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Abstract9

Background: The Robot Operating System (ROS) is a framework widely adopted for developing10

robotics applications. Its topic-based communication model allows distributed components to ex-11

change data via message-passing, where suboptimal messaging configuration can lead to performance12

degradation and resource inefficiency.13

Aims: This paper aims to investigate the energy consumption for ROS 2 topic-based communication,14

focusing on messaging configurations commonly used in real-world robotics projects.15

Method: We systematically mine 112 active ROS 2 GitHub repositories to identify prevalent16

message types, frequencies, sizes, and number of subscribers. These insights guide the design of a17

controlled experiment in which we measure the power consumption of ROS 2 nodes across multiple18

configurations.19

Results: Analysis reveals that message type and interval significantly affect subscriber-side energy20

usage, with complex messages also affecting the publisher side. This evidence helps guide the design21

of energy-aware robotics software based on publish/subscribe communication.22

Conclusions: ROS 2 topic-based communication design decisions, especially message type and23

publishing interval, have a substantial impact on energy consumption.24
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1 Introduction33

Robots are increasingly being integrated into different sectors of society, such as industry,34

agriculture, and autonomous vehicles. Energy consumption is a critical concern in the35

development of robotics systems [35], affecting not only battery-dependent robots but also36

industrial applications where non-mobile robots account for a considerable portion of total37

energy usage. Software components have an increasingly central role in controlling robotics38

systems, and studies show that design decisions can considerably impact robotics software39

energy consumption [19]. Although relevant studies are scarce [21], previous work has40

identified software architectural patterns used to improve the energy efficiency of robots [29].41
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The Robot Operating System (ROS) [16,33] is a middleware that has become the de facto42

standard for robotics software development in both industry and research [20]. Its topic-based43

publish/subscribe communication model enables interoperability and modularity between44

components, fostering reuse and flexibility. However, this flexibility leads to a substantial45

design space, where developers must choose among hundreds of message types, determine46

appropriate publishing frequencies, and design message structures suited to their systems.47

These decisions can have significant energy implications since they result in different resource48

demands. Therefore, good practices in designing ROS component communication could49

directly benefit the energy efficiency of robotics software systems. As a result, primarily,50

battery-powered robotic missions could operate for longer durations without sacrificing51

other quality attributes [35]. Secondarily, this approach helps to minimize the overall52

software emissions footprint, since lower energy consumption typically translates into reduced53

greenhouse gas emissions.54

The main goal of this work is to evaluate how design decisions in topic-based commu-55

nication impact the software energy consumption of ROS-based systems. Such insights are56

particularly relevant in a domain where developers are often not trained software engineers57

and software is modularly built from existing components. In this study, we first system-58

atically mine 112 active ROS 2 GitHub repositories, identifying the most frequently used59

topic communication configurations. Guided by those factors, we then design and execute60

controlled benchmarking experiments to measure the energy consumption of ROS 2 nodes61

across various combinations of message types, sizes, intervals, and number of subscribers, using62

the RAPL interface [27] for fine-grained power monitoring. Lastly, from the analysis of the63

results, we compile guidelines on how to design energy-efficient ROS 2 topic communication.64

Experimental results reveal that message type and interval have a significant and65

statistically measurable impact on power consumption, especially on subscriber nodes.66

Complex sensor messages such as Image, PointCloud2, and LaserScan incur the highest67

energy cost, while lightweight types (i.e., simpler data structures) like String, Float32, and68

Int32 offer more efficient communication. We also observe that short message intervals have69

a greater energy impact than increased message size. The number of subscribers does not70

affect publisher’s energy profile, confirming the delivery decoupling assumptions of the DDS71

layer over which ROS 2 is built.72

The main contribution of this paper is a comprehensive empirical investigation into the73

energy efficiency of topic-based communication in ROS 2, which also delivers a replication74

package1 that includes a valuable dataset and the implementation of the experiment. The 675

resulting guidelines inform practitioners on how to design ROS 2 topic communication in an76

energy-efficient manner. The target audience of this work is robotics researchers, ROS77

developers, and software engineers concerned with the sustainability and efficiency of robotic78

systems. By providing empirical evidence, our study assists practitioners in making informed79

decisions in the design of ROS 2 systems.80

2 Related Work81

Considerable research has been conducted on the impact of software on the energy consump-82

tion of robotics systems, but most focuses on how software affects the energy consumption83

of the whole system, including the hardware, rather than the consumption of the software84

1 https://anonymous.4open.science/r/ESEM-ROS-Topic-rep-pkg-51A3

https://anonymous.4open.science/r/ESEM-ROS-Topic-rep-pkg-51A3
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itself [35]. For instance, for ROS-based systems, there is work on mining architectural “green”85

tactics from code repositories, which were subsequently evaluated for their impact on the86

energy consumption of the system [23,29].87

A few works have systematically analyzed the impact of ROS-level design and paramet-88

rization decisions on software energy consumption. Previous work has explored the issue89

at the programming language level [21], and architectural decisions such as communication90

paradigm, number of nodes, and frequency of publication [19]. This work goes a step further91

by focusing on the impact of finer design decisions, taking into consideration widely used92

configurations extracted from a rigorous repository mining process. Beyond robotics, a few93

works have studied the impact of architectural decisions on software energy consumption,94

namely on cloud patterns [28] and IoT security patterns [26]. These studies concluded that95

architectural decisions can have a considerable impact on energy consumption.96

3 Robot Operating System97

ROS consists of a middleware that promotes the development of modular robotics software98

systems. There are two main versions, ROS 1 and ROS 2, the former having reached end-of-99

life in May 2025. Nodes are the main components of a ROS system, computational units100

that provide a well-defined functionality. They are written in general-purpose programming101

languages that connect to the ROS infrastructure through the ROS Client Library (RCL) [18].102

The most popular clients built over RCL are roscpp (C++) and rospy (Python).103

Nodes communicate with each other through topics (an asynchronous publish/subscribe104

model), services (a synchronous client/server model), or actions (a client/server model with105

asynchronous feedback), among which topics are the most widely used [34]. Multiple nodes106

may publish and subscribe to the same topic. Figure 1 illustrates an example of topic-based107

communication abstracted as a computation graph, where a node /publisher publishes to a108

topic /t, and 2 others, /subscriber1 and /subscriber2, listen to what is published. To publish

Figure 1 Example of ROS topic-based computation graph.
109

to a topic, the node calls the primitive create_publisher, which requires a name of the topic110

and a message type. The publication of messages at a fixed rate is usually enforced through111

timers with callbacks (create_timer) or loops blocking in Rate objects, both provided by112

the ROS clients. To subscribe to a topic, the node calls the primitive create_subscription,113

which requires the topic name, a message type, and a callback procedure that processes114

incoming messages.115

4 Research Design116

In this section, we present how the research is planned after a Goal-Question-Metric117

(GQM) [36] definition. Then, we detail the data analysis of the experiment results. This118

study’s main goal is to analyze the energy consumption of ROS 2 topic-based communication119

mechanisms for the purpose of understanding and improving their efficiency with respect to120
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message design, communication architecture, and deployment decisions from the viewpoint of121

ROS 2 developers and researchers in the context of robotic software systems.122

This research goal is unfolded in the following research questions:123

RQ1: What is the nature of active ROS 2 projects on GitHub?124

This RQ helps map the current state of ROS 2 development by identifying what types of125

systems, domains, and technologies active projects represent. This also helps us to understand126

the real impact of the findings by considering real applications.127

RQ2: How are ROS 2 topic message types distributed across the studied projects?128

This RQ aims to understand which message types are most prevalent across distinct robotic129

domains.130

RQ3: What is the impact of different message types on the energy efficiency of ROS 2131

nodes?132

This RQ investigates whether certain ROS 2 message types inherently demand more energy133

for being processed.134

RQ3.1: How does energy consumption scale in topics with different message types?135

This RQ focuses on the scaling behavior with the number of clients, publishing interval,136

and message size.137

RQ3.2: How does the architecture of publisher nodes affect other ROS nodes?138

This RQ explores the importance of designing efficient publishers, as subscribers directly139

depend on their behavior—particularly in message size and publishing interval.140

Table 1 describes the metrics used to answer the RQs, which are categorized into 2 main141

groups: resource usage, measured during experiment execution (Section 6); and repository142

characteristics, mined with the GitHub API (Section 5, phase i).143

Table 1 Research metrics.

Metric Unit Description RQ
Resource Usage

CPU usage % Average CPU usage during execution.
RQ 3RAM usage KB Average memory usage during execution.

Power W Average power consumption during execution.
Repository Characteristics

Creation Date The date the repository was created. All RQsLast update Date The date of the last commit to the repository.
Size KB The total amount of data of the repository.
Forks # The number of forks from the repository.
P. language Category The language in which nodes are implemented.

Resource usage metrics focus on CPU, memory usage, and power. Among these, CPU is144

widely recognized as the primary factor influencing software energy consumption [19, 29, 32].145

The impact of memory usage remains less clear [25,32], but it is nonetheless a critical resource146

in algorithm execution. Lastly, power represents the energy required to run the ROS nodes.147

Repository characteristics capture project activity, codebase size, popularity, and collab-148

oration. Qualitative attributes describe the robot type, manipulation capabilities, system149

cardinality, project goal, and application field. Topic information is extracted from source150

code to characterize communication patterns.151

4.1 Analysis of Experiment Results152

The RQs are addressed through a careful analysis of the experimental results, supported by153

appropriate statistical tests. The process begins by verifying the assumptions required for154

parametric testing, namely normality and homogeneity of variances. When both assumptions155

are satisfied, parametric tests are applied; otherwise, non-parametric alternatives are used.156
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Finally, whenever statistically significant differences are identified, post-hoc analyses are157

conducted to determine which groups differ while controlling for multiple comparisons.158

5 Research Approach159

In this section, we present the workflow of the research, which follows an empirical meth-160

odology combining systematic repository mining, descriptive and qualitative analysis, and161

controlled experiments. Figure 2 illustrates the workflow, divided into 5 phases: (i) initial162

search, (ii) qualitative analysis, (iii) message extraction, (iv) experimentation, and (v) profiling163

and guidelines.164

GitHub

Initial
Search

947/
163 Qualitative

Analysis
Message
Extraction

Experimentation

Legend

ROS 2
Repositories

2 researchers Automation
Phase Flow Interaction

112

Profiling
Data Guidelines

Figure 2 Research workflow.

(i) Initial Search: To create a representative dataset of ROS 2 projects, we crawl GitHub165

repositories using its REST API [9] with Query 1, where keyword ros2 is used to select166

only repositories that contain it in their name, description, or topics. The resulting list is167

representative and captures repositories with notable engagement (up to 566 forks), even168

though it excludes those indexed under alternative keywords like robotics. This search169

yields 947 repositories, which are further filtered to retain only the most relevant ones in170

terms of size, engagement, and activeness. The size:>4000 filter selects repositories with171

more than 4000 kilobytes of code and content, intended to exclude very small repositories that172

are unlikely to contain a complete robotics application. The forks:>10 condition ensures173

that only repositories with at least 10 forks are retrieved, used as a conservative indicator of174

community reuse or interest. The is:public filter limits the search to public repositories.175

The pushed:>2024-01-01 criterion ensures the projects have been updated recently (within176

the previous year of the mining), implying ongoing development or maintenance. Finally,177

archived:false excludes repositories that have been archived and are no longer actively178

maintained. This query resulted in 163 potential ROS 2-related repositories.179

Query 1 Query for ROS 2 robotics software repositories.
180

ros2 size : >4000 forks :>10 is: public pushed : >2024 -01 -01181

archived :false182183

(ii) Qualitative Analysis: In this phase, two independent researchers qualitatively classify184

each repository based on categories that reflect the nature of the robotic projects:185

• Robot’s domain: Specifies the environment in which the robot is intended to operate, i.e.,186

grounded, aerial, or aquatic. Projects without a specific domain are marked as generic.187

• Manipulation: Indicates whether the robot in the project is designed to use manipulators,188

such as robotic arms or grippers.189

• Cardinality: Describes whether the project involves a single robot or a multi-robot system.190

• Main goal: Represents the primary objective of the project, such as education, simulation,191

navigation, and so on.192
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• Robotic field: Refers to the broader application domain the robot is intended for, such as193

industrial automation, autonomous vehicles, or agriculture, if any.194

During the classification process, each repository was thoroughly examined by analyzing195

the repositories’ structure, description, and README files. In this phase, 51 repositories were196

discarded based on the following exclusion criteria, leaving a total of 112 repositories retained197

for further analysis:198

• No ROS package: Projects that do not contain the minimal structure required to be199

recognized as a ROS package. • Not in English: Documentation in other languages prevents200

reproducibility and validation by the broader community. • Documentation only: Projects201

that consist exclusively of documentation, without a ROS codebase. • Tool for ROS : Tools202

for ROS development (e.g., simulators), not associated with a specific robotics application.203

• Educational projects: Projects intended for teaching purposes that are not targeted at a204

specific robotics domain/field.205

The process started with a random sample of 20 repositories, which both researchers206

classified independently and in parallel. The simple agreement rate for each classification207

category was then calculated. Across all categories, an agreement of at least 84% was208

achieved, demonstrating strong alignment between the researchers’ analyses. After resolving209

any discrepancies, each researcher independently analyzed half of the remaining repositories.210

Finally, to mitigate potential bias, each researcher reviewed and validated the other’s211

classifications.212

(iii) Message Extraction: In this phase, detailed information on how topic-based message213

exchanges are implemented is extracted for the selected repositories. This process is largely214

automated using custom Python algorithms, which identify and extract the message types and215

publishers and subscribers associated with each topic. The algorithm scans the repositories’216

codebase, locating files with calls to create_publisher and create_subscription. Next,217

each file translates to an Abstract Syntax Tree (AST), enabling the extraction of message218

types, topic names, and subscription points.219

We mined a total of 354 distinct message types from various message description packages,220

the most frequent being sensor_msgs, geometry_msgs, and std_msgs. Regarding the221

number of subscribers, instances of 1, 2, 4, 5, 6, and 10 subscribers per topic were observed,222

where 1 subscriber is the most common configuration, with only 30 projects featuring multiple223

subscribers per topic (2 subscribers being the most popular among those). Additionally,224

50 projects with orphan topics were identified; that is, topics with only publishers or only225

subscribers. This is expected due to the modular development approach of ROS.226

Extracting the message interval poses additional challenges, as it can be specified in227

multiple ways, either directly in the source code or through external configuration files.228

Due to this variability, automated extraction is limited, and manual inspection is employed,229

searching for calls to ROS primitives related to timers and rates. The two researchers230

inspected a subset of 26 ROS 2 repositories, identifying 21 distinct message intervals, ranging231

from every 10 seconds to every 2 milliseconds. These are already distinct time intervals that232

can provide consistent scalability insights.233

(iv) Experimentation: We implemented publisher and subscriber nodes that can be234

executed with parameters from previous phases as arguments. In Sections 6.1 and 6.2, we235

detail their implementations. We then orchestrated an experiment that invokes these nodes236

with parameters corresponding to independent variables. Section 6 details this experiment’s237

design and execution.238

(v) Profiling and Guidelines: During the experimentation phase, we profile resource usage239

(Table 1), which informs the research questions. We implement a customized profiler for240
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CPU and memory usage of each ROS process, using the psutil Python library [14]. For241

power profiling, we use PowerJoular [31], a RAPL-based tool that provides real-time energy242

monitoring for individual processes across hardware components (e.g., CPU, GPU, and243

memory), and has been employed in several recent works on software energy analysis [19,30].244

These are subsequently translated into 6 guidelines (Section 8.3), designed to make the245

results more accessible and actionable for researchers and practitioners.246

6 Experiment Design and Execution247

The experiments were conducted on a single Desktop Computer with the following specific-248

ations: Ubuntu Linux 24.04, 64 GB of RAM, and an AMD Ryzen 5 7535HS CPU, with249

the resources never saturated during the experiments. We implement three algorithms:250

generator, publisher, and subscriber. The generator produces messages according to the ex-251

perimental parameters and stores them in shared memory, from which the publisher retrieves252

the messages for transmission. This design isolates the computational overhead of message253

generation in a separate process. The publisher and subscriber are implemented as ROS 2254

nodes running in a local ROS Jazzy [15] environment, each isolated as independent processes.255

For the experiment, from the data collected in Phase iii, we carefully select design256

decisions of ROS topic-based communication as independent variables: message interval,257

message type, message size, and number of clients. The resource usage metrics are already258

described in Table 1.259

• The message interval represents the frequency at which messages are published. We focused260

on 4 intervals within a range from 0.1–1.0 seconds (avoiding stressing the system). The261

factor levels were deliberately derived from the most frequently observed configurations in262

the mined repositories, while constraining the factorial design to 360 configurations and263

3.600 experimental runs. For message intervals, the selected values (0.1, 0.2, 0.5, and 1 s)264

capture the most frequently occurring short-to-moderate publication intervals observed in265

the analyzed projects.266

• The message type variable captures a range of widely used ROS message types, grouped267

by their respective ROS packages. To select a representable but feasible subset of types268

from the 354 extracted, we ranked them by number of occurrences and selected the 50 most269

frequent types, which are implemented in 12 distinct ROS 2 packages. Then, we selected270

the 3 packages with the most message types: std_msgs, geometry_msgs, and sensor_msgs,271

with 13, 11, and 9 message types in the top 50. Those packages account for more than half272

of message types found in that subset, with all other message packages counting 3 or fewer273

message types each. Therefore, the three selected packages can already offer valuable insights274

into how different message types affect the energy efficiency, with a feasible experimentation275

time. We then included the 5 most common types from each packages to ensure balanced276

coverage across groups, resulting in the following:277

std_msgs = {String, Int32, Float32, Float64, Float64MultiArray}278

geometry_msgs = { Vector3, Twist, PoseStamped, PoseWithCovariance, PoseWithCovari-279

anceStamped}280

sensor_msgs = {Image, JointState, PointCloud2, Imu, LaserScan}281

• The message size was defined at 3 levels: large (the maximum payload for each message282

type), medium (half the maximum size) and small (one third the maximum size).283

ESEM 2026



4:8 Whispers and Watts: ROS 2 Topic-Based Communication

• The number of clients refers to how many subscriber nodes receive messages from the284

publisher. We used values of 1 and 2, which correspond to the most common subscriber285

counts observed in the mined repositories.286

6.1 ROS 2 Message Publisher287

We implemented a flexible ROS 2 publisher node in Python designed to generate synthetic288

messages of various types and sizes, allowing reproducible experiments. The message type,289

message interval, and message size are configurable at runtime via command-line arguments.290

Internally, the publisher, given the arguments, constructs a synthetic message and periodically291

publishes it to a ROS 2 topic for a fixed duration (e.g., two minutes), also passed as an292

argument. The publisher (re-)generates the message every time with random data, mimicking293

a real application, where the message must be processed before publishing (e.g., the talker file294

– fogros2_examples/fogros2_examples /talker.py – in repository R35 [6]). The ROS 2295

message type packages are loaded dynamically using Python’s importlib, which avoids296

unnecessary overhead. Additionally, the publisher injects the header timestamp at each297

publication, avoiding identical messages and activating DDS features such as zero-copy [1],298

which prevents transmission of the same message in sequence.299

Each message type in our publisher supports a configurable message size parameter that300

controls the message payload generated. For basic types like String, the content consists of301

repeated phrases, increasing linearly in length. Numeric types, such as Float32 and Int32,302

use increasingly large values computed as fractions of their respective maximum representa-303

tions. For structured types like Imu and PoseStamped, higher size levels incrementally fill304

in more fields (e.g., x dimension only, then xy, and xyz dimensions). For more complex305

message types, we carefully generate data with compatible length regarding the message306

size argument. Image messages are synthetic RGB images created using OpenCV [22], with307

increasing resolutions: 86×86 (∼22KB), 105×105 (∼33KB), and 148×148 (∼66KB). The308

Float64MultiArray message increases the number of double-precision elements up to a total309

byte size near 64KB. PointCloud2 messages are 3D point arrays with random data, using310

up to 64KB in memory by adjusting the number of points. LaserScan messages increase the311

number of range and intensity samples proportionally.312

6.2 ROS 2 Message Subscriber313

We implemented a generic and configurable ROS 2 subscriber node that listens to the same314

topic where the publisher publishes messages. The subscriber runs until it does not receive315

any message for a preset timeout period of 5 seconds. It dynamically loads the specified316

message type based on a runtime parameter, allowing flexible support for different ROS 2317

message structures and avoiding unnecessary overhead. Upon receiving a message, the node318

prints its content to the console, effectively mimicking the behavior of a process that unpacks319

or consumes the data. For example, in project R653 [13], the Rpicam_ai_node node receives320

a String message with a command (i.e., for the camera to take pictures) that must be read321

and interpreted.322

6.3 Experiment Orchestrator323

We designed a bash experiment orchestrator script to automate the execution of all experi-324

mental configurations. The number of subscriber nodes instantiated is determined by the325

number of clients factor, either 1 or 2, running in parallel. The full set of factor combinations326
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(i.e., the Cartesian product) is stored in a run_table Comma-Separated Values (CSV) file,327

with each configuration repeated 10 times to ensure statistical robustness. Given the identi-328

fied parameters, there are 360 configurations: 15 message types × 4 message intervals × 3329

message sizes × 1–2 subscribers. This results in 3600 rows representing distinct runs. The330

orchestrator script sequentially reads each row, launches both the publisher and subscriber331

components with the corresponding parameters, and ensures the cleanup of the experimental332

environment after each run.333

7 Results334

This section presents the demographics (Section 7.1) from our qualitative analysis of the335

repositories and the subsequent experiment results (Section 7.2).336

7.1 Projects’ Nature337

Our search identified projects created between 2019, shortly after the release of modern338

ROS 2 distributions, and July 2024, when the dataset was built. Although the repositories339

span a relatively long period, the dataset remains representative, since two of the three340

actively supported distributions were released before that date (i.e., Humble, launched in341

2022, and Iron, launched in 2023). Furthermore, these ROS 2 distributions already included342

modern message types. The dataset should still provide a representative view since the343

study focuses primarily on identifying frequent message types rather than analyzing ROS 2344

projects.345

An analysis of the main programming language in the development of the selected346

projects indicates that the majority of the studied repositories are developed in C++ (50)347

and Python (42), which is already expected given that the ROS 2 documentation primarily348

focuses on these two languages. However, C (5), Elixir (2), and C# (1) are also used, even if349

they are not largely covered as the first two in the ROS documentation.350

Considering projects across specific fields of application, the ones focused on autonom-351

ous vehicles are the most prevalent. Like those in rescue and agriculture, these robots are352

mobile (e.g., R159 [4] and R292 [3]) and therefore reliant on battery power, which highlights353

the relevance of research aimed at reducing power consumption. The distribution also354

emphasizes the widespread adoption of ROS 2 in practice. We further analyzed application355

fields that depend on manipulators, such as robotic arms or grippers. All 20 industrial356

projects and 3 out of 4 agriculture projects rely on this feature, as does one additional project357

classified under both education and rescue. Understanding this dependency is essential to358

assess the role of message exchange in energy efficiency for actuator devices. Lastly, regarding359

the robot type used across fields of application, the vast majority are grounded robots, which360

aligns with the findings by Garcia et al. [24]. Only 2 aquatic robots are used in rescue361

scenarios, and a single aerial robot appears in an education project.362

We also measure project goals popularity by their number of forks. This metric is363

relevant for our analysis, as it reflects how widely adopted the design of message exchange is364

for each project type. Among the goals, navigation (closely tied to the field of autonomous365

vehicles) emerges as the most popular, followed by driver projects, which implement robot-366

specific drivers, and simulation, a key component in validating ROS-based software. Most367

of the highly forked projects are between 2 and 5 years old. A notable example is R199368

(autoware.universe [2]), a navigation-related project with over 500 forks and more than 250369

contributors. Its popularity highlights the representativeness of our dataset in terms of project370
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goals. In total, the navigation goal accounts for 1816 forks, reinforcing its prominence. Other371

influential goals include simulation and driver, which are critical to the ROS development372

pipeline. The most forked driver project is R9 (Universal_Robots_ROS2_Driver [17] – 186373

forks), which provides ROS 2 support for the CB3 and e-Series robotic arms from Universal374

Robots. The leading simulation project is R462 (linorobot2 [11] – 149 forks), offering a375

complete Gazebo-based simulation pipeline for various robot configurations, including 2WD,376

4WD, and Mecanum drive systems. Some goals like infrastructure are underrepresented,377

with a single repository.378

Figure 3a presents a heatmap illustrating the relationship between robotic goals and379

fields of application. Vertically, we observe that most of the heat points are concentrated380

in the industry and autonomous vehicle domains. Within the industry field, the most common381

project goals are driver, simulation, and manipulation. The driver goal reflects the frequent382

use of diverse robotic platforms, necessitating dedicated ROS packages. The simulation383

goal represents a key step in robotic software development, enabling virtual testing before384

deploying on physical robots. The emphasis on manipulation is tied to the nature of industrial385

robots, which typically rely on actuator systems. In the case of autonomous vehicles, the386

dominant goal is navigation, which aligns with the core functionality of such systems. There387

is also a strong association with the driver and simulation goals, with the same motivations388

found in the industrial domain. We can also observe that the goals driver, navigation, and389

simulation are connected to every field of application in at least one instance, highlighting390

their general relevance across robotics projects.391
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(b) Correlation of message types and project goals.

Figure 3 Relationships between project goals, application fields, and message types.

Figure 3b illustrates the relationship between the selected message types and the392

corresponding project goals. The most frequent goals, navigation, driver, and simulation,393

are associated with all message types. The Twist message type stands out as widely used394

across all 3 goals, highlighting its relevance in various robotic applications. In driver projects,395

JointState is the most common message type, which aligns with the typical focus on396

manipulator devices such as robotic arms (e.g., R31 – franka_ros2 [7]). This observation397

also reinforces the trend shown in Figure 3a, where driver projects are strongly tied to the398

manipulation field. In navigation projects, PointCloud2 is the second most common message399

type after Twist, followed by Image and PoseStamped. These messages are essential for tasks400

like mapping the environment and path planning. For simulation projects, Twist remains401

dominant, while message types Float32, Float64, and Int32 appear less frequently, each402

with a single occurrence.403

Finally, we analyze the cardinality of robotic systems across the studied projects, as it404
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can indicate the degree of inter-robot communication. Despite only 6 of the projects being405

explicitly designed for multi-robot setups, during message extraction (Section 5, phase iii),406

we spot a dependency on external components (given the orphan topics), which reflects a407

modular design approach, in which ROS 2 packages are intended to be integrated into larger408

systems. These findings underscore the importance of examining the impact of multiple409

subscribers on a single topic, as project dependency through topic-based communication410

appears to be a consistent pattern.411

7.2 Experiment Results412

The experiments ran for a total of ≈150 hours/6.25 days: 360 combinations × 2.5 minutes413

each execution × 10 repetitions. Here we analyze the results of those executions. We start414

by investigating the impact of message types on the energy efficiency of both publisher and415

subscriber nodes. We then show results regarding the scalability of energy consumption for416

each of those message types.417
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(a) Publisher node average power.
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(b) Subscriber node average power.

Figure 4 Average power by message type for publisher and subscriber nodes.

Power Consumption by Message Types: Figure 4 shows the power consumption418

distribution across multiple executions of each message type for both the publisher and the419

subscriber, considering different message intervals and sizes. For the publisher (Figure 4a), the420

power consumption shows high variability across message types (given the different message421

intervals and sizes), yet their median values are close, ranging from 0.6 W to 0.8 W, suggesting422

that the power required by each message type is comparable. The subscriber (Figure 4b)423

presents a different profile, with four message types standing out as more energy-intensive424

than the others: Float64MultiArray, Image, LaserScan, and PointCloud2. Those message425

types also produce the highest outlier values, meaning that, in some runs, they consumed426

exceptionally more energy (around 1.5 W more than the median) than typical. This is an427

expected behavior since they are larger and more complex messages that, as a consequence,428

may require more effort to be read. Additionally, the relative consumption of these message429

types differs from what is observed in the publisher, suggesting that the energy impact of430

publishers and subscribers should be considered independently during system design.431

A similar pattern is observed for CPU utilization, as the power metric primarily reflects432

CPU power consumption. However, the CPU utilization varies far less than the power because433

these metrics capture fundamentally different aspects of execution. CPU utilization reflects434

how busy the processor is, but it does not indicate how intensive or costly that work is in435

terms of voltage, frequency, or memory activity. In contrast, power and energy measurements436
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capture the actual electrical demand required to execute that workload. Another point is437

that, although one might expect higher CPU utilization to correspond directly to higher438

energy consumption, our results show that power does not scale proportionally with CPU439

usage. Nonetheless, although the difference between the two metrics is present, it remains440

relatively small. Such a discrepancy arises from the behavior of modern processors, which441

rely on sophisticated power-management mechanisms, such as Precision Boost 2 performance442

enhancement2, that break any simple linear relationship between processor activity and443

energy consumed. The experiment factors do not affect memory usage; every execution444

using around 2772KB on average.445

• Statistical tests: The statistical analysis revealed a significant overall difference between446

the publisher and subscriber groups. Post-hoc test demonstrate that the groups differ447

substantially from one another, with an extremely small p-value (p = 7.67 × 10−75), far below448

conventional significance thresholds. This indicates a robust and highly significant difference449

between the two distributions.450

Grouping messages by their empirically observed energy demand further reveals strong451

within-group differentiation. On the subscriber side, the analysis of low energy–demanding452

messages showed no statistically significant differences across message types according to453

the Kruskal–Wallis test (H = 12.83, p = 0.076). Despite this, Welch’s ANOVA indicated454

a significant effect (F = 57.77, p = 2.22 × 10−16), suggesting sensitivity to differences in455

group means under heteroscedasticity. In contrast, the high-energy– demanding messages456

exhibited clear differences across groups, as confirmed by the Kruskal–Wallis test (H = 24.77,457

p = 1.72 × 10−5). Post-hoc Dunn’s tests showed that LaserScan differed significantly from458

both Float64MultiArray (p = 1.9 × 10−5) and PointCloud2 (p = 0.00135), while other459

pairwise comparisons were not significant. These findings were further supported by Welch’s460

ANOVA (F = 29.47, p = 2.76 × 10−10), confirming substantial performance variation among461

high-energy message types.462

On the publisher side, we consider the same groups as in the subscriber, where low and high463

energy message types lead to differences across message categories, particularly pronounced464

effects for high energy message types. Kruskal–Wallis test for the high energy–demanding465

messages indicates a significant differences (H = 28.65, p = 2.65 × 10−6). Dunn’s post-hoc466

analysis showed that PointCloud2 displayed robust differences from several other message467

types, including Float64MultiArray (p = 0.00157), Image (p = 3.5 × 10−5), and LaserScan468

(p = 1.09 × 10−4). These strong differences were further confirmed by Welch’s ANOVA469

(F = 106.90, p ≈ 0).470

Scalability of Message Types: Figure 5 presents the energy measurements for 3 message471

types under varying message sizes and intervals. For a matter of comparison, we illustrate472

Image (which shows high energy demand only on the subscriber side), PointCloud2 (con-473

sistently demanding on the publisher side), and Twist (a widely used standard message474

type – see Figure 3b). For all message types, the power consumption on the publisher side is475

slightly influenced by message interval, while message size shows no consistent effect. Despite476

exhibiting high and discrepant energy demand for the subscriber, all publisher executions477

show a comparable power consumption level to Twist. This is explained by the fact that the478

publisher is only responsible for packing the message, while the subscriber needs to sequen-479

tially read it. For demanding types, i.e., Image (Figure 5b) and PointCloud2 (Figure 5d),480

both message size and interval impact subscriber power. In contrast, for lightweight types481

such as Twist (Figure 5f), only message frequency appears to influence energy usage, possibly482

2 https://www.amd.com/en/resources/support-articles/faqs/CPU-PB2.html

https://www.amd.com/en/resources/support-articles/faqs/CPU-PB2.html


Albonico, M. and Macedo, N. 4:13

because even large messages of those types are not very complex.483
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(a) Image on publisher.
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(b) Image on subscriber.

(0.
1, 

sm
all)

(0.
1, 

med
ium

)

(0.
1, 

lar
ge

)

(0.
2, 

sm
all)

(0.
2, 

med
ium

)

(0.
2, 

lar
ge

)

(0.
5, 

sm
all)

(0.
5, 

med
ium

)

(0.
5, 

lar
ge

)

(1.
0, 

sm
all)

(1.
0, 

med
ium

)

(1.
0, 

lar
ge

)

Interval, Size

0.2

0.4

0.6

0.8

1.0

Po
we

r (
W

)

(c) PointCloud2 on publisher.
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(d) PointCloud2 on subscriber.
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(e) Twist on publisher.
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(f) Twist on subscriber.

Figure 5 Scalability of different message types on publisher and subscriber nodes, with different
message sizes and intervals.

We do not observe a difference in the publisher power consumption means when increasing484

the number of clients from 1 to 2, a pattern consistent across all other message types.485

This finding aligns with results from a previous study focused solely on String message486

types [19]. In that work, there was no significant increase in power consumption for a487

publisher implemented in Python at high message frequencies. This behavior is likely due to488

the ROS 2 architecture, in which messages are dispatched to the DDS layer that manages489

delivery [37], effectively decoupling the sending process and preventing additional load on490

the publisher node.491

• Statistical tests: When analyzing the impact of different message intervals, none of the492

message types exhibit normally distributed data. Whelch’s ANOVA test reveals statistically493

significant differences in the power consumption of complex messages, such as Image and494

PointCloud, on the publisher side: Image (F = 34.59, p < 0.001), and PointCloud2495

(F = 31.41, p < 0.001). For simple messages, such as Twist, Welch’s ANOVA indicates no496

statistically significant difference in power consumption across message intervals (F = 0.23,497

p = 0.113). For the subscriber, the message interval is not normally distributed either.498

Welch’s ANOVA also confirms significant differences across intervals, including for Twist499

(F = 26.15, p < 0.001), Image and PointCloud2 consistently show non-normal distributions500

and significant interval-based effects (F = 626.09 and F = 1,425.23, respectively). These501

results indicate that message interval significantly impacts power consumption for both502

nodes, especially for complex message types.503

Considering message size, publisher-side power consumption shows no significant variation:504

Image (F = 6.00, p =< 0.001), PointCloud2 (F = 8.04, p =< 0.001), and Twist (F = 0.21,505
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p < 0.001). On the subscriber side, all message types also present non-normal distributions.506

Welch’s ANOVA detects significant effects for Image (F = 33.34, p < 0.001) and PointCloud2507

(F = 46.96, p < 0.001), whereas Twist shows negligible practical impact despite statistical508

significance (F = 0.65, p = 0.032). Finally, the number of clients does not significantly affect509

the publisher’s power consumption, confirming that this factor is not energy-relevant.510

8 Discussion511

In this section, we interpret the main findings of our study, answering the RQs from Section 4512

and discussing implications considering the studied projects.513

8.1 Answers to the Research Questions514

• ARQ1 – What is the nature of active ROS 2 projects on GitHub?515

Our analysis of 112 GitHub repositories reveals a diverse and active ROS 2 ecosystem.516

Most projects are implemented in C++ (50) and Python (42), aligning with the most517

common client libraries in ROS 2 documentation. These projects cover a range of robotic518

domains, including autonomous vehicles, industrial automation, agriculture, rescue, and519

education, where grounded robots are the most common robot type. Popular project goals520

include navigation, driver development, and simulation. The dominance of projects such as521

autoware.universe [2] highlights the representativeness of our dataset and underscores the522

real-world relevance of our communication design analysis.523

We further observe that project goals are strongly associated with specific message types.524

For example, Twist is widely used across navigation, simulation, and driver projects, while525

JointState is particularly common in driver projects associated with manipulators. Similarly,526

PointCloud2, Image, and PoseStamped are strongly tied to navigation projects, reflecting527

the importance of sensing and localization in autonomous systems. This indicates that the528

choice of message type and communication design factors is dependent on the application529

domain and deployment environment, especially in collaborative or highly dynamic scenarios.530

• ARQ2 – How are ROS 2 message types distributed across the studied projects?531

We identified 354 unique message types across the analyzed repositories, with the ma-532

jority belonging to 3 core ROS 2 packages: sensor_msgs, geometry_msgs, and std_msgs.533

Frequently used message types such as Twist, Image, PointCloud2, and JointState appear534

across several domains and project goals.535

The high number of message types reinforces the relevance of studies such as ours, since536

developers must choose from a very large design space. Another important observation537

is that many commonly used message types are stamped variants, such as PoseStamped,538

TwistStamped, and PoseWithCovarianceStamped, suggesting a preference for timestamped539

data to support synchronization and sensor fusion. This adds an extra dimension to the540

message type selection process.541

The presence of deprecated messages such as PointCloud in current projects also suggests542

technical debt and emphasizes the importance of energy profiling to guide message deprecation543

and replacement. Overall, these findings reinforce the need for careful message type selection544

to avoid both energy inefficiencies and long-term maintenance issues.545

• ARQ3 – What is the impact of different message types on the energy efficiency of ROS 2546

nodes?547

Our experiments show that message type significantly impacts energy consumption, par-548

ticularly on the subscriber side, while publishers exhibit relatively stable power consumption.549
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This is attributed to the computational effort required to deserialize and process large and550

structured message payloads. Results suggest that the complexity and structure of message551

types are critical factors for energy-aware system design. Lightweight messages such as552

String, Int32, Float32, and Float64 demonstrate minimal energy impact, making them553

suitable for low-power applications and resource-constrained deployments.554

All message types associated with higher power consumption belong to the sensor_msgs555

package. In particular, Image, PointCloud2, LaserScan, and Float64MultiArray stand556

out as the most energy-demanding types on the subscriber side. This outcome is expected,557

as these messages are typically rich in data, enabling the robot to perceive and interact with558

its environment. Consequently, sensor messages play a critical role in the design of ROS 2559

topic communication.560

• ARQ3.1 – How does energy consumption scale with topics using different message types?561

We observed that energy usage scales differently depending on message type, size, and562

interval (frequency). For simple messages, variations in these parameters have negligible563

impact on power consumption, except for message interval on the subscriber side. However,564

consumption increases significantly with higher frequencies and larger message sizes for heavy565

types such as PointCloud2 and Image. This effect is especially pronounced for subscriber566

nodes, while publisher nodes remain comparatively stable.567

Our results further indicate that for complex message types, message interval has a568

stronger impact in the node power. For demanding types such as Image and PointCloud2,569

both interval and size influence subscriber-side energy consumption. In contrast, lightweight570

messages are affected mainly by frequency, while message size has only a limited effect.571

Considering the studied projects, this is a relevant finding. An example is an issue opened572

by a follower of project R284 [12] asking for increasing point cloud frequency from 2 to 10573

hertz [10]. This suggests that some ROS 2 users may not be aware of the energy impact of574

such communication design decisions.575

• ARQ3.2 – How does the architecture of publisher nodes affect other ROS nodes?576

The number of clients does not significantly influence the publisher ’s power consumption,577

supporting the assumption that the DDS middleware offloads delivery overhead. This578

decoupling allows publishers to maintain a stable energy profile, even with multiple subscribers.579

However, the architectural choice of allowing multiple subscribers to a single topic has580

implications for overall system energy consumption. In practice, each additional subscriber581

adds overhead to the system, particularly when processing complex messages, amplifying582

total energy consumption. Our mining identified 30 projects with multi-client topics, with583

some of them potentially running on the same machine. An example is R101 [8], where the584

topic diffbot/odom has two subscribers, OdometrySubscriber and RobotController, which585

are part of the same package (py_action_pkg).586

This enables different optimization strategies. For instance, instead of two nodes on the587

same machine reading a common topic, they could be designed to exchange data via memory588

sharing, a native feature of modern ROS 2 distributions via component composition [5].589

8.2 Impact of the Findings Across the Studied Projects590

The observed differences in energy consumption are particularly relevant when interpreted591

considering the nature of the studied projects. In the following, we discuss the main592

implications considering them.593

• Autonomous vehicles: Projects centered on autonomous driving and navigation, such as594

R199, R528, R59, and R296, typically combine multiple sensing, perception, localization,595

planning, and control pipelines. These projects rely on complex message types such as Image,596
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Table 2 Guidelines for Energy-Aware Design ROS 2 Topic-Based Communication

Guideline Description
G1 – Simplify/compress
messages

Complex message types should be simplified, compressed, or
transmitted at lower resolution whenever possible.

G2 – Minimize publishing
frequency

Publish intervals should be tuned according to the robot
application and context, avoiding frequent updates.

G3 – Limit unnecessary
subscribers and topics

Avoiding redundant subscriptions, disabling unused sensors,
and reducing unnecessary debug topics.

G4 – Use intra-process
communication

When possible, use ROS 2 composition, shared memory, or
zero-copy communication to reduce communication overhead.

G5 – Profile energy usage
and adapt to deployment

Integrate RAPL-based tools (e.g., PowerJoular) into CI
pipelines to detect energy-efficient alternatives early.

G6 – Refactor deprecated
or inefficient msg. types

Replace legacy or overly complex custom message types with
more efficient and well-maintained alternatives.

PointCloud2, Odometry, and PoseStamped, which tend to increase communication overhead597

and consequently energy consumption. This is especially important in such applications,598

where multiple sensors operate simultaneously and require continuous real-time updates.599

• Manipulators/Cobots: Manipulation-oriented projects such as R9, R31, R27, and R69600

mainly exchange compact control-oriented messages, including JointState, JointTrajec-601

tory, TwistStamped, and vendor-specific status messages. These projects usually involve602

fewer active publishers and subscribers and smaller payload sizes, which reduces communica-603

tion costs and makes their energy profile more stable. Therefore, experimental results suggest604

that manipulation systems are less sensitive to message complexity than navigation ones.605

• Environment perception: Projects involving perception and object recognition, such606

as R50, R95, and R143, are strongly influenced by image-based message types. In dynamic607

environments, it may result in substantial data movement between nodes. Even if the number608

of topics is relatively small, the large payload size of image streams can produce high energy609

consumption. This reinforces the importance of efficient serialization, compression, and610

zero-copy communication strategies for perception-heavy ROS 2 applications.611

• Aggressive update rates: Our partial analysis of topic frequency configuration across612

the studied projects reinforces the relevance of the energy consumption experiments. Most613

repositories adopt communication rates between 1 and 50 Hz (five times the max rate we614

experimented). Examples include controller frequencies around 20 Hz, local costmap updates615

between 2 and 5 Hz, and waypoint followers operating at 20 or 30 Hz. We also identified616

examples of controllers, IMU pipelines, and telemetry systems operating at 100, 200, 400,617

or even 500 Hz. This suggests that some of the projects may unknowingly (or by design)618

introduce considerable energy overhead through aggressive update rates. Therefore, results619

make ROS developers aware of the critical aspects of high update rates in communication.620

• Widespread message types: Messages such as Twist, Odometry, Image, PointCloud2,621

and JointState appear repeatedly across projects of different nature. Therefore, their622

widespread adoption suggests that any optimization applied to these common message types623

could have a broad impact on the energy efficiency of ROS 2 systems as a whole.624

8.3 Towards Guidelines for Energy-Aware ROS 2 Communication625

Based on the experimental results summarized in Table 2, we propose a preliminary practical626

guidelines for energy-aware ROS 2 communication design. All of them being previously627

discussed in the paper.628
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9 Threats to Validity629

Internal validity: In our experiments, subscriber nodes print the received messages to630

simulate data consumption. This behavior may increase CPU usage, particularly for large631

and structured messages (e.g., vectorized Image types). However, this design choice reflects632

realistic usage patterns. For instance, when handling Image messages, a subscriber often633

needs to traverse the entire data vector and perform operations such as rendering or object634

recognition tasks, which can be more computationally intensive than printing. To minimize635

variability and isolate effects, we execute each configuration in separate Docker containers and636

repeat it 10 times. We also prevent message generation from interfering with the publisher637

measurements by separating its process into an isolated container.638

External validity: Our experiment includes a subset of the 354 message types mined639

from repositories, selected from the 3 most frequently used ROS 2 packages, representing a640

diverse range of structural complexity and data payload. This selection ensures coverage of641

typical communication patterns found in real-world ROS 2 systems. Therefore, although not642

exhaustive, our sample is representative enough to deliver meaningful insights into the energy643

behavior of commonly used message types. Additionally, all experiment design choices were644

mined from real projects, which makes them representative. Another potential threat arises645

from using synthetic messages instead of real sensor data. For instance, Image messages were646

generated at a low resolution (∼64KB), underestimating the energy cost of high-resolution647

cameras. Likewise, some messages rely on NumPy-generated data, possibly introducing648

computational bias in packing the messages. However, our primary goal is to compare649

configurations in a controlled environment where relative trends remain valid and meaningful.650

Conclusion validity: We use appropriate statistical tests depending on the distribution651

and variance assumptions, ensuring the reliability of our conclusions. To mitigate biased data652

interpretation, we provide a replication package with all scripts, datasets, and experiment653

configurations. This enables the replication or extension of our results with minimal effort.654

10 Conclusion655

This paper empirically investigated the energy implications of ROS 2 topic-based commu-656

nication. Our results show that design choices in message exchange, particularly type and657

frequency, strongly affect energy consumption, with subscribers bearing most of the cost.658

Rich messages (e.g., from sensor_msgs) demand considerably more power, while lightweight659

messages are more efficient. Message interval proved the dominant factor, underscoring the660

importance of tuning this parameter. The proposed guidelines can support more energy-aware661

design in ROS 2 software. Future work focus on real sensor data, the DDS layer as a factor662

(experimenting with additional implementations), and different hardware architectures.663
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