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Abstract: One of the important tasks in the robotics field is the development of context-aware robots. These robot
changes behavior according to context such as a surrounding situation and provides more appropriate service. It is very
useful because it can respond flexibly to various situations. The Robot Operating System (ROS), which is open-source
middleware, is common as a development environment of such robots. ROS facilitates the development of applications
with excellent versatility, reusability, and portability because it is a component-based peer-to-peer distributed system.
However, ROS does not have a framework to support the description of the code related to the context. Therefore, the
fragments of code pertaining to context dependence are dispersed throughout the code, becoming more complicated
and less maintainable. In this paper, ContextROS which is a framework for applying Context-oriented Programming
(COP) to ROS is proposed. ContextROS adds layer as a language element to ROS and modularize the context dependence code explicitly. It also performs layer activations/deactivations for distributed nodes using ROS communication.
We apply ContextROS to a simple application and evaluate it by comparison with ROS. The results of the evaluation
confirmed that ContextROS is confirmed to be able to reduce the dispersion of the description of the behavior of each
context without compromising the performance of the ROS.
Keywords: Context-oriented Programming, Robot Operating System, Embedded system

1.

Introduction

Context-awareness is one of the important features of autonomous vehicles and multi-service robots. These robots change
their behaviors according to the prevailing context, which is the
surrounding situation or the internal state of the robot. For example, consider a rescue robot [9] entering a disaster site inaccessible to people. The robot selects its propulsion method as being
either wheel running or propeller flight depending on the disaster
situation and its remaining battery power.
The Robot Operating System (ROS) [7], which is open-source
middleware, has been widely used for the implementation of
robotics applications. ROS is a message-based peer-to-peer distributed system, which facilitates the development of applications with excellent versatility, reusability, and portability. We
are explicitly concerned with context, modularization of contextdependent code snippets, and sharing the context under the distributed environment when developing context-aware robots using ROS. However, ROS is problematic in that context-aware programming is not easy.
Aiming to address this diﬃculty, we propose ContextROS in
which we apply a context-oriented programming (COP) [5] concept to ROS. COP, which is a development technology of contextaware software, is designed to reduce program complexity. ContextROS includes a language element in the form of a layer, which
has the function of expressing the context explicitly and modularizing context-dependent codes. In addition, ContextROS changes
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the behavior of the robot such that this layer is activated/deactivated by using the topic communication function of ROS.
This paper is structured as follows. Section 2 describes the elemental technologies employed by context-aware robots. In section 3, we present examples of context-aware robots. Section 4
proposes our method to solve this problem. The implementation
of the prototype of this concept is described in Section 5 and in
Section 6 we evaluate this implementation using a simple application. We summarize the results and allude to future tasks in
section 7, discuss related work in section 8, and conclude the paper in section 9.

2.

Robot Operating System

The Robot Operating System (ROS), open-source middleware, has been widely used for the implementation of robotics
applications. Because software developed with ROS has a
component-based distributed architecture, it enables us to improve the reusability and reduce the complexity of source code.
Software developed with ROS consists of components known as
nodes. These nodes communicate with each other to accomplish a certain function. Although many of these nodes are provided as packages by open-source communities, users can develop custom-built nodes as well. This enables us to quickly develop a system by combining many of these packages as shown
in Figure 1.
ROS additionally provides a node known as the ROS master
that manages communication between the nodes. The ROS master node provides naming and registration services to the remaining nodes in the system. Communication between nodes is performed by using a unit of data known as a message. Messages
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Fig. 1: Nodes and Packages of ROS

have a specific data structure and strictly define the attributes of
data relating to various programming languages. By using this
data structure, the ROS communication system enables communication between various languages. ROS supports two types of
communication: topic communication and service communication.
In topic communication, which is illustrated in Figure 2, the
sender and recipient of a message are known as the publisher and
the subscriber, respectively. Subscribers subscribe to certain topics to receive the specified type of message in advance. We can
provide a topic with a name for each type of data to enable subscribers to receive messages if a publisher sends a message with
the same topic name. In this way, topic communication realizes
asynchronous communication by communicating via topics instead of specifying destinations.
The process of service communication in ROS, which is shown
in Figure 3, is a kind of Remote Procedure Call (RPC). ROS includes a server, shown on the left in the figure, which provides a
service to other nodes. The server communicates with the client
that calls the service. In service communication, in contrast to
topic communication, synchronous communication is performed
between the server and the client.
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We clarify the problem associated with a context-aware robot
developed with ROS by considering an example of a automatic
cleaning robot. This automatic cleaning robot cleans while estimating its position. The robot decides in which of two contexts
it is operating, indoors or outdoors, and changes its behavior according to the situation. The context and the corresponding behavior are provided in Table 1. Indoors, this robot performs position estimation by Gyro and performs wiping cleaning. Meanwhile, outdoors, GPS positioning is employed together with vacuuming cleaning. The design of this robot was developed with
ROS and is shown in Figure 4. Each method of the robot is represented by a node. The tasks of paying attention to outdoor methods, GPS position estimation, and suction cleaning are distributed
to diﬀerent nodes. Designs developed with ROS distribute the
context-dependent behavior to each node in this way. The disadvantage of this approach is that it causes the deterioration of the
maintainability of the program and makes it diﬃcult to guarantee
the behavior of the whole system.
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Fig. 3: Service communication
Table 1: Relationship between context and behavior

4.
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Context ROS

As a solution for these problems, we propose ContextROS, a
COP framework for ROS. ROS is a distributed system composed
of multiple nodes. Therefore, the realization of COP with ROS
necessitates the introduction of a layer beyond the nodes. An example is shown in Figure 5. The implementation of layers beyond
the nodes modularizes the context-dependent behavior distributed
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among nodes. We realized the aforementioned additional layer
beyond the nodes by designing ContextROS such that it consists
of a COP language operating on a normal single node and a Layer
manager that integrates the COP language group beyond nodes.
The COP language to be used for the lower layer is assumed to
be a layer that can asynchronously switch layers from the outside. [8]
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Fig. 6: Concept of ContextROS

Fig. 4: Design of clean robot developed with ROS
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Fig. 5: Layer of ContextROS

The concept of ContextROS is shown in the figure 6. ContextROS changes the behavior at runtime by exchanging messages
between the Layer manager and the lower COP language. The
flow is best explained by changing the behavior of ContextROS.
Figure 7 shows the behavior of ContextROS during layer activation. When the context is changed, the layer activation command
is executed. In response to this command, the Layer manager
sends a corresponding layer activation or deactivation message to
each node. At each node, the methods are changed by each COP
language according to the message. By managing the layers controlled by the Layer manager, ContextROS will be able to unify
behaviors.
We are considering two kinds of realization methods: asynchronous and synchronous communication.
( 1 ) In asynchronous communication, the order of layer activation / deactivation is not necessarily guaranteed due to the
nature of the communication. However, handling exceptional conditions such as the addition, deletion, and disconnection of nodes is relatively easy.
( 2 ) Synchronous communication can guarantee the order of
layer activation / deactivation, but the communication time
ⓒ 2018 Information Processing Society of Japan

5.

Prototype Implementation

5.1 Design
We will explain the prototype implementation of ContextROS.
Figure 8 shows the design of prototype implementation. We implemented C ++ which is one of the languages supported by ROS.
Layer are realized by using a pre-compiler. The precompiler interprets the layer description describing the context-dependent
behavior and generates a function that changes the behavior by
the layer. By using this behavior change function as a library,
Lower COP Language was realized. In addition, functions for
activation and deactivation and variables holding active layers are
prepared as functions of the layer manager.
5.2 Layer description
The layer description explicitly describes the context and modulates the context-dependent methods. An example of a layer
description is shown in listing 1. The layer description consists
of a header part and a layer declaration part. The header part,
which must be written above the layer declaration part, includes
the header of the library used by the functions defined in the layer
9
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Table 2: Environment of evaluation experiment
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Fig. 8: Design of prototype implementation

declaration part. In the layer declaration part, a layer corresponding to the context is declared. In each layer we define methods
that behave diﬀerently by the same name.

5.4 Layer activation
Because ROS is a distributed system, we need to activate the
layers across processes. Therefore, ContextROS performs layer
activation using decisive activation.
ContextROS prepares a dedicated activation command. This
command is executed using the ROS service communication, and
inputs the name of the layer to be activated, and outputs success
or failure of activation. Activation fails if the layer entered during activation is not registered in ContextROS. The confirmation
of the layer is performed by using the function generated at the
time of translating the layer description.

6.

Preliminary evaluation

Listing 1: Example of layer description
1
2
3
4
5
6
7
8
9

/∗Header part ∗/
#include <location>
/∗Layer declaration part ∗/
Layer Indoor [
location getPos (){/∗ Indoor method∗/}
]
Layer Outdoor [
location getPos (){/∗ Outdoor method∗/}
]
Listing 2: Translation of layer description

1
2
3
4
5
6
7
8
9
10
11
12

#include <location>
location getPos Indoor (){
/∗ Indoor method ∗/}
location getPos Outdoor (){
/∗ Outdoor method ∗/}
/∗ Method dispatch ∗/
location getPos (){
if ( layer == Indoor){
return getPos Indoor ();}
else if ( layer == Outdoor){
return getPos Outdoor ();}
}

5.3 Translation of layer description
ContextROS statically translates the layer description and generates a function for changing the behavior. Listing 2 shows the
result of translating the example of the layer description. The
function described in a layer is given an underscore to the function name /and renamed with the layer name after it. A function
is generated to change behavior for each layer by the name of
the original function. This function executes the corresponding
method with the currently activated layer.
ⓒ 2018 Information Processing Society of Japan

In order to investigate the overhead of applying COP to ROS,
we made two evaluations. One is to compare the performance by
implementing a simple application with ROS and ContextROS,
and the other is to measure the layer activation time.
First, we will explain the comparison between ROS and ContextROS. We used a greeting application as a simple application and compared its execution time with the number of lines
of source code. The greeting application displays the current
time and a greeting corresponding to that time. This application changes the behavior according to the city at the time of
execution. For example, when it is executed in Tokyo, JST and
Japanese greetings are displayed, and when it is executed in London, GMT and English greetings are displayed.
Next, we describe the measurement of layer activation time.
We evaluated the communication time when the number of nodes
to be communicated increases, since nodes communicate with
each other in Context ROS. Here we used multiple nodes to execute greeting applications and measured the time to complete
layer activation of all nodes when layer activation was done.
This experiment was conducted in the Ubuntu virtual environment by VirtualBox on a MacBook Air computer. Table 2
presents the performance and virtual environment of the MacBook.
Table 3 compares the performance between ContextROS and
ROS. The number of ContextROS source code lines is less than
the number of ROS lines. This is because ContextROS automatically generates a description to change behavior.
When this application was executed 100 times and the average
of execution times was compared, there was hardly any diﬀerence between them. This is because ContextROS is changing the
behavior using statically generated functions without reflection,
so it is only the diﬀerence whether or not to make a function call
compared with ROS. Since the time required for the function call
is small, the execution time is not substantially aﬀected.
Figure 9 shows the relationship between the layer activation
10
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even if the communication volume was to increase, it would
be necessary to guarantee at least the overlapping order.
Consistency of layer activation Decisive activation realizes
flexible layer activation across control flow, but is problematic in that control is diﬃcult. Particularly, layer activation at
unintended times can cause fatal behavior and is extremely
dangerous. As a solution to this problem, we are considering
the introduction of a critical sections and transactions [6].
Layer interaction problem In COP there is a problem called
layer interaction problem [10]. The layer interaction problem is a problem that causes layers to interact with each other
and causes problems. This problem tends to occur in multilayer activation in distributed environments and we think that
we need to consider it.

Table 3: Execution time and number of lines of code
Implementation

Execution time [µs]

number of lines of code

ROS
ContextROS

1653
1658

32
27

!"#

9:;

!"!+
!"!*

,-./01-2345-34671348/

!"!)
!"!(
!"!'
!"!&
!"!%
!"!$
!"!#
!
!

$

&

(

*

#!

#$

8.

Related work

<=8>/016?176@/:1361>/1-2345-3/@

Fig. 9: Relationship between layer activation time and number of nodes

time and the number of target nodes. We measure the time until
layer information is shared for all activation target nodes and use
it as layer activation time.
During layer activation by ContextROS asynchronous communication, since the target node communicates with the layer management node and shares layer information, the target activation
time increases as the number of target nodes increases and the
communication time becomes longer as shown in the figure 9.
We summarize the performance evaluation of ContextROS that
statically interprets the layer implemented this time and performs layer activation using topic communication, which is asynchronous communication. ContextROS was able to realize COP
without deteriorating the performance of ROS in terms of chang- 1
ing and executing behavior. However, sharing layers between 2
nodes by topic communication remains problematic in that the 3
order of activation is not guaranteed and the activation time increases as the number of activation targets increases.

7.

future work

Multi-language implementation ROS supports multiple languages, and nodes developed in various languages exist. In
order to ensure that these nodes are reusable, ContextROS
needs to support multiple languages. ContextROS consists
of the COP language in the lower layer that is used to change
the behavior in the node and the Layer manager managing
those COP languages. Here, in order to enable ContextROS
to support multiple languages, the challenge would be to realize a COP language that changes the behavior in each language and to enable the Layer manager to manage the layer
information in a language-independent manner.
Layer-sharing method Considering that there are two types
of ROS, topic communication and service communication,
which perform asynchronous communication as a communication method between nodes, asynchronous communication does not guarantee the order of communication when
layers are shared between nodes. If the order of superimposition of activation is not guaranteed, the behavior of the system is not guaranteed, which would cause a problem. Thus,
ⓒ 2018 Information Processing Society of Japan

One of the language elements of COP is layer activation. Here
we explain layer activation in the existing COP language as previously shown [1].
A common way to activate a layer is to enclose the area that
needs to be activated. Examples of languages that have adopted
this method are ContextJ [2] and ContextL [3]. The activation
method in ContextJ is shown in Listing 3. The layer to be activated within the parentheses is specified following ”with” and
the layer is activated by enclosing the range of the layer to be activated with a block. Although it has the advantage that control
of layer activation is easy, it is diﬃcult to express layer activation
across control flow.
Listing 3: Layer activation in ContextJ
with (Indoor) {
getPos ();
/∗ estimating position indoor ∗/
}
In addition to the activation method surrounded by blocks,
there is an activation method that uses an activation command.
An example of a language adopting this method is SubjectiveC [4]. This decisive activation method in Subjective-C is shown
in Listing 4. The target layer is always active until the deactivate command is issued after the activate command is executed.
Therefore, although it has the advantage of easily realizing the
activity of the layer that crosses the control flow, it is diﬃcult to
guarantee that the required property (i.e., whether an unintended
collision will occur) with respect to the layer activity is achieved.
Since ContextROS is a distributed system, decisive activation is
indispensable for realizing layer activation across processes.
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Listing 4: Layer activation in Subjective-C
1
2
3

[CONTEXT activateContextWithName:@”Indoor”];
[CONTEXT deactivateContextWithName:@”Outdoor”];
getPos ();
/∗ estimating position indoor ∗/
Acknowledgments This work was supported by JSPS KAKENHI Grant Number 17K00079.
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