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We consider timely data delivery in real-time communication networks that
have gained significant importance with recent promising applications including aug-
mented reality /virtual reality (AR/VR), autonomous vehicular networks, and smart
factories. Age of information is a network performance metric introduced to guar-
antee access to fresh data in such systems. Considering increasing connectivity in
communication networks and ever growing prominence of distributed computation
and learning systems, in this dissertation, we study age of information in large net-
works with a particular focus on its scalability with growing network size as well as
the design of distributed computation and learning systems that handle time-critical
data using potentially large number of worker nodes with as little age as possible.

First, we consider a multihop multicast network with a single source node
sending time-sensitive updates to n* end nodes where L denotes the number of hops.
Updates from the source go through relay nodes in each hop to reach the end nodes.

We show that by utilizing appropriate transmission stopping thresholds in each



hop, the age of information at the end nodes can be made a constant independent
of n. We then find the optimum stopping value for each hop for arbitrary shifted
exponential link delays.

Next, we focus on a single hop multicast network where two update streams
share the same network, called type I and type II updates. We show that utilizing an
earliest k; and ko transmission scheme for type I and type II updates, respectively,
prevents information staleness for both update streams. We find the optimum %, and
ko stopping thresholds for arbitrary shifted exponential link delays to individually
and jointly minimize the average age of both update streams.

Then, we consider the age scaling in a large peer-to-peer network consisting of
n randomly paired source-destination pairs. We first propose a three-phase trans-
mission scheme which utilizes local cooperation among the nodes along with mega
update packets and show that it achieves an average age scaling of O(ni logn) per-
user as n grows. Next, we show that, under a hierarchical implementation of the

a(h

proposed scheme, an average age scaling of O(n®™ logn) per-user is achievable,

where h denotes the number of hierarchy levels and a(h) = The proposed

1
32041
hierarchical scheme asymptotically achieves a per-user average scaling of O(logn).

Next, we consider the version age of information scaling in gossip networks,
where a total of n nodes are clustered into distinct communities and they are al-
lowed to share their versions of the source information with their neighbors within
each cluster. By assuming different topologies for the clusters, we show that per

node average version age scalings of O(y/n), O(n3), and O(logn) are achievable in

disconnected, ring, and fully connected cluster models, respectively. We then in-



crease connectivity across clusters by implementing a hierarchical gossip mechanism
to further improve the version age scaling results, and find the version age-optimum
cluster sizes for various settings.

Then, we consider a status updating system in which the update packets are
data rich and need to be processed further to extract the embedded information.
This processing is handled in a distributed manner at a computation unit which
consists of a master node and n worker nodes. We investigate the age performance
of uncoded and coded (repetition coded, MDS coded, and multi-message MDS (MM-
MDS) coded) schemes in the presence of stragglers. We show that, asymptotically,
MM-MDS coded scheme outperforms the other schemes, and characterize the age-
optimal codes.

Next, we study age of information in federated learning and propose a novel
timely communication scheme specifically designed for learning applications that use
highly temporal rapidly changing client datasets such as recommendation systems
and next place forecasting tasks. The proposed timely communication scheme aims
to incorporate time-critical client data into the global model updates with as little
age as possible by also considering the limited client availability and communication
resources. We show that, in addition to ensuring timeliness, the proposed policy
significantly improves the average iteration time of training without hurting the
convergence performance of the algorithm.

Then, we consider utilizing the age of information metric to improve con-
vergence performance in distributed learning with coded computation and partial

recovery for straggler mitigation. We propose a novel age-based encoding framework



that regulates the recovery frequency of the partial computations received from the
workers. We show through several experiments on a linear regression problem that
the proposed age-based encoding strategy significantly improves the convergence
performance compared to conventional static encoding schemes.

Next, we propose a novel gradient coding (GC) scheme with dynamic clus-
tering, called GC-DC, to improve the average iteration time of the existing static
gradient coding techniques. The proposed GC-DC scheme clusters the workers and
applies the GC scheme in each cluster separately. Under a time correlated strag-
gling behavior for the workers, GC-DC dynamically forms the clusters based on the
past straggling behavior to distribute straggling workers to clusters as uniformly as
possible. We show through extensive simulations on both homogeneous and hetero-
geneous worker profiles that the GC-DC scheme significantly improves the average
iteration time compared to the existing static GC schemes without any increases in
the communication load.

Finally, we study a status updating system with a single sampler which takes
samples from an observed phenomenon and sends them to a monitor node through a
single server that implements a blocking policy. We consider two scenarios with par-
tial non-i.i.d. components: Gilbert-Elliot service times and i.i.d. interarrival times;
and i.i.d. service times and Gilbert-Elliot interarrival times. We characterize the
average age experienced by the monitor node and determine the age-optimal state

transition matrix for both of these scenarios.
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CHAPTER 1

Introduction

With the proliferation of data-driven time-critical applications that involve real-time
status information such as augmented reality /virtual reality (AR/VR), autonomous
vehicular networks, and smart factories, freshness of the received messages has be-
come a critical and desirable feature. In autonomous vehicular networks, for ex-
ample, vehicles continuously sense the surrounding environment and generate time-
stamped status information regarding traffic, road conditions, and so on, in the form
of status update packets. Timely delivery of these updates to nearby vehicles and
roadside units is essential for safe and reliable operation. For a realistic sense of
presence and heightened user experience in AR/VR applications, timely delivery of
images, video and sound data is critical. In a rapidly changing factory environment
where workers, surrounding sensors, and robots need to exchange real-time informa-
tion, timeliness in the communications is required to ensure reliable operation and
increase efficiency. In all these applications, information loses its value as it becomes
stale, which in turn brings up the need for timely delivery of status information to

the interested parties since more recent measurements better capture the source pro-



cesses. Introduced in [1], the age of information metric has been proposed to assess
timeliness of information in such systems and is the main focus of this dissertation.

A typical model to study age of information includes a source node which
acquires time-stamped status updates from a physical phenomenon. These time-
sensitive update packets are transmitted over a network to the receiver(s) and the
age of information in this network or simply the age is the time elapsed since the
most recent update at the receiver was generated at the transmitter. In other words,
at time t, age A(t) of a packet which was generated at time u(t), is A(t) =t — u(t).

The age at the receiver increases linearly in time in the absence of any update
deliveries and is reset to a smaller value when an update is received. A small age
at the receiver indicates that the receiver has fresh information. Fig.[l.1j(a) shows a
sample evolution of age A(t), as a function of time ¢, at the receiver. In this example,
an update generated at t; completes service, i.e., is received at the receiver, at t
and updates generated at t3, t5, and g do not start service, i.e., they are dropped,
as the previous update was in service when these updates are generated. When the
update generated at t; arrives at the receiver at time ¢} with d; = ¢} — t; being the
service time, the age drops exactly to d; as it is the age of the packet at that time.
The time average age of the status updates is the area under the sawtooth curve
in Fig. [1.1[a) normalized by the time interval of observation; Fig. [L.1[(b) shows the
shaded area of one of many trapezoids (plus a triangle between ¢, and t;) that make
the overall area.

Studying delay or throughput alone is not sufficient to guarantee access to

fresh data in real-time communication networks as the age captures not only the
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Figure 1.1: Sample Aol evolution curves. Average age evaluation through calculat-
ing areas.

packet delay in a communication setting, but also the effects of inter-generation
time of update packets. That is, good age performance corresponds to neither high
throughput nor low delay. As shown in references [2] and [3], for the optimized age
performance, we need regular packet delivery with low delay. The way to achieve
the maximum throughput is to send as many updates as possible from the source.
However, this may cause congestion in the system resulting in stale packet deliveries
at the receiver. Likewise, packet delay in the network can be reduced by decreasing
the update frequency which in turn yields outdated information at the receiver
since the update delivery rate is low. Thus, age of information studies aim to
strike a balance between these two opposing trends to design systems in which the
information is received in a timely manner by the receiver nodes.

In the following, we briefly review the rapidly developing literature on age of
information; detailed surveys can be found in [4-6]. Age of information has been
extensively studied in the context of queueing theory under various interarrival and
service profiles and queueing model assumptions [1,[7H28]. References [29] and [30]

investigate packet management strategies including blocking and preemption for
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M/G/1/1 and G/G/1/1 queues, respectively. References [31H37] study multihop
networks in which update packets are relayed from one node to another. References
[38] and [39] study the stationary distribution and moments of age in queueing
systems. In [40] and [41], the benefits of waiting in status update systems are
investigated. Age of information has found further applications in the literature in
the context of social networks [42], remote estimation [43-51], scheduling in networks
[2,52-74], energy harvesting systems [75-86], caching and coding [87-102,[102}{103],
vehicular and UAV systems [104}{107], reinforcement learning [108-112], and so on.

Common to all these works is the fact that they study the analysis and opti-
mization of age of information in systems with small number of source-destination
pairs. With increasing connectivity in communication networks and rapidly grow-
ing number of information sources supplying time-sensitive information, the issue of
scalability of age of information has emerged. This motivates to study how the age
performance of the network changes with growing network size.

In this dissertation, our goal is to analyze age of information in a large network
setting with many source-destination pairs with a focus on its scalability as a func-
tion of the network size and to design timely distributed computation and learning
systems that handle highly temporal time-critical data by utilizing potentially large
number of worker nodes. Motivated by the ever growing prominence of distributed
computation and learning systems, another goal of this dissertation is to utilize the
age metric as a tool to improve the performance of the distributed computation and
learning systems. In the remainder of this introduction, we summarize the chapters

of this dissertation briefly.



In Chapter 2] we study the scalability of age of information in a multihop
multicast network with a single source node and a large number nodes at each hop.
We first analyze the single-hop problem with exogenous arrivals where the source
node directly communicates with n end users but cannot generate the updates itself.
We then characterize the average age of information for the two-hop case using
our single-hop with exogenous arrivals result as a building block. In the two-hop
multicast network, each of the n nodes in the first hop are connected to n further
nodes in the second hop such that there are n? end users. We show that the average
age of the end users is limited by a constant under i.i.d. shifted exponential link
delays and stopping thresholds k; and ko in hops 1 and 2, respectively. That is,
the source node transmits each update packet until the earliest k; of the n first hop
nodes receive that update packet. Each such first hop node relays that particular
update packet to the earliest ks of the n second hop nodes that are connected to
it. We then extend the result of two-hop network to L-hop multicast networks for
general L. We determine the optimal stopping threshold for each hop ¢, k,, that
minimizes the average age for arbitrary shifted exponential link delays.

In Chapter [3| building on Chapter [2, we consider an extended scenario in
which two update streams, type I and type II streams, share the same multicast
network. That is, we study age of information in a large multicast network where
there is a single source node that sends time-sensitive updates to n receiver nodes,
where each update packet is either type I or type II. This induces a trade-off among
the ages of different update streams. We characterize this trade-off and determine

the average age at the receiver nodes for both of the update streams. We analyze



two cases: update streams are generated by the source node at-will and update
streams arrive exogenously to the source node. We show that, in both cases, the
average age of either of the update streams at an individual node can be made
a constant independent of n using stopping thresholds k; and ks for type I and
type II updates, respectively. In particular, the source node transmits each type I
update packet to the earliest k1 and each type II update packet to the earliest ko
of n receiver nodes. We determine the optimum k; and ks stopping thresholds for
arbitrary shifted exponential link delays to individually and jointly minimize the
average age of both update streams and characterize the pareto optimal curve for
the two ages.

In Chapter {4, we study age of information in a multiple source-multiple desti-
nation setting with a particular focus on its scaling in large wireless networks. Unlike
Chapters [2] and [3] where we study a multicast network structure, in Chapter 4}, we
consider a fixed area network of n randomly located source-destination (S-D) pairs
that want to send time-sensitive update packets to each other. Each source node
wants to keep its destination node as up-to-date as possible. We divide the network
into cells of M users each and propose a three-phase transmission scheme to serve
all n S-D pairs such that the time average age of each node is small. The proposed
scheme utilizes local cooperation among the nodes along with mega update packets
each of which containing the updates of all nodes from a particular cell. We show
that under the proposed scheme average age of an S-D pair scales as O(n% logn) as
the number of users, n, in the network grows. Next, we introduce hierarchy to im-

prove the age scaling result. That is, we further divide cells into smaller subcells and



apply the proposed three-phase transmission scheme again. Using this hierarchical

a(h

scheme, we show that an average age scaling of O (n ) log n) per-user is achievable

where a(h) = and h denotes the number of hierarchy levels. We note that

1
32041
a(h) tends to 0 as h increases, and asymptotically, the average age scaling of the
proposed hierarchical scheme is O(logn).

In Chapter 5] we adopt the wversion age metric as our timeliness measure,
which is a discrete freshness metric that counts how many versions out-of-date a
particular receiver is compared to the information at the source node. We investi-
gate version age scaling in clustered gossip networks, where we have a single source
node and n receiver nodes that are grouped into equal-sized clusters. Each cluster
corresponds to a distinct community such that nodes that belong to different com-
munities cannot exchange information. Unlike our scaling analyses in Chapters [2}{4]
in gossip networks, nodes in the system exchange their current stored version of the
source update with their neighboring nodes by local gossiping. We use dedicated
cluster heads in each cluster to facilitate communication between the source and
the nodes within that cluster akin to base stations in a cellular network. Inside
clusters, nodes are connected to each other according to a given network topology.
We consider disconnected, ring, and fully connected network topologies for each
cluster. For each of these network topologies, we characterize the average version
age at each node utilizing a stochastic hybrid systems (SHS) approach and find the
average version age scaling as a function of the network size n. Our results indi-
cate that per node average version age scalings of O(y/n), O(n3), and O(logn) are

achievable in disconnected, ring, and fully connected cluster models, respectively.
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Next, we increase connectivity in the network and allow gossiping among the clus-
ter heads to improve version age at the receiver nodes. With that, we show that
when the cluster heads form a ring network among themselves, we obtain per node
average version age scalings of O(n3), O(ni), and O(logn) in disconnected, ring,
and fully connected cluster models, respectively. Then, we introduce hierarchy to
the considered clustered gossip network model and show that when we employ A
levels of hierarchy, per user average version age scaling of O(nﬁ) is achievable in
the case of a ring network in each cluster across all hierarchy levels. Finally, we find
the version age-optimum cluster sizes as a function of the source, cluster head, and
node update rates through numerical evaluations.

In Chapter [6] we consider the problem of timely distributed computation in
a system with a single source node and a computation unit (CU) which consists of
a single master node and n worker nodes. The source node collects time-sensitive
computation-intensive data that need additional processing to extract the useful
information and sends them to the CU for processing over a channel with random
transmission delays. The master node distributes the received computation task
to the worker nodes. Upon computation, the master node aggregates the results
and sends them back to the source node to keep it updated. We investigate the
timeliness in these systems and design computation distribution algorithms that
can combat stragglers as well as achieve a minimum average age of information. We
derive the average age for uncoded and coded (repetition coded, MDS coded, and
multi-message MDS (MM-MDS) coded) schemes in the presence of stragglers, and

show that asymptotically, i.e., for large n, MDS coded scheme achieves a smaller



average age than uncoded and repetition coded schemes. Next, we observe that when
worker nodes have multiple computations to perform (MM-MDS coded scheme),
age performance of the MDS coded scheme is further improved. Finally, we find the
optimal codes such that the average age is minimized.

In Chapter [7], we study timeliness in a federated learning framework. We have a
parameter server (PS) that trains a global model by using n clients without actually
storing the client data centrally at a cloud server. Focusing on a setting where the
client datasets are fast changing and highly temporal in nature, we investigate the
timeliness of model updates and propose a novel timely communication scheme to
make sure that locally generated user data are reflected in the learning model with
as little age as possible without slowing down the convergence of the global model.
Under the proposed scheme, at each iteration, the PS waits for m available clients
and sends them the current model. Then, the PS uses the local updates of the
earliest k out of m clients to update the global model at each iteration. We find the
average age of information experienced by each client and numerically characterize
the age-optimal m and k values for a given n. Our results indicate that, in addition
to ensuring timeliness, the proposed communication scheme results in significantly
smaller average iteration times compared to random client selection without hurting
the convergence of the global learning task.

In Chapter [§ we introduce an age-based coded computation framework in a
distributed learning system in the presence of stragglers. These straggling workers
constitute a significant performance bottleneck for the per-iteration completion time

in distributed synchronous gradient descent (GD). Coded distributed computation



techniques have been introduced recently to mitigate stragglers and to speed up GD
iterations by assigning redundant computations to workers. Partial recovery of the
gradient vector can further reduce the computation time at each iteration; however,
this can result in biased estimators, which may slow down convergence, or even cause
divergence. Estimator bias is particularly prevalent when the straggling behavior
is correlated over time, which results in the gradient estimators being dominated
by a few fast servers. To mitigate biased estimators, in this chapter, we design a
timely dynamic encoding framework for partial recovery that includes an ordering
operator that changes the codewords and computation orders at workers over time.
To regulate the recovery frequencies, we adopt an age metric in the design of the
dynamic encoding scheme. The proposed age-based scheme prioritizes the recovery
of computations with relatively large age. We show through numerical results that
the proposed dynamic encoding strategy increases the timeliness of the recovered
computations, which, as a result, reduces the bias in model updates, and accelerates
the convergence compared to conventional static partial recovery schemes.

In Chapter[J] we focus on the straggler mitigation problem in distributed learn-
ing. In this chapter, we introduce a novel paradigm of dynamic coded computation,
which assigns more data to the workers than the actual computation load to give
the PS certain flexibility to dynamically choose from a set of possible codes for each
worker depending on the past straggling behavior. In particular, we propose gradi-
ent coding (GC) with dynamic clustering, called GC-DC, and regulate the number
of stragglers in each cluster by dynamically forming the clusters at each iteration

by utilizing the extra degree-of-freedom offered by the additional data at the work-
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ers. Under a time-correlated straggling behavior, GC-DC adapts to the straggling
behavior over time; in particular, at each iteration, GC-DC aims to distribute the
stragglers across clusters as uniformly as possible based on the past straggler be-
havior. For both homogeneous and heterogeneous worker models, we numerically
show that GC-DC provides significant improvements in the average per-iteration
completion time without an increase in the communication load compared to the
original GC scheme.

In Chapter 10 we study a system with non i.i.d. service and interarrival times.
In particular, we consider a system with a single sampler and a single server and
study Gilbert-Elliot servers and samplers. The sampler, i.e., source node, sends
time-sensitive status updates to a single monitor node through the server node.
First, we consider a Gilbert-Elliot service profile at the server node. In this model,
service times at the server node follow a finite state Markov chain with two states:
bad state b and good state g where the server is faster in state g. We determine
the time average age at the monitor node and characterize the age-optimal state
transition matrix P with and without an average cost constraint on the service
operation. Next, we consider a Gilbert-Elliot sampling profile at the source. In this
model, the interarrival times follow a finite state Markov chain with two states: bad
state b and good state g where samples are more frequent in state g. We find the
time average age experienced by the monitor node and characterize the age-optimal
state transition matrix P.

In Chapter |11}, we present conclusions of this dissertation.
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CHAPTER 2

Age of Information in Multihop Multicast Networks

2.1 Introduction

In this chapter, we study age of information and its scalability in large multicast net-
works. Reference [42] studies a mobile social network with a single service provider
and n communicating users, and shows that under Poisson contact processes among
users and uniform rate allocation from the service provider, the average age of the
content at the users grows logarithmically in n. In contrast, [113] shows that appro-
priate stopping threshold k£ prevents information staleness at single-hop multicast
networks with n receiver nodes. Motivated by this observation, in this chapter, we
study the scalability of age of information in multihop multicast networks using
similar threshold ideas.

We consider a multihop system where in the first hop a single source node
broadcasts time-stamped updates to n first-hop receiver nodes using n links with
i.i.d. random delays, and in the second hop, each first-hop receiver node relays the
update packets it has received to n further nodes that are connected to it. This

network architecture continues in further hops such that each receiver node in hop
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source

Figure 2.1: Two-hop multicast network with a single source node sending updates
through n middle nodes each of which is tied to further n end nodes.

¢ — 1 acts as a transmitter in hop ¢ and it is connected to n further receiver nodes
in hop /. Fig. shows the described model for two hops. We study the age of
information experienced by the end nodes, and in particular, its scaling as a function
of n.

We first consider the age of information in a two-hop (L = 2) multicast network
and then extend our results to general multihop multicast networks with L hops,
where L is arbitrary and show that, under an earliest k, scheme at each hop ¢, a
constant average age at the end nodes that is independent of n is achievable. In
particular, the source node transmits each update packet to the earliest k; of the
n first-hop nodes, and each first-hop node that receives the update relays it to the
earliest ko out of n second-hop nodes that are connected to it and so on. We find
age-optimal k, stopping thresholds at each hop ¢ for arbitrary shifted exponential

link delays.
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Figure 2.2: Multicast network model: (a) two-hop operation, (b) details of hops
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We start describing our system model within the simpler two-hop setting. In the
two-hop multicast network, an update takes X time to reach from the source node
to a particular mid-level node and X time to reach from that mid-level node to a
particular end node where X and X are shifted exponential random variables with

parameters (A, ¢) and (5\, ¢), respectively, where ¢ and ¢ are positive constants. Note



that the constant shift parameters capture additional delay that may be experienced
along with the exponential link delay and when they are zero random variables
corresponding to service times become exponentially distributed. In each hop, the
service times of individual links are i.i.d. realizations of random variables X and X,
e.g., in the first hop service times of individual links are i.i.d. X; and in the second
hop service times of individual links are i.i.d. X;.

In the two-hop scenario, age is measured for each of the n? end nodes and
for node ¢ at time ¢ age is the random process A;(t) = ¢t — u;(t) where u;(t) is
the time-stamp of the most recent update at that node. When the source node
sends out update 7, it waits for the acknowledgment from the earliest £ of n middle
nodes. After it receives all k1 acknowledgment signals, we say that update 7 has been
completed and the source node generates update j+1. At this time, transmissions of
the remaining n— k; packets are terminated. Thus, if a node in the first hop is not in
the earliest k; nodes to receive update j then service of this update is preempted. In
the second hop, these earliest k1 nodes that have received update j start transmitting
this update to their end nodes and they stop whenever ky of their end nodes have
received the current update. Middle nodes implement a blocking scheme when they
are busy transmitting to the end nodes, i.e., they discard arriving packets when they
are not idle. When the middle nodes finish transmitting the current update to ks
of their children nodes, they wait for the arrival of the next update from the source
node.

For general L, principles that are explained above are repeated at every hop,

e.g., the transmitters in hop ¢ wait for k, of their children nodes to receive the
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current update before they declare that the current update has been completed;
they drop all other incoming updates from transmitters in hop ¢ — 1 as they are
transmitting the current update; and when their update is received by k; receivers
they preempt the remaining n — &k, updates. When this is over, transmitters in hop
¢ wait for the next update from their parent nodes in hop ¢ — 1; see Fig. (b)

The metric we use, time averaged age, is given by

T

A=tim = [ A@ar, (2.1)

T—00 T 0

where A(?) is the instantaneous age of the last successfully received update as defined
above. We will use a graphical argument similar to [113] to derive the average age
at an individual end node. Since all link delays are i.i.d. for all nodes and packets,
each end node i experiences statistically identical age processes and will have the
same average age. Therefore, it suffices to focus on a single end user for the age

analysis.

2.3 Building Block: Single-Hop Network with Exogenous Arrivals

We first note that at the second hop what we essentially have is n parent nodes each
tied to n children nodes. Therefore, each second hop transmitter and its children
nodes correspond to the single-hop network analyzed in [113] with one important
difference: second hop transmitters cannot generate update packets. They can only
relay packets sent from the source node. Thus, in this section, we first analyze a

single-hop network in which update packets arrive exogenously with a given expected
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Figure 2.3: The arrival and update structure of a building block.

interarrival time %L Then, using this network as a building block we analyze the

L-hop network described in Section [2.2] first for L = 2, i.e., a two-hop network, then
for general L. We have i.i.d. shifted exponential service times between the source and
each of its n children nodes as in [113]. Similarly, transmission of the current update
stops when £ out of n nodes receive the update. Thus, in this section, we extend
the results of [113] to the case of exogenous arrivals, and determine a k threshold
which depends on A, ¢ and u. Fig. shows the arrival and update structure of a
building block. Fig. [2.2|a) shows this building block as part of a two-hop network;
and Fig. [2.2(b) shows it as a part of an ¢th hop in an L-hop network.

Under this model with i.i.d. link delay X, an update takes Xj., units of
time to reach k out of n nodes where we denote the kth order statistic of random
variables Xi,...,X,, as Xj.,. Here Xj., is the kth smallest of Xi,...,X,, e.g.,

X1, = min{X;} and X,,.,, = max{X;}. For shifted exponential random variable X,
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we have

B Xier] =+ y (Ho — Hy i), (2.2)
Var[Xg] :é(Gn G, (2.3)

where H,, =37 | < and G, = 377

1 ]% Using these,

E[X7,) =+ —(H, — Hy—y) + — (Hy — Hoi)* + Gy — Gry) - (2.4)

We say that the system is busy when a transmitted update has not been
received by k out of n nodes yet. Once k end nodes receive an update, transmitter
stops the service to the remaining n — k nodes. Then, the system is idle until the
next update arrives. Fig. shows a realization of the update process between
the source node and a particular end node. Note that realizations of the update
process for different end nodes might be different depending on when and for which
updates these nodes have been one of the earliest k£ nodes. On the other hand,
although realizations are different, each end node experiences the same random
process. Updates arrive at the source node with an interarrival time, R, where
E[R] = i In the most general setting, R is an arbitrary i.i.d. random variable. In
Fig. 2.4 arrows that are above and below the source node line indicate the received
and transmitted updates at the source node, respectively.

An important aspect of our model is that updates at the source node are

divided into three groups, namely successful updates, dropped updates, and pre-
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Figure 2.4: Update process for an end node in the building block setting. Filled
circles indicate the arrivals successfully received by this particular end node. Crosses
indicate updates that arrive at the source node when it is busy transmitting another
update. Empty circles show the updates that are transmitted by the source node
but are not received by this particular end node, i.e., they are preempted from the
perspective of this particular end node.

empted updates. In Fig. filled circles correspond to successfully received up-
dates. They indicate that the update received at the source node started transmis-
sion to n end nodes and this particular end node received the update. We denote
the time between the transmission and the reception of successful updates (filled
circles) as the service time, X. The order of this particular node might be smaller
than k, thus X < Xj.,. The source continues the service of the first filled circled
update until k£ nodes receive the update. During this time if new updates arrive
at the source, they are dropped; the dropped updates (crosses in Fig. 2.4) never go
into service, they are lost. Once k nodes receive this update, system becomes idle
and the source waits for the arrival of the next update.

We denote the waiting time until the next arrival with Z. The next arrival
which is shown with an empty circle in Fig. starts the service. However, for this
particular realization of the update process, this particular end node is not one of

the earliest k& end nodes during the transmission of empty circled update. Since the
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source stops service once k end nodes receive the update, this transmitted update
never arrives at this particular end node. We denote those updates that start a
service but do not arrive at this particular end node as preempted updates. Even
though preemption usually means stopping a current service in order to start a new
one immediately, here we use the word preemption to mean that the current service
is stopped, and a new service will start after an idle period when a new update
arrives at the source. However, similar to regular meaning of preemption, in our
model as well, current preempted update leaves service and a fresh update takes
over.

We denote the time between two consecutive departures from the source as
Y = Xj.,+Z. Note that there are a random number of dropped updates during each
realization of Y. In Fig.[2.4] between the first successful (filled circle) update and the
next update that starts the service (empty circle), there are three dropped updates
(crossed). In other words, the fourth received update is able to start a new service.
In addition, there are multiple realizations of Y before the next successful (filled
circle) update, since this particular end node is not able to receive empty circled
updates. We denote the time between two successful updates, i.e., two consecutive
updates that depart from the source and successfully arrive at the end node, with
S. Remember that Y is the time between two updates that depart from the source
and start the service but are not guaranteed to arrive at this particular end node.
We can relate the interarrival times of departing updates and arriving updates using
S = Zf\il Y;. In Fig. , this particular end node receives the first and the fourth
updates that depart the source and enter the service. Therefore, in this example
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we have M = 3. In addition, remember that R is the interarrival time between the
updates that arrive at the source node. For a general R, there is no closed-form
expression with known variables that relates interarrival times at the end node, S,
to interarrival times at the source node, R. However, when R is exponential Z is
exponential as well due to the memoryless property of the exponential distribution.
Thus, for exponential R we have S = Z?;(Xk:n + R);.

When the current update reaches k earliest nodes, the source node terminates
the remaining n — k transmissions and begins to wait for the next arrival and then
repeats the process upon arrival of the next update packet. Since the link delays
are i.i.d., the end users receive the packet in service with probability p = % If an
end user receives update j and the next one it receives is update j + M, then M is

geometrically distributed with p with moments

1 n 2—p 202 n
- == E[M?] = = — — —. 2.
il [M7] T E R (2.5)

E[M] =

Similar to [113], the average age for the earliest k stopping scheme with ex-
ogenous packet arrivals with rate p is

E[A]

() = [g] (2.6)

where A denotes the shaded area in Fig.[2.5/and S is its length. Remember from Fig.
that the random variable S is the interarrival time at the end nodes. Inspecting

Fig. to calculate A, we find E[A] = E[S?]/2 + E[S]E[X]. Here, X denotes the
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service time of a successful update such that E[X]| = E[X;|i € K] where K is the set

of earliest k nodes that receive the update. Now, ([2.6)) becomesﬂ

A =E[X] + ;EE?]- (2.7)
We can write the first two moments of S in terms of Y as
E[S] = E[M]E[Y], (2.8)
E[S?] = E[M]E[Y? + E[Y]?E[M?* — M]. (2.9)
Inserting these into we obtain
Agep = E[X] f}%} E[Y] + \2/?;[%] (2.10)

In the following theorem, we determine the age of an update at an end node

for a single-hop building block model using ([2.10]).

Theorem 2.1 For a single-hop building block model with exogenous arrivals that

have expected interarrival time %, for the earliest k stopping scheme, the average

Since the building block studied in this section will eventually be used in the upcoming sections
in the analysis of two-hop and L-hop networks, we should emphasize that the definitions of X and
S do not assume any network structure. As far as is considered, it is not important where
an update that is received by an end node is generated. X is the time that the update spends in
the system from the time it is generated (possibly by a node other than the one that relays it to
the end node) until the time it is received at the end node. S is the time between two consecutive
successfully received updates, regardless of whether the updates are generated at the node that
transmits them or not. This reasoning is important for our derivations in multihop multicast
networks.
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age of an update at an individual end node is

k
1 2n —k Var[X;m + Z]
A =— E[X E|Z . 2.11
Proof: The first term comes from E[X] as
) k L&
E[X] =E[X;|j € K] =) E[X;|Prij=ilj € K] = Z Xials  (212)

=1

where we used the fact that, since we have k out of n nodes selected independently
and identically in K, we have Pr[j =i[j € K] = ¢. The second and third terms are
obtained upon substitution of Y = Xj.,, + Z and E[M] and E[M?] expressions given
in into - |

When we have general interarrival times as we have in this problem, Xj.,, and
Z may be dependent. However, with exponential interarrivals we can show their

independence using the memoryless property, and simplify the age expression given

in (2.11)) as follows.

Corollary 2.1 When the arrival process is Poisson with rate p, the age of an end

node 1s

7 LB L ;’WE[XM} 1)

pVar[ X, 1
2E[Xpn] +1) 20 E[Xpn] + 1)

?vl»—k

(2.13)

Proof: When the arrival process is Poisson with p, in other words, R is exponential
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Figure 2.5: Sample age evolution A, (t) of an end node. Updates that find the
system idle arrive at times 7; at the source. Here, update j arrives at time 7;_; and
immediately goes into service. Successful update deliveries are marked with e and
in this figure, updates j — 1, 7 and j + 2 are delivered successfully whereas update
J + 1 is terminated.

with expected interarrival time %, the random variable Z which corresponds to the
residual interarrival time is exponentially distributed with the same parameter, i.e.,
Z = R. In addition, Z is independent of X due to the memoryless property of the

exponential distribution. Then,

VarY] = Var[X}., + Z] = Var[X}.,,| + Var[Z], (2.14)

and we plug in E[Z] =  and Var[Z] = ;. W
When the service times X are i.i.d. shifted exponential random variables and

when n is large, we can further simplify the age expression in ([2.13)) as follows.

Corollary 2.2 For large n and n > k, set k = an. For shifted exponential (), c)

service times X, the average age for the earliest k scheme with exogenous Poisson
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arrivals with rate p can be approximated as

c c 1 1
A ~N—+ -+ —— —log(l — —_— =
(ko) oz+2+/\ 2)\og( a)+au 20
1 2log(1 — -
L (e losiza) N (2.15)
2 A
Proof: Using the order statistics above,
k k
1 H 1
== E|X;.,.| = L H,_,. 2.1

As in [113], we have SF | H, ; = S H; — S F " H; and the series identity

=1
S Hy = (k+1)(Hgyy — 1). Using these we get
1 n—k 1 11—«

=ets -y U ) Mot 34 =7

log(1 — a), (2.17)

since for large n, we have H; ~ log(i) + 7. Also,

2n — k 2n —k H, — H,_:
50 = E[X,.,| +1) = el G | 2.1
2R+ ) = 228 (u (e ) 1) ey
2—a)e a—2 2—«
~ log(1 — : 2.1
2a + 2a\ og(l—a) + 20 (2.19)
Next, we note that we have
X
lim — VA Xen] (2.20)

n—o0 2(u E[Xppn] + 1)
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We see this from the expected values of order statistics,

pVar(Xp,] (Gn — Gu-r) (2.21)
20 EXea] +1) 200+ pM(Hy = Hor) + 3 |

We know that the sequence G, converges to %2. As n increases G, = G(1—a)n also
goes to the same value making the numerator 0. Thus, as n tends to oo (2.20) is

achieved. Similarly,

. 1 1
D22 EX k] ) T 2

Summing d7, d9, and d3 yields the expression in . [ |

Note that the age expression in when n is large is a function of the ratio
a = % only implying that the age converges to a constant even when the packets
arrive exogenously, similar to [113] where the packets are generated at will at the
source.

Although there is no explicit closed form solution for the optimal «, denoted
as a*, which minimizes , we can calculate it numerically. For instance, when
(A,¢) = (1,1) and Poisson arrival rate is 4 = 1, age minimizing « is o* = 0.837.
This optimal value is higher than that of the original case in which the source
itself generates the packets at will, which is o = 0.732 found in [113]. This is
because with exogenous arrivals at the source node, update interarrival time at the
end nodes is larger. In this regard, we see that when the Poisson arrival rate is

increased a* decreases. This is expected because when the arrival rate is high (i.e.,
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update packets arrive frequently), the source node prefers to wait for the freshest
one instead of sending the current update to more and more end users. Similarly,

*

when the arrival rate is low (i.e., update packets arrive infrequently), o* is higher
because in this case source knows that interarrival time is higher so that before

it waits for the next packet it wants to update as many end nodes as it can (see

Fig. 2.6/a)). We also note that as we take y — oo in (2.15)), we get

c 1 1
— 4+ — — —log(1l — 2.2

C

which is the age expression in [113]. Thus, age expression under exogenous Poisson
arrivals with rate u converges to the case in which source generates the packets itself
as p tends to oo.

Finally, we note an interesting aspect of the problem with exogenous arrivals:
It is shown in [113] that when the service time random variable X is exponential
(i.e., shift variable is zero), the average age is minimized when k£ = 1. However, this
is not the case when updates arrive exogenously. We observe in Fig. [2.6(b) that the
age minimizing k£ value can be greater than 1, and it depends on the update arrival
rate, u. As p increases, the optimal k decreases and approaches 1. The reason for
this is that the random waiting time with exogenous arrivals introduces a random

shift to the exponential distribution of the service time.
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Figure 2.6: A, as a function of stopping threshold k for several p values with
A = 1. o marks the minimized A ,): (a) when ¢ = 1, (b) when ¢ = 0.

2.4 Two-Hop Network

Using the building block problem solved in the previous section, we are now ready
to solve the two-hop problem (L = 2) described in Section as a preliminary
step towards solving the most general case for arbitrary L. In the two-hop system,
middle nodes cannot generate updates rather they receive them from the source
node. Thus, each middle node and its n children nodes in the second hop can be
modeled as in Section Since the source node sends updates to the first kq of its
nodes, a middle node receives a certain update packet with probability p, = %1 If
a middle node receives update j and the next one it receives is update j + M, as in
the building block problem, M; is a geometrically distributed random variable with
parameter p;.

Since the source generates a new update at will once the current update is

delivered to £y middle nodes, the interarrival time between updates that start service

in the first hop is Y} = Xj,.,. Let random variable S; denote the interarrival time at
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the receiver nodes in the first hop. In other words, let S; denote the time between
updates that leave service in the first hop. Since each update cycle takes Xy, ., units

of time, successful interarrival time at the middle nodes can be written as

Ml M1
i=1 i=1
where the mean interarrival time is E[S;] = E[M;]E[Xy,.,]. Note that we have

71 = 0 for the source node since it generates the updates as soon as the previous
one is completed (transmitted to k; nodes). The receiver nodes in the first hop
immediately relay the update that they have received. Therefore, the interarrival
time between the successfully received updates at the receiver nodes in the first hop,
S1, is equal to update interarrival time at the transmitter nodes in the second hop,
Rs.

After receiving the updates with interarrival time R, = S;, middle nodes
transmit each update until it is delivered to ks of their children nodes. Similar to
the first hop, when a middle node transmits an update, an end node receives the
update with probability p, = % Geometrically distributed M, with parameter
po denotes the number of cycles between successive updates to an end node. The
interarrival time between updates that depart from a middle node and start service
in the second hop is Y5 = X ko + Z2. Let random variable Sy denote the interarrival

time between updates that successfully arrive at the receiver nodes in the second
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hop. Then,

Sy = (¥2)i =Y (Xiym + Z2)i- (2.25)

Note that in this model a successful update reaches an end node without being
preempted in each of the hops. Thus, the service time of a successful update denoted
by X is the sum of link delays in each hop and corresponds to the total time spent
in the system by that update. Then, the total service time of a successful update
delivered to some node i through middle node j is E[X] = E[X;|j € K]+ E[X; |i €
IC;]. Here the set K is the set of first k&1 middle nodes that receive the update and
the set K; defined for each j in K is the set of first ky end nodes that receive the
update. Thus, for an update to reach an end node that end node has to be among
the earliest k5 children nodes of its middle node and the corresponding middle node
has to be one of the earliest k; middle nodes. Now, by using , the average age

of an end node for a two-hop system is given in the following theorem.

Theorem 2.2 For a two-hop system with the earliest ki, ko stopping scheme, the

average age at an individual end node is

2n2;2k2 (E[Xkyon] + E[Z5])

1 & 1
i=1 i=1

Var[f(kw + ZQ]
2E[Xp,m] + E[Z3])

(2.26)

Proof: This theorem follows from Theorem upon observing that the second
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hop is the same as the building block problem. However, successful updates in the
two-hop setting spend time in both hops to reach the end nodes. Noting also that

successful updates do not wait in the system till they reach the end nodes, we find
1 & 1 &

EX]=—) EXi.]+—) E[X..]. 2.27

X] = 5 LB + 13 EL) (2.27)

Using (2.27)) in (2.10]) yields the theorem. B

This theorem is valid for any distribution for X and X. Random variable Z
denotes the residual interarrival time before the next update arrives to the mid-
dle node. When we no longer have exponential interarrival times, it is not easy
to determine the first and second order statistics of Z,. However, we can upper
bound the average age of our model A, x,) with the average age under exponential

interarrivals to the middle nodes A’(km) using the following lemma.

Lemma 2.1 For a two-hop system, let A/(k,th) denote the average age of an end
node under exponential interarrivals to middle nodes with mean E[Ry]. Then, Ay, k)

AVRERS

The proof of Lemmal[2.1]follows from the DMRL (decreasing mean residual life)
[114] property of interarrival times and NBUE (new better than used in expectation)
[114] property of service times and is provided in Section Note that as long as
the aforementioned conditions on the interarrival and service time distributions are
met, this lemma also applies to the case with L > 2 hops. This generalization is

made in Section . Since A, ky) < A’(kl p)> 10 order to prove that the average age
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in the two-hop system is bounded by a constant, all we need to show is that A/(kLkQ)

is upper bounded by a constant as the network grows, i.e., n increases.

Corollary 2.3 For a two-hop system, assuming exponential interarrivals to the
middle nodes with E[Rs], the average age at an end node under the earliest ki,

ko stopping scheme is

A —liE[X ]+iiE[5{- P T S Wk} YO
(k1,k2) _kl y “n k’z - i ka ko 2]{31]52 kin
e Var[ Xy, n? E[Xy, )

2 K] + nEXyn]) 201 (k1 E[X ] + 1 E[Xpn])

Proof: When the interarrival times to the middle nodes, R, are exponential, then
Zy = Ry due to the memoryless property of the exponential distribution. In ad-
dition, we know that Ry, = S;. Therefore, Z, is exponential with mean E[Z5] =

E[S1] = E[M;]E[X},.n]. Then, Var[Z,] = E[S)]* = E[M]* E[X},.,]* where M is

k1

geometrically distributed with p; = 7. Combining these and noting that Z, and

ka are independent yields the result. W

Corollary 2.4 For a two-hop system, assuming n is large and n > ki and n > ks
and letting k1 = ayn and ky = agn, under exponential interarrival assumption to the
middle nodes with mean B[R], and shifted exponential service times X with (X, c)
and X with (5\, ¢), the average age for the earliest ky, ky scheme can be approximated

as

1 1 c c 1
Alky k) ~ + 5 +— 4+ == Y log(1 — as) +

2 — Qo + 2(110(2
C
(6%) 2

2011(12

32



AK? 3o — 200 —

2 log(1 — ) (2.29)
- og(1l — ay), .
20(1)\[)\0[1K2 + /\Kl] 2041@2)\ & !

where K1 = (A¢ —log(1 — ay)) and Ky = (Aé — log(1 — a)).

The proof of Corollary is similar to that of Corollary With Corol-
lary we have showed that A’(km) derived in Corollary is independent of n
for large n. Since it upper bounds our age expression A, r,), we conclude that age
under the earliest ki, ko stopping scheme for a two-hop multicast network is also
independent of n for large n and is bounded by a constant as the number of end

nodes increases.

2.5 Extension to L Hops

In this section, we extend our two-hop age results in (2.26)), (2.28), and (2.29) to

L hops. Considering an L-hop network, we have a single source node, n first hop
receiver nodes, n? second hop receiver nodes and extending in this manner, n* end
(L hop) nodes. The network model for L = 2 is shown in Fig. [2.]]and it is generalized
such that each of n nodes of the first hop is tied to n further nodes making n? second
hop nodes and similarly, each of these n? second hop nodes is further connected to
n nodes forming n* end nodes, and so on, for L hops.

Remember that in the two-hop model, we denote the first hop link delays as
X, and the second hop link delays as X. In this section, in order to accommodate
general L hops, we change our notation so that the first hop link delay is now denoted

as XM the second hop link delay is now denoted as X, the ¢th hop is denoted
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as X® and the last hop link delay is denoted as X(®). For each hop ¢, we utilize
the earliest k, transmission policy such that once hop ¢ —1 receiver nodes receive an
update they begin to act as hop ¢ transmitter nodes and relay the update they have
received to k, of their n children nodes (see Fig. [2.2). After the packet transmission
to ky children nodes are completed, hop ¢ transmitter nodes start waiting for the next
update. Here, random variable Z, denotes this waiting time upon the completion
of an update until the next one arrives. Thus, the interarrival time between two
consecutive updates that depart from the transmitter and start service in hop ¢ is

Y, = x

kem

+ Z.

Overall this L-hop network implements the earliest {k,}%_, transmission scheme.
At each hop, we have random variable M, which is geometrically distributed with
parameter p, = % that represents the number of update cycles between two suc-
cessive updates that arrive at a receiver in hop ¢. The interarrival time between
two consecutive updates that leave service in hop ¢ without being preempted can

be written as

M, M,

Se = Z(Ye)z = Z(Xlg?n + Zy). (2.30)

i=1 =1

A receiver node in hop ¢ immediately transmits an update it receives to its children
nodes in hop £+ 1. Therefore, the interarrival time between two consecutive success-
ful updates that leave service in hop /¢, S, is equal to the interarrival time between
two consecutive updates that arrive in hop ¢+ 1, Ry.1. We have Ry = Sy.

The last hop in this L-hop network can be seen as an application of our

34



building block problem. In the building block problem, there is a source node and
an end node. When this is applied to the last hop of the L-hop network, the source
node is an arbitrary receiver node in hop L — 1, and the end node is an arbitrary
receiver node in hop L. Interarrival time of updates that arrive exogenously at the
source node in the building block problem, R, is now R = S;_1, and the interarrival
time between successful updates that arrive at the end node in the building block
problem, S, is now S = S;. In addition, we know that S; = Zz]\ili(YL>’L Finally,
the service time in the building block problem, X, is now X = 25:1 X, where X,
is the service time at each hop. We know that for an update packet to reach the end
nodes, it has to be among the earliest ki, ..., kr nodes in all hops. Thus, Zszl X,
term captures the expected time spent in the system for a successful update without
being preempted until it reaches one of the end nodes. The average age of an end

node for an L-hop system is given in the following theorem.

Theorem 2.3 For the general L-hop network with the earliest {k¢}L_, stopping

scheme, the average age at an individual end node at hop L s

L ke
1 (0) 2n — ]CL (L)
A, =2 o DB + =5 — BIX] + ElZL)
(=1 =1
Var[X,gf?n + 71

+
2E[X,) ] +E[Z)])

ki

. (2.31)

Proof: Since the last hop of the general L-hop network can be seen as a building
block, we can apply 1) to the setting here by inserting Y = Y7 and X = Zle X,.

Then, (2.31]) follows after similar calculations as in Theorems and 2.2, W
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Similar to Corollary [2.3] the age of the last hop can be upper bounded by

assuming that the interarrival times at each hop are exponentially distributed.

Corollary 2.5 For the general L-hop network, assuming exponential interarrivals
to each hop with mean E[R,], average age at an end node under {k,}_, stopping

scheme is given by

k
Alipe, = Z Z X TLZE[XIE?n] E[M;]

L

= 1=

Var[ X1 ] + ( CEX TS IE[M-])2

kemn =

23 ElX ) T EIM)

(2.32)

Proof: Using Lemma , can be upper bounded with exponential interar-
rivals to the nodes at hop L — 1, where mean interarrival time is E[Ry] = E[S,_4].
When the interarrivals are exponentially distributed, we have Z; = Sp_; and
therefore, E[Z;] = E[S;_1]. In addition, with exponential interarrivals, Z is in-

dependent of Xy, .,. Then, we have Var[X (L)

kr:n

+ 7] = Var[X,if:)n] + Var[Z,], where

Var[Zp] = E[S._1]?. Now, the upper bound for (2.31]) can be written as

@) 2n — kL (L)
{ké}z 1 Z kg Z]E kL (E[Xk:L:n] + E[SLfl])

. Var[Xlgf)n] + E[SL4]? (2.33)
2(E[X 7] +E[Sp-1]) |

Now, let us calculate E[S;_1]. We can write S _; as

Mg My,

Spi= > (Vi)=Y (Xo D+ Zia), (2.34)

i=1 i=1



where Y;_; is the interarrival time between updates that start service in hop L — 1.
Then,

E[Z.] = E[S; 1] = E[M, 1| E[X* V) | + E[M, 1] E[Z,_4]. (2.35)

kr_1:mn

Similarly, E[Z;_;] can be written in terms of the variables in hop L — 2. We con-
tinue with this recursive calculation until the second hop, where we have E[Z;] =

E[M;]E[X

pim)- As aresult, we have

E[S;-1] =E[M}_4] E[X(L_l) |+ + E[Mp | E[Mp_]-- - E[M] E[M,] E[X/S)n]

kr_1:n
L—-1 L—1
4
=> ExgL) [[ M) (2.36)
/=1 =74

Adding E[X " ] to (2.36), we have

EXE ) +E[Si] =Y E[X))] 1:[1 E[M,). (2.37)

Finally, by inserting (2.36]) and (2.37)) into (2.33]), we obtain (2.32). W

Corollary introduces an upper bound for average age of an update that is
generated at the source node and delivered to any one of the end nodes in hop L.
Note that the total number of nodes in the L-hop network is 25:0 n'. The result
of Corollary holds for any n. Next, we characterize the effect of increasing n on

the scaling of average age.

Corollary 2.6 Assume n is large and n > ky and let ky = ayn for ¢ = 1,... L.
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Under exponential interarrival assumption to each hop with mean E[Ry|, and shifted
exponential service times X with (\y, c;), the average age for the earliest {k,}¥_,

scheme can be approrimated as

(2.38)

The proof of this corollary is similar to that of Corollaries 2.2 and 2.4, We use the
first and second moments of order statistics of shifted exponential random variables
and make necessary approximations for large n.

In conclusion, under the assumption that middle nodes receive update packets
with exponential interarrivals with means equal to E[R,], the average age attained at
the end nodes depends on n only through ratios a,. Thus, this result together with
Lemma [2.1]imply that the average age of an end node in an L-hop multicast network
implementing the earliest {k,} transmission scheme is bounded by a constant as n

increases.

2.6 Numerical Results

In this section, we provide simple numerical results. In order to optimize the age of
information at the end nodes, we need to select appropriate k; values, i.e., optimum

ratios o, at each hop. From [113], we know that in the single-hop multicast network
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number of hops L | af as o™ o
L=1 0.732 | - - -
L=2 0.615 | 0.921 | - -
L=3 0.626 | 0.832 | 0.965 | -
L=4 0.635 | 0.837 | 0.901 | 0.935

Table 2.1: Optimal «a; values for L-hop network when all link delays are shifted
exponentials with (1,1).

a* is 0.732 when link delays are shifted exponential with parameters (), ¢) = (1,1).
For the two-hop network with (\,¢) = (A, &) = (1,1), we obtain of = 0.615 and
ay = 0.921. This shows that when all link delays are statistically identical, to
achieve a good age performance, we need to be more aggressive in the second hop
than the first hop (see [115]).

When we add a third hop, we see that the optimal threshold results follow
similar trends. Let us denote the link delay parameters of the third hop as (5\, é) for
tractability. When all link delays are statistically identical, i.e., shifted exponentials
with parameters (1,1), we have af = 0.626, o = 0.832 and o = 0.965. In a similar
fashion, when we add a fourth hop, we have a] = 0.635, aj = 0.837, a3 = 0.901 and
oy = 0.935. Thus, the observation we have made for two-hop multicast networks,
i.e., that we need to be more aggressive in the further hops to achieve a lower average
age holds true for four-hop multicast networks as well. These results are summarized
in Table 2.1]

Returning to the two-hop network, we observe that as is responsive to the

changes in the parameters of the first hop. This is intuitive because as k; varies, the

mean interarrival time for the second hop changes. In Figs.[2.7|(a) and[2.7(b), we plot
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Figure 2.7: A’(kh,@) as a function of ky for n = 500. o marks the minimized average
age A’(kh,w):N(a) c=1and () ¢) = (1,1) for varying A, (b) ¢ =1 and (A, ¢) = (1,1)

for varying .

the age as a function of ko (equivalently ay) for a fixed set of second hop parameters
and for a fixed set of first hop parameters, respectively. As shown in Fig. [2.7|(a),
for the same (5\, ¢) pair, when the mean interarrival time gets lower by increasing A,
ai gets lower as well. Knowing that the next update arrival is not far away, middle
nodes tend to wait for the next one instead of sending the current packet to more
and more end users when the arrivals are frequent. This is exactly what we have
observed in the building block problem with exogenous update arrivals.

In Fig.[2.7(b) we observe that as the service rate of the second hop, 5\, increases
for a given A, o3 increases as well. This is intuitive because when A is fixed, the
interarrival time to the middle nodes stays constant as opposed to their increasing
service rate. Thus, they relay their current packet to more end nodes.

In Figs.[2.8(a) and[2.8(b), we plot the age as a function of k; (equivalently a;)

when the second hop parameters are fixed and when the first hop parameters are

fixed, respectively. In Fig. [2.§(a), o} shows a similar trend as in o in Fig. 2.7|(b)
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Figure 2.8: A’(kh,@) as a function of k; for n = 500. o marks the minimized average
age A?k17k2):~(a) c=1and () ¢) = (1,1) for varying A, (b) ¢ =1 and (A, ¢) = (1,1)
for varying .

but «af experiences bigger changes as A increases. Fig. [2.8(b) shows the response of
o to changes in A when X is fixed. Here, we observe rather minor reaction from a
when the service performance of the second stage varies.

In Fig. 2.9 we repeat the numerical analysis in Fig. when the link delays
are exponential, i.e., shift parameters ¢ = 0 and ¢ = 0. We observe similar trends for
k3 as in Fig. [2.7. The only difference is now that the link delays are all exponential,
we get ki = 1 for all cases. This is also observed in [113] and in the building
block problem when g tends to oo and is because of the memoryless property of the

exponential distribution.

In Fig. we analyze the effects of the link delay parameters A and A on
A,(k17k2)' In both cases we see that larger service rates (large A and 5\), i.e., lower

link delays, lead to smaller average age at the end nodes.

In Fig. we plot the three-hop version of Fig. 2.7 As shown in Fig. 2.11],

when the mean interarrival time decreases at the third hop through a service rate
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increase in either one of the first two hops o} gets smaller. One other observation
from Fig. is the fact that although we change A\ values in Fig. M(a) and A
values in Fig. [2.11|(b), their effects on the third hop are quite similar. In either case

we observe a similar trend, i.e., k3 value decreases as A or A increases.

2.7 Appendix: Proof of Lemma 2.1

In this section, we prove Lemma [2.1] first, for the two-hop scenario, then we extend
the proof to the L-hop case. We use |116, Thm. 2] which, for a G/G/1/1 system,
requires interarrival times to have DMRL property and service times to have NBUE
property. Note that the updates that depart the service at the first hop, S; are
considered to be the arrivals at the second hop, R,. Then, between a transmitter
and a receiver at the second hop, we have interarrivals Ry = M (Xy,.); and
service times X kom- 10 order to employ [116, Thm. 2], we need to show that R, has
DMRL property and X i, has NBUE property. It is sufficient to show that both
Ry and X ko Dave log-concave density, since log-concavity implies both DMRL and
NBUE properties [114].

It is given in [117, Thm. 1.C.54] that the order statistics of i.i.d. log-concave
random variables is log-concave as well. Since shifted exponential has a log-concave
density, we conclude that the second hop service time X,., has a log-concave density.

In order to show the log-concavity of Ry, we use the fact that a function is log-
concave if and only if it is a Polya Frequency function of order 2 [114, Proposition

21.B.8], which is denoted by PF,. We know that the geometric random variable
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Figure 2.9: A’(kh,@) as a function of k5 for n = 500 when link delays are exponential.
o marks the minimized average age A,(kl,k2):~ (a) ¢ = 0 and (X, &) = (1,0) for varying
A, (b) ¢=0and (\,¢) = (1,0) for varying .

M, and shifted exponential random variables Xy, ., are log-concave, and hence they
have PF, densities. In addition, we know that M; is independent of X}, .,. Now,
we can apply [118, Thm. 6] that states that if Xj, ., and M; have PFj densities,
and M, is independent of X, .,, then Ry = Zf\fl (Xk,m)i has a PF}, density as well.
Since [118, Thm. 6] is stated for any k, it holds for £ = 2, and we conclude that Ry
has a PF, density, which, in turn, means that R is log-concave.

We have proved that interarrivals to the second hop are DMRL and service
time of the second hop is NBUE. Hence, using [116, Thm. 2| average age of the
second hop is upper bounded by a system where interarrivals are exponential with
E[R,]. In the third hop, service times are i.i.d. with the service times at the second
hop. Therefore, service time of the third hop is NBUE as well. The interarrivals
at the third hop are now R3 = Zi]‘g (Xpyim + Z5);. In order to calculate the upper
bound in the second hop, we have already assumed that the interarrivals, R,, are

exponential which resulted in Z; = Ry to be exponential as well. Then, R3 can

43



48+ —x=03] —1=05
_.%\:1 48" - A=1
46 108 ' o
----- X=10 a6 =
Al _z4af.
< - < B A P Y N S A
4.2 e e 4.2
4t TR 4b el
38 3.8
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 - 6 7 8 9 10
A A
(a) (b)

Figure 2.10: A'(kth) as a function of link delay parameters A and X for n = 500: (a)

A’(khkz) as a function of A, (b) A/(kl,k2) as a function of \.

be shown to be log-concave using similar ideas above and for exponential Z5. This
reasoning holds for each hop in an L-hop system, which proves the applicability of

Lemma [2.1] to an L-hop system as well.

2.8 Conclusion

We studied the age of information in a multihop multicast network with a single
source updating n* end nodes where L denotes the number of hops. We showed that
when the earliest k, transmission policy is implemented at each hop ¢, the age of in-
formation at the end nodes can be upper bounded by a constant that is independent
of n. We explicitly characterized an upper bound for an L-hop multicast network,
and then determined the optimal stopping thresholds k, for arbitrary shifted ex-
ponential link delays. We note that even when the link delays are exponential we
find k7 = 1 and k; > 1 in hops ¢ > 1. This is because even when there is no shift

in service, the random waiting time under exogenous arrivals introduces a random
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shift to the exponential service distribution in hops ¢ > 1.
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CHAPTER 3

Age of Information in Multicast Networks with Multiple Up-

date Streams

3.1 Introduction

In Chapter [2) and references [115]/119], we show that utilizing transmission schemes
with stopping thresholds can prevent information staleness as the network grows in
multihop multicast networks considering a single type of update that the users are
interested in. In an extended scenario there could be many streams sharing the same
network. For example, in an autonomous vehicle network, the network can carry
information about the velocity, position and acceleration of a car and broadcast it to
all nearby cars. Thus, often networks are used to transmit multiple update streams
which include multiple different types of update packets. References [12,23,120,121]
study age of information at a monitor node which receives multiple streams of update
packets with or without different priorities.

In this chapter, we study the age of information in a multicast network with
multiple update streams (see Fig. [3.1)). Two types of updates are transmitted from

the source node to n receiver nodes, namely type I and type II updates. We are
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Figure 3.1: Multicast network with a single source node sending two types of updates
to n nodes.

interested in the average age experienced by the receiver nodes for both of the
update streams. Since the network resources are shared among two different types
of updates, there is a trade-off in the ages of these two update streams. In this
work, we characterize this trade-off, determine the average age of information of
both of the streams and analyze the age scalability when there are large number of
destination nodes. We first analyze the setting in which the updates are generated
by the source node at-will and show that the average age of either of the update
streams at an individual node can be made a constant independent of n using the
earliest ky, ko transmission scheme such that each type I update is transmitted to
the earliest k; of n nodes and each type II update is sent to the earliest ks of n
nodes. We determine the optimal stopping thresholds to individually and jointly
optimize the average age of type I and type II updates at the receiver nodes for
arbitrary shifted exponential link delays. Then, we extend these results to the case

in which the updates arrive exogenously to the source node.
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3.2 System Model and Age Metric

We consider a system (see Fig. , where there is a single source node broadcasting
time-stamped updates to n nodes using n links with i.i.d. random delays. Each
status update is one of two kinds: type I or type II. Thus, in this system two
different update streams share the same network. Each of the n receiver nodes
is interested in both streams. A type I update takes X time to reach from the
source node to a particular receiver node whereas a type II update needs X time to
reach to a receiver node where X and X are shifted exponential random variables
with parameters (A, ¢) and (5\, ¢), respectively, where ¢ and ¢ are positive constants.
Different update types have different service rates considering their possibly different
lengths, compression rates etc.

We consider two variations on the operation of this network. In the first case,
updates are generated by the source node at-will. At each time the source node
generates a type I update with probability p; or a type II update with probability
po where p; +po = 1. In the second case, however, both of the update streams arrive
exogenously to the source node. Here, we model the exogenous update arrival as
a Poisson process with rate y where each arriving update is a type I update with
probability p; or a type Il update with probability p, such that p; + p, = 1. Thus,
type I update stream arrives as a Poisson process with rate p; = pup; and type II
stream arrives as a Poisson process with rate puo = ups.

In either way of operation, the source node adapts the earliest k; transmission

scheme where i = 1, 2 depending on the type of the update. Assume the jth update
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that is sent from the source node is of type I. Then, the source node waits for the
acknowledgment from the earliest k; of n receiver nodes. After it receives all &y
acknowledgment signals, we say that update j has been completed. At this time,
transmissions of the remaining n — k; packets are terminated. If the source node
generates the updates itself, it generates the update j+1 as soon as the update j has
been completed, i.e., the source node implements a zero-wait policy. However, if the
updates arrive exogenously, the source node starts to wait for the next update arrival
as soon as update j has been completed. When a type II update is transmitted from
the source node, this process is repeated with stopping threshold k5 instead of k;.
Since we have two different update streams, each receiver node experiences
two different age processes. Thus, age is measured for each of the n receiver nodes
for each update type. Age of type I updates at node i at time t is the random
process Ay ;(t) =t — uy;(t) where uy;(t) is the time-stamp of the most recent type

I update at that node. The metric we use, time averaged age, is given by

T

1

T—00 T 0

where A;(t) is the instantaneous age of the last successfully received type I update
as defined above. Age of type II updates, Ay, is defined accordingly. We will use a
graphical argument to derive the average age at an individual node for each update
type. Since all link delays are i.i.d. for all nodes and packets of the same kind,
each node ¢ experiences statistically identical age processes and will have the same

average age for either update type. Therefore, it suffices to focus on a single receiver
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node for the age analysis.

3.3 Age Analysis

3.3.1 At-will Update Generation

The source node generates updates when the previous update is completed. Inde-
pendent from previous link delays and updates, each generated update belongs to
type I with probability p; and type II with probability ps such that p; +ps = 1. As
described in Section [3.2] the source node implements the earliest k; and ko transmis-
sion policy for type I and type IT updates, respectively, where ki, ky € {1,2,...,n}.
Thus, in this section we extend the result from [113] to multiple update streams
using the same multicast network.

We denote the time between any two update departures from the source node
as the update cycle and represent it with random variable Y. Since the source node
adapts a zero-wait policy and generates the next update right after the current
update has been completed, update cycle of an update is equal to the transmission
time of that update. If the jth update is of type I, its update cycle, Y;, is the time
needed to reach k; out of n receiver nodes which is equal to Xj,.,. Correspondingly,

if the jth update is of type II, Y; is equal to )N(km. Thus,

Xkyn W.D. D1
Y, = (3.2)

Xk:g:n W.D. Pa2.
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We denote the kth smallest of X, ..., X, as X}.,. For a shifted exponential random

variable X, we have

E[Xp..] =c + %(Hn CH, ), (3.3)
Var[ Xy :%(Gn Gy, (3.4)

where H, =" +and G, = >_" ]% Using these,

=17 j=1

2 1

A type I (type II) update that is sent from the source node is received by a
particular node with probability ¢; = % (qg = %) since the X; (X;) are ii.d. for
all receiver nodes. Noting the independence between the update generation and
update transmission processes, at each cycle a particular node successfully receives
a type I (type II) update with probability piq1 (p2g2). Suppose a particular node
has received a type I update packet during cycle j and the next successful type I

update packet delivery to that node is in cycle j + M;. Then, this M is a geometric

random variable with success probability p;q; and has moments

1 n
EM|=—=—,
[ 1] P11 p1ky
2 — P1q1 2n2 n
E[M?] = = — . 3.7
(M) it pikt pika (3.7)

Note that in between update cycles j and j + M; the source node may have

o1



Af(t)

Figure 3.2: Sample age evolution A;(¢) of a node. Update cycle j starts at time
T;_, and lasts until 7. Successful type I update deliveries are marked with e and
in this figure, in cycles j — 1, 7 and 7 + 2 a type I update is delivered successfully
whereas in cycle 7 + 1 no type I delivery occurred.

sent type II updates. By using the success probability p;qi, we account for the time
spent during type II update transmissions in between two successful type I update
deliveries to this node. Fig. shows a sample A;(t) evolution for a particular
node. Correspondingly, if a certain node has received two successive type II updates
in update cycles j’ and j'+ Ms then this M, is geometrically distributed with success
probability psqs and its moments can be derived by changing the parameter from
p1q1 t0 pags in and . We remark that M; and M, are independent from
Y;.

Noting the symmetry in the age of type I and type II streams at a particular
receiver node, A; and Aj, respectively, here we derive A; and deduce A;; from
it by making necessary changes. In Fig. 3.2 A denotes the shaded area and Sy is

its length. In other words, S} is the interarrival time of type I updates at a node.

Inspecting Fig. , we find E[A] = 1E[S?] + E[S;]E[X;]. Here, X; denotes the
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transmission time of a successful type I update such that E[X;] = E[X;|i € K/],
where K; is the set of earliest k1 nodes that receive this type I update. Then, the

average age of update stream I is given by

(3.8)

Event M; = m indicates two successive type I deliveries to a node in cycles j
and j +m with Y; = X}, and Y, = Xj,., as well as m — 1 consecutive type I

failures in between. For these m — 1 update cycles with no type I delivery we have

(Y; | no type I delivery) = Y; = (3.9)

with p; = % and p, = =22 from Bayes’ rule. Thus, Sy = Xk11n+22;rﬁ11_1 Y.

For example, in Fig. M, = 2 and therefore, we have S; = Xy,., + Y. Thus, we

find

E[S1] = E[Xy,.] + E[M; — 1]E[Y], (3.10)
E[S}] = E[X},..) + 2E[M; — 1] E[X,.,] E[Y]

+ E[M,; — 1]Var[Y] + E[(M; — 1))] E[Y]*. (3.11)

In the following theorem, we determine the age of a type I update at an

individual node using ((3.8)).
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Theorem 3.1 Under the earliest ky and ko transmission scheme for type I and type

11 updates, respectively, the average type I age at an individual node is

—_— E —
kl i=1 2p1 E[Xlﬁn] + 2p2 E[Xk:zn]
PInE[Xpym)? + p1p2(2n — k1) B[ X, o] B[ Xy
prk1(p1 E[ Xk, ) + 02 E[Xkym))
p%(” - kl) ]E[Xk1:n]2

Ag

I (3.12)
prka(py E[ X ] + p2 E[Xpym])
Proof: The first term comes from E[X/] as
_ kl
E[X)] =E[X;|j € K1l = Y _E[Xi| Prlj = ilj € K1), (3.13)
i=1

where Pr[j =i|j € K;] = kil since we have k; out of n nodes selected independently

and identically in IC;. The claim follows by substituting (3.10)), (3.11]) and (3.13])
back into (3.8)), and replacing E[M;] and E[M?2] by (3.6) and (3.7). Moments of ¥

follow from (3.9). W

When p; = 1, i.e., the source node generates only type I updates, A; given in
(3.12)) reduces to the single stream result in [113, Theorem 2]. From the symmetry
of the network model, the average age expression of type II update stream at an
individual node, A, can be found upon defining ¥ accordingly and interchanging
k1, p1 and X with ks, po and X in . When the service times of the packets of

the same kind are i.i.d. shifted exponential random variables and n is large, we can

further simplify (3.12)) as follows.
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Corollary 3.1 For large n and n > k; we set k; = a;n for ¢ = 1,2. For shifted
exponential transmission times X and X with parameters (X, ¢) and (X, &) for type

I and type II updates, respectively, A; can be approrimated as

1 1—041
A~ —
I C+)\+ )\011

(2 — o1)pi07 (1) + 2p1p2(2 — a1)d1 (o) 0z ()
2p1av1 (p101(aq) + pada(a))
pa(pro + 2192)53(042)

log(1 — aq)

, 3.14
2p1a (p101() + pada(az)) ( )
where we denote
log(1 — log(1 —
(51(&1) =C— M, (SQ(CMQ) =C— M (315)
A
Proof: For the first term in (3.12) we have
kl k'l
1 H 1
T E Xi'n - L Hn—i 316
LBl = e =y S (3.16)
1 1—-«
%c—i—x—k al)\llog(l—oq), (3.17)

where (3.16) is obtained using (3.3)-(3.5). We have Zfll H,; = Z?:_ll H;, —
SR, and the series identity Zf;l H; = (k1 + 1)(Hg,s1 — 1). Using these

=1

and the fact that for large n H; ~ log(i) + 7 yields (3.17). Note that

H, — Hy_s, log(1 —
E[Xjy] = ¢+ =~ = M = 51(n), (3.18)
. Hy,—H,y, . log(l—
]E[szzn] =c + #k ~ C— M = 62(042). (319)
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Lastly, we note that E[X}? ] ~ (E[X},.,])? for large n. This is because the
sequence (G, converges to %2 as n goes to co. Thus, as n increases Gk, = G(1—ay)n
also goes to %2. With this, G,, — G,_j, term in approaches 0 yielding the
claim. Likewise, we have E[X? ] &~ (E[X},..])?. Combining all these to calculate
the moments of Y and taking k; = ayn for i = 1,2 gives (3.14). W

We remark that when p; = 1, i.e., the source node only generates type I
updates, Corollary reduces to the single update stream result in [113 Corollary
2]. From the symmetry of the system, average age of type Il updates at an individual
node, Ay, can be also approximated as in Corollary [3.1]

We note that under the earliest k; and ks transmission scheme for updates of
type I and type II, respectively, the average age is a function of ratios a; and as
for large n. Thus, the average age still converges to a constant even though the
multicast network is shared across two update streams.

We can minimize A; and Ay by selecting the stopping thresholds kq, ky. Since

we have two age processes to minimize, we can consider the following optimization

problem for a fixed 8 such that 0 < g <1

' A+ (1—B)A
hin, BAr+ (1 —B)A

st. ke{l,...,n}, i=12 (3.20)

Thus, by varying [ we can assign weights to the update types I and II during
optimization. While extreme cases of § = 1 and = 0 assign absolute priority

to update type I and type II, respectively, every other [ value weighs the update
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streams in between accordingly. Equivalently, we can solve (3.20) over a; and as.

In that case, the constraint in (3.20)) is replaced with 0 < o; < 1,7 =1, 2.

Lemma 3.1 When n s large, for any k1 < n, to achieve the best type I average

age performance, i.e., to minimize Ay, it is optimal to select k3 = 1.

Proof: This is the 8 = 1 case. We observe that for a given k; < n the first three
terms in (3.14)) and 0; = E[X},.,] become constant. The only parameter we select
to optimize A; is ky and for large n it only appears in (3.14)) as d5(ks) = E[Xm]-

Aj given in (3.14)) is in the following form

02(5% + 035152(k2) + 0453(162)
Ar = : 3.21
! at 6561 + C@(Sg(lﬂg) ( )

where ¢q,...,c¢ and 0; are positive numbers. Noting that d2(ks2) is also positive,
is an increasing function of d3(ks) when cocg < c3cs condition is satisfied.
From (|3.14]), we see that this condition is met. Thus, to minimize (3.21) we need
to select the smallest possible do(k2) which is given by the smallest possible ko since
d2(ko) is monotonically increasing in ky. Thus, k3 = 1 minimizes the type I average
age, Ay, for any ky <n. B

Similarly, when we are only interested in minimizing the type Il average age,
Ay, ie., B = 0, it is optimal to select k& = 1. Fig. |3.3(a) shows the pareto
optimal curve obtained upon numerically solving for p; = ps = 0.5 and

shifted exponential link delays with (1, 1) for both types of updates.
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Figure 3.3: Pareto optimal curve for jointly minimizing Ay and Ay with 0 < 3 <1,
p1=p2 =0.5and (A, ¢) = (A, ¢) = (1,1) when (a) updates are generated at-will (b)
updates arrive exogenously with a total rate of u = 1.

3.3.2 Exogenous Update Arrivals

Updates arrive at the source node exogenously as a Poisson process with a total
rate of u. Each arriving update is of type I with probability p; and of type II with
probability p, where p; + po = 1. Thus, type I update stream arrives as a Poisson
process with rate p; = wpp; and analogously, type II update stream arrives as a
Poisson process with rate us = ups. The source node implements the earliest kq,
ko transmission scheme for type I and type II update packets, respectively. When
there is a packet in service, the source node discards any other arriving update
packet. Thus, update types do not have priority over each other during transmission.
However, during joint optimization of the average age of both streams, Ay and Ay,

by varying S we can prioritize them.
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When an update is completed, i.e., transmitted to the earliest k; nodes, 7 = 1,2
depending on the type of the update packet, the system stays idle until the next
update packet of any kind arrives. We denote this idle period with random variable
Z which is an exponential random variable with rate up; + ups = p. Time spent
during transmission of an update is the busy period Yz which is equivalent to (3.2))
since after each idle period with probability p; a type I update and with probability
po a type II update goes into service. Thus, an update cycle, Y, is equivalent
to Yp + Z. Note that Z does not depend on Yjp since it is memoryless. We have
random variables M; and M, which are geometrically distributed with p;q; and psqso,
respectively, as in Section Also we note that M; and M are independent from
update cycle Y.

Age of type I updates at an individual node is given by . However, type

M1 —
J+My Y, =

I update interarrival to a node, S7, is now equal to St = Xy,., + Z + Zi:jﬂ i

Xiyon + Zij\ill_l(YB)i + Zf\ill Z; where Yp is equivalent to (3.9). Then,

E[S/] = E[Xk,.] + E[M; — 1] E[Y5] + E[M;] E[Z], (3.22)
E[S7] = E[X7,.,] + 2E[M; — 1] E[ X, .) E[Y5]

+ 2E[My] E[X,,..] E[Z] + E[M;]Var[Z]

+E[M; — 1)Var[Vs] 4+ E[(M; — 1)*| E[Y5]?

+2E[M}? — M) E[YB]E[Z] + E[M}] E[Z)%. (3.23)

In the following theorem, we determine the age of a type I update at an
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individual node when the update streams arrive exogenously at the source node.

Theorem 3.2 Under the earliest ky and ky transmission scheme for type I and type
11 updates that arrive at the source node as Poisson processes with rates p; and pio,
respectively, the average type I age at an individual node is

E[S7]
2E[S;]’

k1
1
A; = Z E[X;..] + (3.24)
Lz

where first and second moments of St are as in and .

The proof of Theorem follows accordingly from that of Theorem [3.1} Note
that when p; = 1, (3.24]) reduces to the building block result in [119, Theorem 1].
By making the corresponding replacements as in Section [3.3.1] we can obtain the
average age expression of type II update stream, A;;. When the service times of

the packets of the same kind are i.i.d. shifted exponential random variables and n

is large, we can further simplify (3.24]) as follows.

Corollary 3.2 For large n and n > k; we set k; = a;n for i = 1,2. For shifted
exponential transmission times X and X with parameters (X, ¢) and (5\, ¢) for type

I and type II updates, respectively, A; can be approrimated as

1 1—051
A~ —
I C+)\—I— N

ppt(2 — aq)0%(an) + 2up1p2(2 — a1)d1 ()2 (az)
2p10oq (up101(ar) + pupade(as) + 1)

pp2(2p2 + p1041)5§(042)
2p1ay (up1d1(on) + pp2da(az) + 1)

log(1 — o)

+
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2”]?252(042) + ,upl(2 — @1)51 (@1) +1
ppro (pup1d1(an) + ppada(ag) +1) 7

(3.25)

where 01 (a1) and 6(az) are as in (3.15).

The proof of Corollary follows accordingly from that of Corollary [3.1 We
note that when p; = 1, Corollary reduces to the result in [119, Corollary 2].
The corresponding approximate expression for A;; can also be derived in the same
manner. We also observe that when the earliest k;, ko transmission scheme is utilized
for type I and type II updates, respectively, the average age of either update type
is also a function of ratios oy and as. Thus, although multiple update streams that
arrive exogenously use the same network, an average age that does not depend on
n can be achieved for either update stream.

When we minimize SA; + (1 — f)A;; with g € (0,1) by selecting ki, ke €
{1,...,n} as in (3.20), we obtain the pareto optimal curve as shown in Fig. 3.3(b)]
For the cases of § = 1 and = 0 which correspond to the individual optimization of
Ay and Ajj, respectively, we observe that when 5 = 1 it is optimal to select k3 =1
to obtain the minimum Aj, and when 5 = 0 selecting ki = 1 gives the minimum
Ayr. The proof of this claim is similar to that of Lemma since random variable

Z is also positive and independent of k; and k.

3.4 Conclusion

In this chapter, we studied age of information in a multicast network with multi-

ple update streams. Each receiver node in the network is interested in two kinds

61



time-sensitive update packets, namely type I and type II update packets. We charac-
terized the age of information of both update streams and showed that the average
age of both streams at the receiver nodes can be made a constant independent
of the network size n by utilizing an earliest k; and ko transmission scheme for
type I and type II updates, respectively. That is, even if the network resources
are shared among multiple update streams, careful selection of the corresponding
stopping thresholds can prevent information staleness at the receiver nodes for each
update stream. We determined the age-optimum k; and ky stopping thresholds for
arbitrary shifted exponential link delays to individually and jointly minimize the

average age of both update streams.
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CHAPTER 4

Scaling Laws for Age of Information in Wireless Networks

4.1 Introduction

Most of the existing works in the age of information literature study the analysis
and optimization of age of information in systems with small number of source-
destination pairs. In this chapter, going beyond prior works, our aim is to analyze
the age of information in a large network setting with many source-destination pairs
with a focus on its scalability as a function of the network size. In early 00’s, followed
by the pioneering work of Gupta and Kumar [122] a similar issue had come up for
scaling laws of throughput in large networks. Gupta and Kumar’s work in [122]
uses a multi-hop scheme that achieves a total throughput of O(y/n) for the network,
and hence, O(\/Lﬁ) throughput per-user. References [123-126] studied throughput
scaling in dense and extended networks considering static and mobile nodes. This
line of research has culminated in the seminal papers of Ozgur et al. [127,/128] which
achieved O(1) throughput per-user by utilizing hierarchical cooperation between
nodes. In this chapter, we study scaling of age of information in large wireless

networks.
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References that are most closely related to our work study the scaling of age
of information in the broadcast setting [42,/113,|115}/119,/129] including our works
on multicast networks in Chapters[2] and [3] These works study a single source node
which sends status updates to multiple receiver nodes. Reference [130], on the other
hand, studies age scaling in the multiaccess setting with massive number of source
nodes.

In our model, we have n source-destination (S-D) pairs on a network of fixed
area. Fach node is both a source and a destination. Each source node wants to
transmit time-sensitive data to its destination node with as little age as possible.
We find an achievable transmission scheme that facilitates successful communication
among these n S-D pairs and achieves the smallest average age scaling per S-D user.

As studied in [130], a straightforward way to achieve successful communication
between all S-D pairs is to use a round-robin policy such that at each turn only one
source transmits to its destination and stays silent while all other sources transmit
successively during their respective turns. This direct method achieves an age scaling
of O(n) meaning that age increases linearly in n since under this policy average inter-
update times at a destination node increases linearly as n grows making the updates
less frequent and causing age to increase.

As in the setting of [122], a multihop scheme that involves successive trans-
missions between the source and destination nodes can be utilized. In that work,
the network is divided into cells and transmission hops take place in between these
cells such that O(y/n) messages are carried by each cell. Each of these cells can

be considered a queue with multiple sources. As studied in [7], the age of a single

64



update packet that is served by a queue with O(y/n) different packet streams is also
O(y/n) under LCFS with preemption policy. Therefore, in the multihop scheme,
after one hop, age of an update becomes O(y/n) since the queue is shared by O(y/n)
other packets. Considering the fact that the number of hops needed is O(y/n), using
a multihop scheme, the average age scales as O(n) as in [130].

In this chapter, considering all these previous results, we first propose a three-
phase transmission scheme to serve all n S-D pairs such that the time average age
of each node is small. Our scheme utilizes local cooperation between the users as
in [127]. We divide the network into cells of M users each. In the first phase, nodes
from the same cell communicate to create a mega update packet, which contains the
updates of all nodes from that cell. The main idea behind the mega update packets
is to serve many nodes at once to decrease inter update time. In the second phase,
inter-cell communication takes place and each cell sends its mega update packet to
the corresponding destination cells. In the third and final phase, individual packets
are extracted from the received mega update packets and relayed to the intended
recipient nodes in the cells. During all these phases, we make use of the spatial
separation of the nodes to allow multiple simultaneous transmissions provided that
there is no destructive interference caused by othersﬂ Using this scheme, we achieve
an average age scaling of O(ni logn) per-user.

Next, we observe that the first and third phases of the proposed transmission

scheme essentially require successful communication between pairs but among M

'We show in Section that the effect of the interference under the protocol model [122] is a
scaling constant; see Section [4.6] for details.
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nodes rather than n. With this observation and the fact that the system is scale-
invariant, we introduce hierarchy in Phases I and III to improve the age scaling
result. In other words, we can further divide cells into smaller subcells and apply
the proposed three-phase transmission scheme again in Phases I and III. Although
hierarchical cooperation was shown to result in poor delay performance in |12§],
by utilizing mega update packets better age scaling can be achieved here. In fact,
using this scheme, we show that an average age scaling of O (na(h) log n) per-user is

achievable where a(h) = and h denotes the number of hierarchy levels. We

1
3241
note that when this hierarchical cooperation is not utilized, i.e., h = 0, we retrieve
the performance of the initial scheme which achieves an age scaling of O(n% logn)

per-user. In the asymptotic case when h — oo, the proposed scheme with hierar-

chical cooperation achieves an average age scaling of O(logn).

4.2  System Model and Age Metric

We consider n nodes that are uniformly and independently distributed on a square
of fixed area S. Every node is both a source and a destination. These sources
and destinations are paired randomly irrespective of their locations to form n S-
D pairs. Sources create time-sensitive status update packets and transmit them
to their respective destinations using the common wireless channel. Each source
wants to keep its destination as up-to-date as possible. Thus, destination nodes
need to be updated regularly with low transmission delays. We use the age of

information metric to measure the freshness of the status update packets. Age is
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measured for each destination node and for node i at time ¢ age is the random
process A;(t) =t — u;(t) where u;(t) is the timestamp of the most recent update at
that node. The metric we use, time averaged age, is

1 T

T—00 T 0

for node 7. We use a graphical average age analysis to derive the average age for a
single S-D pair assuming ergodicity similar to [11] and [29].

Inspired by [127], we first propose a scheme based on clustering nodes and
making use of what we call mega update packets to increase the spatial reuse of the
common wireless channel. This entails dividing n users into {7 cells with M users in
each cell with high probability.ﬂ The users communicate locally within cells to form
the mega update packets. We model the delay in these intra-cell communications as
i.i.d. exponential with parameter A. Then, mega packets are transmitted between
the cells. We model the delay in these inter-cell communications as i.i.d. exponen-
tial with parameter Y Finally, the individual updates are extracted from mega
updates and distributed to the intended destinations within cells again via intra-cell
communications. While intra-cell communications occur simultaneously in parallel
across the cells (see Section for details), inter-cell updates occur sequentially
one-at-a-time.

Second, we observe that the bottleneck in average age scaling in this three-

2As shown in [127, Lemma 4.1], the probability of having ((1 — 6)M, (1 + §)M) nodes in a cell
is larger than 1 — SLMe*A(‘s)M where A(9) is independent of n and satisfies A(6) > 0 when ¢ > 0.
Note that when M = n® with 0 < b < 1 this probability tends to 1 as n grows.
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phase scheme is M since during intra-cell transmissions M transmissions are needed,
one for each node in a cell. Noting that each cell is a scaled-down version of the
whole system, we then propose introducing hierarchy by forming subcells from the
cells and applying the three-phase transmission scheme on a cell level to overcome
this bottleneck. Thus, when h = 1 hierarchy level is utilized, this hierarchical scheme
includes inter-cell, inter-subcell (within cells) and intra-subcell transmissions. We
first analyze the case with h = 1 level of hierarchy and then generalize the result to
h hierarchy levels. We again model the delay in communications as i.i.d. exponential
random variables with varying parameters depending on the type, e.g., intra-subcell,
inter-subcell within cells or inter-cell, of the communication (see Section for
details).

Due to i.i.d. nature of delivery times in all types of communications with or
without hierarchy, all destination nodes experience statistically identical age pro-
cesses and will have the same average age. Thus, we will drop user index ¢ in the
average age expression and use A instead of A; in the following analysis.

Finally, we denote the kth order statistic of random variables Xi,..., X, as
Xk Here, Xj., is the kth smallest random variable, e.g., Xi.,, = min{X;} and
X = max{X;}. For i.i.d. exponential random variables X; with parameter \, we

have [131]

Var[Xp.,) :%(Gn — Gpnk), (4.3)
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L=Y,

Figure 4.1: Sample age A(t) evolution for a single S-D pair. Update deliveries are
shown with symbol e. Session j starts at time 7;_; and lasts until 7; = Y; +T)_;.

where H, = 7, 5 and G, = 377, . Using these,

J=1j j=1
1

Note that, for large n, we have H,, =~ logn + v and G, — %2 where v ~ 0.577
is the Euler-Mascheroni constant. Since the constant v does not affect the scaling
results presented in this chapter, we take H,, ~ logn for large n in the rest of the
chapter for ease of exposition. Throughout the chapter, the equality of two random
variables stands for the equality of these random variables in distribution. Further,
the inequalities involving random variables correspond to the usual stochastic order

of random variables. That is, given random variables X and Y, X is stochastically

smaller than Y if P(X > z) < P(Y > z),Vx € R [117].
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4.3 Age Analysis of a Single S-D Pair

The network operates in sessions such that during each session all n sources success-
fully send their update packets to their corresponding destinations. Each session
lasts for Y units of time. Here, we derive the average age of a single S-D pair (s, d)
since each pair experiences statistically identical age as explained in Section [4.2]

Session j starts at time 7j_; and all sources including s generate their respec-
tive jth update packets. This session lasts until time T} = T;_; +Yj, at which point,
all n packets are received by their designated recipient nodes including node d. In
other words, a session ends when the last S-D pair finishes the packet transmission
at which point, all the other n — 1 destination nodes have already received their
packets. Thus, in the proposed scheme every destination node but one receives its
packet before the session ends. Fig. shows the evolution of the age at a desti-
nation node over time. It is in the usual sawtooth shape with the age increasing
linearly over time and dropping to a smaller value as the updates are received at
the destination. The process repeats itself at time 7} when all sources including s
generate the next update packet, namely update 5 + 1.

Using Fig. the average age for an S-D pair is given by

A= (4.5)

where A denotes the shaded area and L is its length. From the figure, we find
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A] = %}/;2 + }/}DjJrl such that

E[A] = +E[D]E[Y], (4.6)

E[L] =E[Y], (4.7)

since the system is ergodic and Y; and D;;, are independent. Here, D denotes the
time interval between the generation of an update and its arrival at the destination

node. Using these in (4.5)), the average age for an S-D pair is given by

(4.8)

Note that in some systems D may be directly equal to the link delay. However, as
in our model here, D may capture some additional delays that may occur during

the delivery time of an update. This will be further clarified in the next section.

4.4 Three-Phase Transmission Scheme

The proposed scheme involves clustering nodes and making use of mega update
packets to serve many S-D pairs at once to reduce the session time. In this section,

we describe the proposed three-phase transmission scheme and define mega update

packets. As in [127], we divide the square network area into {7 cells of equal area

such that each cell includes M nodes with high probability which tends to 1 as

n increasesﬁ The transmission delays between the nodes belonging to the same

3We note that it is sufficient to have O(M) nodes in each cell for the proposed scheme to work.
However, from hereafter, we assume that each cell has exactly M nodes for ease of exposition.
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cell are denoted by X; whereas the transmission delays between the nodes from
different cells are denoted by XZ Note that X; and Xz are independent; X, are
i.i.d. exponential with parameter A and X; are i.i.d. exponential with parameter 5\
Phase I. Creating mega update packets: In a cell, each one of the M
nodes gets a turn to distribute its current update packet to remaining M — 1 nodes
through M — 1 links with independent random delays. This operation resembles
the wait-for-all scheme studied in [113] since each node keeps transmitting until all
M —1 nodes receive its packet. Thus, the time needed for each node to distribute its
update packet to other nodes in the cell is U = X;_1.)7_1. Considering M successive
transmissions for each node in the cell, this phase is completed in V' = Zf\il U; units
of time. By the end of this phase in a cell, each one of the M nodes has M different
update packets one from each other node in that cell. Each node combines all these
M packets to create what we call a mega update packet (see Fig. |4.2]). In order
to reduce the session time, cells work in parallel during Phase I (see Section
for a detailed description of this operation). This phase ends when the slowest
cell among simultaneously operating cells finishes creating its mega update packet.
Phase I takes Y; = V%;% units of time, where Y; denotes the duration of Phase I.
Phase II. MIMO-like transmissions: In this phase, each cell succes-
sively performs MIMO-like transmissions using the mega update packets created
in Phase I. In each cell, all M source nodes send the mega update packet through

the channel simultaneously to the respective destination cells in which the destina-

4We note that we have A < X to reflect the increased distance and packet size, due to the
utilization of mega update packets in the inter-cell transmissions of Phase II. In Section [I.8] we
take A as a function of M to further account for the mega update packet size in the inter-cell
transmission delays of Phase II.
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Figure 4.2: Cell formation for M = 4 and n = 100. Simultaneous intra-cell trans-
missions are depicted for three S-D pairs from cells P, ), R and S.

o |/
A

tion nodes are located. Since every node sends the same mega packet which includes
all M packets to be transmitted from that cell, this does not create interference.
Thus, this is equivalent to sending update packets of all M sources with M copies
each all at once (see Fig. [£.3)). Hence, this significantly reduces the time needed to
transmit updates of all M sources from that cell to their respective destinations.
Note that this stage does not require the destination nodes to be in the same cell.
In fact, considering that we have M nodes in a cell, each cell can at most have M
different destination cells. Since we send M copies of each update to a destination
cell in which there are M receiver nodes, only the earliest successful transmission

is important. In other words, among the M? active links only the one with the
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smallest delay is critical in delivering the mega update packet to a destination cell.
Thus, it takes U= XLMQ units of time for a source node s from cell j to send its
update to the destination cell where the destination node d lies inﬁ This MIMO-
like transmissions of cell j continues until all M destination cells receive the mega
packet. Hence, for each cell, this phase lasts for V = Up.ar. We repeat this for each
cell, making the session time of this phase Y;; = Z”Zl ‘71

Phase III. In-cell relaying to the destination nodes: By the end of
Phase II, each cell receives a mega packet for each one of its nodes. These packets
may be received directly by their intended destination nodes. However, considering
the worst case where they are received by any other node, we need to relay them to
their actual designated recipient nodes. Thus, in this phase, M actual messages are
extracted from the corresponding M mega update packets received during Phase 11
and sent to their recipients one at a time. Since this phase has intra-cell transmis-
sions, it is performed in parallel across cells. For a single node this takes X units
of time, consequently we need V= Zf‘il X, to finish this process in a cell. As in
Phase I, we need to wait for the slowest cell to finish this operation. Then, this

phase lasts for Y;;; = Vﬁ;% units of time.

The total session time of the proposed scheme is,

n

M
Y=Y+ Y+ Y =Ven +) Vit Vaor, (4.9)

M
=1

5We note that in the MIMO-like transmissions of Phase II, since we consider the earliest trans-
mission among M? active links, the speed up factor is M? unlike the regular MIMO transmission
scheme in which the speed up factor is M. We thank one of the anonymous reviewers for raising
this point. In Section we discuss the performance of the proposed scheme when the speed up
factor is only M.
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P

Figure 4.3: In Phase II cells take turns to perform inter-cell transmissions. These
inter-cell transmissions are shown for the same three S-D pairs depicted in Fig. .

where V, V, and V are defined above. In our proposed scheme, assuming no S-D
pair is in the same cell, arrivals to destination nodes occur in Phase III. Note that
when an S-D pair is in the same cell, corresponding D is smaller which consequently
leads to a smaller age, where as noted earlier, D denotes the time between generation
of an update at certain source node till its arrival at the corresponding destination
node. Therefore, by assuming no S-D pair is in the same cell, we essentially consider
the worst case. Thus, any successful packet delivery will happen no earlier than the
duration of the first two phases Y;+Y7;. In addition, Phase III involves M successive
in-cell transmissions for each node of a particular cell. Hence, depending on the cell
that the source node lies in, as well as the realization of the transmission delay X,
the corresponding destination node may receive the packet some time after Phase I11
starts. Let random variable Z capture when after Phase III starts that particular

S-D pair is served. Then, we have,

D=Y;+Y;+Z (4.10)

For example, if a packet is the (j+1)th to be transmitted in Phase III, then delivery

will be at Y7 + Y + Z{Zl X; + X. Then, the random variable Z is of the form
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Z=7) X, +X.

Substituting (4.9))-(4.10) in (4.8) we obtain,

A =E[Y;] + E[Yy] + E[Z] +

(4.11)

which is the average age of an S-D pair under the proposed transmission scheme.
Before we perform the explicit age calculation using , we make some
observations to simplify our analysis. First, we note that, when the transmission
delays X are i.i.d. exponential with rate A, then U = Xj.,2 is also exponential with
rate M2\ [132]. Second, we have the following upper bound for the duration of

Phase 1.

Lemma 4.1 Y; satisfies the following inequality,

Y; <V, (4.12)

where V = Zf\il U and U = Xy,

Proof: Recall that Y; = Vﬁzﬁ, where V = Zf‘il U, and U = Xpy_1.y-1. To
show the inequality we make the following observation: In Phase I, 1 cells operate
simultaneously. First nodes of each of these cells start transmitting their packets
to all other M — 1 nodes of their cell at the same time. Here, the term first nodes
denotes the set of arbitrarily selected nodes, one from each cell, that distribute
their packet in their respective cells in the first place. Since intra-cell transmission
delays are all i.i.d. across cells and packets, what we essentially have in this case is
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simultaneous transmission to 17 (M — 1) ~ n nodes, and therefore all first nodes will
be done in X,,.,, units of time.

We repeat this for the second nodes of each cell, i.e., nodes that distribute
their packet within their respective cells in the second place, and so on to get
V = Zi]‘il(Xn:n)i = Zf\il U;. In this way of operation, a cell waits for all other
cells to finish distributing the update packet of the first node and then continues
with the second node and so on. In a way, for each of its nodes it waits for the
slowest cell to finish. However, in our constructed scheme during Phase I, inside a
cell, nodes distribute their packets to other nodes of that cell without considering
other cells and phase ends when all cells finish this process for all their M nodes.
Thus, V is an upper bound on Y;. W

Although our proposed Phase I lasts shorter than the scheme described in
Lemma [4.1] for tractability and ease of calculation we worsen our scheme in terms
of session time, and take the upper bound in Lemma [4.1] as our Phase I duration
such that from now on Y; = V. Third, we have the following upper bound for the

duration of Phase III.

Lemma 4.2 Y;;; satisfies the following inequality,

Yin <V, (4.13)

where V = M U and U = X n,n

MM’

We omit the proof of Lemma since it follows similar to the proof of
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Lemma [4.1} Due to the same tractability issues, we worsen Phase III as well in

terms of duration and take Yi;r = V from now on.

As a result of Lemmas and (4.9) becomes

SE

R

>~<
I
<
+
n
<<l

s
Il
—

(4.14)

Now, we are ready to derive an age expression using Lemmas and in

(4.11)). This is stated in the following theorem.

Theorem 4.1 Under the constructed transmission scheme, the average age of an

S-D pair is given by,

Az%[{ +M3)\HM+M2;1H,C[+
. MH?+ MG,
2<MH + s Hu + 5 Hn>
4 Mﬁ,\2 aroxe Hiv + welM
2 (3 Hy + 25 Hy + Y Hy, )
N HY + 3G
+2<%Hn+M3AHM+ Yr)
i iz Hn J\IjM_" e HoH e +M§)\>\
S Hn +M7§,\HM+ THz

(4.15)

Proof: The proof follows upon substituting (4.14)) back in (4.11]) and taking expec-

tations of order statistics of exponential random variables as in Section [4.2] Doing
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these, we obtain

M M? M
2
. n 27 I 2 n
E[Yy] = ngHM, E[Y;] = e H? + e G, (4.17)
M M? M
E[Yir] = ~ E[Y2,] = FH% + 3G (4.18)

Lastly, we need to calculate E[Z] where the random variable Z is the additional
amount of time after Phase II ends until the destination node receives the update.
Let us take an S-D pair (s, d) where source node s is from cell j + 1. In Phase III,
d has to wait for all other 7 mega packets from the first j cells to be distributed
among the nodes. When its turn comes, d just needs X amount of time to get its
packet. Then, d has Z = 25:1 lz + X. Here, we have U inside the summation as
opposed to X as in the discussion preceding because of Lemma Taking

expectation on U , 7 and X by noting their mutual independence we get

E[Z] = (% Z_ j) E[7] + E[X] = MzA Hy o+ (4.19)

Using (4.16)-(4.19) in (4.11)) yields the expression. W

Having derived the expression for the average age A of an S-D pair, we are

now ready to work with large n.

Theorem 4.2 For large n and with M = n®, where 0 < b < 1, the average age A
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in Theorem approzimately becomes,

n? n nb—1
A ~—logn + mblogn—i—

1
1-0)1 —
) ) (1 —0)logn + 3
(1+ (1 — b)?) 25 (logn)?

2 ((2 — )2 logn + ”~blogn>

n3b)

77/2 nb n 7'('2
n6bX2 bQ(IOg n)2 + <2>\_2 + n5b5\2> 6

2 ((2 - b)”yblogn—l— Lblogn)

n3b)

b(2 — b) s (logn)? + 22 (1 —b)(logn)?

(2 — b)"yblogn + —=blogn

n3bX

(4.20)

Proof: The expression follows upon substituting M = n® in (4.15)) and noting that

for large n, we have H, = logn. Further, GG,, is monotonically increasing and

2 b

% Since we have M = n”, as n grows large M does too, resulting

converges to

in Hy; ~ blogn and G,; converging to %2. We note that the notation ~ in this

theorem is mainly due to ~ in H,. B

Theorem 4.3 For large n, and for i < b <1, the average age of an S-D pair A

given in reduces to,

A =~ cn’logn, (4.21)

with a constant c. That is, age is O(n’logn), for 3 <b < 1.

Proof: By analyzing the result of Theorem we note that the first and third

terms are O(n’logn), and the second term is O(n'=3*logn), and fourth term is a
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constant independent of n. The fifth term can be written as

—b)2 2
n2b(10g n)2 (1+()1\2 ) + n2(4£—1)5\2)>

2(2—b) 2b
nblogn (T + 3 )

An4b—1

2
nQb(log n)QF <nb(log2n)2)\2 + n7b*1(1(1)gn)25\2)

2(2—b) 2% ’
nblogn (T + —)

+ (4.22)

Andb—1

which is O(n®logn) when b > 1 — 3b. Continuing similarly for the remaining term
shows that it is also O(n®logn) which gives the overall scaling result for % <b<l1.
|

Thus, the proposed transmission scheme, which involves intra-cell cooperation
and inter-cell MIMO-like transmissions of mega update packets, allows the successful
communication of n S-D pairs, and achieves an average age scaling of O(ni logn)
per-user.

In the next section, we propose introducing hierarchy to the proposed three-

phase transmission scheme to improve the average age scaling.

4.5 Three-Phase Transmission Scheme with Hierarchy

4.5.1 Motivation and Outline of the Scheme

The three-phase transmission scheme proposed in Section 4.4] allows successful com-
munication of n S-D pairs. Following the analysis to obtain the average age ex-

pression by substituting the first and second order moments of the phase durations

given in (4.16))-(4.19) into the average age expression given in (4.8)), we observe that
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Figure 4.4: Proposed three-phase hierarchical transmission scheme.

the resulting per-user average age scaling, when n is large, with M = n® where
0 < b < 1 and exponential link delays, is characterized by the expected scaling
of the phases. As derived in — expected durations of the phases are
O(ntlogn), O(n*~**logn) and O(n’logn) which in turn result in an average age
scaling of O(n% logn) upon selecting b = 1 — 3b. Thus, to obtain a better average
age scaling we need to improve the expected length of each phase. This motivates
the hierarchical cooperation in the proposed scheme.

In the Phase I of Section [£.4] the communication takes place in between M =
n® nodes rather than n nodes and a simple TDMA operation is performed among
these nodes which results in an average scaling of O(n®logn). Instead, we introduce
the first level of hierarchy by dividing each of these cells into n’~ further subcells
with n® users each where 0 < @ < b. Then, we apply the same three-phase scheme
with one difference to this cell to accommodate Phase I transmissions of Section [4.4]
In particular, to create the mega packet of the cell, first local communication among
the nodes is performed within subcells and MIMO-like transmissions are carried out

in between subcells within a cell. Then, instead of relaying the received packet to a
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h=0 h=1
Phase I | O(n’logn) O(n%logn) + O(n*=3%logn) + O(n*~*logn)
Phase II | O(n'=3*1logn) | O(n'=3*logn)
Phase IIT | O(n°logn) O(n%logn) + O(n*=3*1logn) + O(n%logn)

Table 4.1: Comparison of the expected durations of the phases with h = 0 as in
Section 4.4 and h = 1 hierarchy level with 0 < a < b < 1.

single node as in Phase I of Section |4.4] received packets are relayed to every other
node in the subcell to create the mega update packet. With this operation, Phase I of
Section is completed in three phases, Phase I, Phase II, Phase III’, each of which
are scaled down versions of the overall scheme with the corresponding difference
in the third phase which is denoted as Phase III' to highlight this difference. The
expected length of the first phase with h = 1 level of hierarchy is then O(n®logn)+
O(n*=3¢logn)+0(n*~*logn) (see Section for a detailed derivation) all of which
are smaller than O(n®logn) achieved in Section .

Similarly, Phase III of Section [4.4| can also be completed in three phases under
h = 1 level of hierarchy. However, this time in the third step we need Phase III
rather than Phase III' since we need to relay the received update packet within
subcell to its intended recipient node to conclude the delivery.

Fig. [£.4) shows the proposed hierarchy structure in which Phases I and III of
level h can be performed by applying the three-phase scheme on a smaller scale at

level h+1 accordingly. The advantage of the hierarchical transmission is summarized

in Table 411

83



4.5.2 Detailed Description of the Scheme for h =1

In this section, we describe the proposed hierarchical transmission scheme with A = 1
level of hierarchy in detail. Later, we generalize the average age scaling result for
h > 1 levels of hierarchy using the fact that the system is scale-invariant. We note
that the scheme in Section [4.4] does not utilize hierarchical cooperation, i.e., h = 0.

As in Section [4.4, we start with a square network that is divided into > cells of

<

equal area with M nodes in each cell with high probability that tends to 1 as n
increases. Selecting M = n” where 0 < b < 1 results in n'~? equal area cells with
n® users each cell. Introducing the first level of hierarchy, we further divide each
cell into n®~? equal area subcells to get a total of n'~® subcells with n® nodes each
where 0 < a < .

Remember that when there is no hierarchical cooperation we denote the trans-
mission delays within cells as X; and in between cells as XZ In this section, in order
to accommodate hierarchical structure for h = 1 level, we change our notation so
that transmission delays between the nodes from different cells are now denoted by
Xi(o), between the nodes from different subcells within the same cell are denoted by
Xi(l), and between the nodes belonging to the same subcell are denoted by X,L-(z).
Note that Xi(j ) are independent; and Xi(j ) are i.i.d. exponential with parameter A;
for 5 = 0,1,2. Note that we have Ay > A\; > Ag so that link delays are proportional
to the distances between nodes on average. Also note that in what follows we use

Y7, Yir and Yir to denote the phase durations under the three-phase scheme with

hierarchy.
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Phase I. Creating mega update packets: In this phase, each cell generates
its mega update packet which includes all M = n® messages to be sent from that cell.
Unlike the scheme in Section [4.4] we create mega update packets in three successive
phases by applying the three-phase transmission scheme to each cell.

First, each node in a subcell distributes its update packet to remaining n® — 1
nodes in its subcell which takes U! = Xflza)_l:na_l units of time. Considering n®
successive transmissions for each node of the subcell, this step is completed in a
subcell in VI = Z:L:al U} units of time. This operation is analogous to the Phase
I in Section but performed among n® nodes in a subcell rather than among n’
nodes within a cell. Upon completion of this step in a subcell, each node of that
subcell has n* different update packets one from each node. Each node combines all
these update packets to form a preliminary mega update packet which includes all
n® messages to be sent out from this subcell. This operation is performed in parallel
among all subcells in the network (see Section for a detailed description of
this operation) and ends when the slowest simultaneously operating subcell finishes
creating its preliminary mega update packet. Hence, it takes Y/ = anl_aml_a units
of time, where Y/ denotes the duration of the first phase at h = 1.

When all preliminary mega update packets are formed, all n®=¢ subcells of a
cell perform MIMO-like transmissions among each other to distribute their prelimi-
nary mega update packets to remaining subcells within the cell. Since this requires
cell-level transmissions in between subcells, this step is performed in parallel among
cells and thus, subcells take turns. As in the Phase II of Section [4.4] all n* nodes

of a subcell start transmitting the preliminary mega update packet to remaining
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n?~® — 1 subcells. Since every node sends the same preliminary mega update packet
this does not create interference. This transmission continues until the earliest node
in each remaining subcell receives the preliminary mega update packet. In other
words, among the n?® active links between the source and destination subcells,
only the one with the smallest delay is critical. Thus, for a single subcell it takes
Ut = (X]F}TZQG)nbfa,l:nbfa,l units of time. Since subcells take turns, in a cell this step
. . II nb*a II . . .

is completed in V! = """~ U/" units of time. Finally, on the network-level these

MIMO-like transmissions continue until the slowest of the simultaneously operating
cells finishes which corresponds to Y/ = V'L, .

By the end of the MIMO-like transmissions among subcells, each subcell re-
ceives preliminary mega update packets of remaining n®~® — 1 subcells that lie in
its cell. In this step, these packets are distributed within the subcell in parallel
among the subcells of the network. This is identical to the operation of Phase III
of Section [4.4] on subcell-level except that each preliminary mega update packet
received is transmitted to all nodes of that subcell to successfully form the mega
update packet of the corresponding cell. To highlight this difference we denote this
step as Phase IIT" in Fig. 4.4 at h = 1 level. Distributing one preliminary mega
update packet takes U = XT(L?Z)_lma_l units of time. By repeating this for all

preliminary mega update packets received this step is completed in a subcell in

AR Z?:b;a_l UM units of time. We wait for the slowest subcell and thus on

Ir

the network-level this step is completed in YIHI/ =V i, ,1- units of time.
With this, each node in a subcell receives remaining n®~®—1 preliminary mega
update packets of n® message each. Combining these with their own preliminary
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mega update packet, every node in a subcell forms the mega update packet which
includes all n® messages to be sent out from that cell. Thus, the first phase lasts for
Yr =Y/ + Y+ YT units of time.

Phase II. MIMO-like transmissions: Identical to Phase II of Section [4.4]
in this phase each cell successively performs MIMO-like transmissions using the mega
update packets created in Phase I. This phase requires network-level transmissions

between cells. Thus, only one cell operates at a time. As in Section a source

(0)

L.,z units of time to send its update to the destination

node s from cell j needs U = X
cell where the destination node d lies in. Transmissions of cell j continue until all
n? destination cells receive the mega update packet. Hence, for each cell, this phase
lasts for V = U,p.,». This operation is repeated for each cell and hence the session
time of this phase Y;; = Z?;b Vi. At the end of this phase, each cell delivers its
mega update packet to one node in each of the corresponding destination cells.
Phase III. In-cell relaying to the destination nodes: By the end of
Phase II, each cell receives a total of n® mega update packets, one for each node.
In Section [4.4] relevant packets which have a destination node in that cell are ex-
tracted from these mega update packets and relayed to their respective designated
recipient nodes by a simple TDMA operation which scales as O(n®logn). However,
as in Phase I we can introduce hierarchy to this phase and apply the three-phase
scheme again. Thus, extracted relevant packets are first distributed within subcells
of the nodes which received them in Phase II. Then, these packets are delivered to
their corresponding destination subcells in which the destination nodes are located

through MIMO-like transmissions and finally, they are relayed to the corresponding
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recipient nodes within subcells.

Noting that each subcell receives on average n® mega update packets, with
one relevant packet each, distribution of these n® packets within subcell takes vI=
S U with U7 = X% ., and on the network-level is completed in Y}, =

~

anl,aml,a units of time. With this operation, the secondary mega update packet
of that subcell is formed which includes all n® update packets with destinations
in that cell. Then, these secondary mega update packets are transmitted to the
respective destination subcells in parallel among cells (subcells take turns) through
MIMO-like transmissions until all n® destination subcells receive them. In a cell,
this is completed in VI = Z?:a U units of time where U = (X(l)Qa)na:na and

i lin
therefore, on the network-level is completed in Y7/, = VI, ., when all cells finish.
Thus, each subcell receives a total of n* secondary mega update packets each of
which includes one update destined to a node in that subcell. Finally, these packets
are relayed to their actual recipient nodes within subcell. For a subcell it takes

VI = S UM units of time where U1 = X®) and hence on the network-level

it is completed in Y/ = V,fll_laﬂl_a-

Note that since in the last step we relay the
packets to their destination node rather than all nodes in the subcell, this step is
the subcell-level equivalent of Phase III of Section [£.4] As a result, the third phase
lasts for Yy = Y, + Y + YA and finishes when every S-D pair of the network
is served.

Total session time of the proposed scheme is, therefore, Y = Y; + Y;; + Yi;.
Before we perform the explicit age calculation, we again make some observations to
simplify our analysis.
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Lemma 4.3 Y] satisfies the following inequality,

}/}SVI+VII+VIIII,

where

na
vi=>"0/,

i=1

nbfa
VII — § UZ-II,

i=1

nbfa
11T FrIII’
v =N gt
=1

(4.23)
0'=x2, (4.24)
Il _ (1) o
U (Xl:’n,2a')n1 a:nl a, (425)
gl = x@. (4.26)

The proof of this lemma follows similarly from that of Lemma [4.1, We show

that Y/ < VI, Y/ <V and Y/ < VI which yields (4.23).

We worsen our scheme in terms of session time and hereafter take the upper

bound in Lemma [4.3 as our Phase I duration for tractability and ease of calculation.

Thus, from now on Y; = V! + VT 4 V" Next, we have the following upper bound

for the duration of Phase III.

Lemma 4.4 Y;;; satisfies the following inequality,

Y}IIS‘7]+‘:/II+‘:/III7
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where

na

vi=2 Ul U7 = X2, (4.28)
i=1
nbfa

V=30, O" = (X{}au)miveasmi=vsa, (4.29)
i=1

v =N g, o = x5, (4.30)

i=1

We omit the proof of Lemma [4.4] since it follows similar to the proof of
Lemma, We worsen Phase III as well in terms of duration and take Y;;; =
VI 4+ VI 4+ VT from now on because of similar tractability issues.

As a result of Lemmas and total session time becomes

Y:VI+VI[+‘7[II’_|_Y}I_‘_‘:/I+‘7H+‘:/—IH‘ (4‘31)

Taking expectations of order statistics of exponential random variables as in

(4.2)-(4.4) and using the fact that for large n, we have H, = logn and G, is

monotonically increasing and converges to %f, first two moments of the subphase

and phase durations approximately become

o a + nbfa (1 _ a)nbf?)a
E Oy gL 1 4.32
ZV < ™ + N ogn, (4.32)
LieZ’
= 2—an®  (1—>b+a)nb3e
E VO | = ( 1 4.33
S| = (B = ogn,  (433)
Lic€Z J
1-3b
E[Y;/] :lmA logn, (4.34)
0
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(4.35)

nl=5b 72 2,2(1-3b)
E[Y?] =—— log?
[ II} /\% 6 /\% Og ’I’L,
(4.36)

na 7T2 nQa )
log®n,

E[(7)’] TR
E [(V”)Z: :nb)\_%f’a%? + (1- a);;ﬂ(b_&l) log® n, (4.37)
E {(V”I')Q: :%aﬁg + #,;) log?n, (4.38)
E [(1:/I> 2: :Z—;%Z + n)\_Z%“ log® n, (4.39)
()] <+ et (1.40)
E [(Vlny- :%%2 <1 _)C\L%)ana log® n, (4.41)

where in (.32), i € 7/ = {I,11,11I'} and in {1.33), i € T = {I, 11,111}

Now, we are ready to derive an average age expression using (4.8). For ease

of exposition, we assume that every node updates its age at the end of each session
Yj1. Then, (4.8) becomes

when the hierarchy is implemented and take D;, =Y
(4.42)

Note that this assumption can only result in a higher average age as all nodes but

one receive their update packets before the session ends, i.e., P(D <Y') =1 for all

updates and nodes.

Theorem 4.4 Under the constructed transmission scheme with h = 1 level of hier-
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archy, for large n, the average age of an S-D pair is given by,

A=FE ZV@

i€’

+E[Y ]+ E

S

i€
i kZiGI’ VO 4 Y+ D ier V(Z)> }

2 (E [Zz‘ezf V(i)} +ENY] +E [Ziel ‘:/(i)D |

+

(4.43)

The proof of Theorem follows upon substituting (4.31]) back in (4.42]).

Moments follow from (4.32))-(4.41)).

Theorem 4.5 For large n, with a = g and = < a < %, the average age of an S-D

1
7

pair when h = 1 hierarchy level is implemented, A, given in reduces to,

A = én®logn, (4.44)

with a constant ¢. That is, age is O(n®logn), for % <a< %

Proof: Using (4.32)-(4.41) in (4.43), we observe that in the average age expression

we have terms with O(n®logn), O(n*~*logn), O(n®3*logn), and O(n'=3*logn).
Among first three types, noting that b — 3a < b — a, dominating terms are O(n®)
and O(n®~%). Thus, by choosing a = b — a we can minimize the resulting scaling.
With this selection, the first and third terms in (4.43)) are O(n®logn) whereas the
second one is O(n'=%logn). Looking at the fourth term we observe that it has the

following form when b = 2a,

1—6a

c1n?@log® n + con?(1-69) Jog? n + c3n' 5 log® n

, (4.45)

cyn®logn + csnt=%logn
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where cq, ..., c5 are constants. We observe that for % <a< %, first three terms and
the fourth term given in (4.45)) are O(n®logn) which yields the result. B

Thus, the proposed hierarchical scheme with i = 1 hierarchy levels achieves
an average age scaling of O(n% logn) per-user when a = 1 and b = 2. This implies
that if the cells have M nodes each, each subcell has VM nodes when h = 1. Note
that in Section it is shown that i < b < 1. Here, resulting b not only satisfies

this but also gives a better scaling in the end because of the hierarchy we utilized.

In Theorem below, we generalize this scaling result to h levels of hierarchy.

Theorem 4.6 For large n, when the proposed scheme is implemented with h hier-

archy levels, the average age scaling of O (na(h) log n) per-user is achievable where

a(h) = =

3241

Proof: We observe that when A = 1 hierarchy level is utilized, the scaling result
comes from a = 1 — 6a. Since b = 2a, another way to express this is 2% =1-—3b.
As h increases with b = 2a structure in each hierarchy level, we see that subcells
at level h have n#" nodes, Thus, when h levels of hierarchy is utilized, subcell
transmissions take place among n# nodes and inter-subcell transmissions have n2"
turns. However, the second phase is still O(n'=?") as each cell at the top of the
hierarchy has n’ nodes. Thus, & = 1 — 3b yields a(h) = 32T1+1 [

Thus, when hierarchy is utilized, the proposed transmission scheme, which in-
volves local cooperation and MIMO-like inter-cell transmissions, allows the success-

ful communication of n S-D pairs, and achieves an average age scaling of O (na(h) log n)

per-user where h = 0,1,... is the number of hierarchy levels. Note that in the
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asymptotic case when h tends to oo, this scheme gives an average age scaling of
O(logn) per-user. This is the case because as h increases, number of turns in each
phase, n2%, decreases such that eventually log n term which comes from the fact that
packets are distributed locally to all other nodes in the same subcell in Phases I and

IIT" dominates. We also observe that when the hierarchy is not utilized, i.e. h = 0,

Theorem [4.6] yields the result in Theorem [£.3]in Section [4.4]

4.6 Note on Phases I and III

We use the protocol model introduced in [122] to model the interference such that
two nodes can be active if they are sufficiently spatially separated from each other.
In other words, we allow simultaneous transmissions provided there is no destructive
interference caused by other active nodes. Suppose that node i transmits its update
to node j. Then, node j can successfully receive this update if the following is

satisfied for any other node k that is simultaneously transmitting,

d(j, k) = (1 +7)d(j, ), (4.46)

where function d(x, y) denotes the distance between nodes x and y and  is a positive
constant determining the guard zone.

The proposed three-phase scheme with A levels of hierarchy utilizes parallelized
transmissions in Phases I and III where h > 0. When the hierarchy is not utilized,
i.e., h = 0, parallel intra-cell transmissions take place during these phases. In order

to implement these parallel communications in Phases I and III, we follow a 9-TDMA
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_n_

scheme as in [127]. Specifically, O(5};

) of the total {7 cells work simultaneously so
that Phases I and III are completed in 9 successive subphases. Using the protocol
model, cells that are at least (1++)rv/2 away from a cell can operate simultaneously
during these phases, where r = \/ST/n is the length of each square cell and S is the
network area. Noting that there are at least two inactive cells in between two active
cells under a 9-TDMA operation and the maximum in-cell transmission distance is
7“\/5, this scheme satisfies if the guard zone parameter v < V2 — 1. We note
that as the number of cells in the network increases, the number of simultaneously
active nodes in Phases I and I1I also increases. Since the distance between the active
cells, 2r, and the in-cell transmission distance, rv/2, both decrease proportionally
when the number of cell increases the condition in is still satisfied under the
9-TDMA operation given that we have v < V2 -1.

On the other hand, when h = 1 level of hierarchy is utilized, the proposed
scheme includes within subcell transmissions that are parallelized across subcells
and within cell transmissions that are parallelized among cells (subcells take turns)
in Phases I and III (or IIT). Similar 9-TDMA scheme again is used to accommodate
these simultaneous transmissions. When v < v/2 — 1, parallel -TDMA operation
among subcells is still allowed since from cell-level to subcell-level both distance
terms in decrease proportionally. Extending this, we see that for h level of
hierarchy, by selecting an appropriate guard zone parameter v, parallelized Phase I

and IIT (or III") operation under 9-TDMA scheme is allowed. Noting that 9 here is

a constant and valid for any n, it does not change the scaling results.
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4.7 Numerical Results

In this section, we provide simple numerical results to validate our results for the
h = 0 case, i.e., hierarchical cooperation is not utilizedﬂ Simulations are performed
using MATLAB over 1000 sessions where each session is comprised of three phases.
Plotted results are averaged over 10 independent simulations. In the simulations,
we set A = 5 and A\ = 2. We recall that to make the proposed three-phase scheme
analytically tractable, we worsen Phases I and III through Lemmas and [4.2
In this section, we provide simulations for the actual proposed three-phase scheme,
referred to as TPS and shown in blue solid curves throughout, and its upper-bounded
version, referred to as TPS-ub and shown in purple dash-dotted curves throughout,
along with our theoretical results to make comparisons and verify our results.

We first consider the case in which the nodes are placed on a grid in the network
and set b = % In other words, nodes are equally spaced and each of the {7 cells has
exactly M nodes. We note that since we do not consider the physical distance in
between nodes in our analysis, our results still hold when the nodes are on a grid.
In Fig. [1.5(a), in line with Theorem we see that TPS-ub achieves an average
age scaling of O(n% logn) per-user since we set b = % Here, the red dashed curve
shows the theoretical result obtained from — whereas the yellow dotted
line is obtained from with corresponding c. We observe that these two curves
coincide, even for smaller values of n. Thus, the result in (4.21)) is in line with our

average age analysis. Further, we observe that the actual proposed policy without

6Simulation complexity increases substantially when hierarchical cooperation is utilized.
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Figure 4.5: Average age scaling under the proposed three-phase hierarchical trans-
mission scheme for h =0, b = %, A =5 and A = 2 for varying n when (a) nodes are
on a grid, (b) nodes are randomly uniformly and independently distributed.

the upper bounds on Phases I and III, TPS, lies below the O(n% log n) scaling. Thus,
the proposed three-phase scheme, without the upper bounds on Phases I and III,
has a better average age scaling than the upper bounded scheme, TPS-ub, which is
shown to achieve O(n2 logn) scaling for b = + in Theorem .

Next, we consider the case in which the nodes are uniformly and independently
placed in the network in Fig. 4.5(b). In this case, each cell has O(M) nodes rather
than exactly M nodes which leads to a gap in between the TPS-ub curve and the
theoretical results, which assume exactly M nodes in each cell, even though we
observe that TPS-ub curve continues to have O(n% logn) scaling trend. Thus, for
scaling results to hold, it is enough to have O(M) nodes in each cell. We also observe
that age under the actual proposed scheme, TPS, slightly increases compared to
Fig. (a) but still has a better scaling than O(nz logn).

Throughout the analysis, we have i.i.d. transmission times for intra-cell and

inter-cell transmissions of each node. Next, we analyze the performance of the
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Figure 4.6: (a) Average age scaling under the proposed three-phase hierarchical
transmission scheme for h =0, b = % when nodes have non i.i.d. transmission rates
for varying n. (b) Comparison of round robin scheme and the proposed three-phase
hierarchical transmission scheme for h =0, b = i, A=5and A =2 for varying n.

proposed scheme when nodes have different transmission rates. Thus, in this case,
transmission times of nodes are independently yet exponentially distributed with
different mean values. In the simulation we consider that A is uniformly distributed
in [3,7] and X is uniformly distributed in [0.5,3.5] for each node such that average
intra-cell and inter-cell transmission rates are 5 and 2, respectively as in Fig. 4.5(b).
We observe in Fig. [4.6(a) that under the non-i.i.d. transmission times, average ages
for both TPS and TPS-ub increase even though the TPS curve still has a lower
average age scaling than O(n% logn). On the other hand, in this case, the gap
between the cnz logn curve and TPS-ub curve increases and these two curves are
no longer parallel. That is, TPS-ub has a higher average age scaling than O(n% logn)
unlike the i.i.d. transmission rates setting.

Lastly, we compare the performance of the three-phase scheme with b = % and

the baseline round robin policy in which nodes take turns to transmit their update
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packets which has per-user scaling of O(n). In Fig. 4.6(b), we observe the proposed
three-phase transmission scheme outperforms the round-robin policy when the total

number of nodes exceeds n = 300.

4.8 Discussion

We note that the focus of this chapter is the scaling of age of information in large
wireless networks. Thus, presented scaling results hold with high probability when
the number of nodes in the network grows beyond a certain threshold. The random
network model used in this chapter is rather idealized. Although it is of theoretical
interest on its own right, a more realistic model may adopt a physical interference
model that is based on signal-to-interference ratio requirements and possibly mobile
nodes rather than static nodes. Moreover, we make use of the mega update packets
in the proposed transmission scheme to serve multiple S-D pairs at once without con-
sidering the growing mega update packet size as the network population increases.
Likewise, link delays are modeled as i.i.d. exponentials with constant parameters
that are not affected by the transmission distance or packet size. It would be an
interesting direction to analyze the effects of packet size and the distance between
S-D pairs on the average age scaling. Further, the schemes discussed in this chapter
are not private since a packet intended for a certain destination node is observed by
other nodes in the network. To ensure privacy, updates can be encrypted in a way
that the routing of a packet to the correct destination node is still maintained but

only the intended destination node can fully decrypt the message.
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In this sense, here, we take a careful look at the proposed three-phase trans-
mission scheme, particularly the MIMO-like inter-cell transmissions of mega update
packets in Phase II, and discuss the performance of the proposed three-phase trans-
mission scheme under possibly more realistic and practically applicable network
models.

First, we analyze the performance of the proposed three-phase scheme without

the utilization of mega update packets in the next corollary.

Corollary 4.1 When mega update packets are not utilized, the proposed three-phase

o . . . 1
transmission policy achieves an average age scaling of O(n3 logn) per-user.

Proof: In the proposed scheme, mega update packets are formed during Phase I
and are transmitted to destination cells in Phase II. By transmitting a mega update
packet, all M nodes of a particular cell send their messages to the corresponding
destination cells at once. When the mega update packets are not utilized, however,
each node of a cell still stores all other messages received in Phase I in its buffer but
instead of combining these messages to create the mega update packet, these nodes
can send the individual packets to corresponding M destination cells sequentially.
In other words, rather than sending all M packets as a mega packet simultaneously,
nodes in a cell collectively can send the packets one by onem In this operation, a
cell sends out all M of its update packets to the destination cells in M successive

transmissions in 32 (Xy.p2); units of time where X denotes the transmission delay

"We note that in this operation, each destination cell only receives the update packets that are
destined to that particular cell as opposed to receiving a full mega update packet.
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of a single packet and is exponentially distributed with rate 5\ Since we need a

total of n transmissions for = cells we have Y7; = Z?Zl(j( 1.m2)i- Note that when

M = n® where 0 < b < 1 we have

2
n 9 n n

_ EV2] = — 4 —
M2\ Y MAX2  MAN2

EfYi] = (447)

Repeating a similar analysis as above with instead of for large n yields
the result. Particularly, we obtain b = 1 — 2b from which the proposed scheme
achieves the O(n% logn) scaling result. Note that even if the mega update packets
are not utilized, nodes in a cell still need enough buffer space to store all M messages
received in Phase I so that these messages can be sent out one by one in Phase II.
[ |

Second, in the next corollary, we consider the case when the speed up factor
is M in the MIMO-like transmissions of Phase II as opposed to a speed up factor of
M? which arises since we consider the fastest of the simultancously active M? links

in Phase II.

Corollary 4.2 When the speed up factor is M as in the ordinary MIMO with M
transmit and M receive antennas, in the inter-cell transmissions of Phase II, the pro-
posed three-phase transmission policy achieves an average age scaling of O(n% logn)

per-user.

8We note that when mega update packets are not utilized, the transmission of all M update
packets from a particular cell to corresponding M destination cells essentially has an Erlang dis-

tribution with rate (M, M2)) since we have sum of M ii.d. random variables Xi.ps2 which is
exponentially distributed with rate M2\.
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Proof: In this case, we have U = X, such that the first two moments of the

duration of the second phase become

2
n 9 n

S VEP P

ElYn] = —<Hu, E[Y7] =

M2 M G O

with M = n® where 0 < b < 1. Repeating a similar analysis as above with
instead of for large n yields the result. W

We note that a gain of M in the MIMO-like transmissions can be the result of
highly correlated transmission times from a node in the source cell to M nodes in
the destination cell in the physical layer. That is, all M links in between a node in
the source cell and nodes in the destination cell have highly correlated transmission
times such that we consider the fastest of the simultaneously active M links, one
for each node in the source cell, in Phase II as opposed to the fastest of M? links.
Further, we note that the proposed transmission scheme achieves a better age scaling
than the delay scaling of [128] which also uses MIMO transmissions for inter-cell
transmissions and achieves a delay scaling of O(n% logn) per-user while sacrificing
the throughput performance.

Third, we consider the case in which the mega update packet transmission
rate depends explicitly on the number of packets in the mega updates, M. So far,
the inter-cell transmissions of mega update packets are modeled by i.i.d. exponential
random variables with rate A. Since these mega update packets are comprised of
M update packets, one for each node of a particular cell, here, we scale down the

exponential random variable with the mega update packet size, M. That is, we let
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X denote the transmission delay of a mega update packet such that the transmis-

sion delay is exponentially distributed with rate % instead of A and analyze the

performance of the proposed three-phase transmission policy in the next corollary.

Corollary 4.3 When the mega update packet transmission delays, X of Phase II
are modeled by exponential random variables with rate %, the proposed three-phase

. . . . 1
transmission policy achieves an average age scaling of O(n3 logn) per-user.

We note that, in this case, the first two moments of the duration of the second
phase are again given by which again yields the same result for large n.

Next, we consider the cases discussed in Corollaries |4.2] and {4.3| together. That
is, we analyze the performance of the proposed three-phase scheme when the speedup
factor is M, as in the ordinary MIMO scheme, with the inter-cell transmission of
mega update packets modeled by scaled-down exponential random variables with
the mega update packet size, M. In this case, the proposed scheme achieves a
per-user scaling of O(nz logn).

Lastly, we consider the case in which a single mega update packet transmis-
sion is modeled by an Erlang distribution with rate (M, M?)). That is, inter-cell
transmission of a single packet has i.i.d. exponential delays with rate A such that
MIMO-like inter-cell transmission of a single packet has an i.i.d. exponentially dis-
tributed delay with rate M2X. We note that this case is essentially equivalent to the
case when mega update packets are not utilized, as discussed in Corollary since

when we have M successive transmissions for a mega packet transmission, then each

packet is only sent to its destination cell. In other words, a destination cell receives
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only the packets that are destined to that particular cell as opposed to receiving
the whole mega update packet. Thus, when the mega update packets have Erlang
service times, the proposed three-phase policy achieves an average age scaling of
O(n3 logn) per-user.

We note that in Corollaries to [4.3] we consider the performance of the
proposed scheme without invoking the hierarchical utilization and the corresponding
hierarchical extensions of these settings differ from Section 4.5|and are not discussed

within the scope of this chapter.

4.9 Conclusion

Given a large wireless network of fixed area consisting of n randomly located source-
destination pairs that want to send time-sensitive status update packets to each
other, we have studied the scalability of age of information. To accommodate the
communication between the S-D pairs, we have proposed a three-phase transmission
scheme which uses local cooperation between nodes and mega update packets to

achieve an average age scaling of O(ni logn). Our scheme divides the network into

n

17 cells of M nodes each. The first and third phases include intra-cell transmissions

and take place simultaneously across all cells. The second phase includes inter-cell
transmissions and therefore during this phase cells operate one at a time.

We observe that the bottleneck in the resulting age scaling result is caused by
O(M) transmissions in Phases I and III. Furthermore, we note that each cell is a

scaled-down version of the whole network. With these, we introduce hierarchy to the
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system and apply the three-phase scheme on a cell-level in these phases. In other
words, Phases I and III of the hth level of the hierarchy are completed in three
successive steps in the next level of hierarchy. We have shown that this scheme
with hierarchical cooperation improves the scaling result and achieves an average

age scaling of O (na(h) log n) where a(h) and h is the number of hierarchy

_ 1
 3:2h41
levels. In the asymptotic case when h tends to oo resulting average age per-user

scales as O(logn).
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CHAPTER 5

Scaling Laws for Version Age of Information in Gossip Net-

works

5.1 Introduction

The original age metric measures the time passed since the most recent information
at the monitor was generated at the source node. This age metric increases linearly
in time in the absence of update deliveries at the monitor. When an update is
received, the age value drops to the age of the received update. This evolution
in time demonstrates the fundamental limitation of the original age metric, which
is the assumption that the age at the monitor continues to increase as time passes
irrespective of any changes at the source side in the underlying source process. That
is, even if the source information does not change and the monitor has the most
up-to-date information, as time passes, the original age metric deems monitor’s
knowledge about the source process stale. This may not necessarily be the case
in many applications, including content delivery services and surveillance systems.
To overcome this inherent challenge, in the age of information literature, several

variants of the original age metric have been proposed. A common feature of these
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recently proposed age variants is the fact that the age of the monitor stays the
same until the information at the source changes even if no updates are received
at the monitor. Among these are binary freshness metric [90,91},|133-136], age of
synchronization [137], and age of incorrect information [138-140)].

Similar in spirit, recently, a new age metric called version age has appeared
in the literature [141},/142]. In the version age context, each update at the source is
considered a version change so that the version age counts how many versions out-
of-date the information at the monitor is, compared to the version at the source.
Unlike the original age metric, the version age has discrete steps such that the
version age of a monitor increases by one when the source generates a newer version,
i.e., fresher information. In between version changes at the source, version age of
the monitor stays the same indicating that the monitor still has the most recent
information. A predecessor of version age has appeared in [51], which considers
timely tracking of Poisson counting processes by minimizing the count difference,
i.e., version difference, between the process and its estimate.

Recently, reference |[141] has used the version age metric to characterize time-
liness in memoryless gossip networks composed of n arbitrarily connected nodes.
In [141], the source sends information to the receiver nodes by implementing a Pois-
son updating mechanism, i.e., with exponential inter-update times at each receiver
node. Similar Poisson updating schemes have been investigated in the age liter-
ature in the context of social networks [42], timely tracking [51,/143], and timely
cache updating [90,91}135]. In addition to source delivering updates to the receiver
nodes, each node in [141] relays their stored version of the source information to
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their neighboring nodes. Also referred to as gossiping, this additional information
exchange among the nodes improves the age scaling at the nodes since each node
can receive updates from its neighbors as well as from the source node. As a result
of this gossiping, [141] shows that the average version age scales as O(y/n) in a
bi-directional ring network and as O(logn) in a fully connected network, where n is
the number of nodes; note that the average version age would scale as O(n) without
gossiping, i.e., if the network is disconnected.

There have been significant efforts in the age literature to characterize and
improve the average age scaling in large networks considering the classical age metric
with possibly many source-destination pairs. Recent works have achieved O(1)
scaling in multicast networks in Chapters [2| and [3| and references [113}/144] using a
centralized transmission scheme administered by the source, and O(logn) scaling in
distributed peer-to-peer communication networks in Chapter 4| and references [145-
147] using a hierarchical local cooperation scheme.

Inspired by these, in this chapter, our aim is to study wversion age scaling
in more general gossip network models which exhibit a community structure; see
Fig. 5.1} In our model, there is a single source node that generates updates following
a Poisson process. Each such update constitutes a newer version of the underlying
information process. The source updates multiple distinct communities regarding
the underlying process. In our work, a community represents a set of receiver nodes
clustered together which can only interact with each other. Each cluster has a
dedicated cluster head, which serves that particular cluster. Akin to base stations in

a cellular network, cluster heads act as gateways between the source and the receiver
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Figure 5.1: Tiered network model where blue node at the center represents the
source, yellow nodes represent the cluster heads, and green nodes represent the end
users. Here, nodes in each cluster form a bi-directional ring network. Other possible
network topologies within a cluster are shown in Fig. .

nodes in each cluster. Unlike the model in [141], the source cannot directly deliver
updates to receiver nodes in our model. Instead, source updates need to go through
the corresponding cluster head to reach the receiver nodes in each cluster. There
can be various degrees of gossip in each cluster, which we model by disconnected,
uni-directional ring, bi-directional ring, and fully connected network topologies; see
Fig. 5.2l Based on the underlying connectivity within clusters, we characterize the
version age experienced by each node. In doing that, we employ the stochastic
hybrid systems (SHS) approach [13],38,148-151] to develop recursive formulas that
enable us to characterize the version age in arbitrarily connected clustered gossip
networks.

Additional hop constituted by the cluster heads between the source and the
end-nodes presents us with opportunities to optimize the average version age scaling

by carefully tuning the number of clusters and the cluster size. Specifically, our
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Figure 5.2: Different network topologies that can be used within each cluster: (a) dis-
connected, (b) uni-directional ring, (c¢) bi-directional ring, and (d) fully connected.
Fig. [5.1] uses the one in (c¢). In this figure, cluster size is k = 6.

results indicate that even if the nodes within each community forego gossiping,
i.e., disconnected networks within each cluster, we can achieve O(y/n) scaling as
opposed to O(n). In addition, we obtain the same O(logn) scaling in the case of
fully connected communities using fewer connections within clusters than [141], and
further reduce the scaling result in ring networks to O(n3) from O(y/n) in [141].
So far, the cluster heads do not participate in gossiping, i.e., cluster heads
among themselves form a disconnected topology. To further improve the version
age at the receiver nodes, next, we characterize the average version age and its
scaling when the cluster heads form a ring network among themselves and exchange
information. In that case, each cluster head uses some of its update rate to relay

updates to its neighboring cluster heads while its remaining update rate is used
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to relay updates to the receiver nodes within its cluster. Thanks to the increased
communication among the cluster heads, we can further improve the version age
scaling to O(n3) for disconnected networks within each cluster; to O(n4) in the
case of ring networks within each cluster. For the setup with a ring network in each
cluster, we find the version age optimal update rate allocation at each cluster head.
Interestingly, in the case of fully connected networks within each cluster, we find
that the additional information exchange due to the gossip among the cluster heads
does not improve the version age scaling. That is, the version age of an end user
still scales as O(logn) even though cluster heads participate in gossip.

Motivated by the tiered structure in the clustered network model, next, we
introduce hierarchy to our clustered network model. In this case, we forego cluster
heads, and carefully place clusters of nodes in a hierarchical manner. That is, each
node in a particular hierarchy level acts as a cluster head to a distinct cluster of
nodes in the next hierarchy level. At the first level of hierarchy, we have a single
cluster of k£ nodes, each of which have a single cluster of ks nodes at the second level,
and so on. Within the context of hierarchical clustered gossip networks, we consider
a ring network in each cluster and show that the O(y/n) scaling result of [141] and
our cluster head-aided scaling result of O(n%) for ring networks can be improved to
O(nﬁ) without the use of dedicated cluster heads, where h denotes the number of
hierarchy levels. For convenience, we provide the summary of all scaling results for
version age in Table Finally, through numerical evaluations, we determine the
version-age optimum cluster sizes for varying update rates employed by the source,

cluster heads, and the nodes within each cluster.
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disconnected ring fully connected
no clustering as in [141] O(n) O(y/n) O(logn)
clustered networks O(y/n) O(n%) O(logn)
clustered networks with connected cluster heads O(n%) O(n%) O(logn)
h-level hierarchical clustered networks — O(nﬁ) -

Table 5.1: The summary of the scaling of version age in gossip networks.

5.2 System Model and the Age Metric

We consider a system where a network of n nodes is divided into m clusters, each
consisting of k nodes such that n = mk with k,m € Z; see Fig. 5.1} Each clus-
ter is served by a distinct cluster head, which takes updates from the source and
distributes them across that cluster. The source process is updated as a rate A,
Poisson process. The source has a total update injection rate of A4, which is uni-
formly distributed across cluster heads such that each cluster head is updated as a
rate % Poisson process. From each cluster head to its corresponding cluster, the
total update injection rate is A. and this rate is uniformly allocated across the nodes
in that cluster. That is, each node 7 receives an update from its cluster head as a
rate ’\? Poisson process with i € N & {1,...,n}.

Nodes in each cluster are connected to each other based on a connection graph.
We consider varying levels of connectivity among nodes within each cluster. These
are disconnected, uni-directional ring, bi-directional ring, and fully connected net-
works, which are shown in Fig. for a cluster of £k = 6 nodes. Updates received
from the cluster head associated with each cluster are distributed across that cluster

by utilizing the connections between the nodes. A node i updates another node j
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as a rate \;; Poisson process. Each node in this system has a total update rate of A,
which is uniformly allocated to its neighboring nodes. That is, in the uni-directional
ring, each node updates its neighbor node as a rate A Poisson process, whereas in
bi-directional ring, each node has two neighboring nodes, each of which is updated
as a rate % Poisson process. In the fully connected cluster, each node has k — 1
neighbors each of which is updated as a rate ﬁ Poisson process. As a result of
these local connections within a cluster, a node can receive different versions of the
source update from its neighboring nodes in addition to the source updates received
via its cluster head.

To model the age at each node, we use the version age metric [141,142]. We
denote the version of the update at the source as Ng(t), at cluster head ¢ as N.(t),
with ¢ € C £ {1,...,m}, and at node i as N;(t), with i € N, at time ¢. The
version age at node i is given by A;(t) = Ny(t) — N;(t). Similarly, the version age
at cluster head ¢ is A.(t) = N,(t) — N.(t). When node i has the same version as
the source, its version age becomes zero, i.e., A;(t) = 0. When the information at
the source is updated, version ages at the cluster heads and the nodes increase by
1, e.g., Al(t) = A.(t) + 1. Each node i can get updates either from its cluster head

or the other nodes that it is connected to within its cluster. When node i gets an

update from its cluster head, its version age becomes

Al(t) = min{A(t), Ai(1)} = Ad(t). (5.1)

Last equality in (5.1]) follows since nodes in a cluster receive source updates through
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their cluster head so that they have either the same version or older versions of the
information compared to their cluster head. When node ¢ receives an update from

node j, its version age becomes

Al(t) = min{A;(t), A, (1)}, (5.2)

That is, node i’s version age is updated only if node j has a newer version of the

source information. Otherwise, the version age at node 7 is not updated.

5.3 Version Age with Community Structure

In this section, we characterize the limiting version age of each node ¢, denoted by

A= lm E[A1)], i€{l,....n}, (5.3)

considering various network topologies for the clusters. Since the network model in
each cluster is identical and within each cluster the network is symmetric for each
of the network topologies, age processes A;(t) of all users are statistically identical.
Thus, in the ensuing analysis, we focus on a single cluster ¢ € C and find the average
version age of a node from that cluster. For this, we follow the construction in [141]
and express A; in terms of Ag, which denotes the average version age of an arbitrary
subset S of the nodes in cluster ¢, where

Ag(t) £ min Aj(t). (5.4)

jES
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We recall the following definitions from [141]: X;(S) denotes the total update

rate at which a node 7 from cluster ¢ updates the nodes in set S. We have

Zjes )‘ija i ¢ S
Ai(S) = (5.5)

0, 1esS.

Similarly, A.(S) denotes the total update rate of the cluster head of a particular

cluster into the set S. Finally, set of updating neighbors of a set S in cluster c is
N(S)={ie N={1,...,n}: N\(5) > 0}. (5.6)

That is, the set N.(.S) includes all updating neighbors of set S in cluster ¢ excluding
the cluster head. The total set of updating neighbors of set S is given by N(S) =
cU N.(S).

With these definitions, next, in Theorem[5.1|below we give the resulting version

age in our clustered system model as a specialization of |141, Theorem 1].

Theorem 5.1 When the total network of n nodes is divided into m clusters, each
of which consisting of a single cluster head and k nodes with n = mk, the average

version age of subset S that is composed of nodes within a cluster c is given by

A Ae + AC(S)AC + ZieNC(S) Ai(S)ASU{i}
S = Y
A(S) + Xien,(s) MilS)

(5.7)
with A, = m2<.

As
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Proof: Proof of Theorem follows by applying [141, Theorem 1] to our clustered
network model and noting that updates arrive at the nodes through designated
cluster heads. For completeness, we show the key steps in the proof below.

In our system, whenever there is an update being forwarded, a state transition
occurs. We first present possible state transitions. We use £ to denote the set of

possible state transitions. Then, we have

L={(s,9)}U{(s,¢):ceC}U{(c,i):ce€Cic N}YU{(i,j): i, €N}, (5.8)

where the first transition occurs when the source generates a new update, the second
set of transitions occur when the source node updates a cluster head ¢ € C. The
third set of transitions occur when a cluster head ¢ updates a node in its cluster
and finally the last set of transitions occur when an end user updates another end
user from its cluster. In clustered gossip networks, different than [141], as a result

of transition (7, j), the version age of an end user evolves as

(

Ap+1, i=j=skeN,
A, i=cj=keWN,
Al = (5.9)
miH(Ai,A]‘), iEN,j:kEN,

A, otherwise,

where A} is the version age of node k after the transition. In (5.9), the version age

of node k increases by one when the source generates a new update and becomes
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equal to the version age of its cluster head when node k receives an update from its
cluster head as explained in . When node k receives an update from another
node in its cluster, its version age is updated only if the updating node has a newer
version of the source information as shown in ([5.2]).

Considering an arbitrary subset S of nodes within a cluster with the version
age evolution described in (5.9)), we deduce that after the (s, s) transition, the version
age of set S is increased by one. For all other transitions (i, 7) with j € S, we have

AZS' = Iknelg A; = kelgg{lz} Ay = Agu{i}. (510)

When i = ¢, from (5.10)), we have Ay = mingesuy Ar = Ac. If j ¢ 5, the version

age of set S is affected by transition (i, j), i.e., Ay = Ag. Using (5.9) and (5.10)

and following similar steps as in [141] yields the result. W

5.3.1 Version Age in Clustered Disconnected Networks

Nodes in a cluster are not connected to each other. Thus, the network is a two-hop
multicast network, where the first hop is from the source to m cluster heads, and the
second hop is from each cluster head to k& nodes; combine Fig. with Fig. [5.2{(a).
Multihop networks have been studied in Chapters [2] and (3| and references |113,[144]
considering the classical age metric, where the source keeps sending update packets
until they are received by a certain number of nodes at each hop. We do not consider
such centralized management of updates, but let the source update the cluster heads

as Poisson processes, and let cluster heads forward these packets to the nodes within
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their clusters as further Poisson processes.
Let S; denote an arbitrary 1-node subset of a cluster. Subset S; is only
connected to the cluster head, i.e., N.(S;) = 0. Using the recursion given in (5.7)),

we find
e € )\e
AS1 :AC+I€— :m——i—k/\—, (5].1)

where Ag, denotes the version age of a single node from the cluster. When the
network consists of two-hops, version age is additive, in that the first term in ((5.11))
corresponds to the first hop and is equal to the version age at the cluster head,
whereas the second term in corresponds to the version age at the second hop

between the cluster head and a node.

Theorem 5.2 In a clustered network of disconnected users, the version age of a

single user scales as O(y/n).

Theorem 5.2 follows by selecting k = /n with m = % = y/n in (5.11)) for fixed

Aes Asy Ae, which do not depend on n. Theorem indicates that when nodes are
grouped into /n clusters, an age scaling of O(y/n) is achievable even though users
forego gossiping. With the absence of cluster heads, i.e., when the source is uniformly
connected to each of the n users, the version age scaling of each disconnected user
would be O(n). By utilizing clusters, we incur an additional hop, but significantly

improve the scaling result from O(n) to O(y/n).
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5.3.2 Version Age in Clustered Ring Networks

Nodes in each cluster form a ring network. We consider two types of ring clusters:
uni-directional ring as shown in Fig. [5.2(b) and bi-directional ring as shown in
Fig. [5.2(c).

First, we consider the uni-directional ring and observe that an arbitrary subset
of j adjacent nodes S; has a single neighbor node that sends updates with rate A
for 7 < k — 1. Each such subset S; receives updates from the cluster head with a

total rate of j% Next, we use the recursion in |) to write

Ae + 52 A, + AAg,
_ eI Spvt (5.12)

B8, 7%+
for j < k — 1 where A, is the version age at the cluster head. We note that when
j = k the network becomes a simple two-hop network similar to that of Section [5.3.1
and we find Ag, = mi—z + 3\\—2

Next, we consider the bi-directional ring and observe that an arbitrary subset
S; that consists of any adjacent j nodes has two neighbor nodes, each with an
incoming update rate of % for j < k—1. When j = k—1, S} has a single neighboring
node that sends updates with a total rate 2% = \. For j <k — 1, the cluster head
sends updates to subset S; with a total rate of j % With all these, when we apply

the recursion in ([5.7)), we obtain exactly the same formula given in (5.12]).

Lemma 5.1 Both uni-directional and bi-directional ring cluster models yield the

same version age for a single node when each node in a cluster has a total update
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rate of \.

Lemma follows from the fact that either type of ring cluster induces the
same recursion for an arbitrary subset of any adjacent j nodes within a cluster as
long as the total update rate per node A is the same. Thus, in the remainder of this
chapter, we only consider the bi-directional ring cluster model.

Before focusing on age scaling in a clustered network with a ring topology
in each cluster, we revisit the ring network in [141], and provide a proof of the
1.25y/n age scaling result observed therein as a numerical result. We show that the

approximate theoretical coefficient is \/g = 1.2533.

Lemma 5.2 For the ring network model considered in [141], the version age of a

user scales as Ag, = \/Z3=y/n.

Proof: From recursive application of [141, Eqn. (17)], we obtain

A (= o) .
ASlzx (ZaZ +a,’, |, (5.13)

=1

(n)

where a; 7 is given fort =1,...,n — 1 as

1
a" =1]— (5.14)

We note that a decays fast in i, and consider i = o(n),

(5.15)

3|

—log(a Zlog<1+ > Zj ii ~
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where we used log(1 + x) ~ x for small z, and ignored the i term relative to 2.

(n) _i2 . ()

Thus, for small ¢, we have a; ' ~ e" 2. For large 7, a; ’ converges quickly to zero

due to multiplicative terms in H and this approximation still holds. Thus,

Jj=1 1+j/n’

n—1 __i2 : . o
we have 37 a ~ > " e =. For large n, by using Riemann sum approximation

with steps \/Lﬁ, we obtain

n—1 " [e's) 2
Z () \/152_:6—;” :/0 e~z dt = \/g (5.16)

Thus, we get ZZ 1 a \/g\/ﬁ By inserting this in (5.13)), we obtain the age

scaling of a user as Ag, ~ /Z3=/n. A
Next, we focus on age scaling in a clustered network with a ring topology in

each cluster. From recursive application of (5.12]) along with Ag, , we obtain

k—1
Ae
= <Z b§’“>> A, (1 - b,g’g) +Ag b (5.17)
=1

where similar to 1} bgk) is given forv=1,...,k—1 as

Lo
0 =T —+ (5.18)

When £ is large, bik_)l goes to zero, and Ag, in ([5.17)) becomes

k—1
A *) -

i=1
where the second approximation follows as in the proof of Lemma [5.2 Terms in

121



(5.19) are O(Vk) and O(m), respectively. In [141], there is a single cluster, i.e.,
m = 1 and k = n, and thus, the version age scaling is O(y/n). In our model, by

carefully adjusting the number of clusters and the cluster sizes, we can improve this

O(y/n) scaling result to O(n3).

Theorem 5.3 In a clustered network with a ring topology in each cluster, the ver-

. . 1
sion age of a single user scales as O(n3).

Theorem follows by selecting m = ns with k = o= ns in 1} for fixed

Aes As, Ae, A, which do not depend on n.

5.3.3 Version Age in Clustered Fully Connected Networks

Nodes in each cluster form a fully connected network where each node is connected
to all the other nodes within its cluster with rate ﬁ We find the version age for
a subset of j nodes S; in a cluster. Each such subset j has k — j neighbor nodes in

addition to the cluster head associated with their cluster. Using the recursion given

in (5.7)), we find

~ ()
At A HE A (5.20)
o & + ](kij))‘ ’ )

2 1

Ag.

J

Ae

for 7 < k — 1, where A, is equal to mse.

The average version age of the whole

cluster is Ag, = A, + 32 = m3= +

'1s

Next, we present bounds for Ag,.

Lemma 5.3 When A\, = A, in a clustered network with fully connected topology in
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each cluster, the version age of a single node satisfies
k—1 k
(k—1)2*+k Ae [K—1 1 1 Ae 1
L A+ -+ - | <Ay, <A+ — -1. 21
= PN G ap A EEUEE o D) D

Proof: We use steps similar to those in the proof of [141, Theorem 2| and also

consider the additional hop from the source to the cluster heads. For A\, = X, we

take j = k — ¢ and ([5.20)) becomes

A+ 5A

4
+ k—1

1 e
—ix t

=

A, , = et (5.22)

=

for { <k —1and Ag, = A+ %, where A, is the age at the cluster head. Defining

A A
Ag, = Ag, .., we get

= (5.23)

Ag,,, < = TE¢ (5.24)
TR
Defining Asl = %Asg and plugging it in 1 , we get
< C+1 I A 1 <
AS@+1 TASZ S mT + EAC + ASZ‘ (525)

123



Noting that Ag = =3 =

. de [ 1
< = - . .
Agy < Ac+ = <Z£> (5.26)

Since Ask = Ask = Ag,, |D presents an upper bound to the version age of a

single node. For the lower bound, we start with (5.23)) and observe that we have

. kE—1 1 A 1 AN
A [ — =+ A+ ——Ag, |- 5.27
S€+l—e+1(/<— T S@) (5:27)
Defining ASZ k%ASe and using it in (5.27) gives
_ (+1 1 X 1 -
A =—A > ———+ -A.+ Ag,. 2
Se+1 E—1 Set1 = k— /0 \ + L ¢t As, (5 8)

the recursion in ([5.28]) yields

—1)2 1y
Ag > uchL& (k_ Z+_)’ (5.29)

upon noting that Ag, = kTA which concludes the proof of the lemma. W
From ([5.21)), we see that for large n with A. = A, the version age of a single

node Ag, satisfies

Ae  Ae

Theorem 5.4 In a clustered network with a fully connected topology in each cluster,
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the version age of a single user scales as O(logn).

Theorem follows in multiple different ways. For instance, it follows by
selecting m = 1 and k = > = n. That is, we have a single fully connected network

of n users as in [141]. Theorem also follows by selecting m = logn and k = - =

n
logn

. That is, we have log(n) fully connected clusters with % users in each cluster.
Thus, version age obtained under a smaller cluster size with less connections is the
same as that obtained when all nodes are connected to each other. In particular,
in our model with m = logn, each node has O(%) connections in comparison to
O(n) in [141].

Finally, we note that, a recurring theme in the analysis of clustered networks
is the fact that the version age at an end-node Ag, is almost additive in the version

age at the cluster head A, as seen in (5.11)), (5.17)), and (5.21)). It is ezactly additive

in the case of disconnected clusters in (5.11]).

5.4 Version Age with Community Structure Under Connected Clus-

ter Heads

So far, we have studied the cases in which the cluster heads are disconnected among
themselves, and consequently, they do not exchange information with each other. In
this section, we model the connectivity among the cluster heads with a bi-directional

ring (see Fig. Hﬂ Thus, in this section, at the first tier, we have a ring network

I'The model studied in Section corresponds to the case in which the cluster heads form a
disconnected topology.

2In addition to the bi-directional ring topology, one can study the version age considering fully
connected cluster heads, which is omitted here to keep the discussion focused.

125



of m cluster heads, each of which is serving its own cluster. Nodes in each cluster
form a disconnected, ring, or fully connected network. Our aim in this section, is
to analyze the effect of additional information exchange among the cluster heads on
the average version age experienced by the end nodes.

When there is no information exchange among the cluster heads, i.e., discon-
nected cluster heads, each cluster head updates its cluster with a total rate of A.. In
the case of information exchange among the cluster heads, a cluster head updates
its neighboring cluster heads as a rate \., Poisson process and updates its cluster
with a total rate of Ay, where A\, + Aoy = A. Thus, when the cluster heads are con-
nected, each cluster head receives source information with a larger rate but updates
its cluster with a smaller rate.

The average version age of a subset .S that is composed of nodes within a cluster
c is still given by when the cluster heads exchange information in our clustered
network topology. This is because when the cluster heads exchange information
among themselves, the network topology within a cluster does not change, i.e., the
N.(S) stays the same, and the nodes in a cluster still cannot have a lower version
age than their cluster head.

The only change in (5.1)) compared to Section is the average version age
of a particular cluster head ¢, A.. As shown in Fig. 5.3 even though cluster heads
are connected to the nodes in their respective clusters, each cluster head can be
updated by the source node or its neighboring cluster heads. That is, to find A.,
we only need to look at the first tier of the network, which is the ring gossiping

network presented in [141]. Thus, using Lemma we find the average version age
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Figure 5.3: Tiered network model where blue node represents the source, yellow
nodes represent the cluster heads cy, . . ., cg, and green nodes represent the end users.
Here, cluster heads form a bi-directional ring network with m = 6. Each cluster
is associated with a cluster of £k = 6 nodes. Here, only one such cluster is shown.
Nodes in each cluster form a bi-directional ring network. Other possible network
topologies within a cluster are shown in Fig.

of a single cluster head when the cluster heads form a ring network as

Q

A, vm. (5.31)

We note that in (5.31)), we have v/A;\, in the denominator unlike [141] as A, and
Aeq are not necessarily equal in our model. We observe in that a single cluster
head’s average version age approximately scales as O(y/m) as opposed to O(m)
in Theorem since cluster heads now form a ring network. With that, in what
follows, we analyze the average version age scaling for different cluster topologies

when the cluster heads form a ring network.
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5.4.1 Version Age in Clustered Disconnected Networks with Con-

nected Cluster Heads

The network model in this case is as in Section [5.3.1| except that the cluster heads
form a ring network in the first hop. Nodes within a cluster are disconnected, i.e.,
N.(S1) = 0. By invoking Theorem [5.1] we use the recursion in (5.7) and find the

average version age of a single node as

Ag, = A \/7 AAm\/_ k— (5.32)

where the approximation follows from ([5.31)).

Theorem 5.5 In a clustered network of disconnected users when the cluster heads

) ) . 1
form a ring network, the average version age of a single user scales as O(n3).

Theorem follows by selecting, k = ns with m = 7= ns in 1} for fixed
Aes Ay Aeq and Ay that do not depend on n. Theorem implies that even though
nodes in clusters do not gossip, by utilizing the information exchange at the cluster
head level, the average version age scaling of an end user can be improved to O(n%)
from O(y/n) in Theorem [5.2]

Another interesting observation is the parallelism between and
due to the almost additive structure of the average version age in clustered gossip
networks. In the case of , cluster heads are disconnected and nodes in each

cluster form a ring network whereas in the case of (5.32)) the network is reversed,
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i.e., ring network in cluster heads, disconnected network within clusters. Since,
we have n = mk, both |D and yield the same O(n%) average version
age scaling at the end users indicating that gossiping equally helps improving the
average version age scaling at the end users whether it occurs at the cluster head
level or within clusters at the end user level even though possibly newer versions of
the source information is exchanged at the cluster head level as cluster heads are

directly connected to the source node.

5.4.2 Version Age in Clustered Ring Networks with Connected Clus-

ter Heads

Ring networks are formed both at the cluster head level and within clusters at the
end user level. By invoking Theorem , we use the recursion in (5.7) and after

following similar steps as in Section [5.3.2 we find

T Ae
\f\/m\/_Jr m\/_ (5.33)

We note that (5.33)) is the counterpart of (5.19) where the additional ring network

topology at the cluster head level is considered.

Theorem 5.6 In a clustered network with a ring topology in each cluster when the

cluster heads form a ring network, the average version age of a single user scales as

Theorem follows by selecting m = /n with k = 2 = \/n in (5.33) for
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fixed Ae, As, Aea, and Ay. Here, we note that, when gossiping is employed both
at the cluster head level and at the end user level within clusters through a ring
topology, the average version age scaling at the end users is improved from O(n%)
in Theorem [5.1{to O(n4) in Theorem .

Another interesting observation is the fact that since the network topology is
symmetric at both levels in this case, and the average version age at the end users is
almost additive in the average version age at the cluster heads, the average version
age scaling optimal m and k values are identical.

We can also note that the selection of the update rates at the cluster heads,
i.e., Mg and Ay in (5.33)) is critical. After the optimal selection of m = k = /n,
next, we optimize update rates at the cluster heads, i.e., A, and Ay, to further
minimize the version age in . After selecting m = k = y/n, Ag, in (5.33)

becomes

m 1 1 1
Ag, &~ [ =Ant . 5.34
o \/; " (\/)\s)\ca * \/)\)\cb) ( )

The minimization of Ag, in (5.34) is equivalent to solving the following opti-

mization problem

. 1 1
min +
{)\ca,)\cb} \/)\S)\C(Z \/)\)\cb

st A+ Ab = Ac

Aew >0, Ay > 0. (5.35)
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We write the Lagrangian for the optimization problem in ([5.35) as,

1 1

L= +
\/)‘s )\ca \/)\/\cb

+ ﬁ(Aca + >\cb - )\c> - 61/\0(1 - 92)\cb7 (536>

where 61 > 0, 6, > 0, and § can be anything. We note that the problem in (5.35)) is
jointly convex with respect to A., and Ay. Thus, by analyzing the KKT conditions

we can find the optimal solution. We write the KK'T conditions as,

oL L -3
Do TO0=0 037
oL IR
g ane T =0 (5:38)

Then, by using the KKT conditions in (5.37)) and (5.38)), we find the optimal A,

and Ay as

A3
)\ca - ﬁ, (539)
3 4 Al
%
Ay = fCAS T (5.40)
A3 + A3

We observe from (5.39) and (5.40) that when the cluster heads also form a ring

network, it is optimal to choose the update rates among the cluster heads, i.e., .,
proportional to the %—power of the update rate of the end users, i.e., A5 Similarly,
the total update rate allocated by cluster heads to their own clusters should be

1
proportional to the %—power of the update rate of the source, i.e., )\S

3Similar optimization problems can be formulated for the clustered disconnected networks in
Section [5.4.1] and for the clustered fully connected networks in Section In order to avoid
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5.4.3 Version Age in Clustered Fully Connected Networks with Con-

nected Cluster Heads

In this case, nodes within a cluster form a fully connected network whereas each
cluster head is only connected to its adjacent neighbors in a ring topology. By
invoking Theorem we use the recursion in (5.7)) and after following similar steps

as in Section [5.3.3, we find

T A A
Ag ~ /= ./ “Llogk 5.41
S1 \/g\/m m + A\ Og R, ( )

for large n, with A, = A. We note that (5.41)) is analogous to ([5.30|) when the cluster

heads form a ring network.

Theorem 5.7 In a clustered network with a fully connected topology in each cluster
when the cluster heads form a ring network, the average version age of a single user

scales as O(logn).

Theorem follows by noting that since £ = ™ we cannot get rid of the logn
term in ([5.41). Thus, there are multiple (m, k) pairs that result in the same O(logn)
scaling. For example, when m = 1 and k = 7> = n, we obtain O(logn) scaling. This
implies that having a single cluster of n users as in [141]. In addition, selecting
m =log*n and k = o= logLQn yields Theorem as well, parallel to the discussion

after Theorem [5.41

repetitive arguments, we skip the update rate optimizations of the cluster heads for these parts
and provide the analysis only for the clustered ring networks.
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An interesting observation from Theorem is the fact that additional com-
munication at the cluster head level does not improve the average version age scaling
at the end users. In a similar fashion, one can show that, even if the cluster heads
form a fully connected network among themselves while the nodes in each cluster
also form a fully connected network, the average version age at the end users scales
as O(logn). This is due to the fact that the number of clusters m (hence the number
of cluster heads) and the number of nodes in each cluster k are such that n = mk.
Since the level of gossip, i.e., the connectivity among the cluster heads and the
nodes in each cluster, cannot be increased beyond fully connected networks, one
can conclude that the average version age scaling cannot be improved further than
O(logn) in the considered clustered gossip networks.

We note that once the cluster heads exchange information among themselves,
essentially, what we end up with is a hierarchical gossip networks, where in the first
level of hierarchy we have m cluster heads, and in the second level of hierarchy
we have mk end nodes clustered into m clusters of £ nodes each. Inspired by this
structure, in the next section, we forego cluster heads and study the version age in

hierarchical clustered gossip networks.

5.5 Version Age in Hierarchical Clustered Gossip Networks

In this section, we consider a hierarchical clustered gossip network, where at the first
level of hierarchy there is a single cluster of k; nodes. Each node in the first level

is directly updated by the source node as a rate 2—1 Poisson process. Total update
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first level

second level

Figure 5.4: Two-level hierarchical network model where blue node represents the
source and green nodes represent the end users. Here, nodes in each cluster form a
bi-directional ring network of k1 = ky = 6 nodes. We have a single cluster in the
first level and k; = 6 clusters in the second level. Here, only one such second level
cluster is shown. Other possible network topologies within a cluster are shown in

Fig. 5.2]

rate of each node is A\. Each node spends A, portion of this total rate to update
its neighbors within the same cluster at the same hierarchical level and spends )\,
portion of the total A rate to update its neighbors in the next hierarchical level such
that A\, + A, = A. Each node in the first level is associated with a cluster of £y nodes
in the second level. That is, in the second level, we have ky clusters and a total
of kiks nodes. In Fig. [5.4, we show the network model for a two hierarchy levels.
We note that at the last level of the network, e.g., the second level in the case of
Fig. [5.4] nodes use all of their update rate A to update their neighbors within the
same cluster.

Within the scope of this section, we assume that nodes in each cluster at every
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hierarchical level form a bi-directional ring network.ﬁ Let h denote the number of
hierarchy levels in the network. Then, at level i, with ¢« < h — 1, each node updates
each of its two neighbors at level 7 as a Poisson process with rate %, whereas it
updates each of its k; 1 child nodes at level i 4 1 as a rate k’\—jl Poisson process. We
have a total of Hézl k; nodes at level 7 that are grouped into equal-sized clusters of
k; for i > 2.

Due to the symmetry in the network model, nodes in each hierarchy level ¢
have statistically identical version age processes Agl. In what follows, we find the

average version age expressions of a single node at each hierarchical level.

Theorem 5.8 When the total network of n nodes is grouped into h levels of hier-
archical clusters with k; nodes in each cluster at the ith hierarchy level such that
Z?Zl H;Zl k;j = n, the average version age of subset S that is composed of nodes

within a cluster ¢ at the ith hierarchical level is given by

ni e A1 ()AS 3 jen ) M)Ak
s Aie1(8) + 2 jenu(s) Ai(S) ’

(5.42)

where N\;—1(S) denotes the total update rate at which cluster ¢’s parent node in level

1 — 1 updates the nodes in set S.

The proof of Theorem [5.8| follows from that of Theorem [5.1] by noting that the

version age of a node in level ¢ cannot be smaller than that of its parent node in

4One can consider disconnected or fully connected networks within each cluster at each level
as well. In our model, since the average version age under fully connected networks cannot be
improved beyond O(logn) as discussed in Section and we want to keep our discussion focused,
we limit ourselves with a ring network in each cluster at every level.
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level ¢ — 1. That is, from the perspective of a node in level i, its cluster head in the
case of Theorem corresponds to its parent node in level 7 — 1.
We first present the results for h = 3 levels of hierarchy to showcase the version

age behavior in the hierarchical gossip networks and then generalize our results to

h level of hierarchyﬁ

5.5.1 Version Age for h = 3 Hierarchy Levels

In this case, we have a single cluster of k; nodes in the first level, £y clusters of ks
nodes each in the second level, and ky clusters of k3 nodes in each in the third level of
hierarchy so that n = ki + k1ky + k1 koks. By using the recursion in Theorem and
noting that at the first level of hierarchy we have the ring network model in |141],

we find

A
AL~ B 5.43
S \/7m 1 ( )

% (5.44)

e R vl
R e R ML VR

Theorem 5.9 In a hierarchical clustered network with h = 3 hierarchy levels and

a ring network in each cluster, the average version age of a single user scales as

O(ns) at every hierarchy level.

5For h = 2 hierarchy levels, the resulting average version age expressions are in the same format
as those in Sectionand correspondingly yield an O(ni) scaling at an end user. This is because
the cluster heads forming a ring network at the first tier in Section[5.4.2] can essentially be thought
of as the first level of hierarchy in the context of hierarchical clustered gossip networks analyzed
in this section.
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Theorem follows by observing that n = ki + kiks + kikoks = k(14 kao(1 +
k3)) = kiksks for large n. That is, when the number of nodes in the network
gets large, order-wise majority of the nodes are located at the final hierarchy level.
From the symmetry of the cluster topologies at each hierarchy level and the additive
structure observed in -, we select ky = ko = kg = O(n%), which yields
an average version age scaling of O(n%) for all three hierarchical levels.

We note that taking n ~ kiksks is as if we assume all the nodes are located
at the last hierarchical level of the network so that the O(ns) scaling we find in
Theorem represents a worst case scenario since nodes located at the first two
hierarchy levels surely have smaller average version age than the nodes located at
the last level of the hierarchy.

Theorem shows that by implementing a three-level hierarchical clustered
gossip network structure, we can improve the average version age of a single end-
user in our model compared to O(nz) in [141], O(n3) in Section , and O(n1)
in Section The improvement in Section compared to the model in [141]
originates from the use of m cluster heads with smaller ring networks under each
cluster head compared to the single ring network of n nodes in [141]. When the
cluster heads participate in gossip in Section [5.4.2] end users have better average
version age scaling due to the additional information exchange at the cluster heads.
Finally, in this section, through hierarchical placement of clusters, we obtain the
same scaling as in Section [5.4.2) with h = 2 levels without getting help from any
dedicated cluster heads and further improve the scaling result when we employ h = 3

hierarchy levels. That is, by carefully placing all n nodes into hierarchical clusters of
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ring networks, we get the best average version age scaling at an end user compared

all these network models discussed so far[f]

5.5.2 Version Age for h > 3 Hierarchy Levels

In a hierarchical clustered gossip network with A hierarchy levels and a ring network
topology in each cluster at every hierarchy level, the average version age of a single

node located in hierarchy level 7 is

(
T e S
\/g //\S)\a\/k:_iv 1= ]'7
S +ViASE e Vhi, 1<i<h, (5.46)

i—1 :
Aler\/_m 1=h.

Theorem 5.10 In a hierarchical clustered network with h hierarchy levels and a
ring network in each cluster, the average version age of a single user scales as

O(nzr) at every hierarchy level.

Theorem follows by approximating n ~ H?:l k; for large n and taking
k; =nw fori € 1,...,h.
5.6 Numerical Results

We have seen in Sections that the version age depends on update rates A,

As, Ae, and A. In this section, we explore the effects of these rates on the version age

SWe note that average version age scaling of an end node is improved through hierarchical
clustering at the expense of increased number of connections in the network, which may incur
additional operational cost to the service provider. This aspect will be discussed in Section
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Figure 5.5: Version age of a node with fully connected, ring, and disconnected cluster
models with n = 120, (a) \e =1, Ay = 1, A =1, and A = 1, (b) A, = 1, Ay = 10,
Ae=1l,and A =1, (¢) Ae =1, Ay =10, A\c = 10, and A =1, (d) A\e = 1, A\, = 10,
Ae=1,and A = 2.

via numerical results. In the first four simulations, we consider the model described
in Section 0.3

First, we take A\, = 1, Ay = 1, A\ = 1, A = 1, and n = 120. We plot the
version age of a node for the considered cluster models with respect to k. We see
in Fig. [5.5((a) that for the fully connected cluster model, the version age decreases

with k& and thus, the version age-optimal cluster size is £* = 120, i.e., all n nodes are
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grouped in a single cluster. In the ring cluster model, the version age is minimized
when k£* = 30. In the disconnected cluster model, the version age is minimized
when we have k* = 10 (or equivalently £* = 12). From these, we deduce that when
the topology has less connectivity in a cluster, the optimal cluster size is smaller.
Further, a topology with larger connectivity within a cluster achieves a lower version
age.

Second, we consider the same setting as in Fig. |5.5(a) but take Ay = 10 in
Fig. [5.5(b). Here, the version age decreases with increasing k at first due to in-
creasing number of connections within a cluster and the increase in the update rate
between the source and each cluster head (as the number of clusters decreases with
increasing k). However, as k continues to increase, the decrease in the update rate
from the cluster head to the nodes starts to dominate and the version age increases
for all cluster models. In Fig.|5.5(b), we see that the optimal cluster size is k* = 12
in fully connected clusters, k* = 8 in ring clusters, k* = 3 and k* = 4 in disconnected
clusters.

Third, we increase the update rate of the cluster heads and take A\, = 10. We
see in Fig. [5.5(c) that the optimum value of k increases compared to the second
case when cluster heads have a larger update rate in all the cluster models. We find
k* = 20 in fully connected clusters, £* = 15 in ring clusters, and k* = 10 or k* = 12
in disconnected clusters.

Fourth, we study the effect of update rates among the nodes. For this, we take
Ae = 10, Ae = 1, Ay = 1, A = 2. We see in Fig. |5.5(d) that as the communication
rate between the nodes increases, the optimal cluster size increases, and it is equal
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Figure 5.6: Version age of a node with fully connected, ring, and disconnected cluster
models with n = 120, A\, = 1, A, = 10, Ao, = 4, Ay = 6, and A = 1 when cluster
heads form a ring network among themselves.

to k* = 24 in fully connected clusters, and £* = 10 in ring clusters. As there is no
connection between nodes in the case of disconnected clusters, the optimum cluster
size remains the same, i.e., k* = 3 or k* = 4, compared to Fig. [5.5(b).

Next, we look at the version age when the cluster heads form a ring network
as in Section [5.4 For this simulation, we use the setup of Fig. |5.5(c) and take
Ao = 4 and Ay, = 6. We see in Fig. for all network types within clusters,
i.e., disconnected, ring, and fully connected networks, that version age of a single
end node improves when the cluster heads exchange information among themselves.
In addition, we observe that with the additional gossip at the cluster heads, the
version age optimal cluster size for each case is now smaller. Comparison of the
optimal cluster size and the corresponding minimum version age achieved for each
type of network is given in Table [5.2| with and without gossip at the cluster heads.
In Table we observe that the biggest version age improvement is obtained in the

case of disconnected clusters, as the additional communication at the cluster heads
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no gossip at cluster heads | gossiping cluster heads
disconnected (2.2000, 10) (1.5936,4)
ring (1.7729,15) (1.4365,5)
fully connected | (1.7111,20) (1.4291,5)

Table 5.2: Comparison of the (A% ,%*) pairs with (as in Section and without
(as in Section gossip at the cluster heads.

is more valuable when nodes within clusters are not connected at all.

In our last numerical result, we look at the version age in hierarchical clustered
gossip networks as in Section with h = 3 hierarchy levels. Here, we consider the
number of nodes n = 120, and take A\, = 1, A\, = 1, and total update rate of a node
as A = 5. In this simulation, we consider different (\,, Ay) pairs, and find the optimal
cluster sizes at each hierarchical level k1, ko, and k3 that minimize the version age
of a node at the last hierarchical level as these nodes experience the highest version
age in the network. We note that the selection of the (A, \y) is important. While
choosing a large A\, increases the connectivity between the nodes within clusters,
and thus can lower the version age of the nodes at the same hierarchical level, it
may also increase the version age of the nodes at the higher hierarchical levels. For
this reason, among the (A4, Ap) pairs given in Table 5.3} we see that choosing A, = 2,
and A\, = 3 achieves the lowest version age with the optimum cluster sizes equal to
ki = 3, ks = 13, and k3 = 2. We also note that when )\, is relatively small, i.e.,
Ae = 1, most of the nodes are placed at the third hierarchical level, i.e., out of
n = 120 nodes, ki1koks = 78 nodes are placed at the third hierarchical level whereas
k1 = 3 nodes and kiky = 39 nodes are placed in the first and the second hierarchical

levels, respectively. As we increase the connectivity among the nodes within the
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Mo | N | ki | F2 | ks | A

1 [4 |3 |3 |12]3.7992
2 [3 |3 |13]2 |3.7239
3 |2 |3 [13]2 |3.9143
4 |1 [8 |7 |1 | 43354

Table 5.3: Average version age of a single node at the third hierarchy level, Af’gl,
with h =3, n =120, \, =1, \; = 1, and A\, + A\, = 5. For given (\,, \;) pairs, we
find the optimum ki, k9, and k3 values that minimize A‘;&l.

same level (\,), we see that the number of nodes at the upper hierarchical levels

increases.

5.7 Conclusion

We considered a system where there is a single source and n receiver nodes that
are grouped into distinct equal-sized clusters. Nodes in each cluster participate in
gossiping to relay their stored versions of the source information to their neighbors.
We considered four different types of connectivity among the nodes within the same
cluster: disconnected, uni-directional ring, bi-directional ring, and fully connected.
First, we considered the use of dedicated cluster heads in each cluster that facilitate
communication between the source and the receiver nodes. For each of these network
models, we found the average version age and its scaling as a function of the net-
work size n. In particular, we showed that an average version age scaling of O(y/n),
O(n3), and O(logn) is achievable per user in disconnected, ring, and fully connected
cluster topologies. We then allowed information exchange among the cluster heads
and showed that the version age scaling in the case of disconnected and ring net-

works in each cluster can be improved to O(n3) and O(n1), respectively, when the
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cluster heads also participate in gossiping through a ring formation. Interestingly,
we observed that the increased gossip among the cluster heads does not improve the
version age scaling when the nodes in each cluster form a fully connected network.
Finally, we implemented a hierarchical clustered gossip structure and showed that
per user average version scaling of O(nﬁ) is achievable in the case of ring networks
in each cluster, where h denotes the number of hierarchy levels, even without the
aid of the dedicated cluster heads. We numerically determined the optimum cluster
sizes that minimize the version age for varying update rates at the source, cluster
heads, and the nodes.

Here, the version age scaling improvement from the model in [141] to our hier-
archical clustered gossip network design comes at the expense of increased number
of connections at the network. For example, considering a ring network in each
cluster, the O(y/n) scaling result of [141] is obtained by 3n connections whereas our
cluster head-aided O(n%) scaling result is achieved as a result of a total 3n + ns
connections in the network. When the cluster heads also form a ring network this
number increases to 3n+34/n to achieve an O(ni) scaling result. Finally, in the case
of hierarchical clustered gossip networks with h levels, we have a total of 3 Z?Zl ni
connections in the network which yield a per node average version age scaling of
O(nﬁ) Considering the operational cost of each such connection, service providers
can design the network structure, i.e., the use of cluster heads, number of hierarchy
levels along with the level of connectivity in each cluster, based on the operational

budget to obtain the desired level of information freshness at the receiver nodes.
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CHAPTER 6

Timely Distributed Computation with Stragglers

6.1 Introduction

In many real-time monitoring applications including autonomous driving, surveil-
lance systems and predictive maintenance, time-sensitive data that are collected
by sensors or mobile devices require processing to extract the embedded informa-
tion. However, these devices cannot perform heavy computations due to battery
related issues or their limited computational capabilities. These type of status up-
date packets that require computation are called computation-intensive messages.
References that are most closely related to our work are |152H158] which study
queueing, packet management and scheduling in such status update systems. Com-
mon to all these works is the fact that they consider a single computation server.
That is, although references [152H158| consider systems with computation-intensive
status update packets, our work is the first work on age of information that considers
multiple servers working in a distributed manner to process the update packets.

In this chapter, we consider a system in which there is a source node which

uploads computation-intensive time-critical status updates to a computation unit
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Figure 6.1: System model with a single source node and a computation unit (CU)
that consists of a master node and n identical worker nodes.

(CU) which consists of a single master node and n worker nodes that perform
the computations (see Fig. . We assume that the required computation on
the update is a linear operation such as large matrix multiplication. This brings
up the concept of computation distribution among the worker nodes. Computation
distribution and scheduling problem has been extensively studied particularly in the
context of machine learning with a focus on completion time and straggler threshold
analysis [159-170].

Inspired by the recent distributed computation literature, we investigate the
timeliness of uncoded and coded computation distribution algorithms that are used
to combat the stragglers, i.e., nodes that are slower than the average. Unlike the
existing distributed computation literature which uses metrics such as expected
overall runtime to evaluate the performance of distributed computation systems
[159], our goal is to characterize the age of information in these systems and design

computation distribution algorithms that can combat stragglers as well as achieve a
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minimum average age of information. The source node collects time-sensitive data
and sends them to the CU for processing over a channel with random transmission
delays. Arriving packets at the CU go into service (computation) if the CU is
idle by the time of their arrival. Otherwise, they are dropped. Here, the master
node distributes the overall computation to n worker nodes using uncoded or coded
schemes. Computation time at each worker is random. Once the master node
collects sufficiently many results from the worker nodes to decode the computation
result, it updates the source node. We note that in our model destination node
is also the source node. One such application is autonomous driving cars which
capture images/videos of the surroundings and send them to a CU for computation.
The source node in the mean time adopts a zero-wait policy such that it sends the
next update packet once the current one reaches the CU.

We derive the average age for uncoded and coded schemes, and show that
asymptotically MDS coded scheme outperforms the uncoded and repetition coded
schemes, i.e., MDS coded scheme achieves a smaller average age. In addition, we
observe that when worker nodes have multiple computations to perform (MM-MDS
coded scheme), age performance of MDS coded scheme further improves. Our results
also indicate that given that the source node and the CU implement zero-wait and
dropping policies, respectively, when the transmission delays are i.i.d. exponentials
and computation times are i.i.d. shifted exponentials, for large n, minimizing age of
information is equivalent to minimizing the computation time which is not the case
in general. Finally, we find the optimal repetition, MDS and MM-MDS codes that
minimize the average age of information.
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6.2 System Model and Age Metric

We consider a system (see Fig. , where there is a single source node which
sends time-sensitive computation-intensive status updates, i.e., packets that require
additional processing to extract the embedded information, to a CU which consists
of a single master node and n worker nodes. Worker nodes have statistically identical
computing capabilities. From the source node to the CU, update packets experience
i.i.d. exponential transmission delays. Upon successful arrival of a packet to the
CU, the master node distributes this computation task to n worker nodes. Here, we
use status update packet and computation task interchangeably. Each worker node
performs the computation, which is assumed to be a linear operation, and sends the
result back to the master node. We note that one such computation task example
is large matrix multiplication prevalent in machine learning applications.

When the master node receives sufficiently many responses from the worker
nodes, it aggregates the results and updates the source node. We neglect the trans-
mission delay from the CU back to the source node after computation as the size
of the initial packet is in general much larger than the resulting update packet after
computation.

Thus, in our model, packets that are able to enter the CU experience two
stages: transmission and computation. Random variable D; denotes the transmis-
sion delay of the jth update packet and is exponentially distributed with parameter
A. To model the computation times at the worker nodes, we adopt the model in [159]

and assume the existence of a mother runtime distribution. This distribution cor-
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responds to the computation time when the whole computation on the update is
performed by a single worker, X, and has a shifted exponential distribution with
(¢, ) where ¢ > 0 is the shift and p is the rate which is also the straggling param-
eter. When the update packet is divided into m subpackets, the computation time
of each subpacket has the scaled-down (i.e., sped-up) version of the overall distri-
bution, i.e., shifted exponential with (%, mu). We note that computation times at
the worker nodes also account for the time spent to communicate the inputs and
outputs with the master node within the CU. Here, the constant shift makes sure
that computation times cannot go below a certain value whereas the exponential
part constitutes the tail of the computation time distribution. This is inline with
the computation times observed in systems like Google Trace [168].

The source node receives an instantaneous ACK upon delivery to the CU and
sends the next update as soon as the current one reaches the CU, i.e., the source
node adopts a zero-wait policy. We note that, in a possibly more intuitive setting,
the source node may send the next update upon receiving the computation result
back from the CU in which case there is no need for a separate ACK signal which
is discussed in Footnote [I] in Section [6.3] On the other hand, the CU implements a
dropping policy in which when busy it neglects any update packets arriving from the
source node. Thus, packets sent by the source node can only enter the computation
stage if the CU is idle at the time of their arrival. Upon finishing a computation task,
the CU immediately sends back the result and waits for the next packet arrival. This
idle waiting time is denoted by random variable Z and is exponentially distributed

with A because of the memoryless property of the transmission delays D. We note
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that, under this model, the source node always receives the most recent computation
result available from the CU.

To distribute the computation task among the worker nodes upon receiving
status update packets, the master node may adopt uncoded or coded distribution
algorithms. In the uncoded scheme, the status update packet is divided into n equal
subpackets, one for each worker node. However, in this method, the overall compu-
tation time is limited by the slowest worker node and thus, it may not be desirable
especially when the computations are time-sensitive. To combat these slower strag-
gling worker nodes, the master node can implement coding techniques to introduce
redundancy to the computation task so that some straggling nodes can be tolerated.
In our model, we analyze repetition and MDS (maximum distance separable) codes.
Moreover, to further utilize the fastest worker nodes, we investigate the assignment
of multiple MDS coded subpackets to each worker node, i.e., multi-message MDS
(MM-MDS). We analyze the effects of these uncoded and coded schemes on the
timeliness of the computations.

To quantify the timeliness we use the age of information metric. At time ¢
age at the destination node, which is the source node in our model, is a random
process A(t) =t — u(t) where u(t) is the time-stamp of the most recent update at
the destination node. The metric we use, long term average age, is

1/

A=lim = [ A(t)dt, (6.1)

T—00 T 0

where A(?) is the instantaneous age as defined above.
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6.3 Age of Uncoded and Coded Task Distribution Algorithms

From the perspective of the CU, we have i.i.d. exponential interarrivals with .
Since a dropping policy is implemented, not every arriving packet actually goes
into service at the CU. We denote the packets that find the CU idle and thus go
into service as the successful packets. Let T, and T;_, denote the time at which
the jth successful packet is generated at the source node and is received by the
CU, respectively. Random variable Y denotes the update cycle at the CU, time
in between two consecutive successful arrivals, and Y; = T7 — T;_;. As described
in Section update cycle Y; consists of computation (service) time S; and idle
waiting time Z;. We note that Z;, S; and D; are mutually independent where D;
denotes the transmission delay experienced by the jth successful packet, i.e., D; =
T;_l —T;_1. In our model, the interarrival process at the CU, D, and service times S
are independent, and sequences {Dy, Do, ...} and {S7,S,, ...} form i.i.d. processes.

We observe that Z is stochastically equal to the transmission delay D, i.e.,
interarrival time at the CU, due to the memoryless property of the transmission
delay D. On the other hand, computation time S changes depending on the task
distribution algorithm adopted by the master node. We use order statistics to

express the distribution of S. We denote the kth smallest of Xy,..., X, as Xi.,.

For a shifted exponential random variable X with (c, 1), we have [131]

Var[Xga] :é(Gn G, (6.3)
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Figure 6.2: Sample age evolution A(t) at the destination (source) node. Successful
updates are indexed by j. The jth successful update leaves the source node at Tj_;
and arrives at the CU at T}_,. Update cycle at the CU is the time in between two
successive arrivals and is equal to Y; = S5 + Z; =T, = T;_,.

where H,, =37 - and G, = 377, 5. Using 1} and 1)

1
15 (G = Gu). (6.4)

E[Xz.n) = (c + < (H, — an))Q n

> =

We note for future reference that when n is large and £ is linear in n, i.e.,
k = an, for 0 < a < 1, the variance of the kth order statistic of the shifted
exponential random variable, Xj.,, shown in , becomes negligibly small and
tends to 0 as m increases because both G, and G, _, sequences converge to %2.
Thus, for large n, an ordered sequence of n shifted exponential random variables
essentially becomes a deterministic sequence such that the kth realization takes the
mean value given by . This observation will be useful in designing age optimal

codes.

Our model here resembles the M/G/1/1 queue with blocking model analyzed
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in [29] with one difference: here arriving packets at the CU have experienced a
transmission delay. Therefore, they have aged by D by the time of their arrival at
the CU. Noting this difference, we perform a similar graphical analysis using Fig. (6.2
to find the long term average age which is the average area under the age curve and

is given by [29]

A = lim sup =19 (6.5)

where () denotes the shaded area and Y is its length in Fig. [6.2) and the second
equality follows from the ergodicity of the system. By using Fig.[6.2, we find Y} =
S;+ Z; and observe that the area (); can be decomposed into a right trapezoid with
bases D; and D; + Y; and height Y}; and a parallelogram with base D;_; 4+ S;_1 +

Zj—1 — Dj and height S;. Thus, we find

BIQ,] =E[D(S; + Z)] + 3 EI(S; + ;") + EIS;(Dy + 8,1 + 21— Dy)] (66)
—E[D,]E[(S; + Z)] + 3 EI(S; + 2"
+ E[S;|E[D;—1 + Sj_1 + Z;-1 — Dj] (6.7)

=E[D;|E[(S; + Z;)] + %E[(Sj + Z;)*) + E[S;] E[S;_1 + Z; 1], (6.8)

where (/6.7)) follows by noting that the service process is i.i.d. and independent of the
arrival process along with the fact that D;, S; and Z; are mutually independent.
Further, follows by noting that E[D;_;] = E[D;] since the system is stationary

and ergodic. Since we focus on the long term behavior, we drop the subscript index
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and find

E[Q] =E[D)(E[S] + E[Z)) + 5 EI(S + 7)) + EIS|(E[S] +E[Z).  (6.9)

Similarly, we have

E[Y] =E[S] + E[Z]. (6.10)

(6.11)

where Y = S 4 Z as noted above. The first term in (6.11]) reflects that arriving
packets at the CU have aged on average by E[D]H Our goal is to minimize the
average age given in (6.11) by adjusting computation (service) time S at the CU

through different task distribution algorithms.

6.3.1 Uncoded Scheme

In the uncoded scheme, the master node divides the received status update packet
into n subpackets, one for each worker node. Using the mother runtime distribution
detailed in Section[6.2] we see that in the uncoded scheme local computation time at

each worker X follows a shifted exponential distribution with parameters (ﬁ, n,u).

"'We note that, in a possibly more intuitive setting, if the source node sends the next update
upon receiving the previous computed update back from the CU, unlike the current model in which
the source node sends the next update as soon as the current one reaches the CU, the average age
expression in would stay the same as D and Z are stochastically identical.
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This sped-up distribution highlights the fact that each worker node performs a part
of the overall computation. Thus, in order to reveal the information in the received
update packet, the master node needs to collect the results from all n worker nodes.
Hence, the computation time is S = X Calculating the moments of S using —
(6.4) and substituting them into (6.11)) we find the average age when the uncoded

scheme is utilized, A,,., as

2
O Cht) I A Chk A -
_X n n c Hn 1 '
Z 2(g+4+1)

n ny

(6.12)

The following theorem states the asymptotic average age performance of the

uncoded scheme as the number of worker nodes n increases.

Theorem 6.1 With i.i.d. exponential transmission delays and i.1.d. shifted expo-

nential computation times at each worker, the average age of the uncoded distribution

logn) ]

scheme for large n is % +0 ( 5

The proof of Theorem follows from the fact that for large n, we have

2

H, ~logn and G, ~ %. The constant 2 in the result reflects the sum of E[D] = 1,

which is the expected delay packets experience on the way from the source to the CU,

and E[Z] = §, which is the expected waiting time for a new packet at the CU when

it is idle. The O (107% ”) term in the result shows that the average age decreases with

n, the number of worker nodes at the CU. Here, the % term in O (loin) reflects the

fact that computation tasks get smaller and consequently workers become faster as

n increases, whereas the logn term in O (lo%) indicates that the uncoded scheme
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is limited by the performance of the slowest worker. Since the increase in the
computation rates, i.e., decrease in the average straggling behavior, overcomes the
increase in the computation time of the slowest worker, average age of the uncoded
scheme decreases as n increases.

The main downside of the uncoded scheme is the fact that it is prone to large
delays due to straggling nodes as the master node needs all of the computation
results to extract the useful information from the status update packet. Therefore,
if some servers are much slower than the rest, service time of the update packet
increases significantly. To cope with these straggling worker nodes, redundant com-
putation tasks may be created via coding. In what follows we analyze the effects of

repetition coded, MDS coded and MM-MDS coded schemes on the average age.

6.3.2 Repetition Coded Scheme

We consider an 7-repetition code where the packet is divided into k equal sized
subpackets where k < n and each subpacket is repeated % times. In other words,
each subpacket has 7 replicas and the master node needs to collect £ distinct results
from n worker nodes. Thus, each worker node has a shifted exponential computation
time distribution, X, with parameters (%, k;,u). Since there are 7 workers for each
of the k subpackets the computation time of each subpacket is the minimum among
these 7 i.i.d. random variables which is denoted by X = X’lz%. Since the minimum

of shifted exponentials is also a shifted exponential with the same shift but scaled

straggling parameter, X follows a shifted exponential distribution with (%,n,u).
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Since we need k distinct results, the overall computation time in this case is S = Xj.5.

Using (/6.11]) along with the moments of order statistics given in (6.2))-(6.4)), we find

the average age of the repetition coded scheme, A,,, as

2
C Hk Gk 2 c Hk 2
1 H (Eﬂ?) T n2 X(E+n—>+ﬁ
Arep:_+£+—k—|— a a ) a .

(6.13)
Ak n c | H

" 2 (5 +2+

The following theorem states the asymptotic average age performance of the

>

np

repetition coded scheme as n increases.

Theorem 6.2 With i.i.d. exponential transmission delays and i.1.d. shifted expo-
nential computation times at each worker, the average age of the % -repetition coded

scheme for large n with k = an where 0 < a < 1 s % +0 (10%)

The proof of Theorem [6.2] follows similarly from that of Theorem[6.1} Here, we
observe that although a coding scheme is implemented, asymptotically, we achieve
the same average age performance as the uncoded scheme. Thus, repetition coded

scheme is asymptotically no better than the uncoded scheme. This is because of the

fact that the repetition coded scheme still suffers from the logn term in O (loi ”)

as the runtime of this scheme is limited by the slowest of the k distinct subtask
computations needed, where £ is linear in n. Thus, the resulting average age scales
the same as the uncoded scheme even though replication brings the % term.

Next, we analyze the performance of the MDS coded schemes.
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6.3.3 MDS Coded Scheme

To implement an (n, k)-MDS code where k < n, the update packet is first divided
into k£ equal sized subpackets. From these k subpackets a total of n subpackets are
created with coding by using n—k redundant subpackets so that the master node can
decode the result of the computation as soon as it receives k computation results.
Since the overall computation task is divided into k£ subtasks as in repetition coding,
each worker node completes its local task in X which is a shifted exponential with
(7,kp). The computation time for the overall task is, however, S = Xpm. Using

this along with (6.2)-(6.4) in (6.11)), we find the average age when an (n, k)-MDS

code is implemented, A,,4,, as

1 C k22
Aan =5+ 3+ =, T
C n—lln—k
H 2 (k + ku + /\>
2 (¢ Hp—H,_ 2
A <E + '“) +x
+ T - (6.14)
C n—ddn—k
2 (E et X)

The following theorem gives the asymptotic average age performance of the

MDS coded scheme for large n.

Theorem 6.3 With i.i.d. exponential transmission delays and i.i.d. shifted expo-
nential computation times at each worker, the average age of the (n,k)-MDS coded

scheme for large n with k = an where 0 < a < 1 s % +0 (%)

The proof of Theorem [6.3] follows similarly to that of Theorem [6.1] by noting

that H,_, ~ log(n — k). Thus, when k = an, we get H, — H,_; = —log(l — «)
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which is independent of n. Further, G,, — G,,—r = G, — G(1-q)» tends to 0 as n
increases. With these, the result follows.

We observe that the average age in Theorem has a O (%) term as opposed
to O (10%) terms in Theorems and . Thus, for large n, MDS coded scheme
outperforms repetition coded and uncoded schemes in terms of average age per-
formance. Up to now, we have investigated uncoded and coded schemes in which
each worker node is assigned one subtask to compute. Although we achieve better
performance in combating the straggling nodes through coding, there is still room
for improvement. In all these schemes, the fastest worker nodes which finish their
computations earlier stay idle. To utilize them even more, we can assign multiple
subtasks to each worker node. With multiple assignments to each worker node we
can utilize partial straggling worker nodes, which are the ones that cannot finish all
tasks that are assigned to them but still return some partial results. In the next
subsection, we consider the performance of MDS coded scheme when each worker is

given multiple subtasks to compute.

6.3.4 Multi-message MDS (MM-MDS) Coded Scheme

In multi-message MDS coded scheme, each worker node is assigned ¢ subpackets
to compute, where ¢ denotes the load of each worker node. That is, each worker
node has a job queue of size ¢ in each update cycle. Thus, we implement an (nf, k)-
MDS code. For this, the overall update packet is divided into k subtasks where

k < nf and from these subtasks nf — k redundant subtasks are generated such
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Figure 6.3: The earliest & computed tasks for n =10, £ = 3, and k = 7.

that the master node only needs to receive k£ computation results to extract the
embedded information in the status update received from the source node. Unlike
regular MDS coded scheme in which each worker has one subtask to compute, in
this scheme faster workers can perform multiple computations to aid the overall
computation time. Hence, we utilize partial stragglers, also called non-persistent
stragglers [165], i.e., worker nodes that finish some portion of the subtasks that are
assigned to them.

In line with the mother computation distribution model presented in Sec-
tion , computation time of a subtask at each worker, X, has a shifted exponential
distribution with (%, ku). Following the model in [165], we assume that the duration
of each computation performed by a worker during an update cycle is identical. In
other words, if a worker finishes m of the ¢ subtasks during an update cycle, dura-
tion of each computation is identical which is sampled from a shifted exponential

with parameters (g, ku). Therefore, the time it takes for a worker node to per-

form m computations, mX, is also a shifted exponential with (%5, %“) It remains
to determine E[S] and E[S?] to calculate the average age in this setting by using

(6.11).
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In what follows, the mth level refers to the set of subtasks that are located in
the mth position in each worker’s job queue. In other words, the mth level includes
a total of n subtasks which are performed in the mth position by the corresponding
worker nodes upon completion of their first m — 1 subtasks. We note that in the
uncoded, repetition coded, and MDS coded schemes there is only one level as ¢ = 1
in those schemes. Let k,, denote the number of subtasks computed in the mth level
upon completion of the overall task at the CU during an update cycle. We have
Zf;lzl k., = k since exactly k subtasks need to be performed to finish the overall
computation. Fig. [6.3] shows an example for n = 10, k = 7, and ¢ = 3. Here, each
column represents the computation times of £ subtasks that a worker node is assigned
and row m represents the computation times of the mth level subtasks. Without
loss of generality, we order level one, i.e., X, in Fig. is the smallest computation
time of a level 1 subtask and X is the largest one. Correspondingly, all other levels
are ordered as well. Hence, column i in Fig. [6.3]in fact shows the computation times
of the ith fastest worker node, where ¢ = 1,...,n. In this example, we observe
that by the time the earliest k¥ = 7 computations are finished, the fastest worker
completed three subtasks, the second fastest worker completed two subtasks, the
third and fourth fastest workers completed one subtask each, and the remaining six
workers completed zero subtasks. That is, 4 first level, 2 second level and 1 third
level subtasks are computed. Thus, we have k1 =4, ks = 2 and k3 = 1.

For simplicity and ease of exposition, consider the case where ¢ = 2. Assume
that by the time a total of k computations are performed k; < k computations

from the first level are finished. Then, we have ks = k — k;. When n is large,
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the time it takes to compute k; first level subtasks, Xkl;n is equal to E[Xkl:n] due
to the vanishing variance property of order statistics of shifted exponentials for
large n, discussed after . Similarly, ko second level subtasks are performed in
E[2X},.] units of time. At this point, there can be two possible scenarios: In the
first scenario, ks second level computations are finished before the kith first level

subtask is finished, i.e.,

E[2X1ym] < E[Xp ] < E[2X4, 410 (6.15)

We note that second inequality in holds since the kith first level task needs
to be performed before the ks + 1th second level task to be included in the earliest
k subtasks. In this case, the computation duration, i.e., service time, is S = Xkl:n.
On the other hand, in the second scenario, the koth second level subtask is finished

after the k;st first level subtask but before the subtask k; + 1 of the first level, i.e.,

E[ Xk m] < E[2Xtm] < B[ Xk 41m)- (6.16)

In this case, we have S = 2Xk2:n. When k; and ks are linear in n, i.e., k; = ayn and

ko = agn, with 0 < a3 < 1 and 0 < ay < 1, for large n, we have

o kit 1

= 6.17
651 n n 9 ( )
1
%:@%@+, (6.18)
n n
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which imply that the bounds in (6.15) and (6.16)) meet as n gets large. Thus, by
the sandwich theorem E[X},.,] = E[2X},.] is satisfied for large n in either scenario.

By using (6.2)), for large n when both k; and ky are linear in n as defined above we

have
- c H,—H,_, c 1 1
E[Xpym] = 7+~ = ! !
[Xky:n] T kp 2an+20mu Og<1—0‘1>7 (019
and
. c H,—H,_, 2c 1 1 2
E[2X),n) =2 ( - + —— 172 ) = 1 ’ 2
[2Xk0n] (lﬁ kp > 2an " 2anp Og<1—a2) .

Here, k = a2n with 0 < o« < 1 when both k; and ks are linear in n as defined above.
We note that ky + ks = k is equivalent to ag + s = 2. Equating (/6.19)) and (/6.20))

yields

1 1
= el 6.21
1-— aq ¢ (1 — 0[2)2, ( )

where a1 + g = 2. We note that holds when MM-MDS coded scheme is
implemented for ¢ = 2 if ay > 0, i.e., ky > 0. When ay = 0, we have oy = 2«
directly. That is, in that case we have k; = k.

A similar relationship between «,,s, equivalently between k,,s, holds for the

general case with ¢ > 2 as well. When we have ¢ levels, we have at most (5)

inequalities like (6.15)) and (6.16|) to represent the ordering between the last subtasks

of each level that are included in the earliest k. For example, when ¢ = 2 we have one
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inequality, either or , to represent the relationship between the kith first
level and the koth second level subtasks provided that ko is nonzero. When ¢ > 2,
if k,,, > 0 subtasks are finished in level m by the time it takes to receive a total of k
computations, completion time of the k,,th subtask of the mth level satisfies either

one of the following inequalities for any other level m for which k; > 0:

E[mf(km:n] < ]E[mf(kmm] < E[kaerl:n] (6.22)

which implies that the k,,th subtask of the mth level is finished earlier than the

kmth subtask of level m or

E[mXy, ] < EmXe, ] < E[mXy,, 1m0, (6.23)

which implies that the k,,th subtask of the mth level is finished after the k;th
subtask of level m is finished. Upon writing this relationship between every (m,m)

pair, we take k,, = a,,n with 0 < a,,, < 1 and proceed similarly to get

1 1
e — 6.24
1—am )™t (I —am)™ (6.24)

with an:l v, = o similar to . We note that if after some level m > my, none
of the level m subtasks are finished, then, «,,, = 0 for all m > mg and holds for
all nonzero «,,,s. With these, by using and the fact that Zilzl .y = Lo, each
remaining nonzero «,, and correspondingly each remaining k,, can be determined.

As a direct consequence of ([6.24]), we see that the time it takes to receive the earliest
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k computation results is equivalent to the time it takes to receive k,, from level m
such that k,, = a,,n and a,,s satisfy 1) and anzl a,, = fa. With such k,,s,
we then have § = X k.- Hence, the average age when the MM-MDS coded scheme

is implemented with ¢ subpackets at each node, A,,,,—mds, can now be computed

using ((6.11)) as follows

c anank 2 G?’L*ank
1 C H, Hn—k:1 (E+ kp 1) + k2p? ;
Amm—mcls :X + E + L + Hp—H, 1
a 2 (E + ku -+ ,\)
2 (¢ Hn—Hnk 2
X (E T 1) T
+ (6.25)
2 c _'_ Hn_Hn—kl + 1
k ku A

where k,, = a,,n and «,,s satisfy |D and 22:1 o, = Lo

The following theorem gives the asymptotic average age performance of the

MM-MDS coded scheme for large n.

Theorem 6.4 With i.i.d exponential transmission delays and i.i.d. shifted expo-
nential computation times at each worker, the average age of the MM-MDS coded

scheme with load ¢, for large n with k,, = a,,n where 0 < a,,, <1, m=1,....¢, is
F0(m)

To prove Theorem we first note that when k,, = a,,,n for each level m, we
have k = anf where 0 < o < 1 such that an:l a,, = af. With this, the proof
follows similarly from that of Theorem [6.3] We note that compared to the MDS

coded scheme where we have O (%), here in the MM-MDS coded scheme, we have

O (%) which reflects /, the number of subtasks assigned to each worker node. Thus,
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for large n, the best asymptotic performance is achieved when MM-MDS coded
scheme is implemented.
The performance of repetition coded, MDS coded and MM-MDS coded schemes

can be optimized through the selection of k£, which will be the focus of Section [6.4]

6.4 Optimizing Age by Parameter Selection

In Section [6.3] we showed that the age in uncoded, repetition coded, MDS coded,

and MM-MDS coded schemes depend on n as O (lofbn), O (lof’l”), O (%), and O (%),
respectively, excluding the common constant term % In repetition, MDS and MM-
MDS coded schemes, we have a parameter k that depends on n linearly as k£ = an/,
where ¢ = 1 for repetition and MDS coded schemes, and ¢ > 1 for MM-MDS coded
scheme. In this section, we consider the optimization of this parameter k, which
is equivalent to the optimization of the parameter «. This is similar in spirit to
the optimization of k, correspondingly the optimization of «, in Chapters [2| and
and references [113,|159]. Towards that goal, in order to unify our approach for all
three coded schemes (repetition, MDS, and MM-MDS), we first provide the follow-
ing theorem. This theorem shows that, in our model, age minimization translates

into computation (service) time minimization which is not always the case in age

optimization problems.

Theorem 6.5 When the transmission delays are i.i.d. exponentials and computa-
tion times at each worker are i.i.d. shifted exponentials under the dropping policy

at the CU, for large n, minimization of the average age of repetition coded, MDS
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coded and MM-MDS coded schemes, is equivalent to minimization of the average

computation time.

Proof: In the repetition, MDS and MM-MDS coded schemes, the computation time
S is characterized through the selection of k. Using the average age expression in

(6.11)), the minimization problem is

mkinE[D] +E[S] + %

— winE[D] + E[5] + B[S +2 E[[SS] E[Z] +ElZ7) (6.26)
~minE[D] + E[S] + Pl ];(?EIE] LE[[Z;; E[ZT] (6.27)
~ min % +E[S] <E[25(1]a?;*]%f ;) e (6.29)
— min % + SE[S] + i s (6.30)

where follows from the independence of S and Z, and follows from the
fact that E[S?] ~ E?[S] in all of these coding schemes due to the vanishing variance
property of order statistics of shifted exponentials for large n, discussed after (6.4]).
The term ignored in is 55 (Gn — Gpy)/(E[S] + E[Z]), where v denotes the

computation rate and varies depending on the task distribution algorithm. The

numerator of the vanishing term can be lower and upper bounded by 0 and 712%2,

L
2

respectively, as (G, is upper bounded by %2. We note that as n — oo, — 0

as detailed in Section for repetition coded, MDS coded and MM-MDS coded
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schemes. Thus, bounds meet for large n which yields the approximation E[S?] ~
E?[9].

In order to optimize the average age, we need to select the optimal k£ in the
repetition coded, MDS coded and MM-MDS coded schemes in . We note that
in (6.30)) only E[S] depends on k. Although the second term in increases in
E[S] and the third term decreases in E[S], overall is monotonically increasing
in E[S], as the derivative of with respect to E[S] is non-negative. Thus,
the average age is minimized when E[S] is minimized. That is, the average age
minimization is equivalent to the average computation time minimization. W

For large n, average computation time is given, for the repetition coded scheme,

c Hp, ¢ 1 c 1
E[Siep] =+ —=—-+ —logk=—+ —1 , 6.31
[Srep] = 7 + o TRtk =t og(an) (6.31)

for the MDS coded scheme by

c H,—H,, c 1 n
ElSmas| =+ ————=—+ —1
[Smas] = £+ = k+ukog(n—k>
1 log( ! ) (6.32)
an  pan 11—«

and for the MM-MDS coded scheme by

c H,—H,_; c 1 n
E[S,, . . ]=<4n "tk C L 7

c 1 1
= | .
ant pand °8 <1 — 041) ’ (6:33)
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where in ks satisfy and 30 _ o, = la.

Reference [159] finds the optimal k for repetition coded and MDS coded

schemes when £ is linear in n by noting that both (6.31)) and (6.32)) have unique ex-

treme points as functions of k. In [159, Lemma 1] the following optimization problem

is solved to find the optimal computation time in the repetition coded scheme:

. e 1 ¢ 1
min E[Syep] = min — + n logk = Join — + p log av. (6.34)

Objective in (6.34]) has a term that increases in « and another term that decreases

in . Depending on p and c values, there is a unique o* which is the extremum

point
1, cu=>1
af = (6.35)
cp, cp <1,
and correspondingly,
n, cp>1
kE* = (6.36)
cun, cp <1,

for large n. Solutions in (6.35]) and (6.36)) are computation time optimum, and also

average age optimum from Theorem for Z-repetition coded scheme. Note that,
for cu > 1, the optimal repetition coded scheme is in fact the uncoded scheme.
However, when cu < 1, repetition coded scheme outperforms the uncoded scheme.

Similarly, to find the optimal computation time in the (n,k)-MDS coded
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scheme, the following optimization problem is solved in [159, Lemma 2J:

: oo 1 n . cC 1 1
mklnE[Smds] = min -+ — log ( ) = min — 4 — log (—a> ., (6.37)

1<k<n ko n—k <a<l v o

and it is shown that the optimum « is

at =1+ (6.38)

and correspondingly,

1

=1
W (e

n, (6.39)

for large n, which is also average age optimal from Theorem . Here, W_;(-) is
the lower branch of Lambert W function.

In the MM-MDS coded scheme, as in the repetition coded and MDS coded
schemes, by selecting the optimal &, correspondingly the optimal «, the computation
time and by Theorem the age can be minimized. To do that, we need to solve

the following optimization problem:

: c 1 < 1 )
min —+ —log

O0<a,ar,,ap<l @ Qo 11—y
1 ere

. = =2,...,¢
i (1—am)™t (1 —ap)™ =S

¢
Z = La. (6.40)
m=1
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Figure 6.4: Aype, Arep and A4 for varying k& with n = 100, and (X, ¢) = 1: (a)
When =1, (b) when p = 0.5. Symbol o marks the optimal &k values.

To give an explicit example, for instance, for ¢ = 3, the master node solves the

following optimization problem:

) c 1 ( 1 >
min — + —log
0<a,a1,a2,a3<1 (v ji1e% 1-— (6%}
1 1

s.t. =el'—

1-— (051 (1 — CYQ)Q
1 e 1

(1 —ay)? (1—a3)3

a1 + as + ag = 3a.

(6.41)

We note that unlike the repetition coded and MDS coded schemes, in the
MM-MDS coded scheme, the optimization problem (6.40)) is more complicated. The
optimization in (6.40]) is over a and all ov,,,8. Here, a closed-form expression for k*, or

equivalently o*, is not available unlike the former two cases. We solve the problem

in (6.40) in the next section using numerical methods.
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Figure 6.5: (a) k*, kf, and k3 values as a function of n for £ = 2 with u = 1,
and (A, ¢) = 1. Note that k* = kf + k3. (b) Apm—mads, as a function of load ¢ for
(nt, k*)-MDS code with n = 100, x = 0.01, and (\,¢) = 1.

6.5 Numerical Results

In this section, we provide simple numerical results.

First, we consider the uncoded, repetition coded and MDS coded schemes. In
Figs. [6.4(a) and [6.4(b) age performance of the uncoded, repetition coded and MDS
coded schemes are presented when n = 100, A =1, and ¢ = 1 for g = 1 and p = 0.5,
respectively, for varying k. We observe that in both Figs. [6.4(a) and [6.4(b), MDS
coded scheme performs the best as expected. Optimal k& values for the MDS coded
scheme in these cases are k* = 69 and k* = 58, respectively. Moreover, we observe
that when p = 1 optimal k for repetition coded scheme is in fact £* = n = 100.
However, when p = 0.5, we get k* = 0.5 %« 100 = 50. These results are in line
with . We also observe in Fig. 6.4(b) that repetition coded scheme beats

the uncoded scheme when ¢y < 1. However, as seen in Fig. [6.4(a) when cu > 1,
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repetition coded scheme does not present any advantage over the uncoded scheme.

Next, we consider the MM-MDS coded scheme. Fig.|6.5a) shows the optimal
k values as a function of n for £ = 2. We observe that as the number of worker nodes,
n, increases optimal k increases as well. Fig. [6.5(b) shows the improvement in the
average age performance of MDS coded scheme when worker nodes are assigned /¢
subpackets to compute with n = 100, 4 = 0.01, ¢ = 1 and A = 1. We note that
when ¢ = 1 we recover the performance of the single message MDS coded scheme
analyzed in Section [6.3.3|and we observe that when multiple subpackets are assigned

to each worker, we achieve a lower age than all the other schemes discussed.

6.6 Conclusion

In contrast to the initial works on age of information which assumed small sized
status update packets, we have considered a status update system encountered in
emerging data-intensive applications such as UAV and V2V systems, in which the
updates are more complex and require processing to extract the useful information.
This task is handled by a computation unit consisting of a master node and n worker
nodes. We have investigated the age performance of uncoded and coded computation
distribution algorithms and showed that the MDS coded task distribution scheme
asymptotically outperforms the uncoded and repetition coded schemes. In addition,
we observed that assigning multiple computations to each worker node (MM-MDS
coded scheme) further improves the age performance of MDS coded scheme. By

showing that under certain arrival and service (computation) time profiles minimiz-

173



ing age is equivalent to minimizing the computation time, we have characterized the

age-optimal repetition, MDS and MM-MDS code parameter k (equivalently, as).
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CHAPTER 7

Timely Communication in Federated Learning

7.1 Introduction

Introduced in [171], federated learning (FL) is a distributed learning framework,
where a parameter server (PS) iteratively trains a global model using rich client
(user) datasets that are privacy-sensitive and large in quantity without actually
storing them centrally at the data center. At each iteration, the PS distributes the
current model to the clients. Each client performs the learning task locally using its
own dataset and sends its model update to the PS, which then aggregates the results
and updates the model (see Fig. . Some promising applications of FL are image
classification and next-word prediction [171], human mobility prediction [172], news
recommenders and interactive social networks [173], healthcare applications [174],
and so on. Recent works in |[175H181] study communication-efficient FL frameworks
suitable for the limited communication between the PS and the clients considering
varying channel conditions, quantization and sparsification, non-i.i.d. client datasets,
and coding.

The performance of different FL frameworks are usually determined by their
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convergence performance, average iteration time, and number of iterations. In cer-
tain FL applications such as social media networks and human mobility prediction
where large quantities of highly temporal data are produced which diminish in value
in a matter of hours, timeliness is also critical to incorporate rapidly changing data
into the model in a timely manner. To illustrate this, we consider two clients, Alice
and Bob, who participate in a next place forecasting task that aims to jointly train
clients to predict their next location based on their current location and past habits.
Such information is used to offer an enhanced experience and better recommenda-
tions in location-based social networks such as Twitter and Yelp as well as improved
navigation that uses less congested routes. Assuming Bob gets moving earlier than
Alice, to predict Alice’s movements more accurately and consequently deliver the
most relevant suggestions to her, Bob’s (and all other similar clients’) earlier activity
should be incorporated into the model by the time Alice gets moving.

Motivated by this, in this work, we use the age of information metric to char-
acterize information freshness in an FL framework. Recently, age of information has
found new applications in reinforcement learning and distributed computation and
learning [1041[105}[108-110}[182-184] including Chapters [6| and [§] of this dissertation.
Particularly, [184] studies an age metric, called age of update, in the FL context to
measure the staleness of each update and schedule clients at each iteration accord-
ingly. Based on this age-based metric, authors in [184] propose a scheduling policy,
which takes the staleness and communication quality of devices into account to ac-
celerate the convergence of FL. In [184], age is used as a client scheduling metric

rather than an end-to-end performance metric.
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Figure 7.1: Federated learning model where a parameter server (PS) trains a learning
model using n clients without actually storing clients’ data centrally.

In this chapter, we propose a timely communication framework for FL that
considers limited client availability and communication resources to make sure that
locally generated client data are incorporated in the learning model with as little age
as possible. In the proposed scheme, the PS waits for m available clients out of the
total n clients at each iteration and uses local updates of the earliest k clients among
these m available ones to update the global model. When £k is larger, more clients
update the PS at the expense of larger iteration durations. To obtain a larger k value,
we can increase m which induces larger waiting times for client availability. In such
a system, we characterize the average age experienced by each client and determine
the age-optimal k and m values. We show that, in addition to ensuring freshness, the
proposed timely communication scheme significantly improves the average iteration
time compared to random client selection employed by without harming the

convergence of the global model.
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7.2 System Model

In a typical FL setup with a single PS and n clients, each client j has the local
data set B;, with N; = [B;| (see Fig. [7.1). The aim of the PS is to train a model
parameter vector @ € R? using the data stored locally across the clients to minimize
a particular loss function given by L(6) = %Z?:l L;(0), where L;(0) denotes the
application specific loss function at client j and is computed over the NN; samples in
B;, j € [n].

At each iteration t, each client receives the current model 6; from the PS
and performs 7-step stochastic gradient descent (SGD) for 7 € N to minimize an
empirical loss function with respect to its local dataset by using 6,. At iteration t,

the fth step of the local SGD is given by
6., =6, —mVL;6)), (€]r] (7.1)

where ng is the learning rate. Each selected device sends its model estimate after 7
local steps, denoted by @7, with @/ , = @7, to the PS which updates the global

model using

011 = Z Wjeiﬂ- (7.2)
j=1

Then, the updated global model 6, is shared with the clients and the whole process

is repeated until convergence.
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In our model, clients are not always available for the learning taSkH Rather,
clients experience exponentially separated availability windows to participate in the
learning task. We assume that once available each client completes an iteration after
which the next availability window of that client starts in an exponential duration
of time. At each iteration, the PS schedules m clients such that upon completion of
an iteration, the PS waits for Z,,., duration of timeﬂ to have m available clients for
the next iteration, where Z is an exponential random variable with rate A from the
memoryless property.ﬂ

The set A" denotes the first m available clients in iteration ¢ to which the PS
broadcasts the current model, 8,1 Link delays in downlink transmissions from the
PS to the clients are modeled with an exponential random variable with rate u. We
assume that the actual computation duration at clients is a deterministic duration
¢ so that the time in between the beginning of an iteration until a participating
client generates its local update is a shifted exponential random variable X with
rate (c, ,u)E| The link delay back to the PS in uplink transmissions is an exponential
random variable X with rate . Once the PS collects the earliest k of the m local
updates, £k < m, it updates the global model as in . We denote the set of

the earliest k clients out of the available m clients at iteration ¢ with A¥ such that

! This is because, to participate in a learning task that potentially includes heavy computations,
devices need to be plugged-in and running on an unmetered WiFi connection.

2We denote the mth smallest of random variables Z1, ..., Z, as Zm:n-

3To model the case in which the clients are all available, we can take A — oo in which case the
PS selects m clients randomly at each iteration.

4Clients in A" commit to participate in iteration ¢ such that a client in A7 does not become
unavailable within the Z,,.,, duration while waiting for others to become available.

®We note that each selected available client performs a local SGD using the same number of
samples at each local step. When clients have identical computation capabilities we have the same
computation time ¢ for each client.
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|A¥| = k and AF C AT

Our aim is to design a learning framework, where the locally generated data
are incorporated at the PS as timely as possible. In this work, we consider the age
of information metric to measure the timeliness of the received information. The PS
keeps the age of information of each client. A client’s age is updated whenever its
local update is received by the PS. Otherwise, its age continues to increase linearly

in time. We define the long term average age of a client j as

T
A; = Tim ~ / A (D)dE. (7.3)
T Jo

where A;(t) represents the instantaneous age of client j at time ¢ at the PS. We have
A;(t) =1t — u;(t), where u;(t) denotes the generation time of the most recent local
update of client j that is available at the PS. We note that from the i.i.d. nature
of this system, each client experiences identical age of information. Thus, in what

follows, we focus on a single client and calculate its average age of information.

7.3 Average Age Analysis

The total time of an iteration, denoted by Y, is given by
Y =54 Zn, (7.4)

where S denotes the service time and is given by S = (X + X )kem- A client partici-

pates in an iteration with probability p; = ™ since the PS only selects the earliest
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available m clients. Out of these m clients only the earliest £ of them actually
send back their updates to the PS for aggregation at each iteration. That is, given
selected for the iteration, the probability of updating the PS is py = % Thus, at
each iteration a client updates the PS with probability p £ pips = % The number
of iterations in between two consecutive updates from a particular client is given by
a geometric random variable M with rate p.

A sample age evolution of client j, j € [n] is shown in Fig. [7.2] Here, iteration
t starts at time T;_; when the PS starts broadcasting the tth model update to
the selected available clients. Filled circles and crosses in Fig. show the time
instances at which client j generates its local updates and the PS receives those
corresponding local updates, respectively. We note that upon delivery, the age of
client 7 drops to the age of the most recent local update from client j.

In the ensuing analysis, moments of S are not easy to calculate as S is equal
to an order statistic of a sum of exponential and shifted exponential random vari-
ables. To simplify, we assume that downlink transmissions are instantaneous since,
in general, connection speeds are significantly asymmetric such that downlink trans-
missions are much faster than uplink transmissions [185]. In this case, the time it
takes for each client in A to generate its update is ¢ and we have S = ¢ + Xeom.

Let Y denote the time in between the generation time of two consecutive
updates from client j. In Fig. [7.2] since client j updates the PS in iterations ¢ and
t+ 2, we have M = 2. From Fig. , we see that Y, = Y, — X, + Y + )_(Hg,
where X, denotes the downlink delay of a client that is one of the earliest k clients
to deliver its update at iteration ¢, i.e., X = X;|j € AF. Since X; = X;10 = ¢, we
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have Y =Y; + Y, for M = 2. Then, in general, we have

M
Y =YY, (7.5)
=1

which is equal to the length of the shaded trapezoid in Fig. [7.2]
The metric we use, long term average age, is the average area under the age

curve which is given by [29]

LY Q E[Q]

A = limsu — = ——. 7.6
T LTV, E[Y] o
By using Fig. we find Q; = %Yf + ﬁ):(tﬂ. Thus, 1} is equivalent to
A; =E[X] + B[ (7.7)
T 2R[Y]’ '

where X denotes the uplink delay of a client that is one of the earliest k clients to

deliver its update at iteration ¢, i.e., X = Xj|j € A*. From l) we find the first

and second moments of Y in terms of YV as

E[Y? = E[M|E[Y?] + E[Y*E[M? — M]. (7.9)

Inserting (7.8) and ([7.9)) in (7.7]), we find

(7.10)



Figure 7.2: Sample age evolution at client j. Iteration ¢ starts at time 7;_;. Filled
circles and crosses show the time instances at which client j generates its local
update and the PS receives that local update, respectively. Here, client j successfully
delivers its local update to the PS in iterations t and ¢ + 2.

Theorem|[7.I]characterizes the average age of a client under the proposed timely

communication scheme using ([7.10)).

Theorem 7.1 Under the proposed timely communication scheme, the average age

of a client is

2n — k

Aj= ZE[sz]+ ok (C+E[Xk:M]+E[Zmzn])

e

Var[j(k:m] + Var[Z,,.,,]

" ' (7.11)
2(¢c + E[Xpm] + E[Znin))

Proof: We substitute the first two moments of M into (7.10)) and note that random

variables S and Z,,., are mutually independent to obtain

(7.12)
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The first term in ([7.12)) is equal to
_ 1 k
Sl WVl k1 K
E[X] =E[X,|j € A/] ZEIIE Xim]Prlj =1ilj € A/l =7 E: (7.13)

Here, noting that downlink transmissions are instantaneous, follows from the
fact that the earliest £ out of m available clients is determined in an i.i.d. fashion
at a certain iteration . Together with , inserting S = ¢+ X foerm, 110 and
noting that Var(S) = Var(Xg.,) vield the result. B

Next, we determine the average age of a client when the number of clients n

is large. Here, we note that [131]

E[Zmm] = /\(H — H, ), (7.14)
Var(Z,.,] = v (G — Goim), (7.15)
where H, = Z;L . 3 and G, Z? L % First moment and variance of Xj., in

(7.11)) follow from (7.14]) and ((7.15) using /.

Corollary 7.1 For large n, we set m = an with m < n and k = fm with k < m.

Then, the average age of a client given in can be approximated as

a2—p6)—2
2081

+(2—aﬁ)c_2—04610g(1_a)+

203 20,8\ log(1—6).  (7.16)

2
=

184



Proof: Let 41, dy, and d3 denote the terms in (7.11)). Then,

1 o 1 1 &

= B = = Y (717
1 m-—k

S Ly 7.18
7= » (718)
1 1-3

-+ ~ log]-_B? 7.19
= R (1-2) (7.19)

where ([7.17)) follows from the order statistics in ([7.14). To obtain ([7.18]), we use the
series identity S°F | Hy = (k + 1)(Hyyy — 1) [113,/119], and (7.19) follows from the
fact that for large n, H; ~ log(i) +~, where v is the Euler-Mascheroni constant and

is ignored here for brevity. Also,

5= ¥ (e + B[R] + E[Zono]) (7.20)
~ 22—()[(55 (c — %log(l - B) — %log(l — a)) : (7.21)

Next, we have

B Var[Xp.m] + Var[Z,..]
B 2(c+ E[Xk:m] + E[Zn:n))

~ 0, (7.22)

where follows by using the fact that for large n, G,, = %2 and hence, we have
E[X2, | ~ (E[Xm])? and B[Z2,,] = (E[Zymn:n])? when m is linear in n and k is linear
in m. Summing d;, d2, and J3 yields the result. W

Even if the PS updates the age of £ = afin clients at each iteration, the

average age expression in ([7.16)) has terms that depend on the multiplication a3 as
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well as terms that only depend on either o or §. Thus, to minimize the average
age, we need to optimize both o and 8 values. When « increases, more clients can
update the PS at each iteration at the expense of longer waits for client availability.
Similarly, for a given «, when [ increases, more clients update the PS at the expense
of longer iterations. Thus, parameters of @ and  need to be carefully selected to

obtain good age performance.

7.4 Numerical Results

In this section, we provide numerical results to determine the age-optimal o and
£ values that minimize the average age of the clients. In our simulations, we have
n = 100 clients. In the first three simulations, we plot the average age of a client as
a function of k for the age-optimal m value. That is, we first find the age-optimal
(m, k) pair (equivalently, the age-optimal (a, #) pair) and then plot the average age
of a client as a function of k£ when using the age-optimal m value.

In the first simulation, we take A =1, ¢ = 1, and vary ji. We observe that the
average age decreases with increasing uplink transmission rates fi. We find that the
age-optimal m values are 95,94, 92,90, 86 for 1 = 0.1,0.2,0.5, 1, 5, respectively. This
shows that with increasing fi, i.e, shorter average uplink transmission delays, the PS
can afford to wait for less clients to become available at the beginning of iterations
such that the age-optimal o decreases. This is because, as the transmissions become
faster, the PS obtains the client updates quickly and the initial wait for client

availability becomes the performance bottleneck. The corresponding age-optimal &
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Figure 7.3: Average age experienced by a client as a function of k£ with n = 100,
A =1, and ¢ = 1 for varying fi. In each curve we use the age-optimal m. The
age-optimal k£ values are shown with a circle.

values are 55,64, 74,79, 83 such that as the uplink transmissions become faster the
PS opts for waiting more results from the clients, i.e., increasing [, instead of waiting
for clients to become available in the next iteration. Further, more specifically for
the low transmission rates, i.e., i = 0.1,0.2,0.5 cases, we have a familiar age curve
as in the earlier works on multicast networks and Chapters [2| and [3] that
employ an earliest k£ out of m idea to facilitate timely updates. In particular, we see
that the average age first decreases when k increases. This is because with increasing
k, clients update the PS more frequently. When £ increases beyond a certain value,
however, the average age starts to increase indicating that the PS waits for clients
with slower links to perform the iteration.

In the second simulation, we consider the same setup as in Fig. but take
it =1 and vary A\. We observe that the average age decreases for larger values of A

as the time it takes for clients to become available is less for larger A\ values. Here,
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Figure 7.4: Average age experienced by a client as a function of k£ with n = 100,
i =1, and ¢ = 1 for varying A\. In each curve we use the age-optimal m. The
age-optimal k£ values are shown with a circle.

the age-optimal m values are 72,79, 86, 90,97 for A = 0.1,0.2,0.5, 1, 5, respectively,
which indicate that, to facilitate timeliness, the PS selects a smaller ¢ when the
availability of the clients is more scarce. Corresponding age-optimal k values are
69,75,78,79,78 such that we observe that, as the clients become more frequently
available, the PS uses a smaller fraction of the available m clients at each iteration,
i.e., 8 decreases with increasing \. In this case, instead of waiting for clients with
slower links to return their update, the PS chooses to start a new iteration.

In the third simulation, we consider the same setup as in Fig. [7.3 but take
i = 1 and vary c. In this case, the age-optimal m values are 85,90, 96,97 for
¢ =0.1,1,5,10, respectively. Corresponding age-optimal k values are 70,79, 91, 94.
We observe from Fig. that as c¢ increases both the average age and the age-
optimal (k,m) values, correspondingly (v, 3) values, increase. This suggests that

when the fixed computation duration at the clients is larger, at each iteration, the
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Figure 7.5: Average age experienced by a client as a function of k£ with n = 100,
A =1, and g = 1 for varying c. In each curve we use the age-optimal m. The
age-optimal k£ values are shown with a circle.

PS is more incentivized to wait for more clients to return their updates.

So far, we have found the age-optimal m and k values to minimize the average
age of the clients. In practical systems, as in [184], the PS can only schedule a
fixed number of clients at each iteration due to limited communication resources
such as number of subchannels etc. To investigate such settings, in the fourth
simulation, we fix m and analyze the average age performance by varying k. In
Fig. [7.6] we observe that the age-optimal k value increases with increasing m. That
is, when the PS waits for a larger number of available clients at each iteration, it
is more beneficial for decreasing the age to wait for more of those available clients
to return their updates. Here, the age-optimal k£ values are 15,31,48, 68,93 for
m = 20, 40, 60, 80, 100, respectively. Among these m values, m = 80 gives the best
average age result whereas m = 60 and m = 100 yield similar performance. Thus,

having more communication resources is advantageous but as m increases the time
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Figure 7.6: Average age experienced by a client as a function of k£ with n = 100,
A=1,¢c=1, and it = 1 for varying m. The age-optimal k values are shown with a
circle.

spent in waiting for client availability starts to hurt the age performance.

Until now, we have investigated the age-optimal m and k values. Our results
indicate that it is not necessarily age-optimal to get updates from each client at
each iteration. In particular, we show that to get more timely updates it is better
to wait for the first m available clients and then use the updates of the earliest k
clients among these m available ones.

Next, we analyze the average iteration time E[Y] under the proposed timely
communication framework. We compare its performance with two baseline schemes:
random k, which selects any k clients uniformly at random at each iteration and
first k, which selects the first k clients that become available at each iteration. We
take £ = 10 and m = 20 and use the same setup as in Fig. [7.3] In Fig. [7.7] we see
that the proposed timely communication framework outperforms the random k& and

first k£ schemes. In this case, the performance improvement compared to the random
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Figure 7.7: Average iteration time under different schemes when k£ = 10, m = 20,
n =100 for c =1, i = 1, A = 1 averaged over 50000 iterations.

k scheme is 72%. This is because random k does not consider the availability of
the clients to make the client selection whereas the proposed scheme uses the client
availability as well as the link delays to make the client selection. We also note that
even if the clients are all available, i.e., A tends to oo, the proposed scheme still
yields more than 50% improvement over the random k scheme. This shows that the
proposed timely communication framework not only gives better age performance
but also decreases the average iteration time compared to random client selection
implemented in [171].

Finally, we consider the convergence performance of the proposed scheme in
a learning task. The proposed timely communication operation is operationally no
different than selecting a random k subset of clients at each iteration uniformly
at random. In other words, under the proposed operation, at each iteration, each
client updates the PS with equal probability. Thus, earlier convergence results on

FL that employ a random client selection at each iteration as in [171] readily apply
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Figure 7.8: Convergence performance of the proposed scheme for varying k£ with
m=40,n=100c=1, A =1, and iz = 1 for a linear regression task.

in the case of the proposed timely communication scheme. To demonstrate this, we
consider a simple linear regression problem over synthetically created training and
test datasets as in [183]. The loss function at the clients L; is the mean squared
error and the size of the model is d = 1000. The dataset is randomly distributed
to each client such that client j has N; = 20 samples for j € [n]. We have the
batch size equal to 20, 7 = 1, and n = 0.1 for all workers and iterations. A single
simulation includes 7" = 200 iterations. Results are averaged over 5 independent
simulations.

Fig. shows the convergence performance of the proposed scheme for varying
k and m = 40. As shown in [171] for random client selection, selecting 10% of the
clients, i.e., setting k = 10, is sufficient for achieving good convergence performance.
We see from Fig. that the age-optimal k£ value is 31 when m = 40. Here, the
age-optimal k value is larger than 10 which indicates that the proposed timely com-

munication scheme minimizes the average age of information at the clients without
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slowing down the convergence.

7.5 Conclusion

In this work, we proposed a timely communication scheme for FL that is suitable for
applications that include highly temporal rapidly changing client data such as so-
cial media networks, human mobility prediction systems, and news recommenders.
Considering limited client availability and communication resources, in the proposed
communication scheme, the PS waits until there are m available clients at the be-
ginning of each iteration. To update the global model, the PS uses the local update
of the earliest k clients from these available m clients. Under such operation, we
characterized the average age of information at the clients and numerically deter-
mined the age-optimal m and k values. Our results indicate that there exists an
age-optimal (m, k) pair that strikes a balance between waiting times for client avail-
ability, local update transmission times, and fresh model updates. We also showed
that for the same k value, the proposed timely communication framework signifi-
cantly improves the average iteration time without hurting the convergence of the

learning task.
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CHAPTER 8

Age-Aware Distributed Computation for Bias Reduction

8.1 Introduction

Machine learning algorithms partially owe their success to the availability of large
datasets for training. However, when the size of the training datasets and the com-
plexity of the trained models are formidable, it is not feasible to train the model
on a single machine within a reasonable time frame. To overcome this computa-
tional bottleneck, distributed learning techniques are implemented across multiple
machines, called workers.

Gradient descent (GD) methods are widely used in machine learning problems
to optimize the model parameters in an iterative fashion. To speed up GD iterations,
gradient computations can be distributed across multiple workers. In particular, by
employing a parameter server (PS) type framework [186], the dataset can be divided
among workers, and at each iteration, workers compute gradients based on their
local data, which are aggregated by the PS. However, slow, so-called straggling,
workers are the Achilles heel of distributed GD (DGD) since the PS has to wait

for all the workers to complete an iteration. A wide range of straggler-mitigation
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strategies have been proposed in recent years. In these works, the main theme is to
assign redundant computations to workers to overcome the potential delays caused
by straggling workers, either together with coded dataset assignment to workers,
i.e., coded computation [159}/161-163,165,(167,/169}/183,187-199], or combined with
coded local computations, i.e., coded transmission [160,|166|,200-208], or by simply
using backup computations, i.e., uncoded computation [209-214]. Owing to the
redundancy in these schemes, stragglers can be tolerated as the fast workers can
compensate for the straggling ones.

The focus of this chapter is the coded computation for straggler mitigation.
Most of the coded computation solutions designed to mitigate stragglers have two
shortcomings: First, they are designed such that each worker performs a single
computation per iteration, which in turn results in the under-utilization of com-
putational resources [215]. Multi-message communication (MMC) strategy is im-
plemented to allow workers to perform multiple computations in each iteration to
seek a balance between computation and communication latency [163,/165,167,[193,
1941/199,1205,1214]. The second shortcoming arises from the fact that most coded
computation techniques aim to recover the full gradient at each iteration, which
may unnecessarily increase the average completion time of an iteration. To avoid
this, reference [216] combines coded computation with partial recovery (CCPR) to
provide a trade-off between the average completion time of an iteration and the
accuracy of the recovered gradient estimate.

If the straggling behavior is not independent and identically distributed over
time and workers, which is often the case in practice, the gradient estimates recov-
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ered by the CCPR scheme become biased. For example, this may happen when
a worker straggles over multiple iterations. Regulating the recovery frequency of
the partial computations to make sure that each partial computation contributes
to the model updates as equally as possible is critical to avoid biased updates. We
use the age of information (Aol) metric to track the recovery frequency of partial
computations. In our work, we associate an age to each partial computation and
use this age to track the time passed since the last time each partial computation
has been recovered.

In this chapter, we design a dynamic encoding framework for the CCPR scheme
that includes a timely dynamic order operator to prevent biased updates, and im-
prove the performance. The proposed scheme increases the timeliness of the recov-
ered partial computations by changing the codewords and their computation order
over time. To regulate the recovery frequencies, we use the age of partial computa-
tions (AoPC) in the design of the dynamic order operator. We show by numerical
experiments on a linear regression problem that the proposed dynamic encoding
scheme increases the timeliness of the recovered computations, yields less biased
model updates, and as a result, achieves better convergence performance compared

to the conventional static encoding framework.

8.2 System Model and Problem Formulation

For completeness, we first present the coded computation framework and the CCPR

scheme.
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8.2.1 DGD with Coded Computation

We focus on the least-squares linear regression problem, where the loss function is

the empirical mean squared error

N
1
L(O) & — —x.0)? 1
0) % 35 >t — 10" (s.1)
where x1, ..., xy € R? are the data points with corresponding labels v1, ..., yny € R,

and @ € R is the parameter vector. The optimal parameter vector can be obtained

iteratively by using the gradient descent (GD) method

0t+1 = Ot - T]tng(et), (82)

where 7; is the learning rate and 6, is the parameter vector at the tth iteration.

Gradient of the loss function in (8.1)) is

Vol(6;) = XTX0, — X'y, (8.3)

where X = [x1,...,xy]7 and y = [y1,...,yn]T. In (8.3), only 6; changes over
iterations. Thus, the key computational task at each iteration is the matrix-vector
multiplication of W@,, where W £ X7X € R¥?, To speed up GD, execution of this
multiplication can be distributed across K workers, by simply dividing W into K

equal-size disjoint submatrices. However, under this naive approach, computation

time is limited by the straggling workers |159).
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Coded computation is used to tolerate stragglers by encoding the data before
it is distributed among workers to achieve certain redundancy. That is, with coded
computation, redundant partial computations are created such that the result of
the overall computation can be obtained from a subset of the partial computations.
Thus, up to a certain number of stragglers can be tolerated since the PS can recover
the computation result without getting partial results from all workers. Many coded
computation schemes, including MDS [159,163]/192], LDPC |187], and rateless codes

[194], and their various variants have been studied in the literature.

8.2.2 Coded Computation with Partial Recovery (CCPR)

In naive uncoded distributed gradient computation, straggling workers result in era-
sures in the gradient vector as illustrated in Fig. 8.1 The main motivation behind
coded computation schemes is to find the minimum number of responsive workers to
guarantee the recovery of the gradient vector without any erasures. Alternatively,
the CCPR scheme [216] allows erasures on the gradient vector to reduce the compu-
tation time while controlling the number of erasures to guarantee certain accuracy
for the gradient estimate. To implement the CCPR scheme, we employ a linear code
structure similar to LT codes. In the case of centralized encoding, W is initially
divided into K disjoint submatrices Wy, ..., Wx € R¥&*4 ysing which r coded

submatrices, V~Vi,1, e ,Wi,r, are created and assigned to each worker i, i € [K], by
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the PS, where Ww is a linear combination of the K submatrices, i.e.,

ke[K]
Here, by using an analogy with L'T codes, one can consider K submatrices Wy, ..., Wg

as symbols and their linear combinations in (8.4) as codewords, where the number of
non-zero coefficients defines their degree. Following the encoding phase, at each it-
eration t, the ith worker performs the computations V~Vz-,10t, . ,V~Vi7,.0t in the given
order, and sends the results one by one as soon as they are completed. In the mean-
time, the PS collects coded computations from all the workers until it successfully
recovers (1 — ¢) x 100 percent of the gradient entries. Parameter ¢ denotes the tol-
erance, a design parameter, which can be chosen according to the learning problem.
We want to remark that due to the centralized encoding mechanism, coded subma-
trices are fixed throughout all the iterations. However, by considering a distributed
encoding framework, as we explain next, it is possible to update coded submatrices

through the iterations to have a more flexible design.

8.2.3 Distributed Dynamic Coded Submatrix Generation

Unlike the static centralized encoding scheme, inspired by the random circularly
shifted (RCS) code design in [216], we consider a distributed dynamic coded sub-
matrix generation framework. Initially all the submatrices are distributed among
the workers. Then, at each iteration, workers dynamically generate their coded sub-

matrices following a prescribed procedure. In particular, this dynamic framework
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Figure 8.1: Illustration of partial recovery in a naive distributed computation sce-
nario with 6 workers, 2 of which are stragglers.

utilizes three operators: data partition D(-), ordering O(-), and encoding E(-). The
data partition operator distributes the submatrices W = {Wy,..., W} among the
workers such that

where M is the given memory constraint, and W; is the set of submatrices assigned
to the ith worker. We assume that operator D(-) is executed, for each worker, only
once at the beginning of the process, and W, i € [K], remains the same over the
iterations. The order operator O(-) is used to form an ordered set from the initial
set W; for encoding, i.e.,

Oi,t(Wi) W = Wi,ta (8.6)

where Wi,t is an ordered set representing the order of computation at each iteration

t for the ith worker. We remark that unlike the data partition operator, order
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operator may change over time. These two operators together can be represented
by an assignment matrix A;, whose ith column is given by Wzt

Once the assignment matrix A; is fixed, the encoding process is executed
according to a degree vector m, which identifies the degree of each codeword based
on its computation order. Encoding is executed for each worker independently. The
encoder operator E(-) maps the ordered set of data (submatrices) to ordered set of

codewords of size L, where L is the length of m, i.e.,

Ei,t(Wi,ta m) : W@t — C~i,t = {CE,D ey Clz?,L} . (87)

The encoding operator first divides set Wi,t into L disjoint subsets, Wf’l, e Wf I
such that [W},| = m(l). We note that the degree vector is chosen according to the
RCS code design, such that m(L) > m(L—1) > ... > m(1) = 1. Then, at iteration
t, the coded submatrix of the ith worker with computation order ¢, denoted by C’;g,

is constructed as

Cl,= ) W (8.8)

W, GW'LtZ

An example assignment matrix A; is given below for K = 20 and M = 6:

W, W, W3 ... Wy
W, W; Wy ... W3
Wi Wi Wiz ... Wy
Wis Wi Wiz ... Wy
Wsg W7, Wg ... W;
Wiz Wiy Wy, ... Wyy




Q¢

>
t t+1 t+2 t+3 t+4 t+5  jteration

Figure 8.2: Sample age evolution of W;0;. Time ¢t marks the beginning of iteration
t 4+ 1. W,0; is recovered at iterations t =t and t = t + 4.

The elements of the assignment matrix A; are colored to illustrate the first
step of the encoding operator, for m = [1,2, 3], where colors blue, red and brown
represent the submatrices used to generate the first, second, and third codewords,

respectively. The encoding phase for the first worker at iteration t is illustrated

below: L

W,

W,y

W,
~ Wi ~
Wi = —Cip = W, + Wy, . (8.10)
Wi
Wis + We + Wis
Wg
Wig

With this code, the worker first computes W10, and sends the result directly to
the PS. Then, it computes (W, + Wy;)0; sends the result to the PS. Finally, it
computes (W5 + Wg + Wig)0, and sends the result to the PS.

Next, we formally state the problem using the data partition, ordering and

encoding operators.
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8.2.4 Problem Definition

The recovery of a partial computation W0, at iteration ¢t depends on the data par-
tition {D;};c (s, ordering decisions {Oj},c (), encoding decisions {Ei},c ), com-

putation delay statistics of the workers, d;, and the tolerance ¢, i.e.,

ry = R(DJOt7Et7dt7q>7 (8]‘1>

where R is the recovery operation that returns a vector r; which demonstrates the
recovered partial computations such that r;(k) = 1 if W0, is recovered at the PS
for k € [K].

In the partial recovery approach, without any further control on the assigned
computations, operators are fixed throughout the training process. Thus, recovered
submatrix indices may be correlated over time and some partial computations may
not be recovered at all. We note that this kind of recovery behavior may lead to
divergence especially when ¢ is large, since the updates become biased. Our goal
is to introduce a dynamic approach for the coded computation/partial recovery
procedure to regulate the recovery frequency of each partial computation. For this,
we first introduce an age-based performance metric.

We define the age of partial computation W0, at iteration t, denoted by
ars, as the number of iterations since the last time the PS recovered that partial

computation. The age for each partial computation is updated at the end of each
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iteration in the following way

Q¢ + ]_, if I‘t(k‘) =0
akﬂf_;'_l == . (812)

1, if ry(k) =1

A sample age evolution of a partial computation is shown in Fig. [8.2| where
partial computation W0 is recovered at iterations ¢ = t and t = t+4. The average

age of a partial computation over the training interval of T iterations is

T
1
ajp = T ; Qf ¢- (813)

In order to make sure that each submatrix contributes to the model update
as equally as possible during the training period, our goal is to keep the age of each

partial computation under a certain threshold a;,. Thus, our objective is

K
. 1 1
H(glleI}E) T Z ? Z ]l{ak,t>ath}’ (814)

t=1 k=1

where 1, is the indicator function that returns 1 if x holds, 0 otherwise. Here,
asp, 18 a design parameter that determines the desired freshness level for the partial
computations and can be adjusted according to the learning problem. We note that
the problem in is over all data partitions, ordering and encoding policies,
thereby is hard to optimally solve. Instead of solving exactly, we introduce
a timely dynamic ordering technique that can be used to regulate the recovery

frequency of the partial computations.
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8.3 Solution Approach: Timely Dynamic Ordering

In this section, we introduce timely dynamic ordering to better regulate the ages
of partial computations and to avoid biased updates. We keep the data partition
and encoding operators fixed and change only the ordering operator dynamically.
This timely dynamic ordering is implemented by employing a vertical circular shift
in the assignment matrix. With this, we essentially change the codewords and their
computation order, which in turn, changes the recovered indices.

We first employ fixed vertical shifts for dynamic ordering. Then, we will

dynamically adjust the shift amount based on the ages of the partial computations.

8.3.1 Fixed Vertical Shifts

In this code, which we call RCS-1, we employ one vertical shift for each worker at

each iteration. That is, the order operator becomes

Oi(W;) = Wi = cireshi ft(W;, mod(t, L)), (8.15)

where circshift is the circular shift operator and mod(x,y) is a modulo operator
returning the remainder of z/y. By using vertical shifts, coded computations trans-
mitted to the PS from a particular worker change over time to prioritize certain
partial computations. For example, if worker 1 employs the ordered set Wl,t and

codewords C~i,t specified in 1} at iteration t, after applying one vertical shift, its
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computation order and codewords at iteration ¢ + 1, are given by

W,
Wiy
W,
W17t+1 = — Ci,tJrl = Wi+ Wy . (816)
Ws
Wi + Wig + W,
W[,\
W,

Here, we see that, at iteration t, the worker prioritizes the computation of W6,
while in the next iteration computation of W460,,, is prioritized. We note that,
in this method, the shift amount is fixed to one shift at each iteration, and is
independent of the ages of the partial computations.

Next, we introduce an age-based vertical shift scheme to control the order of

computations.

8.3.2 Age-Based Vertical Shifts

In this code, which we call RCS-adaptive, we choose the vertical shift amount based
on the current ages of the partial computations. That is, instead of shifting by 1 at
each iteration, the shift amount changes across iterations based on the ages of the
partial computations. To effectively avoid biased updates, we focus on recovering
the partial computations with the highest age at the current iteration, that is, the
computations that have not been recovered in a while. In line with the problem

in (8.14]), we term the partial computations with age higher than the threshold
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asp, as aged partial computations, which need to be recovered as soon as possible.
To this end, a vertical shift amount is selected that places the maximum number
of aged partial computations in the first position in the non-straggling workers’
computation order so that they have a higher chance of recovery in the next iteration.
In particular, to determine the shift amount in iteration ¢ + 1, the PS considers the
computation order at the workers that have returned at least one computation in
the previous iteration and determines a shift which places maximum number of aged
partial computations in the first order in these workers. Upon determining the shift
amount, every worker’s assignment matrix is shifted by that amount in the next
iteration. For example, if the age-based shift amount is 3 in iteration ¢+ 1, then the

first user has

Wis
W
Wis
- Wis -
Wl,t—i—l = — Ci,t—i-l = Wi+ Wi . (817)
W,
W+ W, + Wy
W,y
Wi,

Here, in iteration £+ 1, the first worker prioritizes the computation of W56, .

8.4 Numerical Results

In this section, we provide numerical results for comparing the proposed age-based
partial computation scheme to alternative static schemes using a model-based sce-
nario for computation latencies. For the simulations, we consider a linear regression
problem over synthetically created training and test datasets, as in [188], of size of
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2000 and 400, respectively. We also assume that the size of the model d = 1000
and the number of workers K = 40 while each worker can return L = 3 computa-
tions with m = [1,2,3]. A single simulation includes 7" = 400 iterations. For all
simulations, we use learning rate 7 = 0.1. To model the computation delays at the
workers, we adopt the model in [215], and assume that the probability of completing
s computations at any worker, performing s identical matrix-vector multiplications,

by time ¢ is given by

1— e*“(?a), if t > sa
Fy(t) = (8.18)

0, otherwise.

First, we consider an extreme scenario in the straggling behavior, where we
assume there are 15 persistent stragglers that are fixed for all the 7" = 400 iterations
which do not complete any partial computations. For the non-persistent stragglers,
we set = 10 and o = 0.01E| In Fig. [8.3] we set the tolerance level ¢ = 0.3, such that
at each iteration the PS aims at recovering 28 of the total 40 partial computations.
We see that the proposed timely dynamic encoding strategy with one vertical shift
at each iteration, RCS—1, achieves a significantly better convergence performance
than the conventional static encoding with RCS. When the ages of partial computa-
tions are taken into consideration in determining the order of computation at each
iteration with the proposed RCS-adaptive scheme with an age threshold of a;, = 2,

we observe a further improvement in the convergence performance.

!To simulate the straggling behavior in our simulations, we take o = 10 for the persistent
stragglers so that effectively they do not complete any partial computations.
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Figure 8.3: Test accuracy (log-scale) vs. number of iterations with ¢ = 0.3 and 15
persistent stragglers.

An interesting observation comes from Fig. 8.4 where we plot the average
ages of the partial computations. While the proposed timely dynamic encoding
strategy does not result in a better average age performance for every single partial
computation, it targets the partial computations with the highest average age (see
computation tasks 2, 10, and 26 in Fig. . By utilizing the dynamic order opera-
tor, we essentially lower the average age of the partial computations with the worst
age performance at the expense of slight increase in the age of some of the remaining
partial computations. As expected, age-based vertical shift strategy further lowers
the average ages of the partial computations. Here, we can draw parallels with this
result and [217], which shows that as long as each component is received every p it-
erations, the distributed SGD can maintain its asymptotic convergence rate. From
Fig. 8.4 we can see that the proposed vertical shift operator guarantees that on
average each task is received every 3 iterations, since the yellow bar in Fig. [8.4] is

less than 3 for each partial computation.
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We note that in Figs. and the performance gap between RCS-1 and
RCS-adaptive schemes is narrow. This shows that the randomness introduced by
a fixed vertical shift is already quite helpful in mitigating the biased updates with
less stale partial computations.

In Table we look at the value of the objective function in when
ay, = 2 with g = 10 and o = 0.01 for varying tolerance levels in the case of
fixed 15 persistent stragglers throughout all the iterations. We observe that, for
each tolerance level ¢, when RCS-1 is employed, we achieve a better performance
than the static RCS scheme, whereas the age-based vertical shift method RCS-
adaptive results in the best performance. This is because the RCS-adaptive scheme
specifically targets the computational tasks that have average age higher than the
threshold ay, to effectively create less biased model updates where each partial
computation contributes to the learning task more uniformly.

Second, we consider a more realistic scenario and model the straggling behavior
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Tolerance level | RCS | RCS-1 | RCS-adaptive
g=0.1 0.0261 | 0.0180 0.0156
qg=0.2 0.0681 | 0.0476 0.0451
q=0.3 0.1316 | 0.0970 0.0919

Table 8.1: The value of the objective function in (8.14)) when as, = 2 for varying
tolerance levels q.

of workers based on a two-state Markov chain: a slow state s and a fast state f,
such that computations are completed faster when a worker is in state f. This is
similar to the Gilbert-Elliot service times considered in [169,218] and Chapter [10]
Specifically, in (8.18) we have rate pf in state f and rate yi, in state s where py > 5.
We assume that the state changes only occur at the beginning of each iteration with
probability p; that is, with probability 1—p the state stays the same. A low switching
probability p indicates that the straggling behavior tends to stay the same in the
next iteration. In Fig. 8.5, we set p = 0.05, ¢ = 0.3, a = 0.01, py = 2, and py = 10
and let 15 workers start at the slow state, i.e., initially we have 15 straggling workers.
We note that with 15 initial stragglers and p = 0 we recover the setting considered in
Fig.[8.3] We observe in Fig.[8.5|that the proposed timely dynamic encoding strategy
improves the convergence performance even though the performance improvement
is less compared to the setting in Fig. 8.3, This is because, in this scenario, the
straggling behavior is less correlated over iterations, which results in less biased
model updates even for the static RCS scheme. Further, we see in Fig. that the
RCS-adaptive scheme with ay, = 3 performs the best, whereas the RCS-1 scheme
outperforms the RCS-adaptive scheme when a;, = 2. This shows that the age

threshold a;, needs to be tuned to get the best performance from the RCS-adaptive
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Figure 8.5: Test accuracy (log-scale) vs. number of iterations with ¢ = 0.3 and
straggling behavior based on a 2-state Markov chain with a state transition proba-
bility of p = 0.05.

scheme.

Even though we focus on the distributed coded computation scenario in this
work, the proposed dynamic order operator can be applied when the computations
are assigned to workers in an uncoded fashion as well. To see the performance in
the case of uncoded computations with MMC, we set m = [1,1,1] and ¢ = 0.2
and consider the same setup as in Fig. 8.3] In Fig. [8.6] we observe that the static
partial recovery scheme fails to converge since if coding is not implemented along
with partial recovery, model updates are highly biased in the presence of persistent
stragglers. However, when the dynamic order operator is employed, particularly the

age-aware vertical shifts with a;, = 1, convergence is achieved.
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scheme with ¢ = 0.2 and 15 persistent stragglers.

8.5 Conclusion

MMC and partial recovery are two strategies designed to enhance the performance
of coded computation employed for straggler-aware distributed learning. The main
drawback of the partial recovery strategy is biased model updates that are caused
when the straggling behaviors of the workers are correlated over time. To prevent
biased updates, we introduce a timely dynamic encoding strategy which changes the
codewords and their computation order over time. We use an age metric to regulate
the recovery frequencies of the partial computations. By conducting several experi-
ments on a linear regression problem, we show that dynamic encoding, particularly
an age-based encoding strategy, can significantly improve the convergence perfor-
mance compared to conventional static encoding schemes. Although our main focus
is on coded computation, the advantages of the proposed strategy are not limited

to the coded computation scenario. The proposed timely dynamic encoding strat-
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egy can be utilized for coded communication and uncoded computation scenarios as

well.
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CHAPTER 9

Gradient Coding with Dynamic Clustering for Straggler-Tolerant

Distributed Learning

9.1 Introduction

In a typical parameter server (PS) framework with synchronous GD iterations, the
dataset is distributed across the workers, and each worker computes a gradient
estimate, also called a partial gradient, based on its own local dataset. The PS
aggregates these partial gradients to obtain the full gradient and update the model.
In this distributed setting, the main performance bottleneck is the slowest strag-
gling workers. Many recent works have focused on developing straggler-tolerant
distributed GD schemes; see Chapter

In this chapter, we consider the gradient coding (GC) framework introduced
in [160], where the dataset is distributed across the workers in an uncoded but
redundant manner, and workers return coded computations to the PS. We note that
this can also model a scenario, in which data is collected directly by the workers,
instead of being distributed by the server. Redundancy can either be created by data

sharing among the workers, or may be inherent due to the data collection/generation
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mechanism. Thanks to the redundancy in the local datasets, partial gradients from
only a subset of the workers will be sufficient to recover the full gradient. Coded
combinations retrieved by the workers are designed such that any subset of responses
from sufficiently many workers will allow the computation of the full gradient by
the PS. Further details of GC are presented in the next section.

To improve the performance of the GC scheme, reference [166] proposes a
static clustering technique, which entails dividing the workers into smaller clusters
and applying the original GC scheme at the cluster level. This technique is shown to
improve the average computation time compared to the original GC scheme. With
clustering, unlike in the original GC scheme, the number of tolerated stragglers
scales with the number of clusters when the stragglers are uniformly distributed
among the clusters. However, this may not be the case in practical scenarios as
evident in the measurements taken over Amazon EC2 clusters that indicate a time-
correlated straggling behavior for the workers [160,169]. In this case, the advantage
of clustering diminishes since the stragglers are not uniform across clusters.

In this chapter, to mitigate this problem and to further improve the perfor-
mance, we introduce a novel paradigm of dynamic coded computation, which assigns
more data samples to workers than the actual computation load (per-iteration) to
give them the flexibility in choosing the computations they need to carry out at each
iteration. This allows the PS to choose which subset of computations each worker
should try to complete at each iteration, and which coded combination it should
transmit back to the PS. In particular, to reduce the potential solution space, we

propose a novel GC scheme with dynamic clustering, called GC-DC, where the PS
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decides on the clusters to be formed at each iteration. At each iteration in GC-DC,
the PS forms the clusters such that the stragglers are distributed across the clusters
as uniformly as possible based on the workers’ past straggling behavior. We nu-
merically show that the proposed GC-DC scheme significantly improves the average
per-iteration completion time without an increase in the communication load under

both homogeneous and heterogeneous worker environments.

9.2 Preliminaries: Gradient Coding (GC) and Clustering

In many machine learning problems, given a labeled dataset D = {(x1,v1), .- (Xs,Ys) },
where x1,...,x, € R? are the data points with corresponding labels y1,. ..,y € R,

the goal is to solve the following optimization problem

0" = argminz l(xi,9:,0), (9.1)
S —

where [ is the application-specific loss function and 8 € R? is the parameter vector
to be optimized. The optimal parameter vector can be obtained iteratively using
GD. The full gradient computed over the whole dataset at iteration t is given by
gV =377 Vi(xi,y:,0;). When the size of the dataset, s, is large, the computation
of the full gradient becomes a performance bottleneck. To speed up GD iterations,
gradient computations can be distributed across multiple workers. However, in many
implementations, particularly in the context of ‘serverless’ computing, e.g., Microsoft
Azure, Amazon Web Services (AWS), the workers’ completion time of assigned tasks

can be highly heterogeneous and stochastic over time. In those cases, the overall
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computation speed of each iteration becomes limited by the slowed straggling server.
Coded computing techniques tackle the bottleneck due to stragglers by introducing
redundant computations in a structured manner such that additional computations

carried out by faster servers can compensate for the stragglers.

9.2.1 Gradient Coding (GC)

GC is a distributed coded computation technique introduced in |160] to perform
distributed GD across K workers. The complete dataset D is divided into K non-
overlapping equal-size mini-batches, Dy, ..., Dk, and each worker is assigned mul-
tiple mini-batches. We denote the set of indices of mini-batches assigned to the kth
worker with Z,, k € [K] £ {1,...,K}. Let g,(:) denote the partial gradient for the

parameter vector 8, evaluated over mini-batch Dy, at the tth GD iteration, i.e.,
w_ 1
9 === > Vixy,6). (9.2)

We note that the full gradient is given by g = % Zszl g,(:). To tolerate straggling
workers, GC assigns redundant mini-batches, and hence, redundant computations,
to the workers.

If a mini-batch D; is assigned to worker k, i.e., ¢ € Zj, then the corresponding

(t)

partial gradient g, is computed by the kth worker. Computation load, r, denotes

the number of mini-batches assigned to each worker, i.e., |Z;| = r, Vk € [K]. At
each iteration, each worker first computes the r partial gradients, one for each mini-
(t)

batch available locally, and sends a linear combination of the results, cg) = Lr(g;
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i € Iy), called a coded partial gradient. Thus, in GC, each worker is responsible
for computing a single predefined coded partial gradient. The underlying code
structure in GC, which dictates the linear combinations formed by each worker,
exploits the available redundancy so that the PS can recover the full gradient from
only a subset of the combinations. Accordingly, from now on, we refer to the coded
partial gradients formed by the workers simply as codewords. As shown in [160], the
GC scheme can tolerate up to r—1 persistent stragglersﬂ at each iteration. Formally,
for any set of non-straggling workers W C [K] with W| = K — r + 1, there exists

a set of coefficients Ay = {a,(f) ke W} such that

K
1
Z a,it)c,(:) ol Zg,(f). (9.3)
k=1

kew

Thus, at each iteration ¢, the full gradient g can be recovered from any K —r + 1
codewords.
Next, we present the idea of clustering that was introduced in [166] to reduce

the average per-iteration completion time of the GC scheme.

9.2.2 Gradient Coding with Static Clustering (GC-SC)

In GC with clustering, we divide the workers into P disjoint equal-size clusters. Let
K, C [K] denote the set of workers in cluster p, p € [P], where K, N K, = 0 for
q # p, and UPE[P] K, = [K]. We denote the cluster size by ¢ = %, where we assume

that K is divisible by P for simplicity. The assignment of the workers to the clusters

!These are the straggler workers that either cannot complete any computation or whose com-
putations are not used while recovering the full gradient [166].
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is dictated by an ¢ x p worker assignment matrix, denoted by A ., ster, Where each
column corresponds to a different cluster and the entries in each column correspond
to indices of the workers assigned to that cluster. This worker assignment matrix is
fixed throughout the training process, hence the name static clustering. From now
on, we refer to the GC with static clustering scheme as GC-SC.

In GC-SC, each worker is assigned r mini-batches based on its cluster. This
is represented by an r x k data assignment matrix A g4, where each column cor-
responds to a different worker, and the entries in column 4, ¢ € [K], represent the
mini-batches (correspondingly the partial gradient computations) assigned to the
1th worker. Equivalently, data assignment can be represented by a 1 x k& codeword
assignment matrix A..,4., which represents the codewords assigned to the workers,
where the codeword assigned to the ith worker in the pth cluster is denoted by ¢, ;,
for p € [P], i € [{]. Let T, denote the set of mini-batches assigned to the workers
in the pth cluster, ie., Ty, = Uke/cp Z,. In GC-SC, the GC scheme is applied to

each cluster separately and the workers in cluster p aim at computing

Ly g (9.4)

|IKP | kEI}cp

To illustrate the advantage of the clustering technique, consider K = 12,
r = 2, and P = 4. Here, the workers are divided into 4 clusters, each consisting
of ¢ = 3 workers, and each cluster is responsible for computing 3 of the total 12
partial gradients. Since r = 2, each worker aims at computing the assigned 2 partial

gradients.
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In our example, the worker assignment can be specified by the following matrix:

1 2 3 4
Acluster =16 7 8 51 - (95)
9 10 11 12

In this assignment, workers 1,6 and 9 are in the first cluster, workers 2,7 and 10
are in the second cluster, and so on. The corresponding A ;4 is given in for
the cluster assignment in . In , workers in each cluster are represented by
a different color. We use blue, red, magenta, and green for clusters 1, 2, 3, and 4,
respectively. The corresponding A.,4. for the cluster assignment in is given
in (9.7), where, codewords corresponding to different clusters are shown in different
colors. Each codeword in A, .4 is a linear combination of » = 2 partial gradients.
For example, c;; is a linear combination of partial gradients g; and go; c¢12 is a
linear combination of partial gradients g» and gs, and ¢; 3 is a linear combination of
partial gradients g3 and ¢;. Thus, given A ster, €ither Ay, or Acoge is sufficient
to completely characterize the partial computations that will be carried out by each
worker.

In the original GC scheme, the PS waits until it receives K —r+1 = 11 results
at each iteration; hence only r — 1 = 1 straggler can be tolerated. With clustering,
the PS needs to receive at least £ — r + 1 = 2 results from each cluster to recover
the full gradient. Thus, the non-straggling threshold is still K — r + 1, since more

than one straggler cannot be tolerated if they are in the same cluster. However, the
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A _ 191 94 9gr Gio Y911 92 g5 9gs g3 Gs 99 UJi2
data ) i (96)
g2 g5 Ggs Gg11 G122 g3 G Go 91 Ga gGr Gio

Acode:[cl,l C21 €31 Ca1 Ca2 Cr2 Co2 C32 C13 C23 (33 ('4«:;] (9-7)

non-straggling threshold represents a worst case scenario. With clustering, up to 4
stragglers can be tolerated if they are uniformly distributed across clusters, i.e., one
straggler per cluster, as shown in “Realization 1”7 in Fig.[0.1] This shows that, with
clustering, the full gradient can be recovered in a much larger set of realizations
compared to the original GC scheme. Thus, even if the non-straggling threshold
(which corresponds to the worst case scenario) remains the same, clustering will
reduce the average per-iteration completion time.

Formally, with clustering, it is possible to tolerate r—1 stragglers in each cluster
in the best case scenario, which is when the stragglers are uniformly distributed
among the clusters. In this case, it is possible to tolerate P(r — 1) stragglers in
total. However, this advantage of clustering diminishes in the case of non-uniform
distributed stragglers among the clusters, which may be the case in practice. As
shown in “Realization 2”7 in Fig. [9.1] even though there are still 8 non-straggling
workers, the PS cannot compute the full gradient (in the case of persistent stragglers)
when the stragglers are not uniformly distributed across the clusters. To this end, in
the next section, we introduce the concept of dynamic codeword assignment, which
dynamically changes codewords computed by the workers at each iteration based

on the past straggler behavior to further improve the performance of the clustering
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Realization 1

OO. 0.0 ‘OO.‘ .OO

cluster 1  cluster 2 cluster 3 cluster 4

Realization 2

.O. 0.0 ‘OOO‘ .OO

cluster 1 cluster 2 cluster 3 cluster 4

Figure 9.1: Two possible straggler realizations where red and green circles represent
the straggling and non-straggling workers, respectively.

technique.

9.3 GC with Dynamic Codeword Assignment

In the conventional coded computation approaches, including GC, the assignment
of the dataset to the workers and the code to be used are static and set at the
beginning of the training. That is, at every iteration, a worker tries to compute the
gradient estimates for all the mini-batches assigned to it, and returns their exact
same linear combination. Thus, in order to recover the desired computation result
at each iteration, the codes are designed for the worst case scenario. The core idea
behind dynamic codeword assignment is to change the codewords assigned to the
workers dynamically based on the observed straggling behavior. Dynamic codeword
assignment is driven by two policies; namely, data assignment and codeword assign-
ment. The data assignment policy, denoted by Il;, is executed only once at the

beginning of training and assigns up to m mini-batches to each worker, where m
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denotes the memory constraint, i.e.,

Hd:DH{Zl,...,IK:\Iklgm}. (98)

Even though each worker can be allocated up to m mini-batches, each will compute
only r of them at each iteration; hence, the computation load at each iteration
remains the same. We can have (T) codewords that can be assigned to each worker
depending on which subset of r computations it carries out among m possibilities.
Here, we introduce C = {Cy, ...,Ck}, where C;. denotes the set of feasible codewords
corresponding to dataset Z,. That is, C, denotes the set of codewords that may
be assigned to the kth worker at each iteration, where each codeword is a linear
combination of r gradient estimates that can be computed by this worker.

We would like to highlight that with dynamic codeword assignment, the PS will
specify at each iteration which codeword must be computed by each worker. This
introduces additional communication requirement compared to the static schemes,
such as GC and GC-SC. On the other hand, this information can be piggybacked on
other control information that must be communicated from the PS to the workers
at each iteration, such as signalling the end of an iteration and the transmission of
the updated model parameters. However, it is still important to keep this additional
information minimal by designing a codebook with minimal |Cg|.

At the beginning of each iteration ¢, codeword assignment policy I, is executed

by the PS based on the past straggler behavior of the workers up to iteration ¢, SI=1,
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ie.,

H((lt)(s[t_l], Hd) Cr—ct= {Ci, - ,CtK} , (9~9)

where ¢}, € Cj is the codeword assigned to the kth worker at iteration ¢ and
Slt=1 2 (8! ... 81, while 8' = (S%,...,S%) denotes the straggler behavior at
each iteration ¢, where S = 0 if the kth worker is a straggler at iteration ¢, and
St =1 otherwise[]

The completion time of iteration ¢ for a given data assignment policy Il
depends on the codeword assignment ¢, and the straggler realization S'. Here, our
objective is to minimize the expected completion time of each iteration based on

the past straggler behavior for a given Il;:

m(ig)lEstls[t—l]’HdQ(Ct, St>, (910)
II

a

where Q(c!,S") is the completion time of iteration ¢ under codeword assignment c;
and the straggler realization St.

We remark that the codeword assignment policy Y highly depends on the
data assignment policy II; since in most of the coded computation scenarios the
data assignment policy is driven by the employed coding strategy. Thus, designing
a data assignment policy II; without any prior knowledge on the coding strategy

is a challenging task. To this end, in the next section, we reformulate the dynamic

%In this work, we assume an on/off straggling behavior for each worker such that a worker’s
straggling status can change over iterations. Workers can still deliver computation results in the
straggling state but their computations are much slower. This type of two-state straggling behavior
is observed in empirical studies over Amazon EC2 clusters [160,/169].
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codeword assignment problem where the coding strategy, consequently the set of
codewords, are fixed at the beginning and data assignment is performed based on

the underlying coding strategy.

9.4 GC with Dynamic Clustering (GC-DC)

In this section, we reformulate the dynamic codeword assignment problem, and
introduce the GC-DC scheme. For the construction of the GC-DC scheme, we
perform three steps; namely, codeword construction, codeword distribution, and
dynamic clustering, where the first two steps are executed once at the beginning of
training and the last one is executed at each iteration. Our code construction will
be based on GC-SC presented in Section [9.2.2], and we will transform the dynamic
codeword assignment problem into a dynamic clustering problem. We note that the

number of clusters P is fixed and decided at the beginning of the training.

9.4.1 Codeword Construction

In the GC-DC scheme, we will request each worker to compute and return a code-
word at each iteration. Remember that each codeword is a specified linear combi-
nation of the gradient estimates for a subset of » mini-batches, and the PS and the
workers need to agree on how to form these linear combinations in advance. Here, the
set of codewords C is a union of smaller disjoint codeword sets, i.e., C = U§=1 CP?, such
that the codewords in each set C?, p € [P], are encoded and decoded independently

and correspond to a particular cluster. For example, in (9.7)), Cl' = {c11,¢12, 13},
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where C! is disjoint from the rest of the codeword set.

9.4.2 Codeword Distribution

The codewords in C are distributed among the workers according to a policy II,
ie.,

HC(C) C— {Cl, c ,CK}, (911)

where we remark that C, denotes the set of codewords that can be assigned to the
kth worker at each iteration. Now, let Z(¢) C D be the minimal subset of mini-
batches that is sufficient to construct codeword ¢, where we have |Z(c)| < r. Given
the codeword distribution policy II., any feasible data assignment policy 11, should

satisfy the following constraint

7. 2 | J Z(e), ke [K] (9.12)

Based on this constraint, we observe that, given II.(C), the minimum memory is

used when 7, = ... Z(c),Vk € [K]. Thus, we note that the data assignment

ceCy,
policy 114 is determined according to the codeword distribution policy II.. In other
words, we first perform codeword distribution and then assign the corresponding
mini-batches to the workers.

Next, we describe the codeword distribution policy II. in for the pro-

posed GC-DC scheme. We first assign each worker to n clusters. Each cluster p

corresponds to a set of codewords CP with |C?| = ¢. We say that a worker is in
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cluster p, if that worker is assigned all ¢ codewords in C?. Hence, in the proposed
scheme, each worker is assigned codewords from an n-subset of {C*,...,C” } With
this, we form a worker cluster assignment matrix A s Of size fn x P. The pth
column of A s shows the workers assigned to the pth cluster, where w; denotes

the kth worker, k € [K]. An example A, ster for our continuing example is given in

[O.13) for n =2,

W W7 Wg Ws
Wo W19 W11 W12
Acluster = . (9 13)
w7 Wg W5 We

Wip W11 Wi2 W9

When assigning workers to clusters, we start by dividing workers into groups
of P according to their indices. For example, in our continuing example for P = 4
and K = 12, these groups are {wy, ..., wy}, {ws,...,ws}, and {wy, ..., wio}. Then,
we utilize a circular shift operator and sample n shift amounts in {0,..., P — 1}
uniformly at random without replacement for each of these groups. We circularly
shift each of these groups according to the corresponding sampled shift amounts
and form the worker cluster assignment matrix A s For example, in the first

and fourth rows of (9.13), the shift amounts for workers {wy,..., w4} are 0 and 1,

3That is, under the proposed GC-DC scheme, we have |Cy| = nf such that each worker may be
assigned all £ codewords for each of the clusters that it belongs to.
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respectively. As a result of these random shifts, worker w; is assigned to the first
and second clusters, worker ws is assigned to the second and third clusters, and so
on. Similarly, from the second and fifth rows of , we observe that the shift
amounts for workers {ws, ..., ws} are 3 and 2, respectively. We note that, since the
random shifts for the same set of workers, e.g., workers {wy, ..., w,}, are sampled
without replacement, each worker is assigned to exactly n = 2 distinct clusters.

We remark that, given n, the memory requirement m of the proposed GC-DC
scheme is given by m = nf. Thus, for n = 2 and ¢ = 3, each worker stores 6
mini-batches in this example.

By constructing A ster, We essentially perform the codeword distribution as
each worker is assigned all ¢ codewords for each of the n clusters that it is associated
with. For example, from ((9.13)) we deduce that worker 1 has all the codewords in
sets Ct and C?, ie., C; = C' UC?* = {c11,¢19,C13,021,Ca2,C23}. With this, we
perform the data assignment and assign corresponding mini-batches to each worker
to form the data assignment matrix such that the constraint in (9.12)) is satisfied
with equality. Correspondingly, Z; = {Dy,...,Ds} so that worker 1 can compute

partial gradients g1, ..., g¢ to form any one of these 6 codewords.

9.4.3 Dynamic Clustering

The key idea behind dynamic clustering is to associate each worker to more than
one cluster by assigning more than r mini-batches to each worker. Assuming that a

worker is associated with n clusters, each worker is assigned a total of nf codewords
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so that a worker can replace any worker in the n clusters it is associated with by
computing a codeword that would be computed by the worker to be replaced in the
original GC scheme with clustering. Then, at each iteration the PS selects one of the
nf codewords for each worker based on the previous straggler realization through
a codeword assignment policy I, given in . We note that, even though more
than one codeword is assigned to each worker, computation load is still 7 as in the
original GC scheme, and each worker still computes only one codeword consisting
of r partial gradient computations at each iteration.

To see the benefit of the proposed GC-DC scheme, we consider A s, and
corresponding codewords for a particular straggler realization S = [1,1,0,1, 1,1, 1,0,
0, 1,0, 1], where, colors follow the cluster assignment in the static clustering case, i.e.,
A juster given in . Under the GC-SC scheme, it is not possible to recover partial
gradients corresponding to the third cluster as we do not have / — r +1 = 2 non-
straggling workers in that clusterﬁ Moreover, if this straggling behavior persists for
a substantial duration of time, the overall computation time will suffer drastically.
To mitigate this, in the case of dynamic clustering, we observe in that worker
ws can replace worker ws since it can compute codeword c3; which is the codeword
that was originally assigned to worker ws in (9.7) in the GC-SC scheme. This does
not affect the recoverability of the partial gradients assigned to the fourth cluster,
to which worker wjs initially belongs, since that cluster has 2 more non-straggling

workers, workers wy and wqo. Further, worker wy can replace worker wg so that all

4We note that this is the case assuming straggling workers do not return any computation
results. Even if they do, whenever there are less than £ — r + 1 non-straggling workers in a cluster,
the PS has to wait for at least one of the straggling workers to return its computation which may
incur a significant delay in the completion time of that iteration.
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partial gradients can be recovered successfully. Equivalently, we have assigned the
clusters such that non-straggling workers ws and ws now belong to the 3rd cluster
by ensuring that all other clusters still have at least  — r + 1 = 2 non-straggling
workers. Thus, dynamic clustering increases the set of straggler realizations for
which the full gradient recovery is possible compared to static clustering.

Since each worker can replace any worker in all the n clusters that it is as-
signed to, we essentially form the clusters, dynamically at each iteration through
codeword assignments, hence the name dynamic clustering. That is, based on the
codeword distribution presented in Section [9.4.2] we can assign ¢ workers to each
cluster according to the given worker cluster assignment matrix A s Without ex-
plicitly stating which worker will compute which codeword. With this, our aim is to
dynamically form clusters at each iteration to minimize the average completion time
of an iteration given the past straggler behavior and the worker-cluster assignment
matrix A ster-

Next, we characterize the average completion time of an iteration for a given
cluster assignment. We denote the kth smallest of random variables Y7,...,Y, as
Yin. The completion time of iteration ¢ for cluster p is given by the time the PS

receives the earliest ¢ — r + 1 results from that cluster such that

Q"(c',SY) = {XV,,.... X Yorires pEI[P), (9.14)

where c' is the set of codewords assigned to the workers as in (9.9) and X7, k € [/],

is the computation duration of the kth worker of cluster p, i.e., the time it takes for
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that worker to compute r partial gradients. Noting that iteration ¢ ends when each
cluster recovers its corresponding partial gradients, completion time of iteration ¢ is
given by

Q(c", S") = max Q”(c’, S"). (9.15)

pE[P]

Since some of the workers are stragglers, computation capabilities of the work-
ers are not identical. In this case, minimizing the iteration completion time given in
through cluster assignments is not an analytically tractable problem. Instead,
in the next section, we propose a greedy dynamic clustering strategy that aims to

uniformly place stragglers across clusters at each iteration to speed up GC.

9.5 Greedy Dynamic Clustering Strategy

In line with the observations on Amazon EC2 instances in [160,(169], in this sec-
tion, we consider a stochastic straggling behavior for the workers. In particular, we
assume that workers’ computation statistics are independent from each other, and
follow a two-state Markov process. That is, at each iteration a worker can be either
in a straggling or a non-straggling state. Once a worker starts straggling, it operates
significantly slower than the non-straggling performance and remains straggling for
a while. This may model an increased load at a worker for a period of time, which
reduces the computational resources that can be allocated for the specific compu-
tation task. Our proposed greedy algorithm utilizes this time-correlated straggling

behavior to assign straggling workers to different clusters. At each iteration, the
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PS identifies the stragglers based on the past observations and implements a greedy
dynamic clustering strategy to uniformly distribute the stragglers across clusters
to improve the completion time of each iteration. We note that the performance
gain of the proposed GC-DC scheme is prominent when the computation speeds of
the workers are not identically distributed over iterations, e.g., they exhibit time-
correlated straggling behavior, as the GC-DC scheme gains from adapting to the
straggling behavior by carefully placing the workers to clusters at each iteration.

Inspired by the bin packing problem [219], we consider clusters as bins and
workers as balls as in Fig. [9.1} Unlike the bin packing problem, which aims to
place balls of different volumes into a minimum number of bins of finite volume,
in our setting, the number of bins (clusters) is fixed and our aim is to distribute
the straggling workers as uniformly as possible to clusters using the worker cluster
assignment matrix A yuseer. Our dynamic clustering algorithm has two phases: in the
first phase, based on the previous straggler realization, we place straggler and non-
straggler workers into clusters separately following a specific order, and in the second
phase, any placement conflict that may happen in the first phase (i.e., if a worker
cannot be placed into any of the remaining clusters) is resolved through worker swap
between the corresponding clusters. During worker placement, clusters take turns
based on a specified order and we implement a greedy policy such that, once its
turn comes, each cluster selects the first available worker that can be assigned to
that cluster based on the given worker cluster assignment matrix A .yster-

In what follows we describe in detail the proposed dynamic clustering strategy,

which is also presented in Algorithm [I] shown at the end of this chapter. Given the
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worker cluster assignment matrix A s, Without loss of generality, we first reorder

workers in each cluster according to their indices such that

Acluster(i7p) < Acluste’/‘(jap)7 1< j) b € [P]a (916)

where A yster(i, p) denotes the index of the worker in the ith position in cluster
p. For example, in A yuster given in , A uster(1,2) is 2 since it corresponds to
worker wy. Once its turn comes, each cluster starts selecting workers with the lowest
indices first. We note that, if the workers have heterogeneous computing capabilities,
then in this step we order workers according to their speed of computation, such that
the fastest workers are selected first, which we will consider in Section|9.6.2] For ease
of exposition, here, we provide the algorithm when all the straggling workers have
identical computation statistics, and similarly all the non-straggling workers have
the same computation statistics with each other. Therefore, there is no preference
among workers within each group, and ordering them according to their indices is
appropriate.

We assume that at the end of each iteration, each worker accurately detects
its straggling status and informs the PS using an instantaneous feedback. The
straggling state information is in general not available to the worker before that
iteration ends due to the unpredictable and highly varying nature of computing
resources in distributed computing systems. Since the current straggling behavior is
random following the underlying Markov process, at iteration ¢, the algorithm starts

by deducing the sets of non-straggling and straggling workers K and g from S*~1.
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We note that, at each iteration, Ky U Ky = [K]. The proposed algorithm uses the
straggler statistics from iteration t — 1 to perform dynamic clustering at iteration ¢,

which makes this algorithm suitable for Markovian straggling models.

9.5.1 Phase I - Worker Placement

We place straggling and non-straggling workers separately to the clusters following a
specific order. If the number of non-straggling workers is higher than the stragglers,
ie., [KCf| > |KCs|, we start by placing the non-stragglers and vice-versa.

For the sake of demonstration, we assume |[Ks| > |K,| and place the non-
straggling workers first. Let Oy denote the order in which the clusters select workers
such that O (p) gives the order in which the pth cluster selects workers. To determine
the exact order, we define IC? and K?, which denote the set of non-straggling and
straggling nodes that can be assigned to cluster p, respectively. We remark that

worker k£ can be assigned to cluster p if it is in column p of A uster, i.€., Wi €

A uster (5, p). With this, we determine the order vector such that

O(p) < Os(p) i IK3] < IK2| p.p e [P, (9.17)

That is, clusters with less availability select workers first. In the case of equal
availability, i.e., [K}| = |IC§’;|7 cluster with the smaller index selects first, i.e., Of(p) <
O¢(p) for p < p. The order for straggler placement O, is determined accordingly
using Kr, for p € [P].

Once the order Oy is determined, non-straggling workers are placed into clus-
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ters following Oy. As stated in lines 16-23 of Algorithm [I], once its turn comes, each
cluster p with an open spot, i.e., each cluster p that currently has less than ¢ workers,
selects the first available non-straggling worker from A yser (i, 0), p € [P]. Once a
non-straggling worker is assigned to a cluster, we remove it from K; and A yser-
We note that this assignment continues until there is no unassigned non-straggling
worker left in Ky or a placement conflict is observed. Then, the straggler workers
are placed following a similar procedure with the order vector O;.

During Phase I, the algorithm makes at most M such placement attempts,
where M > 0 is a sufficiently large number. If after M turns, a worker cannot be
assigned to any of the remaining clusters, this indicates a placement conflict and we

move on to the second phase of the algorithm.

9.5.2 Phase II - Conflict Resolution

Assume that there is a placement conflict at the end of Phase I such that worker k
cannot be placed to the remaining cluster p. That is, all of the n clusters that worker
k can be assigned to are full, i.e., already have ¢ workers, and cluster p needs one
more worker. In such a case, the second conflict resolution phase of the algorithm
starts.

Let P denote the set of possible clusters for worker k such that [Pgx| = n.
In the conflict resolution step, as stated in lines 26-35 of Algorithm [I} we look for
a worker k, which has been assigned to one of the clusters in Pj in Phase I such

that wg € Ausier(5, p). That is, even though worker & has been assigned to cluster

236



p € Py during Phase I, it can be assigned to cluster p as well. Once we detect first
such worker, we swap its position with worker k. That is, we assign worker k, the
conflicted worker, to cluster p and worker k to cluster p, the conflicted cluster.
We note that there might be multiple placement conflicts at the end of Phase
I, in which case the conflict resolution step is repeated until all cases are resolved.
To illustrate the proposed worker replacement policy in detail, we consider the
cluster assignment matrix in , and without loss of generality, order workers in

an increasing index order in each column to obtain

Wy Wa W3 Wy
We wr Wk Ws
Acluster = 5 (9 18)
wry ws ws Weg

W9 W10 W11 Wy

Wip W11 Wiz Wi2

where the straggling workers are shown in red. The straggler realization for this
example is S = [1,1,0,1,0,0,0,0,1,1,1,1]. Here, we have 5 straggling and 7 non-
straggling workers, i.e., || =5 and |[Kf| = 7.

Since there are more non-straggling workers than stragglers, we place the non-
straggling workers first. To determine a non-straggling worker placement order, we
find the number of available non-straggling workers in each cluster. One can observe

in (9.18)) that, cluster 1 and cluster 2 have 4 available non-straggling workers that
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can be assigned to these clusters whereas cluster 3 and cluster 4 have 3 available
non-straggling workers. That is, we have |[K}| = |[K3| = 4 and |K}| = [K}] = 3.
Based on these, we deduce a placement order Oy = [3,4,1,2] such that clusters
take turns based on this placement orderﬂ At each turn of a particular cluster,
a single worker is assigned to that cluster according to the aforementioned greedy
policy. In our example, we start with the third cluster and wy is assigned to this
cluster. Then, the fourth cluster gets w, and so on. This process continues until all
the non-straggling workers are placed into clusters (or until a placement conflict is
observed). If a cluster is assigned ¢ = 3 workers, we say that cluster is full and do not
assign any more workers to that cluster. Next, we determine the placement order of
straggling workers in a similar fashion. One can deduce from that the order
of placement for the stragglers is Oy = [1,2,3,4] as clusters 1 and 2 have the least
availability. Based on this order, stragglers are also placed using the greedy policy
described above and the first phase terminates with the worker placement shown in
Fig. 9.2 Here, we observe a placement conflict as w5 has not been assigned to any
cluster whereas cluster 1 needs one more worker, but wis cannot be assigned there.

We start the second phase of the proposed worker placement algorithm to place
w19 into a cluster that has a worker which can be assigned to the first cluster. We see
from that wqo can be assigned to clusters 3 or 4. None of the workers which
has been assigned to cluster 3 in Phase I can be assigned to the first cluster. Then,

the algorithm looks as cluster 4 and identifies that w,, which has been assigned to

5In a more refined implementation, this order can dynamically change after each round of
worker placement, i.e., after all clusters select one worker, to better reflect the clusters with less
availability as worker placement continues.
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Figure 9.2: The proposed worker placement strategy.

the fourth cluster in the first phase, can go to the first cluster. With this, we swap
workers w, and wis, which yields the final placement in Fig.

At the end of the algorithm we see that the stragglers are placed into the
clusters as uniformly as possible: cluster 2 has two stragglers while the remaining
clusters have only 1 straggler each. We note that since we have only 7 non-straggling
workers, less than the worst case scenario of P({ — r + 1) = 8 non-stragglers, the
full recovery is not possible for the static clustering scheme. Thus, the proposed
dynamic clustering scheme does not improve the worst case scenario. Rather, it
speeds up the GC scheme by uniformly placing the stragglers across clusters. This
process is repeated at each iteration to dynamically change the clusters based on
the straggler observations.

We note that at the end of the first phase, there are 4 other workers, namely
workers wy, w7, wy, and wy, that can be placed into the first cluster, which had
placement conflict at the end of Phase I of the algorithm. Even if £ = 3 of them
would have been assigned to cluster 2, which worker w5 cannot be assigned, the

remaining one of them still would have been assigned to either cluster 3 or 4. Thus,
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it is guaranteed that cluster 3 and cluster 4 have at least one worker that can be
assigned to cluster 1 so that the placement conflict can be resolved. The next lemma

formally states this guarantee.

Lemma 9.1 Assume that we have a conflicted worker k which cannot be assigned

to the remaining cluster p in Phase I. Then, if

n > %, (9.19)

it 1s guaranteed that at least one worker in one of the clusters in Py can be assigned

to cluster p so that the placement conflict can be resolved.

Proof: In the proof we consider the worst case scenario such that £ — 1 workers have
already been assigned to cluster p in Phase I. Thus, in the remaining P — 1 clusters
other than cluster p, there are nf — ¢ + 1 workers that can be assigned to cluster p.
We want to make sure that, at the end of Phase I of the algorithm, at least one of
those workers is assigned to a cluster in set P, which, as previously stated, denotes
the set of clusters that worker k, the conflicted worker, can be assigned to. Except
cluster p, there are P —n — 1 clusters that worker k& cannot be assigned to. These
P —n —1 clusters can at most have (P — n — 1)¢ workers after Phase I. Thus, as
long as nl —{+ 1> (P —n — 1)¢, there is at least one worker that can be assigned
to cluster p in one of the clusters in Py, which yields since ¢ = %. |

In the previous example, is satisfied since K = 12, P =4, and n = 2

such that n > %.
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In the next section, we analyze the performance of this dynamic clustering

strategy through numerical simulations.

9.6 Numerical Results

In this section, we provide numerical results comparing the proposed GC-DC scheme
with GC-SC as well as the original GC scheme using a model-based scenario for
computation latenciesﬁ For the simulations, we consider a linear regression problem
over synthetically created training and test datasets, as in [188], of sizes 2000 and
400, respectively. We set the size of the model to d = 1000. A single simulation
consists of 1" = 400 iterations. For all the simulations, we use learning rate n = 0.1.
To model the computation delays at the workers, we adopt the commonly used
shifted exponential model [215], and assume that the probability of completing r

partial gradient computations at worker k£ by time ¢ is given by

1-— e‘“k(%_ak), if t > raoy,

P[X,, <t £ (9.20)

0, otherwise,

where o > 0 is a constant shift indicating that a single computation duration
cannot be smaller than oy and p; > 0 denotes the straggling effect. We consider
two different models for the time-correlated straggling behavior: the homogeneous

and heterogeneous worker models, which we discuss next.

6The fractional repetition scheme can also be used for GC in our work in addition to the cyclic
GC we use as a baseline. However, the proposed cyclic GC scheme is preferred as it does not
impose any constraint on the (K, r) pairs.
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9.6.1 Gilbert-Elliot Model with Homogeneous Workers

We model the straggling behavior of the workers based on a two-state Markov chain:
a slow state s and a fast state f, such that computations are completed faster when
a worker is in state f. Specifically, in we have rate py in state f and rate
is in state s, where uy > s as in Chapters [§ and That is, each worker has
two possible rates based on its straggling statistics. We assume that the state
transitions only occur at the beginning of each iteration with probability p; that
is, with probability 1 — p the state remains the same. A low switching probability
p indicates that the straggling behavior tends to remain the same in consecutive
iterations with occasional transitions. We set p = 0.05 or p = 0.2, a = 0.01,
ts = 0.1, and py = 10. We assume that the transition probability p along with the
computation rates s and py are known to the PS. At the end of each iteration,
workers inform the PS regarding their straggling status before the next iteration
starts. With this information along with the knowledge of transition probability p,
the PS performs the dynamic clustering accordingly. For example, when p < 0.5,
the PS assumes that each worker will continue with the same straggling behavior
from the past iteration/]

In the first simulation, we set K =20, P =5, r = 3, and n = 3. We start with
10 stragglers initially. In Fig.[9.3] we plot the average per-iteration completion time
of the original GC scheme, GC scheme with static clustering (GC-SC), GC scheme

with the proposed dynamic clustering (GC-DC), and a lower bound, denoted by LB.

"After a sufficiently long observation period, the PS can accurately estimate the transition
probability p as it is the same for all the workers and iterations.
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Here, the lower bound is obtained by assuming that the full gradient is recovered as
soon as the earliest P x ({—r-+1) workers finish their computations at each iteration,
independently of the codeword assignment matrix. We remark that this lower bound
is rather an idealistic scenario as it requires the perfect knowledge of computation
times at each iteration as well as n = P, i.e., all workers can be assigned to all
the clusters. We observe in Fig.[9.3(a) that clustering schemes significantly improve
the performance compared to the original GC scheme. The best performance is
achieved when the dynamic clustering, the GC-DC scheme, is implemented and the
performance improvement compared to the GC-SC scheme is approximately 34%.

In Fig. [0.3(a), we have considered the case in which the PS does not know
the exact straggler realization at the beginning of an iteration, and uses previous
observation to implement the dynamic clustering strategy. In the second simulation
in Fig.[9.3(b), we consider the same scenario as in the first simulation, but assume
that the PS knows the exact straggler realization at the beginning of each iteration,
which we call perfect straggler state information (SSI). That is, in the case of perfect
SSI, the PS knows exactly which workers will straggle in the current iteration, and
therefore, the proposed dynamic clustering algorithm does not suffer from transitions
in the straggling behavior from one iteration to the next. In this case we see similar
trends as in Fig. [9.3(a), but observe that the GC-DC scheme results in a larger
improvement in the average per-iteration completion time (around 45%) than that
of the imperfect SSI case.

Finally, in Fig. [9.4 we consider a case in which the straggler state transitions
occur more frequently and set p = 0.2. We see in Fig. [9.4{a) that under imperfect
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Figure 9.3: Average per-iteration completion time under the Gilbert-Elliot model
with homogeneous workers for K = 20, P =5, r =3, n = 3, and p = 0.05 (a) under
imperfect SSI, (b) under perfect SSI.

SSI, with a larger p value, GC-DC still performs the best, but the improvement over
GC-SC is less compared to Fig. [9.3(a) when p = 0.05. On the other hand, under
perfect SSI, i.e., the PS knows the exact straggler realization at the beginning of
each iteration, the effect of increased p is not observed and we have approximately

45% improvement over GC-SC as in Fig. 0.3|(b).

9.6.2 Heterogeneous Worker Model

In this model, we assume that workers have different computation rates p, k € [K].
In this case, we specify a straggling threshold 7 > 0, and a worker k is treated as a

straggler if pp < 7.
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Figure 9.4: Average per-iteration completion time under the Gilbert-Elliot model
with homogeneous workers for K =20, P =5,r =3, n =3, and p = 0.2 (a) under
imperfect SSI, (b) under perfect SSI.

9.6.2.1 Gilbert-Elliot Model with Heterogeneous Workers

We study the case in which each worker’s straggling behavior is modeled by a two-
state Markov chain such that g, = ug s if worker k is not straggling and py, = g s
if worker k is a straggler. At the beginning of each iteration, a worker’s straggling
mode switches with probability p. Here, first we sample the non-straggling compu-
tation rates of each worker p, ; uniformly at random from the interval [0, 5] and set
ar = 0.01, p=0.05 or p = 0.2, for k € [K]. We model the straggling computation
rates of workers i, ; such that for worker & we have py, s = ’q“—éf, k € [K]. That is, in
the straggling mode, each worker is 10x slower than its typical non-straggling per-
formance, which is motivated by the measurements taken over Amazon EC2 clusters

that indicate a similar performance drop in the straggling mode [169]. With this,

computation rates of the workers in the straggling mode are uniformly distributed
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in [0,0.5]. We assume that the non-straggling computation rates i, ; are known to
the PS for k € [K] after a certain number of iterations and from these, the PS can
deduce the straggling computation rates i s.

Equipped with these, after each iteration, the PS is informed about the strag-
gling status of each worker and performs the proposed greedy dynamic clustering
scheme with a modification as follows: Instead of ordering the workers according to
(9.16)), we order them according to their rates g, k € [K]. In this case, once its turn
comes, each cluster selects the fastest available worker first rather than selecting the
one with the smallest index first.

We note that since the computation rates are sampled randomly, a worker’s
straggling computation rate can still be higher than another worker’s non-straggling
rate. To account for these scenarios, we set the straggling threshold 7 = 0.5. That
is, as long as a worker’s rate is below 0.5 we treat that worker as a straggler. We
did not utilize such a threshold in the homogeneous worker model since in that
case workers have identical computation rates py and p, in the non-straggling and
straggling states, respectively, such that p, < piy.

Simulation results for this setup are provided in Fig. [0.5] We average the re-
sults over 30 independent simulations for a fixed A s that is generated according
to the procedure described in Section [9.4.2] We observe in Figs [9.5(a) and [9.5(b)
for p = 0.05, and in Figs[9.6(a) and [0.6(b) for p = 0.2 that the GC-DC scheme out-
performs the static clustering schemes, namely GC and GC-SC. The performance

improvement is larger in the case of perfect SSI and when p = 0.05.
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Figure 9.5: Average per-iteration completion time under the Gilbert-Elliot model
with heterogeneous workers for K =20, P=5,r=3,n=3, p=0.05, and 7 = 0.5
(a) under imperfect SSI, (b) under perfect SSI.

9.6.2.2 Heterogeneous Workers with Time-Varying Rates

So far, we have modeled the straggling behavior based on a Gilbert-Elliot mode. In
this subsection, instead of a two-state Markov chain model, we consider that the
straggling parameters of the workers are time-varying. We assume that each worker
samples its rate uniformly at random from the interval [0, 5] and set a = 0.01 for all
k € [K]. We assume that at the beginning of each iteration, each worker re-samples
its rate with probability p such that with probability 1 — p its rate stays the same.

That is, we have

frirr = (1 — appr)pn s + ara - U[0, 5], (9.21)

where, p; denotes the rate of worker k at iteration ¢, a; is an i.i.d. Bernoulli(p)

random variable, i.e., P(a; = 1) = p,Vt, and Ula,b] denotes a uniform random
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Figure 9.6: Average per-iteration completion time under the Gilbert-Elliot model
with heterogeneous workers for K =20, P=5,r=3,n=3,p=0.2, and 7 = 0.5
(a) under imperfect SSI, (b) under perfect SSI.

variable over interval [a,b]. In simulations, we use the scenario in the Fig. and
start with 10 stragglers. We initialize the rates of stragglers with ugo = U[0, 7) and
rates of non-straggling workers with py, o = U[7,5]. In this setup, we set p = 0.05 or
p=0.2.

Since the computation capabilities of the workers are not identical, we apply
the proposed greedy dynamic clustering scheme with the same modification as above.
We note that this model requires the workers to accurately detect their computation
rates at the end of each iteration and send them to the PS before the next iteration
starts.

First, we consider the case in which 7 = 1. In this case, we observe in
Figs. 0.7(a) and (b) that the GC-DC scheme outperforms the GC and GC-SC
schemes but the improvement compared to the GC-SC scheme is not significant.

In fact, we see that in the case of perfect SSI the improvement is around 20% com-
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pared to the GC-SC scheme whereas when the straggler realizations are not known
to the PS in advance this improvement drops to approximately 16%.

Next, we set 7 = 0.1 such that the proposed greedy dynamic clustering scheme
specifically targets the slowest workers and carefully places them across clusters. In
Figs.[0.8(a) and (b), we observe for p = 0.05 that the GC-DC scheme performs the
best and the improvement compared to the GC-SC scheme is more significant. We
also note that in Fig. 0.8 the performance improvement is larger but the average
iteration times are also larger for all three schemes compared to the case in Fig. 0.7
This is because when 7 = 0.1, we initialize the rates of the workers considering
10x slower stragglers compared to when 7 = 1. We set p = 0.2 in Fig. and
observe that the GC-DC scheme still performs the best compared to the static GC
schemes even though the improvement in performance decreases as the transitions
occur more frequently compared to the case in which p = 0.05. We finally note
that all the simulation results given in Figs. 0.7 and are averaged over
30 independent simulations for a fixed A s that is generated according to the

procedure described in Section [9.4.2]

9.6.3 Simulations for Shared Access Scenario

In general, the concept of a straggler refers to a state in which a worker either
does not respond at all or responds with a certain delay. The delay mentioned
here might be due to several factors, such as the internal delay of the processing

units, communication delay due to possible link failures, or due to overloading of
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Figure 9.7: Average per-iteration completion time under the heterogeneous worker
model with time-varying rates for K =20, P=5,r=3,n=3,p=0.05,and 7 =1
(a) under imperfect SSI, (b) under perfect SSI.

the workers. The latter is often observed when the computational resources are
open to access from multiple users without any central entity to regulate the user
requests or to perform resource allocation. In such cases, workers with excessive
user requests might be identified as stragglers due to their long response time. To
this end, we perform experiments to analyze the response time of the workers with
respect to the number of ongoing computational requests. The experiments are
conducted in our clusters where GeForce RTX 2080 Ti Graphics Cards with CUDA
toolkit 11.0 are employed as workers. In the experiments, we consider training
of ResNet-20 architecture for classification on CIFAR-10 dataset with a batch size
of 64 as the computational task. To measure the impact of the workload on the
workers, we generate multiple users with the same computational task and measure
the latency for a single iteration with SGD framework implemented with PyTorch.

Consequently, we observe that, when there is a single request, the completion time
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Figure 9.8: Average per-iteration completion time under the heterogeneous worker
model with time-varying rates for K = 20, P =5, r = 3, n = 3, p = 0.05, and
7 =0.1 (a) under imperfect SSI, (b) under perfect SSI.

of a single iteration is 20 milliseconds (ms), however, this latency increases linearly
with the number of ongoing tasks. Based on this observation, we simulate a scenario
in which the users arrive at the system according to a certain probabilistic model
and stay in the system for a random period of time depending on the complexity of
the task.

Here, we assume that requests arrive at the workers according to a Poisson
distribution with rate A = 0.1. Each arriving task stays in the system for a number
of iterations that is sampled uniformly at random from the interval [2, 5]. We assume
that each worker can serve at most C' = 10 users at a time. This means that, for
a single worker, a single iteration may take between 20 ms and 200 ms based on
our measurements. We denote the straggling threshold in this case by v and set
~ = 7. That is, a worker is considered straggling if it has 7 or more ongoing task

computations. Simulations results for this setup are provided in Fig. [9.10] These
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7 = 0.1 (a) under imperfect SSI, (b) under perfect SSI.

results are averaged over 30 independent simulations for a fixed A yster. In Fig.|9.10],
we observe that the proposed GC-DC scheme outperforms the static GC schemes
under this more practical setup. The improvement is more visible in the case of
perfect SSI, i.e., when the PS knows the number of ongoing computations at each
worker. In this setup, the performance of the GC-DC scheme is much closer to LB
compared to the results in Section Especially in the perfect SSI case, the gap
is less than 10%, which indicates that the proposed GC-DC algorithm promises to
improve the performance in more practical shared access scenarios over computing

clusters.

9.7 Conclusion

In this chapter, we considered coded computing for large-scale distributed learn-

ing problems in the presence of straggling workers, and introduced a novel scheme,
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Figure 9.10: Average per-iteration completion time under the shared access model
for K =20, P=51r=3,n=3, A=0.1,v=7,C =10 (a) under imperfect SSI,
(b) under perfect SSI.

called GC-DC, to reduce the average per-iteration completion time of the static GC
schemes. GC-DC employs the GC scheme with clustering introduced in [166], and
assigns additional data to the workers without increasing the per-iteration compu-
tation load at each worker compared to the original GC scheme. By utilizing the
extra degree-of-freedom offered by additional data, but without increasing the com-
putation load at each iteration, the proposed GC-DC scheme dynamically assigns
workers to different clusters at each iteration, in order to distribute the stragglers to
clusters as uniformly as possible. Under a time-correlated straggler model, GC-DC
can improve the overall computation speed by dynamically adapting to the strag-
gling behavior. We showed through numerical simulations, for both homogeneous
and heterogeneous worker models, that the proposed GC-DC scheme can drasti-
cally improve the average per-iteration completion time without an increase in the

communication load.
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Algorithm 1 Proposed dynamic clustering strategy

1:

2:
3:

10:
11:

12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:

23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:

35:

Given Auster, K, P, n, S® such that w.l.o.g. Aguster(i,0) < Aguster(J,p) for

i<j,peP]
fort=1,...,7T do

Observe S*~! and deduce K; and Ky, i.e., sets of non-straggling and straggling

workers in iteration ¢ — 1
Phase I:
Place workers to clusters following an order
if |[ICs| > |Ks| then
Place non-stragglers first
else
Place stragglers first

Phase 1I:
Conflict resolution in the case of an assignment problem in Phase I

Order determination:

Oy(p) < Of(p) if |KF| < [KCf| or (|| = |KF| and p < p) for p,p € [P]
Use Oy in the case of straggler placement with K? for p € [P]
Non-straggler placement:
1=1
while |[ICs| > 0 and i < M do
j= mod (i, P) with j <~ P when mod (i, P) =0
Cluster to assign is p such that Of(p) = j
if size(cluster p) < ¢ then
Assign the first non-straggling worker from A yster (3, p) to cluster p
Remove the assigned worker from Ky and A qyster
1=1+1
Straggler placement:
Follow steps 16-23 using Iy and O
Conflict resolution:
Given a conflicted worker k£ and corresponding conflicted cluster p
Identify the clusters Py that worker k can be assigned to such that |Py| =n
1=1
while Worker £k is not assigned to any cluster do
Select cluster p such that p = Py (1)
if There is a worker k in cluster p such that w; € A usier(:,p) then
Assign worker k to cluster p
Assign worker k to cluster p

1=1+1
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CHAPTER 10

Age of Information with Gilbert-Elliot Servers and Samplers

10.1 Introduction

In most of the existing works in the age of information literature, there is an under-
lying i.i.d. structure in the system. The service times and packet interarrivals are
i.i.d. processes and the focus is on analyzing and optimizing the resulting age of in-
formation. There may be scenarios in which these processes are correlated over time
or over different status update packets. Reference [40] models transmission times as
a stationary and ergodic Markov chain to analyze the effect of the temporal corre-
lation between transmission times on age-optimal scheduling. References [220,221]
study information freshness over Markovian channels. Specifically, reference [220]
models the channel using a Gilbert-Elliot model and introduces the concept of chan-
nel information age. This metric is used to express the utility and analyze the effect
of aging on the probability of error in estimating the channel state. Reference [47]
studies the freshness over a network with a Markov source and proposes an effective
age metric which captures estimation error as well as timeliness. Reference [24]

studies age of information with a two-state Markov modulated service process and
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Figure 10.1: A single sampler sends time-sensitive status updates to a single monitor
node through a server node. We consider Gilbert-Elliot server and Gilbert-Elliot
sampler settings.

characterizes the average age for an FCFS operation under infinite and zero buffer
size settings.

In this chapter, we consider a status updating system in which there is a
single sampler which takes samples from an observed phenomenon and sends them
to an interested monitor node in the form of status update packets through a single
server node (see Fig. . We study age of information with Gilbert-Elliot servers
and samplers under blocking packet management policy at the server node. We
first analyze the case in which the service times follow a finite state Markov chain
with two states: bad state b and good state g such that in state g, the service
performance is faster than that in state b. The motivation for studying this kind
of a service profile comes from the measurements over Amazon EC2 clusters which
show high variability in computing speeds of the servers over time [169]. These

measurements indicate that when a server is in a certain state it tends to stay in that
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state in the next rounds of the computation which implies a dependence in service
times over time. In addition, [222] shows that the channel quality and reliability
in cooperative driving follows a Markov-modulated process which depends on the
number of interfering vehicles thereby affecting the service performance. Further,
in sensor networking applications, energy constraints on servers may prevent them
from operating in faster states all the time, and may force them to switch between
faster and slower states.

We derive the time average age under this Markovian service profile and char-
acterize the age-optimal state transition matrix of the underlying Markov chain first
without considering any constraints on the operation of the system. Next, we con-
sider a more realistic scenario in which each state has an operational cost and the
system is subject to an overall budget.

Next, we consider the case in which the sampler, i.e., the source node, follows
a Gilbert-Elliot model based operation. The sampler takes samples based on a
two-state Markov chain, as in Fig. [I0.] When in state g, it samples the observed
phenomenon more frequently whereas in state b, samples are taken more sparsely.
Thus, under this operation, interarrivals to the server node are no longer i.i.d. but
follow a two-state Markov chain. This non i.i.d. sampling operation is particularly
relevant when the sampler’s operation cost is considered as the sampler may not be
able to afford taking frequent samples all the time and may switch to a low-cost
operation to save energy. Further, the sampler may choose to sample the process
more often when the observed process varies above a certain threshold or varies too

fast. We characterize the average age under such Gilbert-Elliot sampling and find
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the age-optimal state transition matrix P.

10.2  System Model and Age Metric

We consider a communication system (see Fig. , where there is a single sam-
pler that takes samples from an observed phenomenon at random and immediately
transmits these samples to a monitor node through a single server node in the form
of status update packets. The server node implements a blocking policy in which an
arriving update packet goes directly into service only if the server is idle. Update
packets arriving when the server node is busy are discarded.

Unlike most of the literature, we consider non i.i.d. service and interarrival
profiles. Here, we use a simple Gilbert-Elliot model to introduce a non i.i.d. struc-
ture to the system. We consider two scenarios: Gilbert-Elliot service times and
i.i.d. interarrival times; and i.i.d. service times and Gilbert-Elliot interarrival times.

When the server follows a Gilbert-Elliot model, service times S follow a two
state Markov chain with states bad (b) and good (g) such that in state b, the server
node is slower and the service takes longer than the service in state g. We model the
service times with exponential random variables S, with rate 1 in state b and S,
with rate i, in state g where p, > 1 as in [24]. In this case, we model the update
arrivals at the server node as a Poisson process with rate \. We adopt an event-
triggered Markov chain in which the state change only occurs when a new packet
enters service. Thus, during the service of an update packet, service performance

remains the same. The transition probability from state b to state g is p and the
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transition probability from state g to state b is ¢ where p € (0,1) and ¢ € (0,1) (see

Fig. [10.1)). State transition matrix P of this Markov chain is

P = . (10.1)

We note that this Markov chain is irreducible, aperiodic, and positive recur-
rent. Thus, service times constitute an ergodic Markov chain with a stationary

distribution,

p

P(S=5) = ——, P(S=5;) =——, 10.2
(s=s)=—1.  P(s=5)=-"1 (10.2)

where S is the service time of a packet that enters service.

When the sampler follows a Gilbert-Elliot model, this time, update interar-
rivals at the server node constitute a Markov chain with the state transition matrix
in ((10.1)) where in state g interarrival times are exponential random variables with
rate Ay and in state b interarrival times are exponential random variables with rate A,
where A\, > A, to reflect the increased sampling frequency in state g. The Markov
chain is again event-triggered such that the sampler’s state changes whenever an
update packet enters service at the server node.

To quantify the timeliness in the system, we use the age of information metric.
At time ¢ age at the monitor node is the random process A(t) = t — u(t) where wu(t)

is the time-stamp of the most recent update at the destination node. The metric
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we use, time averaged age, is given by

T

1
A=lim = [ A@)dt, (10.3)

T—00 T 0

where A(t) is the instantaneous age at the monitor node.
In the next section, we derive an average age expression for the cases of Gilbert-

Elliot servers and samplers.

10.3  Average Age Analysis

The sampler generates status update packets and immediately sends them through
a delay-free link to the server node. Since a blocking policy is implemented, only
the packets that find the server idle go into service. We denote such packets that
enter service at the server node as successful packets. Let 7Tj_; denote the time at
which the jth successful update packet is generated at the sampler. Since newly
generated packets are assumed to be instantaneously available to the server node,
T;_1 also marks the time at which the jth successful update packet arrives at the
server node. Random variable Y denotes the update cycle at the server node, the
time in between two successful arrivals, where Y; =T, —T}_;.

Update cycle Y; consists of service time S; and idle waiting time Z; as the
server needs to wait for the next arrival upon an update delivery to the monitor

node such that

Y; = 8; + Z;. (10.4)
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Figure 10.2: Sample age evolution A(t) at the monitor node. Successful updates are
indexed by j. The jth successful update arrives at the server node at 7j_;. Update
cycle at the server node is the time in between two successive arrivals and is equal
tOY}:Sj—i‘Zj:j}—jjj,l.

We note that S; and Z; are mutually independent as the arrival and service processes
are independent. Sample age evolution at the destination node is given in Fig. [10.2]
Here, ); denotes the area under the instantaneous age curve in update cycle j and
Y; denotes the length of the jth update cycle as defined earlier. The metric we use,
long term average age, is the average area under the age curve which is given [1,[7]

by

(10.5)

In the next two subsections, we find the average age for Gilbert-Elliot service

times and interarrival times, respectively.
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10.3.1 Gilbert-Elliot Service Times and I.i.d. Interarrival Times

Status update packets arrive at the server node as a Poisson process with rate \.
Thus, update packet interarrivals at the server node are i.i.d. exponential random
variables with rate \. Due to the memoryless property of the update arrivals at
the server node, Z is also exponentially distributed with rate A. Service times S
follow a two-state Markov chain. Thus, two consecutive service times are dependent
through the state transition matrix P given in (|10.1]).

Conditioned on S; and Sy, the jth update cycle and the area under the age

curve in this cycle are characterized by

p
(}/277 be)a if S] = Sba Sj—i—l = Sb
(Ys, Qvg), i S; =5, Sjm1=5,

(Y}, Q;) = (10.6)
(}/;]7ng)’ if S] = ng Sj+1 = Sb
k(Y‘g?Qgg)a if Sj = Pgs SJ'H = Sg-

We note that when the service times and interarrival times are i.i.d., we have
a renewal process with inter-renewal time equal to the update cycle Y. However, in
our model, update cycles Y; do not form an i.i.d. sequence unlike the prior models
considered in the literature. Rather, each (Y}, Q);) is characterized as in ((10.6)
depending on the state of the service time in update cycles 7 and 7 + 1. Since the

underlying Markov chain is stationary and ergodic, we have (Y}, Q;) ~ (Y, Q) over
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all update cycles and ([10.5)) reduces to

E[Q]  qE[Q] + pE[Q,]

B =EY] T GEN| + pEY,)

(10.7)

where the first equality follows from [40, Appendix A] and the second equality follows

from the law of total probability where we define E[Q,] = (1 — p) E[Quw] + pE[Qpy]

and E[Q,] = ¢E[Qu] + (1 — ¢) E[Qyy]. From this, along with Fig.|10.2) we get

E[Qs] =35 E[(Sy + 2)*] + (E[S] + E[Z]) E[S],

E[Q,] =5 E[(S, + 2)*] + (E[S,] + E[Z]) E[S],

N — N~

where

since Y = S + Z as defined earlier.

(10.8)

(10.9)

(10.10)

(10.11)

(10.12)

(10.13)

Substituting ([10.8))-(10.13) in ((10.7) yields the average age expression under

Gilbert-Elliot service times and i.i.d. interarrival times. We note that the numerator
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of (10.7) has pq terms whereas the denominator of ((10.7)) is linear in p and q.
We note that if the server operates only in state g without switching to state

b, the average age given in (|10.7)) becomes

EQ,] 1 2 1
A, ==l 22 10.14
g E[ng] )\+/ﬁg )\+Ng7 ( )

which is the result derived in [15] for an M/M/1 queue with blocking. A similar

average age, Ay, is achieved if the server node only operates in state b.

10.3.2 Gilbert-Elliot Interarrival Times and 1.i.d. Service Times

Service times at the server node are i.i.d. exponential random variables with rate
4 whereas the interarrival times follow a two-state Markov chain characterized by
the state transition matrix in . State changes occur upon successful entry to
the server node. Let Z, denote the waiting time until the next arrival when the

interarrival state is g, and let Z, denote the waiting time when the interarrival state

is b. Thus,

()/ba Qb)7 it Z] - Zb
(Y5, Q)) = (10.15)
(Yy,Qq), if Z; = Z,.
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Here, similar stationarity and ergodicity arguments apply and the average age is

again given by

A _ ElQ _ qE[Q] +pE[Q]
EY]  qE[Y]+pE[Yy]

By inspecting Fig. [10.2] we find

E[Qs] =5 E[(S + Z)*] + E[S]” + E[S] E[Zy),

N~ N -

E[Qg] =

In addition, we have,

by using (10.15) and the fact that Y =S5 + Z.

E[(S + Z,)?] + E[S]* + E[S] E[Z,).

(10.16)

(10.17)

(10.18)

(10.19)

(10.20)

Substituting (10.17)-(10.20) in (10.16)) yields the average age expression under

Gilbert-Elliot interarrival times and i.i.d. service times. We note that both the

numerator and denominator of (10.16|) are linear in p and gq.

So far, we derived average age expressions for Gilbert-Elliot servers and sam-

plers for a given state transition matrix P. We optimize this matrix P in the next

section to achieve minimum average age at the monitor node in both scenarios.
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10.4 Age-Optimal Transition Matrix P

In what follows we characterize the age-optimal state transition matrix P for Gilbert-

Elliot service times and Gilbert-Elliot interarrival times.

10.4.1 Gilbert-Elliot Service Times and I.i.d. Interarrival Times

In Section [10.3.1] the average age expression ([10.7]) for given state transition matrix
P under Gilbert-Elliot service times is derived. Next two lemmas characterize the

behavior of ((10.7)) with respect to the state transition probabilities p and g.

Lemma 10.1 Under Gilbert-Elliot service times, the average age in mono-

tonically decreases in p.

Proof: To prove the lemma, we take the derivative of (10.7]) with respect to p and

show that it is negative. The numerator of the derivative of (10.7) is

S EVGIEY] - 1 E[VE[¥?] +EIG)(ELS,] - E[S])I(L - q) EIY;] + ¢E[V]

(10.21)

In (10.21)), the last term is already negative as E[S;] < E[S,] as stated in Section[10.2]
Thus, we need to show that E[Y;] E[Y,”] — E[Y;] E[Y;?] < 0. This is indeed true for
exponential interarrival times with rate A and exponential service times S, with rate
g in state g and S, with rate i, in state b where pg > 1, With this, the result
follows. Wl

Thus, as p increases, a better age performance is achieved at the monitor node.
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This is an intuitive result as larger p indicates that the service state spends more
time in the good state g as implied by (10.2). We note that this result does not

depend on ¢ and is valid for any ¢ € (0, 1).

Lemma 10.2 Under Gilbert-Elliot service times, the average age in mono-

tonically increases in q.

The proof of Lemma follows similarly to that of Lemma [10.1. Thus, as
q decreases, a better age performance is achieved at the monitor node. Similar to
Lemma [10.1] Lemma holds true for any p value in (0, 1).

From Lemmas and we observe that, to achieve the minimum average

age under Gilbert-Elliot service times, we need to maximize the time spent in state

qg.

10.4.2 Gilbert-Elliot Interarrival Times and I.i.d. Service Times

In Section [10.3.2| the average age expression ({10.16)) for given state transition matrix

P under Gilbert-Elliot interarrival times is derived. Next two lemmas, which follow

similar to Lemmas and [10.2} characterize the behavior of (10.16)) with respect

to the state transition probabilities p and q.

Lemma 10.3 Under Gilbert-Elliot interarrival times, the average age in

monotonically decreases in p.

Thus, as p increases, a better age performance is achieved at the monitor node

as in Gilbert-Elliot service times scenario.
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Lemma 10.4 Under Gilbert-Elliot interarrival times, the average age in

monotonically increases in q.

Thus, as q decreases, a better age performance is achieved at the monitor node
as in Gilbert-Elliot service times scenario.

From Lemmas and we observe that, to achieve the minimum average
age under Gilbert-Elliot interarrival times, we need to maximize the time spent in
state g. Although more frequent sampling may overwhelm the network and incur
higher age in FCFS queueing systems as shown in [1], in our model, since a dropping
policy is implemented, more frequent sampling is desirable to obtain lower average
age.

In the next section, we find the age-optimal state transition matrix P when

there is an average cost constraint.

10.5 Age-Optimal Transition Matrix P under Average Cost Con-

straint

In Section the age optimization is over all possible p and ¢ pairs, i.e., (p,q) €
(0,1) x (0,1) and we showed that as p — 1 and ¢ — 0, the minimum age is achieved
in both scenarios. However, when there is a constraint on the operation of the
system, all of (0,1) x (0, 1) region may not be feasible. To explore the age-optimal
state transition probabilities in such a scenario, here, we consider a constraint on
the average cost which may correspond possibly to limited energy budget for the

system. Let ¢, and ¢, denote the cost of operating in state b and state g, respectively,
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where ¢, > ¢, as faster operation requires higher cost (e.g., more energy). When the

overall budget is ¢ units, we need to satisfy

T o+ -—L ¢ <e (10.22)
p+q ptq

Then, the problem to solve becomes,

L EQ)+pE[Q)
ey qE[Y}] +pE[Y]

s.t. gy — ) +pleyg —¢) <0, (10.23)

where expectations are as in — for Gilbert-Elliot service times and as
in — for Gilbert-Elliot interarrival times and the constraint follows
from . The trivial case is when ¢ > ¢, > ¢, for which the feasible region
is (0,1) x (0,1) and the results from Section apply. Thus, in this section, we
consider ¢, > ¢ > ¢, for which the feasible set is shown in Fig. . Next, we show

that the constraint in ((10.23]) needs to be satisfied with equality.

Lemma 10.5 Age-optimal (p,q) pair satisfies the constraint in with equal-

ity, i.e., q(cy — ¢) +p(cy — ¢) = 0.

Proof: Given a point [ in the feasible set as shown in Fig. [10.3] a lower average
age can be obtained as we move along direction I to increase p or along direction II
to decrease ¢ as shown in Lemmas and under Gilbert-Elliot service times

and in Lemmas and under Gilbert-Elliot interarrival times. Thus, no point
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Figure 10.3: Feasible (p, q) pairs for the problem in (10.23) when (a) Z;_CZ > 1 and
(b) % < 1 where the line is g(¢, — ¢) + p(c; — ¢) = 0 in both cases.

that is not along the ¢(c, — ¢) + p(c; — ¢) = 0 line can be optimal as we can achieve

a lower average age by moving towards this line. W

Thus, the age-optimal (p, ¢) pair is such that ¢ = ap where a = ngc. With

—cp

this, the problem in ({10.23)) reduces to a minimization over probability p only. That

is, the objective function in ((10.23]) becomes

Q E[Qb] + E[Qg]

M= R R,

(10.24)

where « is fixed. Next, we solve this problem for Gilbert-Elliot service times and
Gilbert-Elliot interarrival times and find the age-optimal (p, ¢) pair that minimizes

the average age.
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10.5.1 Gilbert-Elliot Service Times and 1.i.d. Interarrival Times

We note that, under Gilbert-Elliot service times, the denominator of does
not depend on p whereas the numerator depends on p linearly. One can show that
is a decreasing function of p with an argument similar to that of Lemma m
Thus, provided that o < 1, the age-optimal transition matrix P under average cost
constraint is such that p — 1 and ¢ — « which is the §* point in Fig. [10.3(a).
This result is intuitive as it maximizes the transition probability from state b to

state ¢ and spends fraction of time in state b to satisfy the budget requirement. For

1
4

example, when ¢, = 2, ¢ = 1.8 and ¢, = 1 we find o = ; and the optimal selection
isp—>1andq—>}1.

Otherwise, when v > 1, the age-optimal selection is p — é and ¢ — 1 which is
the £* point in Fig. [10.3(b). This result tells us that in the age minimizing operation
the transition probability from state g to state b approaches 1 since the transition

probability from state b to state g is already limited by i For example, when ¢, = 2,

c=1.2and ¢, =1 we find o = 4 and the age-optimal selection is p — }1 and g — 1.

10.5.2 Gilbert-Elliot Interarrival Times and 1.i.d. Service Times

We note that, under Gilbert-Elliot interarrival times, both the numerator and the
denominator of ((10.24)) do not depend on p. Thus, any p and corresponding ¢ = ap

for the given « yields the same average age. In other words, as long as we operate in

(0, 5*) in Fig. [10.3] i.e., satisfy (10.22)) with equality, we obtain the optimal average

age since ((10.16) depends on p and ¢ only through the stationary probabilities of
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Figure 10.4: Age of information as a function of probability p for Gilbert-Elliot
service times. Symbol o marks the simulation results and curves indicate the values
obtained from ((10.7]).

the states given in ((10.2) as expectations in ({10.17))-(10.20|) do not depend on p and

10.6 Numerical Results

In this section, we provide simple numerical results to validate our theoretical results
for a system with arbitrary exponential interarrival and service times.

We consider Gilbert-Elliot service times and take A = 1 which is the rate of
Poisson arrivals to the server node. We model the service times with an exponential
random variable with rate p, = 0.1 in state b and with rate i, = 1 in state g.
In Figs. and [10.5] we plot the average age of information under Gilbert-Elliot
service times as a function of the state transition probabilities p and ¢, respectively.
In both of the figures, we plot simulation results, marked with o symbol, along with

results obtained from (10.7) and observe that the results match. Fig. shows
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Figure 10.5: Age of information as a function of probability ¢ for Gilbert-Elliot
service times. Symbol o marks the simulation results and curves indicate the values
obtained from ((10.7]).

that the average age decreases monotonically as probability p gets larger as shown
in Lemma [10.1, Here, we also note that as ¢ gets lower for a fixed p value, we
achieve a lower average age as discussed earlier in Section [10.4] Fig. shows that
the age of information increases monotonically as probability ¢ increases. We also
observe that for a fixed ¢ value, the best age is obtained when the p probability
is the largest. When the server node only operates in the good state g, we find
that A = 2.5. We observe that this value is lower than the age values in Figs. [10.4
and as the server does not slow down by switching to the bad state b. Similarly,
if the server node only operates in the bad state b, we find that A = 20.09 which is
strictly larger than the age values shown in Figs. and [10.5] Thus, in this case,

the server node benefits from switching to the good state g.
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10.7 Conclusion

In this chapter, we considered an information update system in which status update
packets are generated by a sampler and sent to a monitor node through a server node.
We considered two scenarios: Gilbert-Elliot service times and i.i.d. interarrival times;
and Gilbert-Elliot interarrival times and i.i.d. service times. In these scenarios, either
the server or the sampler follows a two-state Markov chain with the good state g and
the bad state b where the operation is faster in state g. We determined the average
age at the monitor node for both scenarios and characterized the age-optimal state
transition matrix for the underlying Markov chain with and without an average cost

constraint on the operation of the system.
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CHAPTER 11

Conclusions

In this dissertation, we studied information timeliness in large communication net-
works, distributed computation and learning systems.

In Chapter 2 we studied a multihop multicast network, in which a single
source node sends time-sensitive status updates to n” end nodes where L denotes
the number of hops. Each update from the source node goes through relay nodes
in each hop to reach the end nodes in the Lth hop. We showed that by carefully
selecting stopping thresholds in each hop, the average age at the end nodes can be
made a constant independent of n. We then found the optimum stopping thresholds
k, for each hop ¢ for arbitrary shifted exponential link delays in each hop.

In Chapter [3] we considered age of information in a multicast network with two
types of updates that share the same network, namely type I and type II updates.
We showed that by utilizing an earliest k; and ko transmission scheme for type I
and type II updates, respectively, the age of both update streams can be made a
constant independent of the network size. We then characterized the k; and ko

stopping thresholds to individually and jointly minimize the average age of both
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update streams for arbitrary shifted exponential link delays.

In Chapter [ we studied the scaling of average age of information in a large
peer-to-peer network with n source-destination (S-D) pairs. We first proposed a
three-phase transmission scheme that uses local cooperation between nodes as well
mega update packets to achieve an average age scaling of O(n% logn) per user. Then,
we introduced hierarchy to the proposed scheme that entails applying the proposed
three-phase scheme in smaller scales and achieved a per-user average age scaling of

O (™ logn) where a(h) = and h is the number of hierarchy levels. In the

T
asymptotic case when h tends to oo, the resulting average age per-user scales as
O(logn).

In Chapter [, we studied version age scaling in a network consisting of n
nodes that are grouped into equal-sized clusters, each equipped with a cluster-head
that facilitates communication with the source. Unlike Chapters 2H4 nodes are
allowed to share their stored versions of the source information with their neighbors
within clusters, i.e., gossiping. We showed that average version age scalings of
O(v/n), O(n%), and O(logn) are achievable per user in disconnected, ring, and
fully connected cluster topologies. We then showed that, once the cluster heads
exchange information among themselves following a ring network, per-node average
age scalings of O(n3), O(n1), and O(log n) in disconnected, ring, and fully connected
cluster models, respectively, are achievable. We then implemented a hierarchical
gossip structure and showed that, for h levels of hierarchy, per user average age
scaling of O(nﬁ) is achievable in the case of ring networks in each cluster across

all hierarchy levels. We finally found the version age-optimum cluster sizes as a
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function of the update rates at the source, cluster heads, and among the nodes.

In Chapter [6] we studied age of information considering computationally-
intensive status update packets that need additional processing to reveal the em-
bedded useful information. This processing is handled by a computation unit (CU)
using n worker nodes in a distributed manner. We analyzed the age performance
of the uncoded and coded computation distribution algorithms. We first showed
that the MDS coded task distribution scheme outperforms the uncoded and repeti-
tion coded schemes for large n. Next, we showed that, when workers are assigned
multiple computation tasks (MM-MDS scheme), the age performance of the system
further improves. We then found the age-optimal repetition, MDS, and MM-MDS
coded schemes that minimize the age of information at the receiver node.

In Chapter |7} we studied age of information in federated learning and proposed
a novel timely communication scheme for applications that involve highly temporal
rapidly changing client datasets. Our scheme aims to reflect the fast changing client
data in global model updates with as little age as possible without harming con-
vergence by considering the limited client availability and communication resources.
We showed that the proposed timely communication scheme not only increases the
timeliness of the system but also significantly improves the average iteration time
without sacrificing convergence of the learning task.

In Chapter [8| we proposed an age-based coded computation strategy for dis-
tributed learning systems that utilize partial recovery for straggler mitigation. In
order to prevent biased model updates that are caused by partial recovery in the

case of correlated straggler behavior among the workers, we designed an age-based
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timely encoding strategy that changes the codewords at the workers to regulate
the recovery frequency of the partial computations. We showed, through extensive
simulations on a linear regression problem, that the proposed age-based encoding
strategy significantly improves the convergence performance compared to conven-
tional static encoding schemes.

In Chapter @, we studied a gradient coding (GC) framework and proposed a
novel scheme called the GC-DC to improve the average iteration time of the exist-
ing static GC schemes. Our proposed GC-DC scheme dynamically forms clusters
from the workers and applies the GC scheme in each cluster separately. In do-
ing that, it aims to distribute the stragglers to clusters as uniformly as possible in
each iteration under a time-correlated straggling behavior for the workers. Through
extensive simulations, we showed that the GC-DC scheme significantly improves av-
erage per-iteration completion time without an increase in the communication load
by dynamically adapting to the straggling behavior of the workers.

In Chapter [I0] we considered a system where a single sampler updates a re-
ceiver node through a single server. We studied Gilbert-Elliot service times and
i.i.d. interarrival times; and Gilbert-Elliot interarrival times and i.i.d. service times.
We characterized the average age of information at the receiver node for both cases
and determined the age-optimal state transition matrix of the underlying Markov
chain with and without cost constraints on the operation of the system.

The contents of Chapter 2 are published in [115,/119], Chapter 3 in |129],
Chapter 4 in [145-147], Chapter 5 in [223]224], Chapter 6 in |182}225], Chapter 7
in [226], Chapter 8 in [183], Chapter 9 in [227,228|, Chapter 10 in [21§].
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