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Abstract—New uses of wireless communication are envisioned
to realize real-time control applications through networked moni-
toring. In such scenarios, the freshness of collected status updates
is of critical importance for system performance, which can be
quantified by the performance metric called Age of Information
(AoI). In this paper, we apply this performance metric to study an
age minimization problem in a wireless monitoring system where
sensor nodes are employed to collect status information about
their surroundings. The sampled data are forwarded to central
controller via multiple hops. The problem formulation involves
joint consideration of data sampling at source, flow routing, and
link scheduling along the transmission path. The formulated
problem falls in the form of an integer nonlinear program
(INLP). To efficiently solve the problem, we construct AoI reward
function to decouple the time coupling among sampling and relay
decisions. Considering the system stability, we employ Lyapunov
optimization technique to develop a distributed sampling and
relay scheme. Simulation results show that the performance of
our proposed scheme is competitive in terms of delivering status
updates in a timely manner.

Index Terms—Age of information (AoI), multihop network,
networked monitoring, transmission scheduling

I. INTRODUCTION

As the emergence of real-time control applications, end

devices are equipped with embedded sensors to acquire timely

perception of their surroundings [1]. Since the sensing range of

each sensor is limited, the data collected by multiple sensors

should be integrated to obtain comprehensive knowledge of

the environment. The timeliness of sampled data is of critical

importance for system performance due to the dynamic nature

of monitored environment. Considering the limited power at

each sensor, the sampled data may be forwarded to central

controller for further processing via multiple hops. In this

paper, we are interested in investigating how to guarantee the

timeliness of consecutive sampled data in a multihop network

with multiple data flows.

Age of information (AoI) is proposed as a new performance

metric to quantify the timeliness of sampled data, which

is defined as the time elapsed since the last received data

packet is generated at the source [2]. Different from delay

minimization oriented transmission design, where each data

packet is considered independently with constant value over

time, age of information captures the time correlation among

consecutively sampled data packets. A stale data packet is of

less value compared with a fresh packet, which is characterized

by a larger value of age.

In single-hop network, age-oriented problems are widely

investigated to schedule multiple devices to access the shared

wireless medium. In [3], Sun et al. developed a general age
penalty function to quantify the staleness of data and proposed

an efficient zero-wait update policy to minimize the average

age penalty. In [4], Yates investigated the age minimization

problem between a monitor and a source node with energy

harvesting capability. Based on the packet arrivals patterns and

buffering policies, various index-based age-optimal policies

are proposed in [5] [6] [7] [8] [9]. In [10], Talak et al.
investigated a class of distributed attempt probability based

scheduling policies and showed the relationship between age

and attempt probability. In [11], Jiang et al. proposed a unified
sampling and scheduling scheme for multiaccess wireless

networks, and employs mean-field approach to obtain a decen-

tralized status update policy given source nodes with random-

walk state transitions. In [12], Jiang et al. formulated the user
scheduling problem under multiaccess channel as a restless

multi-armed bandit problem, and proposed a decentralized

status update scheme which achieves universally near-optimal

age performance.

Different from that in single-hop networks, age based data

transmission in multihop network involves both the sampling

process at source node and the propagation of age along the

transmission path. A few work have extended the concept of

age to measure the freshness of information flow in multihop

networks. In [13], Arafa et al. developed an age optimal sam-
pling policy at source nodes with energy harvesting capability

in a two-hop network. In [14], Yates investigated the age

performance in a multihop line network under Poisson packet

arrival, preemptive last-come-first-served queueing policy and

exponential service time. In [15] [16], Bedewy et al. proved
that preemptive Last-Generated-First-Served (LGFS) policy is

average age optimal under exponential transmission time. In

[17], Talak et al. derived stationary transmission scheduling
policies under general interference constraints and fixed routes.

In [18], Wang et al. investigated an age minimization problem
for multiple information flows by jointly considering data

sampling at the source nodes and link scheduling along

prefixed transmission routes. To efficiently solve the problem,

the authors proposed a light-weight scheduling algorithm. The
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aforementioned work mainly focus on link scheduling among

multiple hops along prefixed flow routes. Note that due to the

interference among transmission pairs and the contention for

spectrum access among multiple flows, the routing of each

flow is critical to the system performance. Therefore, in this

paper, we aim to investigate a joint flow routing and link

scheduling strategy to adaptively choose the next hop at each

relay node in order to further improve the age performance.

Transmission scheduling problem in multihop network has

been widely investigated under traditional performance metrics

such as throughput maximization [19] and delay minimization

[20] [21] [22], which gives us some hints in the design of our

age oriented transmission scheme. In [23], Tassiulas et al.
proposed the backpressure algorithm which performs network

congestion control by distributing information flows based on

queue-length differential between nodes to maximize network

throughput while stabilizing all queues across the network.

The proposed algorithm has been widely employed to solve

link scheduling [21] [24] and flow routing [20] problems in

multihop networks. Various schemes have been customized

based on the specific optimization problem to improve the

performance of backpressure algorithm. In [22], Hai et al.
integrated accumulated packet delay into the consideration

of relay selection to alleviate the excessive route exploration

of traditional backpressure algorithm. In [25], Cui et al.
integrated a queue-dependent bias function into the back-

pressure term to take queue state information beyond one

hop into consideration for routing decision. In [26], Liu et
al. employed Lyapunov optimization techniques to develop a
distributed incentive mechanism and a backpressure based data

forwarding strategy to maximize the system utility in urban

vehicular participatory sensing systems.

In this paper, we consider a set of unicast sessions in a

networked monitoring system. The objective is to minimize the

average age of information among the sessions. Through joint

formulation of data sampling at the source nodes, flow routing

for each session, and link scheduling along the transmission

path of each session, we obtain an integer nonlinear program

(INLP), which is NP-hard in general. The contributions of this

paper are summarized as follows.

•We study an information problem in a networked monitor-
ing system with multiple data flows by jointly optimizing data

sampling at source nodes and data transmission via multiple

hops.

• The formulated optimization problem aims at minimizing

the long-term average age of information. To develop an

online solution, we convert the long-term age minimization

problem into an age reward maximization problem in discrete

time slots. Lyapunov optimization techniques are employed

to characterize the tradeoff between system stability and age

performance.

• We propose a distributed scheme to enable each source
node to adaptively sample data based on a threshold based

strategy, while the transmission path of each sampled data

packet is determined at each relay node based on local

information.

TABLE I
NOTATION

Symbol Definition

N Set of nodes in the network
M Set of source nodes in the network
T Total number of time slots in a time frame
T Ri Set of neighbor nodes of node i
yij (t) A binary variable to indicate whether the link from node i to

node j is activated
IRi Set of nodes within interference range of node i

zak
ij (t) A binary variable to indicate whether node i transmits the kth

packet sampled at node a to node j in time slot t
Qi (t) Queue length of node i in time slot t
ri (t) A binary variable to indicate whether node i generates a new

packet in time slot t
xak(t) A binary variable to indicate whether source node a generates

the kth packet in time slot t

dak
i Time instance when node i receives the kth packet sampled at

node a

eak
i Time instance when node i relays the kth packet sampled at

node a
τak Generation time of the kth packet sampled at node a

Aa
AP (t) Age of information sampled at node a in time slot t
hi Hop count of shortest path from node i to AP

Sa
ij (t) Potential reward of forwarding a packet sampled at node a

from node i to node j in time slot t
si (t) Transmission state information of node i in time slot t
θi (t) Set of links that can be activated by node i
ρi (t) Set of activated links within interference of node i in time slot t

IR (i, j) Set of links that interferes with link (i, j)
Γ Set of activated links in each time slot

The rest of this paper is organized as follows. In section II,

we present system model and problem formulation. In section

III, we convert the formulated long-term age minimization

problem into a per-time slot age reward maximization problem.

In section IV, we analyze the tradeoff between system stability

and age performance using Lyapunov optimization. In section

V, we present distributed scheme to sample data at source

nodes, and perform data relay decisions through multiple hops

based on locally collected information. In Section VI, we

present numerical results. VII concludes this paper.

II. MODELING AND PROBLEM FORMULATION

In this section, we present mathematical modeling and

formulation to study age minimization problem in a multihop

networked monitoring system. As for a set of sessions in the

network, our objective is to minimize the average age among

the sessions by optimizing variables in data sampling at source

nodes, flow routing of each session, and link scheduling along

the route of each session.

A. Mathematical Modeling

Table I lists notation in this paper. We consider a multihop

networked monitoring system consisting of a set of N devices,

with N = |N | being the number of devices. Among the N
devices, a set ofM devices are equipped with embedded sen-

sors to collect time stamped status updates, where M = |M|
being the number of source nodes. As shown in figure 1, the

data packets are sampled at source nodes and forwarded to the

central controller via multiple hops. We consider a time-slotted

system, with total number of T time slots. Denote K as the

maximum number of samples that a source node can generate

during T time slots. Due to interference among the concurrent
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Fig. 1. An illustration of multihop networked monitoring system.

transmissions, only a subset of nodes can transmit data packets

in each time slot. The generated packets cannot be transmitted

immediately. Therefore, each node i in the network maintains
a data queue in its buffer.

1) Scheduling Constraints: A physical link (i, j) is fea-
sible only if transmit node i and receive node j are within
each other’s communication range. We assume that wireless

transceivers are working on half-duplex mode. In a time slotted

system, a half-duplex transceiver operates in one of three

modes in a time slot: transmit, receive, and idle. To model

this constraint, we denote T Ri as neighbor node set of node

i, and define a binary variable yij (t) to indicate whether node
i transmits a packet to node j in time slot t. Then we have:∑

j∈T Ri

yij (t) +
∑

j∈T Ri

yji (t) ≤ 1, (i ∈ N , 1 ≤ t ≤ T ) . (1)

We employ interference-free scheduling for the system (i.e.,

any two links that are within each other’s interference range

cannot be activated in the same time slot). We denote IRi as

the set of nodes within interference range of node i. Then we
have:

yij(t)+
∑

p∈IRj

∑
q∈IRi

ypq (t)≤1, (i∈N , j∈T Ri, 1 ≤ t ≤ T ) . (2)

2) Queuing Constraints: Only if link (i, j) is activated in
time slot t, node i can transmit one packet to node j. To model
this constraint, we denote a binary variable zakij (t) to indicate
whether node i transmits the kth packet sampled by node a to
node j. That is, zakij (t) = 1 if node i transmits the kth packet
of node a to node j in time slot t and 0 otherwise. Then we
have:

yij (t)=
∑
a∈M

K∑
k=1

zakij (t) , (i∈N , j∈ T Ri, 1≤ t ≤T ) . (3)

At each node in the network, it maintains a buffer for

caching data packets. The queue length at node i is decided by
the states of last time slot, including queue length, sampling

strategy and transmission strategy. Denote Qi (t) as the queue
length at node i in time slot t. To model the queueing behavior
at node i, we define a binary variable ri (t) as the sampling

strategy of node i in time slot t, ri (t) = 1 if node i generates
a packet in time slot t and 0 otherwise. Therefore, the queue
dynamics can be modeled as:

Qi(t+1)=Qi(t)−
∑

j∈T Ri

yij (t)+
∑

j∈T Ri

yji (t)+I(i∈M) ri (t)

(i ∈ N , 1 ≤ t ≤ T ) ..

(4)

where I (i ∈ M) is an indication function which equals 1 if
i ∈ M.

Denote daki as the time instance when the kth packet

sampled at node a is received by node i, we have:

daki =
∑

j∈T Ri

T∑
t=1

t · zakji (t) ,

(i ∈ N , a ∈ M, 1 ≤ k ≤ K) .

(5)

Denote eaki as the time instance when the kth packet sampled
by node a is forwarded by node i, we have:

eaki =
∑

j∈T Ri

T∑
t=1

t · zakij (t) ,

(i ∈ N , a ∈ M, 1 ≤ k ≤ K) .

(6)

Note that a packet can be forwarded to its next hop only after

it is received by the relay node, then we have:

daki < eaki , (i ∈ N , a ∈ M, 1 ≤ k ≤ K) . (7)

We employ first-come-first-served (FCFS) queuing model

in this paper, then we have:(
daki − dbmi

) (
eaki − ebmi

)
> 0,

(i ∈ N , a, b ∈ M, a �= b, k �= m, 1≤ k≤K, 1≤m ≤K) .
(8)

3) Sampling Constraint: Denote xak (t) as a binary vari-
able to indicate whether source node a generates the kth packet
or not. Then ra (t) can be calculated as follows.

ra (t) =
K∑

k=1

xak (t) , (a ∈ M, 1 ≤ t ≤ T ) . (9)

Denote τak as the generation time of the kth packet at source
node a. Then we have:

τak =

T∑
t=1

t · xak (t) , (a ∈ M, 1 ≤ k ≤ K) . (10)

Since a packet cannot be delivered before it is sampled at the

source node, then we have:

τak ≤ eaka , (a ∈ M, 1 ≤ k ≤ K) . (11)

4) Age of Information Constraints: Fig 2 shows the evolu-
tion of AoI. We denote Aa

AP (t) as the instantaneous age of
information generated by node a in time slot t. It is calculated
by the elapsed time since the last sampled packet from node a
is received at AP. As shown in figure 2, in the case when a new

packet k is received at AP, the age drops to the time elapsed
since the generation time of the packet (i.e., t + 1 − τak).
Note that in multihop transmission where the relay path is not
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Fig. 2. Age evolution of packets sampled at source node a. The kth packet
is sampled at time instance τak , and forwarded to AP at time instance t

′
k

prefixed, it is possible that the delivered packet is older than

the current packet maintained at AP. The age of information

at AP is updated only when the most up-to-date packet is

received. Therefore, we have:

Aa
AP (t+ 1) = min {t+ 1− τak, A

a
AP (t) + 1} . (12)

Otherwise, the age of source node a increases linearly with t
at rate 1:

Aa
AP (t+ 1) = Aa

AP (t) + 1. (13)

We employ zaknAP (t) to indicate whether node n transmits the
kth packet sampled by node a to AP. Then the age evolution
of information sampled by node a can be modeled as:

Aa
AP (t+1)=(A

a
AP(t)+1) ·

(
1−

∑
n

K∑
k=1

zaknAP(t)

)

+
∑
n

K∑
k=1

zaknAP (t)·min {t+1−τak,Aa
AP(t)+1}

(a ∈ M, n ∈ T RAP , 1 ≤ t ≤ T − 1) .

(14)

B. Problem Formulation

We aim to minimize the average AoI of multiple information

flows over T time slots. The problem can be formulated as

follows:

(P1) min
1

TM

T∑
t=1

∑
a∈M

Aa
AP (t)

s.t. scheduling constraints: (1) (2)

queueing constraints: (3− 8)
sampling constraints: (9− 11)
AoI constraints: (14) .

(15)

In this formulation, Aa
AP (t), Qi (t), daki , eaki , τak are

integer variables. yij (t), zakij (t), ri (t), xak (t) are binary
variables. N,M, T,K are constants. The formulated problem

P1 is an integer nonlinear program (INLP), which is intractable
[27].

III. CONSTRUCTION OF AGE REWARD FUNCTION

Figure 2 shows the age evolution of information flow

sampled at source node a. As shown in the figure, the age
of information flow increases linearly with t at rate 1. If there

is no successful delivery of new samples to AP, the maximum

age of information would be A0 + T . Upon each successful
delivery of a new sample, the age would drop to the time

duration consisting of sampling interval and relay time of the

received sample. To characterize the effect of sampling action

at source nodes and the routing and link activation decision at

each relay node, we employ the potential age reduction as the

reward function to incent each node to make proper decision

in a distributed manner.

As for any source node a ∈ M, if it samples a new packet

(i.e., ra(t)=1), the age of information maintained at the AP
will drop to the service time of the packet upon its arrival. To

stimulate source node a to sample a new packet, we employ

the best case where the packet is of highest priority and thus

is relayed one hop per time slot under shortest path routing as

the maximum reward. Then the service time of the packet is

equal to the expected number of hops from source node a to
the AP (i.e., ha). Note that in case there are two source nodes

with same number of hops towards the AP, we incorporate

the current age of information at AP (Aa
AP (t)) as a bias to

motivate the source node of outdated flow to sample an update.

Denote Ra(t) as the reward of sampling a packet at source
node a in time slot t, then we have:

Ra (t) = (2A
a
AP (t)− ha)ra(t). (16)

As for each relay node i ∈ N , if it forwards source node
the kth packet of source node a to next hop node j at time
instance t, the age of information maintained at the AP will
drop to the service time of the kth packet. The service time
can be calculated as the summation of i) time elapsed since
the generation of the kth packet (i.e., t − τak), and ii) the
expected number of time slots to relay the packet to AP via

next hop node j. Again, we employ the best case scenario
where the expected transmission time equals to the number

of hops towards AP under shortest path protocol (i.e., hj).

Denote Sa
ij(t) as the reward of relaying a packet of source

node a from node i to node j in time slot t, then we have:

Sa
ij(t) = (2A

a
AP (t)− (t− τak)− hj) yij (t) . (17)

We convert the average age minimization problem in P1 into a
reward maximization problem in each time slot, the objective

function can be modeled as:

max
∑
a∈M

Ra (t) +
∑
a∈M

∑
i∈N

∑
j∈T Ri

Sa
ij (t) . (18)

IV. PROBLEM ANALYSIS BASED ON LYAPUNOV

OPTIMIZATION

In this section, Lyapunov optimization is employed to char-

acterize the tradeoff between optimizing the age of information

at AP and maintaining system stability.

Let Θ(t) be a vector of queue backlogs maintained at all
nodes in the network in time slot t. The Lyapunov function
L (Θ (t)) is employed to measure the system stability:

L (Θ (t)) =
1

2

∑
i∈N

Q2
i (t) . (19)
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We employ Lyapunov drift to measure the change of system

queue state between consecutive time slots, which is defined

as:

ΔLT = L (Θ (t+ T ))− L (Θ (t)) . (20)

Note that a smaller value of ΔLT indicates a more stable sys-

tem. Therefore, in order to maximize the age reduction reward

while maintaining network stability, we aim to minimize a

combined drift-minus-reward objective function for each time

slot as follows:

min ΔL1 − λφ1 (π) . (21)

where ΔL1 represents the change of queue state, φ1 (π)
denotes age reduction reward upon strategy π and λ is a tuning
parameter which adjusts the tradeoff between age performance

and the network stability. Based on equation (19), ΔL1 can

be obtained as:

ΔL1 = L (Θ (t+ 1))− L (Θ (t))

=
1

2

∑
i∈N

Q2
i (t+ 1)−

1

2

∑
i∈N

Q2
i (t)

=
1

2

∑
i∈N

(
Q2

i (t+ 1)−Q2
i (t)

)
.

(22)

Based on constraints (4), and the fact that
(max {a− b, 0}+ c)

2 ≤ a2 + b2 + c2 − 2a (b− c) holds if
a, b, c ≥ 0, then we have:

Q2
i (t+ 1)−Q2

i (t)≤

⎛
⎝ ∑

j∈T Ri

yij (t)

⎞
⎠

2

+

⎛
⎝ ∑

j∈T Ri

yij (t)+I(i∈M) ri(t)

⎞
⎠

2

−2Qi (t)×
⎡
⎣ ∑
j∈T Ri

yij(t)−
∑

j∈T Ri

yji(t)−I(i∈M)ri(t)

⎤
⎦ .

(23)

As for the first two parts on the right-hand side of the

equation, we have the following result after plugging in the

two terms into equation (22).

1

2

∑
i∈N

⎛
⎝ ∑

j∈T Ri

yij (t)

⎞
⎠

2

+
1

2

∑
i∈N

⎛
⎝ ∑

j∈T Ri

yji (t) + I (i ∈ M) ri (t)

⎞
⎠

2

≤ 1

2
[M (1 + 4) + (N −M) (1 + 1)] = B.

(24)

Then the upper bound of ΔL1 can be obtained as:

ΔL1 ≤ B +
∑
a∈M

Qa (t) ra (t)−

∑
i∈N

Qi (t)

⎡
⎣ ∑
j∈T Ri

yij (t)−
∑

j∈T Ri

yji (t)

⎤
⎦ .

(25)

Then the upper bound of the drift-minus-age function can

be obtained as:

ΔL1 − λφ1 (π) ≤ B+∑
a∈M

[Qa (t)− λ (2Aa
AP (t)− ha)] ra (t)−

⎡
⎣∑
i∈N

Qi(t)

⎛
⎝ ∑

j∈T Ri

yij (t)−
∑

j∈T Ri

yji (t)

⎞
⎠

+ λ

⎛
⎝∑

i∈N

∑
a∈M

∑
j∈T Ri

Sa
ij(t)

⎞
⎠
⎤
⎦ .

(26)

A stabilizing strategy should minimize the upper bound of

the drift-minus-age function, in which the first term in right

side of equation (26) is relevant to data sampling at source
node, while the second trem in right side of (26) is relevant
to data transmission process via multiple hops. Based on the

above observations, we propose a distributed data sampling

and relay scheme under which the source nodes can determine

their sampling rate locally, while each relay node can make

routing and transmission decisions based on local knowledge.

V. A DISTRIBUTED DATA SAMPLING AND RELAY

STRATEGY

Based on the analysis in the last section, it can be observed

that the sampling variable ra (t) is only involved in the first
term of equation (26), while the transmission variable yij (t) is
only involved in the second term of equation (26). Therefore,
we can decouple the problem of minimizing the upper bound

of drift-minus-age function into two sub-problems. Based on

these two problems, we propose an adaptive sampling strategy

and a distributed relay strategy.

A. An Adaptive Sampling Strategy

We propose an adaptive sampling strategy aiming at mini-

mizing the first term of equation (26):

min
∑
a∈M

[Qa (t)− λ (2Aa
AP (t)− ha)] ra (t) . (27)

According to equation (27), if none of the source nodes
samples a data packet in time slot t (∀a ∈ M, ra (t) = 0),
equation (27) has a value of 0. Therefore, the minimum value
of equation (27) should be smaller or equal to 0. As for
any source node, it can make sampling decision based on

its estimated age of information, queue backlog, and tuning

variable λ according to the following strategy:

ra (t) =

{
1, Qa (t)− λ (2Aa

AP (t)− ha) < 0

0, otherwise.
(28)

Under the proposed strategy, a source node makes sampling

decision considering both the expected age reduction reward

upon successful delivery of the sample, and the network

congestion condition (based on its own queue backlog). In

such way, it prevents the multiple source nodes in the network

from blindly sampling as fast as possible to reduce its own age,

and thus improves the network congestion condition.
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B. A Distributed Flow Routing and Link Scheduling Strategy

As for the relay strategy, we aim to develop a joint flow

routing and link scheduling strategy to maximize the second

term of equation (26) while meeting all the scheduling con-
straints and queueing constraints described in problem P1.
As for the first part in the second term of equation (26), we

have:

∑
i∈N

Qi (t)

⎡
⎣ ∑
j∈T Ri

yij (t)−
∑

j∈T Ri

yij (t)

⎤
⎦

=
∑
i∈N

∑
j∈T Ri

Qi(t)yij (t)−
∑
i∈N

∑
j∈T Ri

Qi(t)yji (t)

=
∑
i∈N

∑
j∈T Ri

Qi(t)yij (t)−
∑
i∈N

∑
j∈T Ri

Qj(t)yij (t)

=
∑
i∈N

∑
j∈T Ri

(Qi(t)−Qj(t))yij (t) .

(29)

Then the second term of equation (26) can be written as:

max
∑
i∈N

∑
j∈T Ri

(Qi(t)−Qj(t))yij (t)+λ
∑
a∈M

∑
i∈N

∑
j∈T Ri

Sa
ij(t) .

(30)

To efficiently solve the above maximization problem, we

propose an iterative greedy strategy under which each node can

determine when and where to forward a packet by evaluating

the pressure gradient between its own queue and the queue of

its neighbor nodes, as well as the potential age reward.

We consider one node (node i ∈ N ) at a time and try to
activate one link for data transmission. The selection of link

is based on weight parameter weightij (t) which is calculated
as follows:

weight(i,j) (t) = (Qi (t)−Qj (t)) + λ
∑
a∈M

Sa
ij (t) . (31)

As discussed earlier in P1, we employ interference free

scheduling, where only one of any two links that are within

each other’s interference range can be activated in one time

slot. Therefore, if we activate link (i, j), then the set of links
that interfere with link (i, j) can not be activated in this time
slot. In this case, the ordering of node selection is of critical

importance to the algorithm performance. To alleviate the

impact of random node selection, we also go through the set

of links that interfere with link (i, j). If there exists any link
(m,n) with a larger value of weightmn (t) compared with link
(i, j), we choose to activate (m,n) instead.
Note that in order to keep track of the interference relation-

ship among the nodes in a distributed manner, we maintain

two local sets at each node as proposed in [28]. For example,

at each node i, we maintain one local set θi (t) to record the
candidate links, which includes the outgoing link from node

i with the maximum weight (i.e., link (i, j)), and all the links
that interfere with link (i, j). We use another local set ρi (t)
to store activated links that are within node i’s interference
range. Then a new link can be activated only if it does not

interfere with links that are already activated. Now we present

detailed explanation of the proposed algorithm.

1) Step1: Node selection: We employ the so-called dis-

tributed ranking algorithm by Zaks [29] to rank nodes in the

network in a distributed manner. In such way, the nodes are

considered once in each iteration for link activation in a round

robin setting. We generate a random number for each node as

its initial value. After a node obtains its rank based on Zak’s

algorithm, it knows when it will be selected for link activation.

2) Step2: Link activation: After a node being identified, our
algorithm will select one link for activation while satisfying

scheduling and queueing constraints in Equations (1, 2, 3). We
first describe the necessary conditions under which a link can

be selected. Then we present how to update state information

of nodes that are involved in this selection.

We now discuss how to select a link for activation in a given

time slot. Note that as discussed in P1, we employ half-duplex
mode for each transceiver. Therefore, each node operates in

one of three modes in a time slot: transmit, receive, or idle.

Suppose node i is selected in time slot t, the algorithm first

checks its current status. If node i is already activated, i.e.,
si (t) = Tx or si (t) = Rx, it will be skipped in this iteration
and the algorithm will move on to the next node. If node i is
idle, i.e., si (t) = Idle, it will choose a link for activation as

follows.

First, node i will iterate all of its neighboring nodes and
select qualified outgoing links. An outgoing link (i, j) can
be selected if the following two requirements are satisfied:

i) the neighboring node j is idle (sj (t) = Idle); and ii) link

(i, j) does not interfere with the activated links in ρi. If both
requirements are met, the weight of link (i, j) is calculated as
equation (31).
After iterating all such links, node i selects the link with

maximum weight and add it to local set θi(t) ← θi(t) ∪
{(i, j)}. Then we add links that interfere with link (i, j) to
θi(t). Note that node i then iterates all the links in θi(t) to
find the link (m,n) with largest weight in θi(t). Then link
(m,n) will be activated.

3) Step3: Status update: Suppose link (m,n) is activated
in step 2. Then we have to update the status of relevant nodes

as follows: i) we update the status of node m and node n, i.e.,
sm (t) = Tx and sn (t) = Rx; ii) as for all the nodes within

interference range of node m or node n, link (m,n) should
be added to their local sets ρm (t) and ρn (t).
After updating the status of relevant nodes, this iteration

terminates. The algorithm moves on to the next node until all

the nodes are visited.

VI. PERFORMANCE EVALUATION

In this section, we present simulation results to evaluate

the performance of our proposed scheme. We compare the

performance of proposed scheme with three commonly used

strategies as follow:

• To demonstrate the performance of distributed imple-

mentation of our proposed scheme, we employ a Greedy

Maximal Scheduling (GMS) algorithm described in [21] as

a benchmark. Note that in our simulation, the centralized

algorithm employs the same sampling strategy and weight
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Algorithm 1 A Distributed Data Sampling and Relay Strategy
1: Initialization:Γ ← ∅, ∀i ∈ N , θi (t) ← ∅, ρi (t) ← ∅,

si (t)← Idle;

2: selecting a node according to Zaks ranking algorithm;

3: for each i ∈ N do
4: if si (t) = Idle then
5: selecting a node j from T Ri, thus link (i, j) is

interference free with links in ρi (t) and achieves the
maximum weight;

6: if ∃j ∈ T Ri so that (i, j) /∈ IR (a, b) , (a, b) ∈ ρi (t)
then

7: weight(i,j) (t)=(Qi (t)−Qj (t))+λ
∑

a∈M Sa
ij (t)

8: (i, j) = maxj∈T Riweightij (t)
9: θi (t)← θi (t) ∪ {(i, j)};
10: end if
11: add links interfere with link (i, j) to θi (t);
12: if (k, s) ∈ IR (i, j) , (k, s) /∈ IR (c, d) , (c, d) ∈

ρs (t) ∪ ρk (t) then
13: θi (t)← θi (t) ∪ {(k, s)};
14: end if
15: (m,n) = max(p,q)∈αi(t)weightpq (t);
16: Γ← Γ ∪ {(m,n)};
17: sm (t) = Tx,sn (t) = Rx;
18: ∀x ∈ IRm ∪ IRn,ρx (t)← (m,n);
19: end if
20: end for
21: return Γ.

function as ours. It is referred to as “age-based centralized

scheme”.

• To demonstrate the advantage of incorporating age-related
factors in the design of our proposed scheme, we employ

the traditional backpressure algorithm described in [23] as

a benchmark. Note that under the traditional backpressure

algorithm, the weight of each link is based on queue length

differentials. It is referred to as “backpressure”.

• To show the difference of delay oriented scheme and

age oriented scheme, we employ a delay-optimal strategy

described in [22]. It is referred to as “delay-based”.

A. Simulation Settings

We consider a multihop networked monitoring system with

20 nodes that are randomly distributed in a circular area with

a radius of 100. For scalability, we normalize all units for

distance and time with appropriate dimensions. We assume

that the transmission and interference range of each node in the

network as 30 and 40. The maximum length of queue backlog

is set to 10. As for each comparison study, we randomly

generate 30 network instances and obtain the average results.

B. Results and analysis

Figure 3 shows the trend of averaged age of information

under four different schemes as the number of source nodes

increases from 5 to 15. The tuning parameter λ is set to 0.03.
As shown in the figure, average age of information increases

as the number of source nodes in the network increases as

expected. Among the four schemes, the performance of our

proposed distributed scheme and centralized age-based scheme

significantly outperforms the other two schemes. Moreover, the

performance gap between our proposed distributed scheme and

the centralized scheme is marginal.

Fig. 3. Averaged AoI when the number of source nodes increases.

Figure 4 shows the trend of Lyapunov function under four

schemes as the number of source nodes increases from 5

to 15. The tuning parameter λ is set to 0.03. As shown in

the figure, the value of Lyapunov function increases as the

number of source nodes increases. Note that the sampling rate

is fixed under the traditional backpressure algorithm and delay-

optimal scheme. It is easy to observe that the system stability is

greatly improved by the adaptive sampling strategy employed

in the other two schemes. The performance of our proposed

scheme and the centralized age-based scheme outperforms the

delay-based scheme, while the performance gap between the

centralized scheme and our proposed distributed scheme is

marginal.

To demonstrate the robustness of our proposed scheme, we

investigate the effect of tuning parameter λ on the system

performance. Recall that λ adjusts the tradeoff between age
performance and system stability. In figure 5 and figure 6,

we present the age performance and network stability under

our proposed scheme and centralized age-based scheme as the

value of λ decreases, respectively. The number of source nodes
is set to 10.

Figure 5 shows the trend of averaged age of information

under our proposed scheme and centralized age-based scheme

as the value of λ decreases from 0.1 to 0.006. As shown

in the figure, the achievable age under both schemes first

decreases as the value of λ decreases, and then increases.

Since a smaller value of λ favors the system stability, as

the value of λ decreases, the source nodes are prevented

from frequently generating samples to congest the network.

The age performance is first improved due to less congested
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Fig. 4. System stability when the number of source nodes increases.

network. However, as the generation of samples becomes too

sporadically at source nodes, the delivered samples become

outdated which results in an increase of achievable age at

AP. We can observe that the performance gap between our

proposed distributed scheme and the centralized scheme is

marginal.

Figure 6 shows the trend of network stability under central-

ized scheme and proposed scheme as the value of λ decreases
from 0.1 to 0.006. As shown in the figure, the Lyapunov

function under both of the two schemes decreases as the value

of λ decreases. This is because that smaller value of λ slows
down the sampling rate at source nodes, which reduces the

traffic load in the network. Again, we can observe that the

performance gap between our proposed distributed scheme and

the centralized scheme is marginal.

Fig. 5. Averaged AoI when network parameter 1
λ
increases.

Fig. 6. System stability when network parameter 1
λ
increases.

Fig. 7. Averaged AoI when queue capacity Qmax increases.

To show the effect of queue capacity at each node on the

averaged age performance, we perform numerical studies for

our proposed scheme under different number of source nodes.

Figure 7 shows the trend of averaged age of information as

the queue capacity increases from 3 to 50 when the number

of source nodes are 5, 10, and 15. As shown in the figure,

the averaged age of information first decreases as the queue

capacity increases, and then tends to be stable. This is because

that when the queue capacity at each node is small, the

network would be quickly congested and may leads to longer

routes for the newly generated packets and lower sampling rate

at the source node. As the queue capacity grows, the adaptive

sampling at source nodes and the routing of multiple flows

would tend be stable.
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VII. CONCLUSION

The emerging real-time applications enabled by networked

monitoring system require timely situational awareness of

surroundings. In such systems, it is urgent to evaluate the

freshness of information when designing data sampling and

transmission schemes. In this paper, we considered a multihop

networked monitoring system, where a data fusion node col-

lects status updates from multiple end devices with embedded

sensors. We studied an average AoI minimization problem

by jointly considering data sampling at source nodes, link

activation strategy among multiple links, routing strategy for

multiple information flows, queueing strategy at each node,

and age evolution among multiple hopes. The formulated

optimization problem falls in the category of INLP. To solve

the long-term age minimization problem efficiently, we derived

an age reduction reward function for each time slot, and

employed Lyapunov optimization techniques to characterize

the tradeoff between age reward and system stability. Then a

distributed scheme consisting of sampling strategy at source

node, as well as routing and link activation strategy at each hop

is proposed. Simulation results show that the performance of

our proposed scheme is competitive in delivering information

in a timely manner when compared with existing schemes.
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