Remark 1: We realise that a trade-off between communication cost and computation effort exists
in the problem of decentralized learning. That is, for any decentralized algorithm, if we prefer to have
less communication rounds to achieve the desirable result, the computational complexity in each
update round should be higher. It is reasonable to see that if the update stage can be done more
completely and then it should provide a better estimate, which can speed up the convergence of the
network after broadcasting. The rationale of proposing communication-efficient algorithm for sensor
networks is expressed as follows. First, the cost of communication is very high in practice (e.g. Ref.
[21]). Especially in sensor networks, we are highly constrained by the physical bandwidth and energy
consumption. It is known that the energy consumption of 1-bit radio communication is equal to that of
1 million computation operations. Moreover, the communication step is much more time-consuming
than the computation step. Thus, reducing the total communication rounds is the key for speeding up
decentralized learning in terms of total execution time.

To summarise, our proposed algorithm can be expressed in a formal way:

(1) Initialization: Each node is equipped with a local Poisson clock (rate 1), which is independent
of other clocks. Set the weight factor 6.

(2) Communication: Assume the local clock of node i ticks (only one tick at the same time in the
whole network). Node i broadcasts its estimate x' to its neighbours. The neighbours receive the
information with probability pj,j € N(i).
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(3) Update: The neighbours who receive node i’s broadcast will perform update as follows.

x| < argmin {inx —(Ox + (1 —)x)|> + F,(x)} :
xeRn 20[/
a;j denotes the step size defined in previous. It is set to 1/ 'y (i), where 'y (i) is the number of
updates performed at node i up to iteration k. Node i and the other nodes who do not receive
node i’s iterate keep unchanged.
(4) Repeat: The network stays silent until next local clock ticks and repeats steps 2-3.

Figure 1 illustrates the execution model on a decentralized sensor network and also the workflow
of asynchronous computing. In this example, there are four nodes in the network and the dash line
between a pair of two nodes implies that a communication link exists between the nodes (through
broadcast communication) with connection probability p; (=p;i) if (i,j) is a pair a neighbours. In the
right figure, it shows that the local clock in node 2 first ticks and the global iteration number k increase
by 1to k = 1.Node 2 will broadcast its current value to its neighbours and the neighbours who receive
the value update their estimates according to the rule shown above. In the next, node 1 is activated
(iteration number k = 2) and do the same thing as node 2 in the previous round. The process will keep
running in an asynchronous manner.

2.2. Algorithm interpretation

In below, we describe the differences and improvements of the proposed method over Nedic's [19].
Assuming nodes i € Ji receive the estimate x,'(ﬁ1 (ix is the index of the node selected at iteration k),
Nedic’s update rule can be expressed as follows.

Vi =0xt_ + (1 —0x_,
X, =y, — @ik VFi(yp). (3)

To better analyse the algorithm, we equivalently convert (3) into its compact form:

. ) 1 . .
xi =argmin {2 Ix — yill> + (VF,-(y,’(),x)}

xeRn Qi k
1 . ) )
— argmin [ I — X+ (=0 DI2+ (VFi(y,’(),x)}. (4)
xeRN 20k

Comparing (4) with our update rule (2) in the proposed algorithm, we can see that the difference is
on the second term within the argmin function. In fact, the inner product item in (4) is a linearization
of Fi(x) at point y,"(. The effect is that in each round of update, Nedic’s algorithm performs an
approximation to the solution of the local minimization problem. Instead, our designed method
solves the local optimization problem ‘completely’ in each update round. According to the trade-
off (between computation complexity and communication cost) we observe (refer to Remark 1), our
proposed algorithm is thus expected to outperform Nedic’s in terms of communication cost and
total execution time, which are considered to be the main metrics evaluating decentralized learning
algorithms in sensor networks.

Remark 2: In local nodes, if gradient (sub-gradient)-based methods are used (like Nedic’s), the
convergence rate (in terms of communication rounds) would depend on the Lipschitz constant (while
our proposed algorithm does not) which could be very large (larger Lipschitz constant in general
implies slower convergence rate). Also in our proposed method, as the local estimate becomes more
accurate with neighbours’ information, the computation in each node would become much faster.

Remark 3: We claim that the proposed algorithm is suitable for the scenario that when the sensors
may move randomly, in which case the neighbours of each sensor node may change randomly. In fact,
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our algorithm is designed for sensor networks using broadcast communications. Each sensor node
does not need to know its neighbour list. In each round, one node broadcasts its current estimate
and the nodes who successfully receive the value will be considered as its neighbours. Thus, in the
proposed algorithm and settings, the neighbours of each sensor node may change at each iteration
and the network topology is indeed random along iterations.

3. Convergence analysis

In this section, we analyse the convergence behaviour of the proposed algorithm in terms of consensus
and optimal solution measure. We follow the idea in [19] to derive the analysis of our developed
scheme.

Before conducting the analysis, we can rewrite the proposed algorithm (2) in a form that similar to
Nedic’'s method as follows.

Vi =0xt_ + (1 —0)x_,
X, =y}, — ik VFi(x}). 5)

Note that the second equation of (5) comes from the first-order optimality condition of Equation (2):

yk

al,k

+ VF; (xk) =0. (6)
A compact form for all k and i € V can be expressed as:

Vi=> W] %

1

J
X = Yie— [Vic = i VRO 16 € Jo) =yl € Jo) (7)

m

where I( - ) is the indicator function and matrix Wj is defined as:

[Wk],; =1—6for i€y, [Wi];; =1 otherwise
[Wk]i,ik =0 for i e J, [Wk]iJ = 0 otherwise. (8)

In addition, three lemmas which would be used later are described here.

Lemma 3.1: [[22]:Lemma 11] Assume oy, ¢k, wg, and &, are nonnegative random variables and assume
the following hold

E (ok411Q%) < (1 + o) ok — @k + &k almost surely,

o0 o0
Zwk < 0o almost surely, Zak < 0o almost surely
k=0 k=0

where E (ak+1 |Qk) represents the conditional expectation given all the past history of o, @k, wy, and &
up to iteration k. Then it concludes that

o0
ox — o almost surely, Z(pk < 0o almost surely
k=0

where o > 0 is some random variable.
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Lemma 3.2: [[19]: Lemma 2] The random matrix W — %11TWk is independent and has identical
distribution with each other.

=u|E W—lnTW ' W—lnTW
Woi=p (G k k= k <1 )

where 1 (R) denotes the largest eigenvalue of a symmetric matrix A.

Lemma3.3: [[19]] The upperbounds of step size «; are obtained as follows when k is large enough
(k> k(m,q))
2 ,  4m?
Qj k = r&l O{i,k = kzpﬁl

ik — 1/kéi| <
|al,k / I} = k%_qpi

(10)

where §; is the total probability that node i updates. p,. denotes the minimum among all pj;’s. q € (0, %) is
some constant. k(m, q) is an integer determined by the number of nodes m and q.

The main convergence results of our proposed decentralized learning algorithm are presented in
the following two theorems. The proofs are provided in Appendices 1 and 2, respectively.

Theorem 3.4: Let {x,’(} ,Vi € V, k > 0 be the sequence generated by the algorithm in (2) and given that
all the assumptions are satisfied. Then we can have:

o.¢]
1 _ P
E E”X’,‘_1 — Xk_1l < o0, and klim lix; — Xkll = 0 almost surely. (11)
—00
k=1

Note that Theorem 3.4 implies that the disagreement between each node’s solution to the average
of all the nodes’ converges to zero almost surely. It indicates that all the nodes’ solutions reach to
consensus almost surely, which guarantees that all the nodes (learning individually) converge to a
single model.

Theorem 3.5: et {x,’(} ,Vi € V, k > 0 be the sequence generated by the algorithm in (2) and given that
all the assumptions are satisfied. Then the sequences converge to a same optimal point almost surely for
any nodei.

Theorem 3.5 shows the convergence of each node’s solution x,"( to the same optimal point. It implies
that the consensual model learned by all the nodes is optimal with respect to problem in (1).

Notice that the two theorems above correspond to the measures of optimal value of objective
function and node consensus defined in Section 2.1, respectively.

4. Experiment results

In this section, we investigate the performance of the proposed learning algorithm with two typical
objective functions: regularized least-squares and logistic regression. Sensor networks are generated
randomly with certain average node degrees (with 100 nodes in total). We exam the quantitative
performance of the decentralized algorithms in terms of average objective value and node consensus
described in section 2.1. Considering that Nedic’s algorithm is the only work having the identical
practical settings as ours, we compare our proposed method with Nedic’s algorithm as a benchmark.

In decentralized regularized least-squares, the private objective function of nodeiis Fi(x) = % |Ax—
b;ll% + A;llxll%, where the regularisation parameter ; is set to 1/100, A; and b; (same dimension for
each j) are data points available in node i. In this scenario, the size of A; is 400 x 32,768 and the
dimension of b; is set accordingly.

In decentralized logistic regression, the local objective function (of node i) F; is set to Fi(x) =

_ T ONT T
i <|Og [1 + exp ((af) x>} — b (af) x) where p; = 5,n = 200, (af) represents j-th row of A;

and b{ is the j-th entry of b;. We generate A; € RPI*", Vi randomly except the first columns are set to 1.
Binary vector b; € RPi is generated randomly.
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Figure 2. Comparison of convergence speed. Application in decentralized regularized least-squares (a-b). Decentralized logistic
regression problem (c-d).

4.1. Comparison of convergence speed

We conduct the experiment using a randomly generated communication network, such that each
senor is assumed to have 10 neighbours on average within its communication range. From Figure 2 we
can see that the proposed algorithm (blue) converges faster than Nedic's (green) in terms of objective
function value and consensus measure. This is consistent with our anlaysis before. We observe that the
improvement of proposed algorithm over the benchmark is more significant in the plot of the average
objective value. In fact, this effect is favored in system-level design since in realistic scenario, we might
take the average of all the available solutions (from working nodes) rather than randomly select one
node. Thus the performance in term of average objective value is more important than the consensus
measure for real system. Notice that the y-axis in the figures are all in log-scale, hence the difference
between the two methods is in fact much larger than the difference seen in normal linear scale.

4.2. Performance under unreliable links

In Figure 3, we study the performance of the proposed algorithm under link failures. Reliable link (pj; =
1), less reliable link with connection probability p; = 0.8 and 0.6 are considered, respectively. Notice
that, the convergence of the proposed algorithm is guaranteed. When the connection probability is
lower, it is equivalent to the scenario that some nodes may have fewer number of neighbours at some
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10° . . . . . : . . . 10
107" - 4
—=— Ratio1
~—" Ratio2
1072 — Ratio3

—*— Ratio1
—* Ratio2
— Ratio3

Objective Value
Disagreement

10° n n n n n n n n n n n n n n n n
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Iteration Iteration

Figure 4. Influence of network connectivity ratio. Ratio1 (blue): average node degree = 5, Ratio2 (green): average node degree =
10, Ratio3 (red): average node degree = 15. Total number of nodes in the network is 100.



10 L. ZHAO ET AL.
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Situtaion-aware and energy-synchronized networking

Figure 5. lllustration of seismic tomography and the new decentralized sensor network. Left: Principle of travel-time seismic
tomography. Right: Real-time decentralized volcano tomography.

Figure 6. Ground truth of the magma model.

iterations. Hence, it can cause slower convergence since fewer number of nodes will get updated. As
long as the network is connected and the connection probability is greater than zero (in Assumption
1), the information of each node will eventually be distributed to all the nodes in the network. Thus,
all the nodes can reach consensus eventually and the convergence can be obtained. It is clear that
the convergence is faster if the link is more reliable since in each communication round, more nodes
receive the broadcast and perform updates. This speeds up the convergence of the network as awhole.
More interestingly, the curves with link failures are kind of ‘close’ to the one with perfect link especially
in the plot of the average objective value. This demonstrates the robustness of the developed method
under unreliable links.

4.3. Influence of network connectivity ratio

Now we investigate the effect of changing network connectivity ratio, which is defined as the number
of edges divided by the number of all possible ones. Without loss of generality, here we adopt the
regularized least-square objective function. Note that in our proposed decentralized algorithm, we
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are supposed to obtain faster convergence speed when each node has higher number of neighbours.
Higher neighbour count means more nodes would receive the information after one broadcast of
certain node. It accelerates information diffusion among all the nodes in the network and thus help
all the nodes reach consensus faster. From Figure 4 we find that the higher the connectivity ratio is,
the faster the convergence is in terms of average objective value and the consensus. Note that Ratio2
(node degree = 10) is our default setting and it shows close performance to Ratio3 (node degree = 15).
We conclude that the developed scheme still works in very sparse networks, which can be leveraged
to cover large-scale region in sensor network applications. Note that the experiments on the influence
of network connectivity ratio are conducted as empirical study of the proposed algorithm. We will
analyse the theoretical justification as our future work.

4.4. Additional results for the application of seismic imaging

We also test our proposed algorithm in seismic imaging, which is an important application of sensor
networks [11,23,24]. Figure 5 shows the architecture of seismic tomography in sensor networks. Note
that traditional seismic tomography problem can be formulated as regularized least-square problem,
thus we adopt the same settings of decentralized regularized least-square problem as before. We use
a 3-D synthetic model with resolution 32 x 32 x 32. The monitored area contains a magma chamber
(low velocity area) in a 10 km> cube. The number of sensor nodes is set to 100 and they are randomly
distributed on top of the region. 400 events are generated and we compute the travel times from
every event to each node based on the ground truth, and send the event location and travel time to
corresponding node. To simulate the event location estimation and ray tracing errors, a white Gaussian
noise is added to the travel time to construct the sensor node observations (arrival times). Details on
the steps of seismic tomography can be found in [25]. The ground truth of the magma model with
resolution 128 x 128 x 128 (highest resolution for illustration) is depicted in Figure 6.

In addition to the convergence behaviour investigated under unreliable links, we illustrate the
tomography results with this effect considering the application of seismic imaging in sensor networks
(see Figure 7).

We also evaluate the robustness of our proposed algorithm from another perspective - packet
loss. We simulate packet loss by setting partial vector of the broadcast to zero. We test with packet
loss ratios 10 and 30%, respectively. The results at 50 iterations are shown in Figure 8. It is clear that
the distinction between the result without packet loss is relatively small even at the case of 30%
packet loss ratio. This validates the fault-tolerances and robustness of our proposed method in the
applications frequently suffering from severe packet loss, such as (wireless) sensor networks-based
seismic tomography. Similar as the previous subsection, the theoretical analysis of the effect of packet
loss to the proposed algorithm is also an interesting direction to explore in the future.

5. Conclusion

This work investigated the decentralized consensus optimization problem, where the objective func-
tion is the sum of a set of convex and differentiable local functions. We proposed an asynchronous
and broadcast-based algorithm, which does not require any synchronisation among the sensor nodes.
The developed algorithm is then leveraged to solve big data computing problem in sensor networks.
We conducted extensive tests of proposed algorithm on various aspects. The experiment results show
that our designed method outperforms the benchmark.
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Appendix 1. Proof of Theorem 3.4
Proof: We define s,r( to be the vector with components [x,’;}t ,Vi € V,where [X’,Jr is the t-th element of node i’s estimate

at iteration k. Using xli( = y,"( - [y,’( - ai,kVFi(x,’;)} 1(i € Jy) — y,"(l(i € Jx) we can have:

sbo= Wsk_, +dL. (A1)
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Here dlr( is defined as a vector with

[d,i]i = [—a,’kVF,(x,i)][ fori e Jy, [d,i] = 0 otherwise. (A2)

i

From the definition of sf{, it can be shown that:

_ 1
[%e]e = 17k (A3)
where 1 =[1,1,---,1]7 denotes a vector containing all 1’s. In addition, plugging (A3) into (A1) yields:
. V(o o Tt
%) = — (1 Wisj_y +17d}). (A4)
Combing (A1) and (A4) derives the following.
_ 1 1
sh— %] 1= (Wk—EnTWk)s;_1 +<'_E"T) dt (A5)

where | represents the identity matrix. Based on the definition and leveraging the stochasticity of matrix W, it can be
shown that Wy 1 = 1. Hence, we can have:

We — ~ 117w, ) [x 1=0 (A6)
k= i ) k=11, 1=0.
Adding the right part of (A6) into both sides of (A4) yields:
Cxe]o 1= (W — 2117w ) (st X 1 TV (A7)
Se = [ReJe 1= (Wi = 510 W ) (Skoy = D ]e 1) + (1= k
To simplify the notation, we define
Q=We— 1w, u=1-"1"
k = "k m ks = m
The next step is to take the norm and conditional expectation on both sides of equation (A7):

SRR

o X ) L P P Ty
where Q is the o-algebra containing the past history up to iteration k, i.e.
Q = [ ieje, Vi e Vit =0,1,-k]. (A9)

By using Lemma 3.2 (i is the largest eigenvalue mentioned there), we can upper bounding the first term in the right-hand
side of (A8) as follows.

2 2
E[HQk (s,f(_1 - [)‘(k_1]t1)” |szk_1] <u ”5,2_1 - [)‘(k_1]t1” . (A10)
Based on the property that E[z||]] < /E [IIz[|?], (A10) can be transformed to:

e[ (s Bk )| 4] =i [y~ G|

The remaining part is that we need to upper bound the second item in the right hand side of (A8). We find that U is a
projection matrix since:

1
U1:<I—711T>1:0. (A12)
m
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Then the norm of matrix U is 1. In consequence, we can obtain the following (also from the definition of d,i in (A2)):

S2
o V() H . (A13)

2 2
t t
o] < i) < X
iGJk
The bound ofoz,-lk is shown in Lemma 3.3, thus the right hand side of (A13) can be further bounded as follows.

o] < X vmo < 5, & [sro

Now take conditional expectation on both sides of (A14), together with the assumed bounded gradient condition,
also the cardinality of Ji is no more than m, we obtain

2 4m3
]E[”Ud,i” |Q,H] < kzlcz. (A15)
P*

Using the inequality (converting (A10) to (A11)) again yields

me

(A16)
kp

B[ |vdi] 12 ] =

At this point, we have all the bounds of the terms in the right hand side of (A8). Plugging (A11) and (A16) into (A8)
implies

_ _ me
B (|5t = el 1] 1901 ] =i [siy - Tl | + o © (A17)
Since ,(1? > %, it can be shown that
1 -
s 4 il 1] 9]
1 ¢ _ f me
S — Hsk_1 —[xk,1]t1H - Hsk 1= [Rk-1] 1” + 2p, G. (A18)
Using the second claim of Lemma 3.1, we can see the following almost surely for any t.
o0
ZkHsk 1= [l 1] < oe. (A19)
In addition, based on the definition of sf{, for any node /, it follows that
1
ZEHX,( y =R < oo (A20)

Thus the first part of Theorem 3.4 is proved. For the second claim, we need to first show the following almost surely.

Jim |t = % 1| =o. (A21)
Equation (A19) implies that
Jim_inf i~ %, 1] = 0. (A22)

In order to show (A21), then we have to prove that the convergence of Hslt( — [)'(k]r 1 H when k — oc.
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We will use the first claim of Lemma 3.1 to prove this. First take the square norm and conditional expectation on both
sides of (A7). Further derivations are shown as follows.

2 s -l o[ 9
=k [Hok (sker =[], 1) ”2 |Qk—1] +E [Hud}( ”2 |Qk_1]

e 2l (s Bl ) 1o JeJurour ) 29

Plugging (A10), (A11) and (A15)-(A16) into (A23) yields

E [Hsi — %, Hz |52k,1]

s Bl [+ 6 i~ |

2mym G
kps

(A24)

Using (A19)

this (A21) is proved. Leveraging the definition of slr( one more time, the almost sure convergence of the disagreement is
verified (second conclusion). This completes the entire proof of Theorem 3.4. O

s,t( — &), H converges almost surely for any t. With

Appendix 2. Proof of Theorem 3.5

Proof: We start by looking at (7) with i € Ji. Subtracting x (some point in the feasible set) on both sides of (7) and taking
square norm yields the following.

|4 - x”z <y - xHZ +o, HVF,»(X,"()HZ — 24 (VF,-(X,"())T (i —x)- B1)

:3;/1;1:|Snfgc)lt|:il:quallty iy = (a,k ) + g and the inequality in Lemma 3.3, we can bound the right-most term in
ol o+l ferob - 2 (srob) 4

ﬁ (VF,-(xL)) (y’k - x) (82)

Based on the fact that 2a’ b < lall® + [16]|2, the inner product in the right hand side of the (B2) can be bounded as
follows.

i 2
xi—x|" =

RURACONUEY

+ (a,%k + /Bk) H V(X)) H2 (83)

where gy = W By the convexity of function F; and the bounded (sub)gradient condition, the following inequality
holds for arbitrary a, b and c [19].

VFi(@! (a—b) = Fi(c) — Fi(b) — Glla—c|. (B4)

Plugging (B4) into (B3) witha = x!, b =x, c = Xk_1 we can have

: 2
4_4(, (Fi(—1) = Fi00)

-
1

. 2
X =% H fr H VFixi) H (85)

’}’k X~ 1H+k8,
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where 7 = 42&:2 + Bk. To bound the term [19] described in (B10). Now taking

 — Rk—1
: el
conditional expe*ctation and the bounded (sub)gradient condition, it follows that

- {HX;( _XHZ ‘Qk*hik']k] = +A0 Hyll( —XH2 - kia,- (Fik—1) — Fi(0)
* I%j HVL ~ X1 H + I%j Hx,i_1 = X1 H + 7 G2 (B6)

Recall the definition of §;, it is the probability of node i updates (the event that it receives broadcast from any of its
neighbours). Hence, the fact holds §; > P+ Then (B6) can be modified to

il

|- - (R = i)

. 2
Xl — xH |Qk,1,ik,Jk] <

2mG 4mG H

Hyk Xk — 1” Xp_q — Xk— 1H+Tk62 (B7)

Now let x = x* where x* is an optimal point of the objective function. Substituting this into (B7) yields

IE[ x,i—x*“zlﬂk,1,ik,lk} < | k8 (FiRe_1) — Fix™))
sz Hyk X 1”*125 Xy =R + a6 (88)

Incorporating the case wheni & Jj (x,"( = y{() with the current formula (which assumes i € Ji), and also with the definition
that §; denotes the total probability that node i updates, we obtain

E[”x;‘( x| |Qk_1] < (1+BOE [Hy,’; —x*H2 |Qk—1]
_ % (Fi%e_1) — Fi () + ZI%GE [ = -1 ] 121 ]
* %E[ X_y = % H |Qk71] + 87 G2 (B9)

It can be shown that for any x the following property holds [19].

5| 9] <5 b |
i=1 i=1

At this point, summing up both sides of (B9) over all the nodes i € V, applying (B10) and the definition in (1) yields

ZE[ —x H |Qk,1] < X —x* 2 % (FGe_1) — Fx™))
m m
n 61('%6 Sy % H + 3 8m6 B11)
* =1 i=1

It can be seen that the summation of 8 over k (from 1 to oo) is bounded. Furthermore, the last term in (B11) meets
the condition in Lemma 3.1 due to the definition of 7. From the first claim of theorem 3.4, we can see that the following
holds almost surely.

oo
k=1

Considering the last two terms in (B11) as one item along with the fact that F(x,_1) — F(x*) > 0, we can see that all

m
Zka 1~ Xk— 1” < 00 (B12)

ik
Xk X

2
the conditions of Lemma 3.1 have been satisfied. Hence, it concludes that the sequence {Z,’L } converges

and

[o¢]
1
> ¢ (o) = Fx) < oo (813)
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Similar as the proof in Theorem 3.4, it can be deducted from (B13) that

lim inf F(xy_1) = F(x™) (B14)
k—o00

. m
Since the sequence { P ’

i %
Xk X

2
} converges and (B14) holds for any point x* in the set of optimal solutions

X*, we know that there exists a subsequence {’_(kj} (of sequence {)'(k}) such that ’_(kj — X for some X in the feasible
set X and lim;_, o F(Xy;) = F(x*). By using continuity of function F and the fact that )'(kj converges to x, it follows that
lim;_ 00 F()?kj) = F(x). Hence, we have F(X) = F(x*), which means X belongs to the optimal solution set X*. Now we can

. 2
see that the sequence { i ‘ Xll< — Xy H } — O0ask — oo

; 2
X — f(” } converges, together with the fact that { i )

(based on the second claim of theorem 3.4), we know ||X, 7)?||2 converges. Since the subsequence H)’(kj —)?Hz — 0,
thereis | xx — X| — 0, which shows that {4 } converges to an optimal point (%) of the problem. Finally, using the second
claim of theorem 3.4 again, it can be obtained that the sequence {X;(} generated by any node i € V converges to the
same optimal solution point almost surely. The proof of the theorem is thus complete. |



