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Introduction

In the world of combinatorial optimization, the study of routing problems is as vibrant and essential as it is complex.

Among these, arc routing problems occupy a unique niche that blends graph theory, operations research, and

practical logistics. Unlike the more widely known node based vehicle routing problems, arc routing focuses on
servicing edges—think of street sweeping, garbage collection, or utility maintenance—rather than just visiting

customer locations. This article offers a deep dive into arc routing problems, exploring their core concepts, the array

of methods used to solve them, and the diverse applications that benefit from these sophisticated algorithms.

Whether you're a researcher, a logistics professional, or simply curious about how cities keep their streets clean,

this guide will illuminate the fascinating world of arc routing.

What Are Arc Routing Problems?

Arc routing problems are a family of optimization challenges that involve determining the most efficient way to
traverse the edges of a graph. In a typical graph representation, vertices (or nodes) denote points such as
intersections, while arcs (or edges) represent the roads or paths that need to be serviced. The objective is usually
to minimize total travel distance, time, or cost while ensuring that each required arc is covered at least once.

Unlike node based routing, where the focus is on visiting specific locations, arc routing requires a vehicle to
physically traverse each serviceable segment. This difference introduces unique constraints and solution strategies,
making arc routing a compelling field of study with direct real world implications.

Key Terminology

* Required arcs: Edges that must be serviced.

e Optional arcs: Edges that may be traversed for routing efficiency but are not mandatory.

* Depot: The starting and ending point of the service vehicle.

¢ Cost function: A mathematical representation of travel distance, time, or fuel consumption.
Feasibility: A solution that satisfies all constraints (e.g., vehicle capacity, time windows).

Types of Arc Routing Problems

Arc routing problems come in several flavors, each tailored to specific operational contexts. Below are the most
common variants:

Chinese Postman Problem (CPP)

The CPP, also known as the Route Inspection Problem, seeks the shortest closed walk that traverses every
required arc at least once. It is often used for tasks like street sweeping or mail delivery where a single vehicle must
cover all streets.

Arc Routing Problem with Multiple Vehicles (ARPMV)

When more than one vehicle is involved, the problem extends to allocating routes among vehicles while minimizing
total cost or balancing workload.



Capacitated Arc Routing Problem (CARP)

In CARP, each vehicle has a capacity constraint (e.g., garbage truck capacity). The goal is to design routes that
respect these limits while covering all required arcs.

Arc Routing Problem with Time Windows (ARTW)

Time windows impose additional constraints on when arcs can be serviced, reflecting peak traffic times or service
regulations.

Vehicle Routing Problem with Route Balancing (VRPRB)

This variant focuses on balancing the workload among vehicles to avoid overloading a single crew.

Common Arc Routing Problem Variants

Beyond the primary types, researchers have identified numerous sub variants that capture more nuanced
operational realities.

Stochastic Arc Routing Problems

These models incorporate uncertainty in travel times or arc availability, requiring robust or adaptive solutions.

Multi Objective Arc Routing Problems

Here, multiple objectives—such as minimizing cost while maximizing customer satisfaction—are simultaneously
optimized.

Arc Routing with Heterogeneous Fleet

Vehicles of different capacities and operating costs are considered, reflecting real fleet compositions.

Solution Methods for Arc Routing Problems

Because arc routing problems are NP hard, exact solutions are often computationally expensive for large instances.
Consequently, a rich toolbox of algorithms has been developed, ranging from mathematical programming to
heuristic and metaheuristic approaches.

Exact Algorithms

 Integer Linear Programming (ILP): Formulates the problem as a set of linear constraints with binary decision
variables. Modern solvers (CPLEX, Gurobi) can solve small to medium instances efficiently.

e Branch and Bound: Systematically explores the solution space while pruning infeasible branches.

e Cutting Plane Methods: Iteratively adds constraints to tighten the ILP formulation.
Heuristic Approaches

Heuristics provide fast, near optimal solutions by applying domain specific rules.

* Greedy Algorithms: Select the next best arc based on a cost metric.

« Insertion Heuristics: Build routes by inserting arcs into an existing tour.

e Local Search: Iteratively improves a solution by exploring neighboring solutions.
Metaheuristics

These high level strategies guide underlying heuristics and are particularly effective for large, complex instances.

¢ Simulated Annealing: Probabilistically accepts worse solutions to escape local optima.
e Tabu Search: Uses memory structures to avoid revisiting recent solutions.



¢ Genetic Algorithms: Evolves a population of solutions using crossover and mutation.

* Ant Colony Optimization: Mimics ant foraging behavior to discover efficient routes.

e Particle Swarm Optimization: Models social behavior of particles moving through solution space.
Hybrid and Constraint Programming Techniques

Combining the strengths of different methods yields powerful hybrid algorithms. Constraint programming, in
particular, excels at handling complex logical constraints such as time windows or vehicle routing rules.

Decomposition Strategies

Large networks can be decomposed into smaller sub problems (e.g., by partitioning the graph), solving each
sub problem separately, and then merging the solutions.

Applications of Arc Routing Problems

Arc routing models have found widespread application across many sectors. Their ability to optimize edge based
service operations makes them indispensable for efficient logistics and public service planning.

Municipal Street Sweeping and Snow Plowing

City departments rely on arc routing to schedule daily cleaning or snow removal. By minimizing travel distance,
municipalities reduce fuel consumption and improve service frequency.

Garbage Collection

Waste management companies use capacitated arc routing to design routes that respect truck capacity and
minimize travel time, thereby lowering operational costs.

Utility Maintenance and Inspection

Electricity, water, and telecommunications providers employ arc routing to schedule inspections of power lines,
pipelines, and fiber optic cables.

Mail Delivery and Logistics

Postal services can model delivery routes as arc routing problems, ensuring that each street segment is serviced
efficiently while adhering to delivery time windows.

Public Transit and Shuttle Services

Shuttle buses and school buses often follow routes that cover specific streets or corridors. Arc routing helps
optimize these routes for time and cost.

Emergency Response and Disaster Relief

In disaster scenarios, responders need to traverse damaged roads efficiently. Arc routing can help plan the quickest
paths for delivering supplies or evacuating civilians.

Urban Planning and Infrastructure Development

City planners use arc routing to evaluate the impact of new roads or the closure of existing ones, assessing how
these changes affect service routes.

Telecommunications Network Design

When deploying new fiber optic lines, engineers use arc routing to determine the most cost effective paths for laying
cables.



Case Study: Snow Plowing in a Mid Size City

Consider a city with a network of 500 streets (edges) and 200 intersections (nodes). The municipal snow removal
department operates 10 trucks, each with a capacity of 40 tons of salt and a daily fuel limit. The objective is to
design routes that cover all snow affected streets while minimizing total travel distance and ensuring each truck
stays within its fuel limit.

Using a capacitated arc routing model, the city’s operations team first formulates an ILP to capture the capacity and
fuel constraints. However, due to the problem'’s size, they supplement the ILP with a hybrid metaheuristic: a genetic
algorithm that generates initial routes, followed by a tabu search to refine them. The result is a set of ten routes that
cover all required streets with a 12% reduction in total travel distance compared to the previous manual planning
approach.

Future Directions in Arc Routing Research

While significant progress has been made, several research avenues remain promising:

¢ Real Time Arc Routing: Incorporating live traffic data to adapt routes on the fly.

* Integration with Autonomous Vehicles: Leveraging self driving trucks for more flexible routing.

Multi Modal Arc Routing: Combining road, rail, and aerial assets in a unified routing framework.

¢ Green Arc Routing: Optimizing routes to reduce carbon emissions, considering electric vehicle constraints.
 Human Centric Arc Routing: Balancing efficiency with driver workload and safety.

Conclusion

Arc routing problems represent a critical intersection of theory and practice. Their focus on servicing edges rather
than nodes aligns perfectly with many real world logistics challenges—from street sweeping to utility maintenance.
Over the decades, a diverse set of solution methods—exact algorithms, heuristics, metaheuristics, and hybrids—
has emerged to tackle these complex problems. Today, arc routing continues to evolve, driven by advances in data
analytics, autonomous vehicles, and sustainability concerns. Whether you're designing city wide street cleaning
schedules or planning emergency response routes, understanding arc routing problems, their methods, and
applications empowers you to create smarter, more efficient, and more resilient operations.
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