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Abstract— Age of Information (AoI) has emerged as a 

critical metric for measuring information freshness in networks. 

It is distinct from traditional metrics like throughput and 

latency. This paper surveys recent advances in optimizing AoI 

through graph-theoretic approaches, with a focus on mobile 

agent networks. 

We introduce the mathematical foundations of AoI and its 

key metrics—average age and peak age. We examine mobility 

graphs as models for agent movement constraints, particularly 

in applications like UAV-based data collection. Our survey 

explores two fundamental scenarios: information gathering 

from distributed sources and information dissemination to 

destination nodes. 

The literature reveals both theoretical results (including NP-

hardness proofs and approximation algorithms) and practical 

heuristics algorithm for these problems. We conclude by 

identifying promising research directions for optimizing AoI: 

reinforcement learning-based trajectory optimization and 

applications in emerging domains such as edge computing and 

time-sensitive control systems.  
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I. INTRODUCTION 

A. Definition:  

In an increasingly interconnected world where real-time 

decision-making relies on timely status updates, 

information's freshness has become a critical performance 

metric distinct from traditional network measures. Age of 

Information (AoI) quantifies this freshness as the time 

elapsed since the generation of the most recent update 

received at a monitor about a remote process or entity of 

interest [1]. Age of Information (AoI) is a metric that 

measures the timeliness of a monitor's knowledge about an 

entity or process. It is an end-to-end metric for 

characterizing latency in status-updating systems and 

applications [1]. In short, it is a measure of the freshness of 

information at the destination. 

B. Innovation and importance 

Unlike conventional metrics such as throughput, which 

measures data volume, or latency, which measures delivery 

time, AoI uniquely captures information timeliness from the 

receiver's perspective and address the fundamental question: 

"How old is the receiver's knowledge of the system state?" 

[1] 

The importance of information freshness extends across 

numerous critical domains. In the Internet of Things (IoT) 

applications, stale sensor readings can lead to incorrect 

environmental assessments. Autonomous vehicles require 

current positional data to make safe navigation decisions. 

Financial trading algorithms demand up-to-date market 

information to execute profitable transactions. Emergency 

response systems need timely status updates to coordinate 

effective disaster management. In each case, the value of 

information degrades over time. Freshness is often more 

significant than throughput or latency [2]. 

II. BACKGROUND AND PRELIMINARIES 

This section establishes the mathematical foundations of 

the Age of Information (AoI) and defines key performance 

metrics for evaluating policies' effectiveness in mobility 

graphs. 

A. Age of Information Definition 

The Age of Information at time t, denoted as Δ(t) or 

AoI(t) in the literature [1] [3], measures the elapsed time 

since the generation of the most recent update received at a 

monitor. Formally, u(t) represents the timestamp of the most 

recent update that has reached the monitor by time t. The 

AoI is then defined as: 

Δ(t) = t − u(t),   t ≥ u(t) 
Unlike conventional network performance metrics that focus 

on throughput or delay, AoI captures information freshness 

from the receiver's or destination's perspective. As 

illustrated in Figure 1, AoI increases linearly with the time 

between update receptions and drops when a newer update 

arrives. In this case, we can see that the AoI function 

behaves in a sawtooth pattern. 



 
Figure 1: AoI sawtooth pattern [1] 

The sawtooth pattern visually represents the aging and 

refreshing cycle of information. Between update receptions 

(at times t1, t2 etc.), the AoI increases with a slope of one. 

When a new update arrives, the AoI experiences an 

instantaneous drop as fresher information becomes 

available. 

Specifically, when the monitor receives an update at 

time 𝑡2 that was generated at time 𝑢(𝑡2), the AoI drops to 

Δ(𝑡2) = 𝑡2 − 𝑢(𝑡2). In an idealized system with 

instantaneous delivery, 𝑢(𝑡2) = 𝑡2, and the AoI would reset 

to zero. However, practical systems involve transmission 

delays, processing time, and network congestion, causing 

the AoI to drop to a positive value that represents this end-

to-end delay. 

The area under the sawtooth curve represents the 

cumulative age over time and provides a direct geometric 

interpretation of the time-average AoI metric. 

B. Key Age of Information Metrics 

From the definition of AoI, we derive two critical 

metrics for system optimization: 

1) Average Age of Information (AAoI) 

The Average Age of Information represents the typical 

staleness of information in the system over time, answering 

the question: "How fresh is my information on average?" [3] 

For node i, this is formally defined as: 

Ai
ave =   lim

T→∞

1

T
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T
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Equivalently, as the area under the AoI curves in 

the continuous domain: 

Δ̅ = lim
𝑇→∞

1

𝑇
∫ Ai(𝑡)𝑑𝑡

𝑇
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2) Average Peak Age of Information (PAoI) 

The Average Peak Age of Information represents the 

worst-case staleness of information, answering: "What's the 

oldest information ever gets before being refreshed?" 

For node i, this is formally defined as: 

𝐴𝑖
p
= lim

𝑇→∞

∑ 𝐴𝑖(𝑡)𝟙{𝑚(𝑡)=𝑖}
𝑇
𝑡=1

∑ 𝟙{𝑚(𝑡)=𝑖}
𝑇
𝑡=1

 

Where 𝟙{𝑚(𝑡)=𝑖} is the indicator function that equals 

1 only when the mobile agent visits node i. 

More intuitively, PAoI represents the average of all 

peak values in the age of information curve, which are those 

moments just before fresh information arrives. 

While average AoI provides a general picture of 

information freshness, PAoI specifically highlights the 

extreme cases that might be most critical for time-sensitive 

applications in mobile agent networks or decisions based on 

excessively stale information that could lead to system 

failures or safety concerns. 

III. GRAPH-THEORETICAL MODELING FOR AGE OF 

INFORMATION  

This section uses graph theory to establish the graph-

theoretical foundation for analyzing and optimizing the Age 

of Information in networks with mobile agents. 

A. Networks as Graphs 

Communication networks are effectively modeled as 

graph-theoretical structures, where a graph G(V, E) 

represents the network architecture [4]. The vertex set V 

encompasses various node types (information sources, relay 

nodes, and destination terminals), while the edge set E 

represents feasible communication links between nodes. 

This mathematical abstraction enables the application of 

established graph algorithms and spectral analysis 

techniques to study many networking problems. See Figure 

2 for illustrations of common network topologies. 

 
Figure 2: Common network graph topologies [5] 

B. Mobility Graphs and Constraints 

For networks with mobile agents, we introduce mobility 

graphs GM(VM,EM) that specifically model movement 

patterns. Vertices VM represents physical locations agents 

can occupy. Edges EM represent feasible direct movements 

between locations. Edge weights 𝑤𝑖𝑗 may reflect travel 

times or energy costs 

Mobility constraints emerge from physical limitations, 

topographical barriers, or operational restrictions that 

structure the graph [3]. 



C. Random Walks and Markov Chains 

Random walks and Markov chains provide a powerful 

mathematical framework for analyzing agent trajectories on 

mobility graphs. A random walk on a directed graph is 

characterized by a transition probability matrix 𝑃 = [𝑝𝑖𝑗], 

where 𝑝𝑖𝑗 represents the probability of an agent moving 

from location i to location j [6]. This stochastic process 

forms a Markov chain, where future movements depend 

only on the current location and probability matrix. 

For a connected, non-bipartite graph, the Markov chain 

will converge with its unique stationary distribution 

regardless of the starting position [4] [6]. 

Through careful design of transition probabilities, we 

can optimize the Markov chain's properties to minimize 

information age across the network, as we will explore in 

subsequent sections. 

IV. OPTIMIZING AGE OF INFORMATION IN MOBILITY 

GRAPHS 

In this section, we build upon the graph-theoretical 

foundation to analyze specific optimization problems related 

to the Age of Information (AoI) in mobility graphs. We 

focus on two fundamental scenarios that represent the 

primary information flows in networked systems: 

information gathering and information dissemination [3]. 

A. Information Gathering Problem 

1) Problem Definition 

In the information-gathering problem, a mobile agent 

must retrieve time-sensitive data from distributed terminals 

(source nodes) and deliver it to a central station [3].  

The information flow can be characterized as: 

Multiple endpoints → Mobile agent → Base station 

An example is a drone collecting environmental sensor 

readings from remote locations across a large area. Also, 

sensors continuously generate new measurements that 

become stale over time. 

B. Information Dissemination Problem 

1) Problem Definition 

In the information dissemination problem, a mobile 

agent distributes time-sensitive updates from a central 

station to distributed terminals (destination nodes) [3].  

The information flow is: 

Base station → Mobile agent → Multiple endpoints 

A representative example is robots delivering precise 

irrigation schedules or control signals to smart farming 

equipment distributed across large agricultural fields. 

V. OPTIMAL STRATEGIES FOR OPTIMIZING AGE OF 

INFORMATION IN MOBILITY GRAPHS 

This section briefly presents key results on optimal 

strategies for Age of Information (AoI) minimization in 

mobile agent networks. Please refer to the original works for 

complete proof and detailed analysis [3]. 

A. Complexity and Optimality Results 

For information-gathering problems, the complexity and 

strategies of finding optimal solutions vary significantly 

between the two AoI metrics. For Average Peak Age, the 

optimal strategy can be computed in polynomial time using 

randomized trajectories based on fastest-mixing Markov 

chains [3] [7]. In contrast, for Average Age, finding the 

optimal trajectory is proven to be NP-hard [3]. Thus, the 

heuristic approach is used to efficiently minimize the 

average age. 

For information dissemination problems, a different 

approach is required. [3] suggests using a separation 

principal policy that combines the fastest-mixing 

randomized trajectory with a simple rate control mechanism. 

This policy proves to be factor-O(H) optimal for both peak 

and average age metrics, where H represents the hitting time 

of the mobility graph. 

B. Fastest-Mixing Trajectory Approach  

For both average and peak age metrics, the fastest-

mixing randomized trajectory provides strong performance 

guarantees by minimizing the time information takes to 

propagate through the network. This approach achieves 

optimal mixing by constructing a Markov chain that 

converges rapidly to its stationary distribution [7]. 

In the specific context of AoI optimization, [3] adapt this 

approach to optimize the average age by solving: 

 
Figure 3: Fastest mixing randomized trajectory [3] 

Due to the computational complexity of solving the 

original NP-hard problem, they propose using the fastest-

mixing reversible randomized trajectory as a practical 

heuristic. This approach provides a factor-H approximation 

for average age minimization (where H is the hitting time of 

the mobility graph) while achieving optimality for peak age 

metrics [3]. 

C. Age-Based Policies 

For symmetric network structures, more straightforward 

greedy approaches provide strong performance guarantees 

without requiring complex optimization procedures. 

The age-based trajectory policy directs the mobile agent to 

prioritize visiting nodes with the highest current Age of 

Information. In symmetric networks (where all nodes have 

equal importance weights), this simple strategy achieves a 

factor-2 approximation for average AoI minimization [3]. 

VI. CONCLUSION AND FUTURE RESEARCH DIRECTIONS 

A. Conclusion 

In this paper, we explored and discussed a graph-

theoretic framework for optimizing the Age of Information 

in mobile agent networks. There are a couple of interesting 



insights. First, average peak age optimization can be 

elegantly solved through fastest-mixing random walks. At 

the same time, the same algorithm can also effectively solve 

average age optimization despite its NP-hard complexity. 

Second, the separation principle for information 

dissemination enables near-optimal performance by 

decoupling movement and transmission decisions. These 

insights provide both a mathematical foundation and 

practical design principles for addressing information 

freshness challenges in mobile networks. 

B. Future Research Directions 

Several promising research directions emerge from this 

study. Age of Information naturally extends to application 

domains, including edge computing and control systems, 

where AoI-optimal frameworks can minimize computation 

latency and optimize feedback timing. Additionally, 

integrating reinforcement learning techniques could enable 

adaptive trajectory optimization that responds to dynamic 

network conditions while approaching theoretical 

performance bounds. As information freshness becomes 

increasingly critical in distributed systems, these research 

directions are likely to gain significant attention in the near 

future. 
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