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Abstract. Communication is an important component in multi-robots systems; system performance may get affected when the number of robots or communication channels increase. The Dynamic Bandwidth Management Library (DBML) was designed to provide a way of maximizing bandwidth usage in multi-robots systems. The developed system prioritizes communication channels according to environment events and offers greater bandwidth for the most important channels. The library was developed in ROS (Robot Operating System) in order to separate the functionalities into independent modules to be reused and improved in future works. This paper presents the library design as a linear optimization problem and an example of the library usage in a teleoperation application. We also show the main settings and results for the system under discussion. All presented components are published on our ROS package repository: http://wiki.ros.org/dynamic_bandwidth_manager. Keywords: multi-robot, dynamic bandwidth management, communication Student Level: MSc Date of Conclusion: July, 2015 This submission should be considered in CTDR



1



Introduction



Multi-robot systems can be used for a set of tasks such as rescue operations [1, 2], large-scale explorations [3], and other tasks that can be subdivided between multiple robots [4]. Communication is an important component that merits careful consideration in a multi-robot system. The number of packets transmitted between agents of a system can increase as the number of sensors, actuators, and additional robots, increases as well [5]. A teleoperation system is a good example that illustrates data transmission between agents. In that sort of system, a user or an automated master device ?
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can control a swarm of mobile robots [6, 7]. Video streaming is transmitted to a master device while a system operator remotely controls the robots. Therefore, the number of transmitted packets is increased when the number of robots increases or when there is a video quality improvement, which may affect the system performance in a bandwidth constrained environment. For this reason, bandwidth is a component of a multi-robot system that must be considered. A loss of packets may occur when the number of packets in transmission is greater than available bandwidth. Therefore, the frequency of all sensors should be adjusted to not exceed the maximum available bandwidth. The task of adjusting the communication rates can be challenging; in a static solution, the frequencies cannot be adjusted when there is a change in the environment or in the available bandwidth. In such systems, it may not be necessary to transmit data from sensors all the time and in same frequency. Considering the teleoperation example, the frequency of video streaming can be decreased whenever the robot speed decreases or when no obstacles are close to the robot. In other words, the frequency of sensor can be decreased if there is nothing relevant to the task occurring at that time in the environment [8]. The dynamic bandwidth manager (DBM) [9] package was designed to provide a way of controlling the frequency of sensors present in the environment. It helps developers to create dynamic sensor frequencies that will depend on changes in the environment, such as bandwidth and interesting events of a task (speed, distance to obstacles and so forth). However, how are related speed and distance to obstacles to the bandwidth? In a system developed using ROS, sensory data are sent using topics. Usually these topics publish data with a static frequency calculated using a design parameter and it does not change if changes occur in robots environment. If a robot is stopped in a teleoperation application, may not be necessary publish its camera image for a central computer. In a restricted bandwidth system it may be prohibitive to send data unnecessarily, being other robots get affected. A dynamic solution to the presented problem is presented in this work; topics that send sensor data to other elements may have their frequencies dynamically adjusted by the system. Environment events such as speed and distance to obstacles can be used to set topic priorities and define which of them may have more frequency at a given time. As another example, we may consider a scenario with three robots in an application of identifying victims in disaster areas. Each robot moves through the area reading information from environment. All information is sent to a remote central for monitoring where human operators assist in victim identification task using the information sent by the robots. In this example, an optimal communication rate for maximum application efficiency is 24 Hz. In other words, each robot must send data read by the sensors 24 times every second. This communication rate ensures that monitoring system can predict with greater certainty the presence and location of victims in the area monitored by the robot.
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In this example, the system is used in an environment with bandwidth restrictions. The network supports sending just 45 messages per second. Sharing bandwidth equally, each robot sends data in a frequency of 15 Hz. This 15 Hz baud rate allows a robot to identify a victim, but with a lower level of accuracy of the location (the higher the frequency, greater the accuracy and lower the error of the victim’s location). Thus, the robot can identify that there is a victim in the area, but fails to define where she is. As described above, bandwidth restrictions can impact the effectiveness of a solution. Set a static frequency of 15 Hz for all robots prevents communication exceeds the maximum bandwidth available, but it does not allow a robot find a victim with maximum accuracy even if other robots are far from that goal. In this case, the system could reduce the data sending frequency of robots that have not yet detected any victim to the minimum acceptable frequency. This allows a higher frequency for the robot that found a victim and now need to find its exact location. A key contribution of this work is the development of the DBM package where several concepts about robot communication using ROS will be presented. The problem of using several topics in an environment with bandwidth constraint will be addressed and a feasible solution for managing topics in order to minimize this problem is discussed.



2 2.1



Event-Based Bandwidth Optimization Event-based Topic Priority



The topic frequencies may be dynamically controlled by environment state and available bandwidth. This approach is built upon the assumption that the communication rate of a topic depends on the changes that occur on the robot environment. In the application of identifying victims described above, the system may provide a frequency for each robot. A robot can use a lower baud rate until find evidence that there are victims nearby. Thus, system decreases the frequency of other robots and increases the frequency of robots that need most at this moment. Thereby, the victim position is found more accurately and the rescue team does not waste time. In this case, bandwidth optimization is made according to the requested requirements, considering the more important environment events to the task execution. The frequencies of each robot when the Robot 2 finds a victim is 11 Hz for Robot 1, 24 Hz for Robot 2 and 10 Hz for Robot 3. At this time, the Robot 1 and the Robot 3 do not have any evidence of victims in theirs monitoring area. Therefore, they can have their frequency adjusted to the minimum possible. In DBM package, this behavior was implemented by assigning a priority for each topic based on environment events. Thus, the priority can be modeled as a function of environment events and represents how important a topic is for the application. These events are modeled depending on the application where the package is being used.
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Using teleoperation as an example, when an operator remotely controls a set of robots based on images sent by a camera, we can define the robot speed and the distance of obstacles as environment events. Thus, if the robot speed increases and the distance of the obstacles decreases, the priority of the topic that represents the camera sensor increases. The priority pi of the communication channel ci is calculated as a function of the environment events ei that affect this communication channel, such as speed, distance to obstacles, time to collision, and so for (equation 1). pi = f (e1 , e2 , ..., en ).



(1)



The result of that function is normalized to values in the range [0 : 1], as shown in equation 2, where 1 is the highest priority, which represents that the communication channel must use the higher frequency within the bounds established by the application and the available bandwidth. Thus, p0i at a given time can be defined by [9]: pi .wi , p0i = P c pk .wk



(2)



k=1



where c is the communication channels and wi the message size of the communication channels. This normalization ensures that the message size is taken into account in the calculation of frequencies. Without this adjustment, the optimizer does not assign frequencies in proportion to the priority, generating inconsistent results with the package goal. 2.2



Bandwidth Management Based on Topic Priority



As described in previous section, each topic has a priority defined by environment events such as speed and distance to obstacles. But, how does the system calculate a frequency for managed topics based on its priority? DBM package implements a default strategy using a linear optimization problem as described in this section and in [9]. There are other works exploring this problem as in [8] and [10]. The total bandwidth consumed by all managed channels is constrained by the total bandwidth available to the system, as described in equation 3: n X



wi .fi ≤ Bmax ,



i=1



where – – – –



wi is the message size sent by channel i, fi is the sending frequency of the channel i, Bmax is the total bandwidth available for the system, n is the number of managed communication channels.



(3)
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All frequencies fi are bounded with a minimum and a maximum value fimin and fimax . Communication channels may be maximized in order to increase the available bandwidth to the application. The priority p0i define which channels are more important at a given time to the application and need to get more resources from the bandwidth. This is achieved by adjusting the bounds fimin and fimax according to the value of p0i . If a channel has a priority p0i = 1 the bounds of frequency fi should be calculated close to the maximum (fimax ). In other words, the new value of minimum frequency fi0min is a function of p0i . Thus, fi0min can be defined by: fi0min = (fimax − fimin )p0i + fimin .



(4)



The equation (4) defines a minimum value to the frequency fi at a given time based on pi . If the priority pi = 0 the frequency is bounded with the minimum and maximum values defined by a channel. While the priority increases, the lower limit for the frequency is close to the maximum, making the system enable a greater bandwidth to the channel. The frequencies of each managed channel will be formulated as a linear optimization problem. Thus, the problem formulation becomes: maximize subject to



n X i=1 n X



wi .fi wi .fi ≤ Bmax



(5)



i=1



fi ≥ fi0min fi ≤ fimax . However, in some cases, there is no solution for the problem and the system informs it to the designer. Typically, in this case, the maximum bandwidth available to the system should be increased.



3 3.1



DBM Package Description Package Architecture



Package architecture is divided into four libraries: (DBMPublisher, DBMSubscriber, DBMOptimizer, and DBMRate); and into two nodes: (default optimizer node, and publisher node). A node that publishes messages using a managed frequency creates a topic using DBMPublisher and informs the frequency limits (minimum and maximum values). All system parameters are created in Parameter Server when the package is creating a managed topic. In order to perform a dynamic bandwidth management, the system should take in consideration that the message length can change and do not treat it as
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a static value. Whenever a message is sent by a managed channel, the DBMPublisher checks if the size has changed and changes the parameter for the channel. Thus, the size of messages sent through the communication channels can dynamically change. Another node subscribes in topic using DBMSubscriber class. If the node is running on the same machine where the topic is published then DBMPublisher subscribes in a full rate topic 1 . Otherwise, the topic with a managed sending frequency is used. The default optimizer node, or any other node that is implementing an optimization strategy using DBMOptimizer, runs the optimization algorithm in a rate configured in the parameter /dbm/optimization rate in seconds and updates the topics frequencies in Parameter Server. Any node which is publishing a managed topic is notified and updates its communication rate. In an application, there may be messages being transmitted on the network that are not managed by the DBM. Services and other unmanaged topics can be used, as well as other types of communication between system elements. Examples of unmanaged communications may be allocating tasks to the robots, commands or any other type of feature that depends on the use of the network. In such cases, the bandwidth of the system defined by the /dbm/max bandwidth in mbit should not be fully utilized by the managed topics and a portion of this bandwidth should be reserved for unmanaged communications. This can be done by parameter /dbm/max bandwidth utilization ensuring that only part of the total bandwidth is used in the calculation of topic frequencies. 3.2



Local Topics Management



DBM makes a topic frequency adjustment in runtime using environment events. It allows a bandwidth management and sets more bandwidth to most important topics at a moment. However, the question is: how to manage topics that send only messages to other nodes that are running on the same machine? In such cases, the topic does not have any impact on bandwidth utilization and should be ignored by the optimization algorithm. In order to address this problem, DBMOptimizer decides which topics should be managed by the system at a given time checking that there are no external nodes communicating with the topic. If there is no external node registered in the topic, it is not treated as a managed topic and has its frequency set to maximum value. Another important issue is when there are nodes running on different machines registered on the same topic and at least one of them is running on a machine where the topic is being published. For example, node 1 and node 2 are running on machines A and B, respectively, and they are subscribed on /camera topic. This topic is being published by the node 3 which is also running on machine B. Fig. 1 illustrates this example. 1



A full rate topic is a topic with no optimization and publishes massages in a maximum frequency configured for the topic.
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Fig. 1. Problem with local topics.



Node 2 receives /camera information, however it is not under bandwidth restrictions (it is running on the same machine where the topic is being published). Thus, full rate sensor stream should still be available for local processing/logging. To address this issue, DBM creates two topics for each managed communication channel: a full rate topic ([topic name] ) and an optimized rate topic ([topic name/optimized] ). The decision on which topic subscribe is implemented by DBMSubscriber. If a node is running on the same machine where the topic is being published, it subscribes on the full rate topic. In the other case, where the topic is being published from a remote machine, the node subscribes on the managed topic. Fig. 2 shows a scheme illustrating the behavior described above.



Fig. 2. Managing remote and local topics.
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Experimental Validation



In this section, and as described in [9], we will discuss about a teleoperation application with dynamic bandwidth management using DBM. The example was developed in a simulated environment running in virtual machines. Teleoperation is a reasonable case study because it has well defined elements with a clear instance of how communication may depend on the environment. Applications of teleoperation have been useful in a lot of problems using robots [11]. Setoodeh in [12] describes a conventional teleoperation system with five distinct elements: human operator, master device, controller and communication channel, slave robot, and the environment. The human operator uses the master device to manipulate the environment through the slave robot. Communication and controllers coordinate the operation using communication channels. In our application, two robots (R1 and R2 ) are controlled by a human operator using a workstation representing the master device. Communication channels are used to send position and other commands from master to slave and feedback visual information from slave to master. Images of robot camera are sent to the master device where the human operator is controlling the robots. The operator controls the robots manipulating their velocity and direction. In order to do it, the operator must receive visual feedback, which means sufficient information to distinguish the obstacles in the environment. Chen et al., in [13], demonstrated that people had difficulty maintaining spatial orientation in a remote environment with a reduced bandwidth. If the rate of image transmission decreases, the operator may not be able to avoid obstacles. If the rate increases to the bandwidth limit, commands sent to the robot may get lost (or arrive late) with the loss of packets in the network. 4.1



Communication channels



The communication channel between the human operator and the robot is essential for an effective perception of the remote environment [14]. The quality of video feeds in which a teleoperator relies on for remote perception may degraded and the operators performance in distance and size estimation may get compromised with low bandwidth [15]. Chen et al., in [13], studied common forms of video degradation caused by low bandwidth, which includes reduced frame rate (frames per second or fps). Chen et al. [13] shows that the minimum video frame rate to avoid degraded video is 10 Hz. Higher FRs such as 16 Hz are suggested to some applications such as navigation. So, in this work, we will create a communication channel for image camera (topic camera) with 1 Hz to the minimum frequency (representing cases where the operator does not need to manipulate the robot due to the stability in the environment) and 16 Hz to the maximum frequency. The imaging resolution of the robot cameras is assumed to be 640×480 for R1 and 160×120 for R2 , which implies that each frame would be of size 84 KBytes and 21 KBytes, respectively [10]. The application uses an available bandwidth of 11 Mbps. This represents a data transfer rate of 1375 KBps.
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Table 1. Library system settings.



camera/dbm/f requency/min 1Hz camera/dbm/f requency/max 16Hz camera/dbm/message size in bytes 84000; 21000 /dbm/max bandwidth in mbit 11 Mbps /dbm/max bandwidth utilization 100% /dbm/optimization rate in seconds 1 sec



4.2



Environment events



Section 2 describes the event-based priority where a priority is calculated for each channel. This priority is based on environment events that affect the importance of a channel to the system. In our teleoperation application, distance to obstacles and speed are environment events that will be monitored in order to calculate the priority for the camera’s image topic. The operator needs more visual feedback when driving at a higher speed or close to obstacles. Mansour et al. [10] define that the maximum distance detected by the sensors on the robots is 200 cm, and the maximum speed is 50 cm/s. In this simulation, we will define the same parameters in order to get real values in the simulated environment. Thus, the priority based on distance to obstacles and speed will be defined by the functions: tc =



distance speed



(6)



 1, if tc < 3    if tc > 20 pcamera = 0, (7)  20 − t  c  , otherwise. 17 Equation (7) defines the priority as a function of the expected time before collision as defined by (6). There are other ways to calculate the priority and the function describing environment events for the same application. They are modelled depending on where the library is being used. 4.3



Bandwidth management



The default optimizer node runs the linear optimization problem each one second as described in parameter /dbm/optimization rate in seconds. We compare the results of the suggested algorithm with one other fixed rate algorithm. The static algorithm divides the available bandwidth among the robots in proportion to the size of the messages. Thus, with an available bandwidth of 1375 KBps (11 Mbps), R1 gets 1100 KBps and R2 gets 275 KBps. Respecting bandwidth limits, camera topic will send messages on a frequency of 13 Hz.
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In order to evaluate the proposed bandwidth management algorithm, we present some results from the simulation using the dynamic bandwidth management library in Table 2. The system prioritizes the communication channels by increasing the frequency and providing greater bandwidth which is close to the maximum available (11 Mbpps) in all simulation times (Table 2).



Table 2. Frequencies in teleoperation application.



Step 1 2 3 4 5 6 7 8 9 10



Robot 1 (R1 ) Robot 2 (R2 ) tc (s) pcamera f (Hz) Bandwidth (%) tc (s) pcamera f (Hz) Bandwidth (%) 20 0.00 12.37 75.56 10 0.59 16 24.44 30 0.00 12.37 75.56 20 0.00 16 24.44 6 0.82 16 97.75 100 0.00 1.48 2.25 10 0.59 16 97.75 ∞ 0.00 1.48 2.25 5 0.88 16 97.75 ∞ 0.00 1.48 2.25 15 0.29 13 79.42 15 0.29 13.48 20.58 2.5 1.00 16 97.75 ∞ 0.00 1.48 2.25 36 0.00 12.37 75.56 10 0.59 16 24.44 40 0.00 12.37 75.56 7 0.76 16 24.44 50 0.00 12.37 75.56 3 1.00 16 24.44



Step 1 shows how the library sets a greater frequency to the most important communication channels while ensuring maximum use of the bandwidth available to the system. Robot R1 has a estimated collision time of 20 seconds and robot R2 has a greater priority because its estimated collision time is 10 seconds. The library has assigned the maximum frequency for the robot R2 and in order to utilize the maximum of available bandwidth, has assigned 12.37 Hz for the robot R1 . Step 2 shows a simulation with P1 = 0; P2 = 0; f1 = 12.37 Hz; f2 = 16 Hz. This shows a case where the frequencies are not proportional to the priorities but the results are correct since the objective of the proposed algorithm is to maximize the bandwidth utilized by all communication channels (Eq. 5). However, considering the application scenario, a division of the frequency proportional to the priorities might be suitable. Thus, a simple modification of the proposed algorithm can divide the bandwidth among the communication channels when the priorities are equal to zero. Therefore, the frequencies in Step 2 can be recalculated to f1 = 13 Hz and f2 = 13 Hz. Steps 3, 4, 5 and 7 show cases where the R1 is close to an obstacle and the robot R2 is stopped. Thus, frequency of the robot R2 can be reduced since it is not being operated and there is no risk of collision and robot R1 can be operated with maximum visual feedback(f1 = 16 Hz; f2 = 1.48 Hz). Step 6 shows a case where priorities are equal and the allocated frequencies are divided between the robots.
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Steps 8, 9 and 10 show cases where the priorities of robot R2 are greater than priorities of robot R1 . In this cases, system assigned a greater frequency to robot R2 allowing it to be operated with a higher quality of information. The total bandwidth used for the communication channels in all simulation time is equal to the total bandwidth available to the system (11 Mbps). Raise the use of bandwidth for the maximum prevents the waste of resources without exceed the bandwidth limits. In static algorithm, robot frequencies are 13 Hz in all simulation times. This value is greater than the minimum defined by [13] but always lower than the frequency of 16 Hz, suggested for this type of application. Best results are achieved by DBM. Only the robots with priority P = 0 obtained a frequency less than 13 Hz and, in most simulation times, the robot with the highest priority obtained a frequency of 16 Hz, providing a better visual feedback and helping the operator to take the decisions and avoid obstacles.
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Conclusion



This work presented a dynamic bandwidth management library for multi-robots systems. The system prioritizes communication channels according to environment events and offers greater bandwidth for the most important channels. A case study on how to use the library was presented and a comparison between a static algorithm and the proposed algorithm was shown. A video demonstration of the application running can be found online [16] and in DBM wiki page [17]. Some of the upcoming challenges will be to create a better real-time capability of the system. The proposed library runs the bandwidth management algorithm using a fixed rate. Thereby, rapid changes in the environment or situations in which the robots find themselves may require faster response to ensure the system is not applying bandwidth limits that are out-of-date with respect to the robots situations. As developed in this work, the library does assume that the total bandwidth is known beforehand. This can degrade the system performance in practical settings, for instance with wireless links, whose bandwidth depends on the physical location of the nodes and the obstacles present in the environment. Experiments in real scenarios (and not simply in a simulated one, as done in this work) would be therefore expected to validate the approximation of considering the bandwidth known beforehand.
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