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Abstract. 
A fundamental aspect of robot-environment interaction in industrial environments is given by the capability of the control system to model the structured and unstructured environment features. Industrial robots have to perform complex tasks at high speeds and have to satisfy hard cycle times while maintaining the operations extremely precise. The capability of the robot to perceive the presence of environmental objects is something still missing in the real industrial context. Although anthropomorphic robot producers have faced problems related to the interaction between robot and its environment, there is not an exhaustive study on the capabilities of the robot being aware of its volume and on the tools eventually mounted on its flange. In this paper, a solution to model the environment of the robot in order to make it capable of perceiving and avoiding collisions with the objects in its surroundings is shown. Furthermore, the model will be extended to take also into account the volume of the robot tool in order to extend the perception capabilities of the entire system. Testing results will be showed in order to validate the method, proving that the system is able to cope with complex real surroundings.

1. Introduction
Robots are meant to become part of everyday life, as assistants at home, as our appliances, and in the industrial environments; they can take part to the work chain as coworkers, completing hard and demanding jobs. In this context, creating autonomous robots that can learn to act in unpredictable environments has been a long-standing goal of robotics, artificial intelligence, and cognitive sciences. An important step towards the autonomy of robots is the need to provide them with a certain level of independence and dynamic behaviour in order to face quick changes in the environment surrounding them; to get robots operating outside rigidly structured environments, such as research centres or universities facilities and beyond the supervision of engineers or experts, it is necessary to face different technological challenges, amongst them, the development of strategies that allow robots to learn from their own experiences and interaction with the environment. The interaction is the generic relation between two (or more) subjects where each subject modifies repeatedly its behaviours in relation to the behaviours of other subjects. In order to extend this definition to robotics, it is important to understand the basis of human interaction with the environment in order to make the robot acting in a similar manner to what people do while moving and interacting across their space. The ways the robot interacts with the environment are several: it acquires data from the surroundings through its sensors to provide the necessary input signals to the controller and it performs actions in order to achieve desired tasks. The entire robot-environment interaction can be described completely using two models, under the assumption that the robot controller is reactive where the output of the controller does not depend on its internal states, but only on the current input signals provided to it; moreover, another assumption must be that the robot works and operates in a controlled environment with no other external factors which influence its surroundings (i.e., the change in robot perception is only dependent on the actions of the robot). Given these assumptions, the robot-environment interaction model is described both by the robot controller model, which computes the desired motor responses of the manipulator according to its perception, and the perception model, which emulates how the perception of the robot is affected by its own actions. We will focus on the robot controller model in order to describe the robot-environment interaction, starting from the modelling of the static environment through the use of elementary geometrical regions as in [1]. In regard to the nature of the interaction between a robot and its environment, robotic applications can be categorizes in two classes. The first class is referred to noncontact tasks (unconstrained motion in a free space, without any environmental influence on the robot). In these tasks, the robot dynamics is the most important aspect as regards its performance: several industrial applications such as pick-and-place, spray painting, gluing, and arc or spot welding belong to this category. In contrast to these tasks, many complex advanced robotic applications (packaging, assembling, or machining) require the manipulator to be coupled with other objects which can move. The contact tasks can be furthermore divided into two subclasses: essential force tasks and compliant motion tasks, as described in [2]. The first subclass requires the end-effector to establish a physical contact with the objects in the environment and exert a process-specific force. In these tasks, a synergy between the control of the end-effector position and interaction forces is required; some examples of this kind of tasks are deburring, roughing, bending, polishing, and so forth. In these tasks, the force has to be controlled in relation to the particular process in order to prevent overloading or damaging the tool or the objects to be manufactured. In the second subclass, the tasks focus on the end-effector motion, which has to be realized close to the constrained surfaces, and it must be compliant (i.e., capable to reacting to the interaction forces). In this subclass, the problem of controlling the robot is joined to the problem of accurate positioning (as in part-mating process). These processes are often characterized by the presence and occurrence of contact with constrained surfaces, and then the control must cope with reaction forces. The measurement of interaction force here provides information for error detection and for the identification of the parameters to modify the prescribed robot motion. In the future of robotics, the interaction with the environment is fundamental and more and more tasks will include and require interaction. In this paper, we will focus on the noncontact task class; in this context, a lot of considerations can be done, taking into account the feasibility of these applications in a real industrial environment. 
As a first step, we have developed a system which can manage a set of different geometrical shapes (spheres, cylinders, and parallelepipeds) which define regions where movement and access are forbidden or allowed; besides this feature, a warning zone is defined as a thickness from the region of interference, useful in order to control the general speed override of the robot Tool Centre Point (TCP for now on) in fact, in these areas the speed override is controlled according to a control law which changes in function of the robot TCP position, adjusting the speed proportionally to the distance between the TCP and the avoided zone. At this stage, the algorithm checks only the TCP position and the spatial checks are performed on it (and not on other parts of the robot). The following step will take into account the modelling of volumes interactions in order to extend the method and the control system to include collision detection paradigms between volumes. This will allow the definition of an effective model of the static features inside a real industrial cell, which must be checked against the volume of part of the robot. At first, an overview of the theory of collision between solids has to be analyzed in order to introduce in the interference regions that model the possibility to check minimum distances between volumes and to prevent collision between the same volumes. Subsequently, the critical points which have to be passed to the interference regions control have to be detected by the engine. The entire volumetric collision detection engine will be engineered in order to take into account the bulk of the tool mounted on the robot, without limiting the capabilities of the interference regions control system of testing the only tool centre point against the elementary geometrical regions. The theory of collisions between volumes is here studied, in order to detect if a volume is in contact with others; furthermore, in order to correctly implement the methods of volumetric interference regions, a further module of computation of minimum distance between volumes has to be taken into account. The study of such architecture is a step towards the realization of a more intelligent robot that is aware of its volume, starting from the tool mounted on its flange and giving the opportunity to extend this model to the whole robot arm. The final step is to create a general architecture where volume collision detection and closest point detection are integrated together with the interference regions control system. Test results will be shown to prove the effectiveness of the presented architecture. These tests refer to the robot while it is moving at its maximum speed and while performing technological tasks in a real industrial cell. The algorithm that has been tested here is the interference regions control system without the management of volumetric control paradigm. We are confident that these results can be easily obtained with the presented volumetric method, since the following tests refer to the collision avoidance core which takes as input a set of tool centre point positions which are the same output of the closest point detection block previously described; therefore, we think that these results can be generalized for the presented solution.
A side aspect of the robot-environment interaction is the interaction of the robot with human operators; this is an important social aspect that has to be taken into account when developing new robotics theories; in the last century, the growth in automation inside the factories and industries was exponential and this has led to a rapid change in the conditions of human operators. In particular for muscular fatigue, technology has substituted tension and mental effort; for the more advanced automated plants, the transformation of physical energy into technical and mental skills is even emphasized [3]. Another product of the increase in automation is the sense of alienation which has to be faced by the human operators who have to work in tight connection with robots or other mechanical instruments, being actors of repetitive tasks without complex interactions with their “mechanical coworkers.” The interaction between robot and environment has been studied in this paper in order to also take into account the role of the human operator in the programming and maneuvring of robots, making his role closer to the productive process and less alienating; this is possible, considering the overall increase in the interaction between robot and environment which is the basic idea of this paper.
2. Model of Static Environment
In this section, a model of the static environment will be described in order to define a correct and effective model of static features inside a real industrial robotized cell. The first step consists of the definition of a general model that can be analyzed in order to cover all the possible scenarios inside the industrial environment; keeping this in mind, it is necessary to synthesize a control system capable of taking into account the elementary geometrical regions in order to provide the robot with the fundamental tools to face a basic level of interaction. The study of this subject is then a good start to realize a more intelligent integrated robotized cell, where the strong interaction between robots and humans becomes closer and closer. 
2.1. State of the Art
In this paragraph, the modelling of static environment will be shown; this topic is still at a basis level, and there are several starting points of study in particular in the industrial automation background. PILZ developed a new control system for areas crowded with robots, moving machines, and human operators [4]; with this option, it is possible to broadcast a safe output in order to immediately halt the machines operating in those areas, avoiding potentially harmful situations. With ABB world zone software option [5], it is possible to define zones where the robot tool centre point cannot enter. If the robot end effector ends in an off-limits area, previously defined by the programmer, the control cuts the power and quickly stops the robot. This system lets the user program world zone software which is especially useful when two robots work close in order to prevent collision and establish working protocols and policy. However, this solution is quite limited as the model of the static environment is made taking into account the robot tool centre point rather than the complex structure of the robot arm; anyway, this solution represents a valid starting point to go through the development of a wider and more complex control paradigm to take into account volume versus volume collision, as will be shown later on. In the literature, there are several different approaches to the study of space occupancy and cooperation and to cope with collision avoidance problem. In particular, path planning is strongly associated with the problem of forbidden zones [6–8]. The management of operative space is a matter of study and development in the field of telemanipulation and robot assisted tasks [9], where security of avoiding forbidden zones is the main objective of the work. Amongst the previous studies in collision detection, there are some works to be mentioned as the one [10] where given two general polyhedra of complexity 
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, where one is moving while translating or rotating about a fixed axis, determine the first collision, if any, between the two objects. Another important aspect of collision detection and control of forbidden areas is presented in several works [11, 12], where the dynamics of complex bodies is simulated over a system equipped with a collision detection algorithm. In the industrial field, other approaches aimed to reach a greater level of automation in robot-environment interaction. Fuzzy logic allows controlling a system in order to avoid access to dangerous areas [13]. There is a further approach that will be presented later on this paper, where a system uses Bayesian occupancy grid and a fuzzy logic controller in order to avoid the collision between robot and other objects or humans moving around the cell [14]. In the following paragraphs, a new method to synthesize a control system capable of managing a set of predefined geometrical areas will be shown; with this paradigm, the advantages of taking into account a space model will be shown as well. This method will be the basis to extend the control from point versus volumes, to volume versus volumes collision detection as described later on in the paper. 
2.2. Modelling Static Environment with Elementary Geometrical Volumes
The modelling of robot surroundings is a crucial problem in order to cope with management of robot working space, especially when this space is shared with other robots or machinery. The basis of the robot-environment interaction is the capability of the control system to define primitive geometrical areas in order to cover all the possible configuration of the objects inside a real industrial cell. The elementary objects are defined as parallelepipeds, cylinders, spheres, and planes. With this simple modelling, the system can be provided with the capability of defining multiple geometrical areas of these types in order to cover almost every object inside the cell (such as working tables, machinery, or moving objects such as rails and conveyors). Starting from this definition of elementary geometrical area, in the following paragraph, a control system will be shown. This control system allows the user to move the robot around the operating area with the certainty that it will not collide with the forbidden regions; these regions must be previously defined, declared, and activated in order to work correctly. On the other hand, the system could manage another type of regions (called monitored) linked to a digital output which can be raised when the robot TCP enters that region.
2.2.1. Control Paradigm
The developed system allows the programmer to define multiple elementary zones which can be integrated inside the standard robot control and which represent the database of spatial forbidden areas that are used in order to control both the position and speed of the robot end effector. The areas can be easily defined by the programmer, considering several simple geometrical reasoning in order to define a parallelepiped, it is sufficient to take two points (the lower left corner at the base of the shape and the upper right corner); with these two points declared, the first shape can be integrated into the forbidden zone database. The cylinder on the other hand is univocally defined considering the centre of the base circumference, the radius, and its height with this convention, the base of the cylinder is parallel to the XY plane of the world frame reference. The sphere is instead defined considering its centre and radius. Planes can also be defined into the system, declaring three points as the origin, X- and Y-axes and considering the Z-axis as perpendicular to the plane. Thanks to the possibility of defining several zones in the same operating area, obviously a lot of industrial applications can be covered by using this control paradigm. An important feature of this system is the possibility to consider the areas with two different features, concerning their life; they can be either constant or temporary. The first typology is programmable and modifiable from a particular class of users, and they cannot be ignored or modified by user programs these zones are active during all the cycle of the robot. These can be used, for instance, in order to define zones that cannot be covered by the robot end effector as they are occupied by fixed structures, such as pillars or other irremovable facilities. The second typology is temporary as it can be activated or deactivated from each user program, and it is a very useful function in order to manage interlocks for exchange zones between robots when a robot is inside an elementary zone, it is compulsory that the other robot is avoided to access the zone. This feature can be extended to those systems including a network of robot controllers where the information about the elementary areas in the robots cell is shared. In this case, the control system of each robot can be supervised by another controller in order to update the information of the position of the robots as regards the position of multiple elementary areas defined on the cell. Another important feature of the presented system is that it allows the user to define an area bigger than the elementary region, called warning zone in this zone, the robot can keep working but with a safe control system that checks the distance between the surface of the elementary area and the robot end effector, forcing the robot speed override to a value proportional to that distance. With this method, the robot end effector speed is reduced when the control system realizes that the robot violates the warning zone; activating this, it is also possible to avoid mechanical solicitations due to hard brakes and to allow human operator to better perceive the enabled elementary zone around the robot. This control law is applied to each geometrical area and the resulting speed overrides (one for each declared elementary area) are computed in order to find the minimal value of them and to apply it to the robot. Another important innovation of the presented method is that concerning the implementation of dynamic management of elementary areas; in particular, it is possible to program areas which can change their positions in time. This allows the elementary zones to be linked to moving objects (such as moving machines or to end effector of other robots inside the cell); in order to use this position, it is necessary that the current position of the objects has to be known since the robot controller must know this information, or it must similarly share it with other cooperative robots inside the cell. In order to fully describe this feature, a space where several robots operate can be considered in this configuration, it would be useful to define a dynamic zone on each robot end effector (linked to it). In this condition, each robot knows exactly and instantly the position of other robots end effector: if a robot draws too much to another one, the presented control is able to prevent damage between them. This allows the robot programmer to be released from the need of defining interlocks with some useless waits, while with this management it is possible to define digital outputs when a robot accesses a specified zone (not when specified in a user program); this control is parallel and acts in real-time, despite the classic management of interlocks. Thus, it is very important during the productive cycle when robot programmer has to develop applications where more robots and machines share the same working space, and the presented method helps the user to exactly bound the working areas. The definition of a shared information on the state of the elementary zones (if they are occupied by a robot or not) is very useful and innovative for what concerns monitoring a dynamical geometrical area (e.g., with conveyors). With this system, it is possible to link a dynamic zone to a moving object and this allows the definition of dynamical interlocks, which can be shared through a network between robots, giving a global visibility in the whole cell. The kinematics information of the first three robot joints and the tool allows the definition of useful information avoiding collision between robots cooperating in the same cell; this system, on the other hand, is not safe for the interaction between robots and human operators, but it is thorough in order to protect and prevent damage between robots and facilities without the need of further devices.
2.2.2. Control System Integrated in the Robot
In this section, an accurate description of the architecture of the control system will be shown. With the proposed solution, each controlled elementary zone can be programmed and defined using both the programming language (PDL2 for Comau robots), describing the complete geometry, shape, thickness of the warning zone, and its static or dynamic typology. Using this method, it is possible to program elementary areas to be controlled, in a precise way, and this solution can be very suited for off-line programming. A second method to perform the definition of an elementary zone is to use the robot in order to teach the distinctive points of a geometrical area (as shown in the previous section). With this method, the user will be asked to move the robot around the working area while locating the characteristic points of the geometrical shapes to be defined teaching these points will bring the advantage of having a direct comparison with the taught elementary-controlled zone and the real obstacle inside the working area. These methods provide the user with simple tools in order to create the database of the controlled elementary zones which allow the control system to perform complex operations of the spatial checks on the robot working area. With this solution, it is also possible to program and define for each declared zone, channels of shared information which can be activated automatically whenever the robot end effector enters a controlled zone or a warning zone; this also allows to have a quantization of the working area. The operator who uses the proposed solution has the possibility of tuning a set of parameters which makes the system extremely flexible and modular. It is also possible for example to define a dynamic controlled zone, linked to the end effector of another robot, in order to check the possible collisions between the robots. The control scheme is depicted in Figure 1.





	
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
			
				
					
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
		
			
				
					
				
					
				
			
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 1: Interference Regions Control Scheme.


As shown in the scheme the geometrical control algorithm checks if the robot end effector is inside a controlled zone or, analogously, a warning zone. This check is done on the basis of the database of geometrical areas, previously defined by the user; in this context, the dynamic objects position provides the control system with the possibility to link the geometrical areas to arbitrary moving points (as conveyors or rails), which can be read from external sensors like encoders. The speed control is performed by the geometrical area control block which detects the typology of the shape and selects the correct control law to be applied in order to modify the robot override, preventing collisions with the user-defined zones. The speed override is changed smoothly when the robot end effector comes up against a spherical elementary zone, according to the following control law:
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). The robot speed override coincides to the old speed override when the robot end effector is outside the warning zone; the cylindrical elementary area is depicted in Figure 2(b) with its warning zone.
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