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Abstract 

Recently a new class of industrial robots hit the market that can be potentially used in the same environment as human co-
workers (fenceless) if relevant norms are fulfilled. The concept of robots cooperating with humans has gained a lot of interest in 
the academia, but lacks nowadays applications in both domestic and industrial areas. In this paper, we present a platform for 
human robot collaboration, which allows building applications of human robot interactions in an intuitive way. Using this 
platform, the worker is enabled to pursue different levels of shared autonomy between human and robot. Three applications in 
industrial environment are demonstrated with increasing level of autonomy from coexistence to collaboration. These examples 
exemplify the usability of such a flexible system in the automation chain and the presented results provide strong evidence of the 
technological potential in the field. 
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Peer-review under responsibility of the scientific committee of the 27th International Conference on Flexible Automation and 
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1. Introduction 

In recent years, the concept of robots cooperating with humans has gained a lot of interest, in both domestic and 
industrial areas. In industrial environments, the combination of cognitive capabilities of humans with the physical 
strength and efficiency of the robots/machines can essentially reduce the amount of fixed production costs in 
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relation to variable costs. The robot systems are also understood as proper means to address changes in demography 
and shortage of skilled labor in material goods production. Furthermore, they provide higher flexibility and ensure 
higher quality of products, which are already nowadays challenging companies. Setting up and operating a system in 
a fenceless environment requires and being responsive to human interactions requires new sensor capabilities 
integrated in a human robot system which is in turn embedded in a production system. Human robot interaction is 
differentiated at different levels with varying degree of shared autonomy as human robot coexistence, cooperation 
and collaboration. 

In this paper, we present a platform called XRob, which allows building models of human robot interactions in an 
intuitive way. Using this platform, the operator is enabled to pursue different kind of task sharing operation in 
applications requiring customized patterns of interactions. According to the different kinds of shared autonomy we 
give examples of how processes can be implemented in industrial settings. The processes addresses key issues in 
manufacturing such as fast ramp up, zero defect inspection and reducing manual labor in assembly operations. The 
coexistence scenario describes a robot assistant system focusing on quality control tasks. The mobile platform 
features a flexible quality inspection system which can be enhanced with a variety of sensors and inherits intuitive 
configuration capabilities. Working side by side in the same working space describes a scenario of an assembly of 
automotive combustion engines. Beside rapid reconfiguration of the system, also safety issues have to be taken into 
consideration. The assembly scenario demonstrates a cooperation scenario where robots carrying out screwing 
operations beside human attaching parts on the same work piece. The third example shows the collaboration of 
human robot teams. The intense interaction between human and robot requires a mutual understanding of the task at 
hand. Specifically, for the robot to assist the human operator for a given task involves understanding the actions 
performed by the human, interpreting the activity and eventually interacting with the human. This is prerequisite to 
enable seamless interaction. 

Finally, the paper sets the different levels of shared autonomy in comparison and gives remarks on the 
requirements of successful implementation in industry. 

2. State of the Art 

In an era of transformation in manufacturing demographics from mass production to mass customization, 
advances on human-robot interaction in industries has taken many forms. However, the aim of reducing the amount 
of programming required by an expert using natural modes of communication is still an open topic [1]. In this 
context, to achieve the goal of easy and quick re-programming by non-experts the task-level programming paradigm 
is employed.  

One of the well-known early works on task-level programming [2] is based on a set of actions, which alters the 
current world state. They can be perceived as primitive formal descriptions of compliant robot motions and are 
composed of primitives. These primitives can be defined as simple, atomic movements, that can be combined to 
form a task [3]. A primitive is typically a sensory input or a single robot motion, described using the Task Frame 
Formalism (TFF) [4].  In other words, the assembly task is broken down into some form of action primitives the 
robot can interpret [5]. However, this involves the problem of modeling the world state, and maintaining the model. 
As a result, when using such primitives the difficulty in modeling a task increases exponentially as the complexity 
of the task increases. In this paper, we show case our work on building an assembly task with generic recipes. The 
terms recipe and skill are used analogously in this paper. These recipes (composed of a set of primitives) are 
abstracted on a higher level and hence form a bridge between complex tasks and the primitives. The idea follows 
along the idea of high-level abstraction for generalization proposed in [2]. 

Depending on how these primitives are combined, several approaches are described in literature. An approach 
using a visual programming tool for defining the flow control to support hierarchies and concurrencies in a state-
machine like concept is proposed in [6]. [7] shows an automated task planning and execution system as a sequence 
of skills and their parameters, based on the desired goal state and the current state from the world model. A robot-
programming framework adaptable to variations in the process using knowledge-based components to enhance the 
robot teaching process is proposed in [8]. For portability across different platforms, components are integrated into a 
skill-based framework in [9], coupled with a task planning component.  
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Parametrization of a pre-implemented recipe by non-expert to match the current assembly task at hand is of vital 
importance. In [10] a three-stage LfD method is proposed, which incorporates human-in-the-loop adaptation to 
correct a batch-learned policy iteratively, to improve accuracy and precision. And in [11] a programming-by-
demonstration approach that allows users to generate skills and robot program primitives for later refinement and re-
use is explained.  

Though such approaches are proposed, not many of them demonstrate their applicability in practice in real-world 
industrial settings. Some exceptions include [1] [7], where the authors partially show their approaches applied in 
practical demonstrations. These approaches however are demonstrated on a particular use case. In contrast, our work 
proposes and focuses on a task based programming framework “XRob” that is capable of  

• Easy intuitive programming for non-experts 
• Programming by demonstration features with help of GUI 
• Applicability to Human robot interactive assembly tasks with varying complexity 

In order to show case the applicability of our approach, we demonstrate three use cases with varying complexity 
covering the aspects of human robot coexistence, cooperation and collaboration. 

3. The XRob Framework 

The XRob software framework enables the creation of complex robot applications within fewer minutes. It builds 
on unique, easy-to-use features that significantly speed up commissioning and make the operation more cost-
efficient and flexible than common programming methods. The special software architecture allows easy and 
intuitive creation of processes and configuration of the components of a robot system via a single user interface. Fig. 
1 provides an overview on the software components within the XRob framework. 

The main software components, which are highlighted using colored rectangles, are tightly integrated and linked 
together to enable close communication. Dependent on the application that needs to be realized, the complexity of 
the system can be varied  

 

Fig. 1. Components of the XRob software suite: Each of the main software components, which are depicted as coloured rectangles, provides a 
number of sub components, which can be activated specifically to meet application requirements. 

by activating or deactivating concrete software modules, thus leading to a high scalability of the XRob system. A 
detailed description on the integrated software modules is provided in the subsections below. 

3.1. Perception System 

The Perception System software component consists of modules to aggregate data from the current state of the 
workspace environment. These functionalities include means to digitalize the workspace by environment 
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reconstruction, to locate and track objects, and to capture current actions that are performed by a human operator in 
the scene. 

Environment Reconstruction: Digitalization of the workspace environment is required to enable the calculation 
of collision-free robot manipulation paths (see 3.2) during process execution. This 3D reconstruction of is performed 
hand-guided with a low cost 3D sensors. The Environment Reconstruction module is building upon on the 3D 
reconstruction software ReconstructMe [12]. After scanning the workspace, the resulting point-cloud is post-
processed to filter sensor-noise. Moreover, points belonging to the robotic system (manipulator) can be removed by 
localizing the robot (see 3.2) and removing the related point-cloud data. 

Object Recognition: The aim of 3D Object Recognition is to localize the pose & position of an object of interest 
in the scene. Given the 3D model of the object, the goal is to find a correct transformation (6DOF) of the 3D model 
in the point cloud reflecting the current scene. A 3D model can be obtained either by 3D reconstruction as described 
in 3.1.1 or based on the CAD model of the object, which is transformed into a point cloud during configuration. The 
3D Object Recognition module is based on the Randomized Global Object Localization Algorithm (RANGO) [13], 
which extends the Random Sampling Algorithm [14]. Resulting object detections are used to plan collision-free 
robot movement paths for object manipulation. The accuracy of the 3D object recognition approach described above 
greatly depends on the sensor data quality and on the sizes of the objects of interest. Especially for very small 
objects, e.g. screws, 3D object recognition does not lead to reasonable detection results. To overcome these 
limitations, the XRob software framework supports 2D template matching and the detection of matrix markers [15]. 
Matching templates can be configured on runtime, by positioning the sensor accordingly to record a template image. 

Object Tracking: Object tracking in 3D can be defined as the problem of estimating the trajectory of an object in 
the 3D point cloud as it moves around a scene. The tracking module relies on depth data only, to track multiple 
objects in a dynamic environment. It builds on random-forest based learning techniques to deal with problems like 
object occlusion, motion-blur due to camera motion and clutter [16]. In recent work the object tracking system was 
extended to enable tracking of multiple instances, and to be configurable based on the given execution context of the 
process [17]. 

Human Action Recognition: Perception and classification of human actions is an important prerequisite to 
establish a human robot collaboration system. A state of the art action recognition framework, using skeleton 
tracking, classifies actions by applying a multi-class random forest classification technique [18]. The module is 
capable of providing the current action executed by the human and the position (skeleton tracking) in real-time. 

Algorithms for Sensor- and Tool-Calibration: All 2D and 3D sensors have to calibrate the intrinsic and extrinsic 
parameters. Both parameters are calculated using different poses of the camera, pose and calibration target. The 
results of the intrinsic calibration are coefficients for radial and tangential distortions. The extrinsic calibration 
estimates the pose of the camera relative to, depending on the setup, flange or world [19] [20]. Additional tool 
coordinates are estimated via 3-point estimation or via algorithms already provided by the robot vendor. The 
calibration of the work cell (see 3.1) to the robot is one additional calibration procedure available in the system. It 
uses the object localization from 3.2 using the available robot model and current pose as object-model and the 
digitalized work cell, which has to include the robot. The digitalized part of the robot within the work cell will be 
removed after the localization. 

3.2. Planning and Execution System 

The Planning and Execution system provides modules in order to carry out actions on the robotic target system. 
These include the calculation of collision-free movement paths and the required interfaces to robotic systems. 

Collision-Free Path Planning: The results of the Object Recognition and Localization system are used to plan 
and calculate collision-free robot manipulation paths to enable handling of the detected objects. Based on predefined 
grasp as well as deposit points on the CAD model of the objects, the manipulation planner determines how the 
object can be grasped. All object localizations as well as the available workspace environment data are considered 
for collision checks. The path planning system is based on the Open Motion Planning Library (OMPL) [21] and 
follows rapidly-exploring random trees (RRT) [22] approach. 
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Robot Interfaces: To facilitate communication with the robotic system, the XRob framework provides a uniform 
communication interface, which can be extended in a Plug-In like fashion to support robotic systems of different 
vendors. 

Application Development: The XRob software framework provides an intuitive user interface for application 
development, which includes an interactive programming environment, and software modules to simulate and 
visualize robotic movement paths as well as data acquisition via sensors. 

Interactive Programming Environment: The interactive programming is used to get all needed information to 
execute the intended process. The system understands the following basic information: robot-pose, 2D image and 3d 
image. Additional algorithm specific properties can be changed for every algorithm instance. The basic workflow is 
to configure the system in an initial state. If the system is to be reconfigured, either all information has to be re 
gathered or the initial state has to be restored. 

An important principle is to only teach process relevant positions. The system is intended to prevent e.g. 
collisions with the module described in 3.3. Changes in the environment can be modeled with reference images 
which are the base information for the object localization described in 3.2. The programming principle has been 
developed in two clients presuming different experience levels. The FAT-client is intended for experienced users 
which are aware how to configure reference images. The Web-Client is intended for non-experienced users who 
only want to describe the most relevant positions in the process.  

Simulation: The system can be fully simulated with the V-Rep simulator. The links to the system are the robot 
and the 2D/3D sensors. The simulation can be used to configure and execute a specific process. This means that 
reference images are directly taken from the simulation; also robot positions are configured using the simulation. 
While executing the process, only the robot and camera are controlled by the system. All natural behaviors like 
dynamics are calculated by the simulator. 

3.3. Cognitive Reasoning System 

Human Robot Collaboration (HRC), where a human worker and a robotic system perform coordinated actions 
within the same process, requires a smooth interaction between robot and human to stay efficient. As a major 
challenge, human and robot need to develop a common understanding of the considered process. This section 
introduces software modules to enhance robots with cognitive reasoning abilities. 

Knowledge Management: Representation and management of knowledge that expresses different aspects of 
human-robot collaborative processes, including process descriptions and variants, human abilities and activities, 
known object configurations and other, is an important prerequisite to enable reasoning on the current process and 
environment state. 

The knowledge representation [23] used in the XRob framework builds on the OWL [24] based knowledge-
processing framework Knowrob [25], which has been extended to enable the description of process variants and 
human actions. Using this knowledge representation, we differ among two kinds of databases that are used: An 
offline database to store a-priori (e.g. process knowledge) knowledge as well as an online database to store data 
generated during process execution (e.g. perception data). Both data sources are substantial to enable reasoning on 
the current process state and on recorded perception data. 

Perception Reasoning: The Perception Reasoning (PR) module is used to determine the current state of a 
process, based on the perception of object locations, detected human actions, feedback of robot executed actions, 
and the given process description. It also is able to verify if a triggered or human requested action has been taken 
place, by using the tracked perceptions. During such a verification process, the PR module acts in a seamless 
communication with the Perception modules (see Perception System). It provides context information to these 
modules in order to optimize the detection quality and to prune wrong detections (e.g. due to sensor noise), given 
the current process step [17]. 

Process State Reasoning: The Process State Reasoning (PSR) module deduces the next actions to be triggered in 
order to progress the considered process towards completion. It considers the process knowledge, the history of 
process states confirmed by the PR module, and the capabilities of human and the robot system. 
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3.4. Types of Human Robot Interaction 

Human robot interaction can be realized in various forms. A binary input (e.g. yes or no) from the human to the 
robot can be seen as an interaction in its simplest form. Depending on the kind of interaction [26], HRI in industrial 
scenarios can be partitioned into: 

• Human robot coexistence – where both agents (human and robot) operate in a close proximity on 
different tasks;  

• Human robot assistance – where the robot passively aids the human in a task (helping in lifting heavy 
objects); 

• Human robot cooperation – where both agents simultaneously work on the same work piece (each 
agent has their own task to do on the work piece). 

4. Robot Coexistence 

Coexistence is spatial coincidence without temporal coincidence. The worker cannot interact with object during 
inspection since inspection could be influenced in that case. 

Use Case “Flexible Quality Inspection”: In industrial production process, quality inspection is required at 
designated steps of assembly processes. This use case describes a quality inspection process for generator-plug 
connectors in car engines, implemented using the XRob system. 

Modelling in XRob: The implementation of the quality inspection system in XRob context makes use of XRob 
functionality in manifold aspects. Firstly, Environment Reconstruction is used to provide a model of the workspace 
that will serve as collision model. Secondly, the process recipe is created by using the Interactive Programming 
Environment. Here, reference positions are defined, for performing a 3D scan in order to locate the motor block, and 
for the scan positions to capture generator-plugs that should be inspected. The inspection reference positions are 
defined relatively to the detected position of the motor block. For parameterization of the positions a XRob service 
for improved hand guidance is used that allows the control of the robot during parameterization phase not only via 
passive hand guidance by the robots own compliant mode but also by controlled dragging of the robot via a force  
torque sensor with axis calibration parallel to the robots TCP frame. Thirdly, for each inspection position, a 
reference image needs to be taken. This image serves as a reference for an operable generator-plug. The 
visualization module provides images of taken reference images and can further be used to simulate the results of an 
inspection step. In this way, the operator can easily check if the taken reference images are appropriate to detect well 
connected plugs. 

Demonstration: This XRob use case was implemented in an industrial factory setup, and is operating 24/7 in a 
production line. The overall setup time for the human operator, to configure the XRob system for an inspection task 
like described above, was in the range of 15 and 30 minutes. Fig. 2(a) shows the implemented inspection system 
setup. A generator-plug is depicted in Fig. 2(b). The configured inspection system operated on a performance level 
of inspecting 190 plugs within 60 minutes, thus taking about 19 seconds per plug. Within this recorded test, one 
false detection (false negative) was detected. 

 
a) 

 

b) 

 

Fig. 2. (a) XRob Inspection system, equipped with Shape Drive Sensor to inspect generator plugs; (b) generator plug on the engine (2D image).  
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5. Robot Cooperation 

DIN ISO 10218 draws a distinction between collaborative and non-collaborative operation of robot systems. 
Cooperation in our taxonomy is defined by temporal and spatial coincidence of robot and worker without a mutual 
task or physical interaction. As an example for cooperation we present a use case where worker and robot perform 
application tasks in one common work cell at the same time. 

Use Case “Cylinder Head Assembly for combustion engines”: The assembly of a combustion engine includes 
the installation of a cylinder head cover. The installation is carried out manually by stacking the cover with pre-
inserted screws onto the motor block and tightening the screws with a manual power tool.  The electronic 
screwdriver of the manual workplace is fitted with a push start mechanism, electronic control unit and a shut-off 
clutch and therefore starts rotating when pushed onto the screw and stops motion when retracted respectively when a 
predefined torque is reached. For combustion engine assembly the power tool Fig. 3(a) has to perform screw 
tightening operations in the required order and accuracy to meet a defined process quality (i.e. screw-in depth, 
torque). The working instruction of the workstation includes several additional process steps. While the robot 
performs the assembly task of pre-screwing the cylinder head cover the worker performs different other assembly 
tasks. 

Modelling in XRob: XRob contains functionality for 3D and 2D position deviation compensation. Once the 
XROB recipe is parameterized the robot system takes an overview image (as 3D point cloud) for coarse orientation 
and position deviation compensation that allows a 2D sensor to be positioned in a fashion that allows a fine position 
compensation (in 2D) that relies on a reasonably established distance between 2D sensor and object to allow 
calibration of images and deviation measurements from pixel space to metric space. This allows the robot to cover 
for imprecise object presentation automatically. Process functionality for screwing is implemented as subprogram in 
the robotic system and carried out triggered by a XROB function block. For parameterization a XRob service for 
improved hand guidance is implemented that allows the control of the robot during parameterization phase not only 
via passive hand guidance by the robots own compliant mode but also by controlled dragging of the robot via a 
force  torque sensor with axis calibration parallel to the robots TCP frame. 

Demonstration: The demonstration of the cooperation use case is carried out in three expansion stages [27]. A 
standardized task to be solved with the robotized tools is presented to a with regard to sex, age and experience 
representative selection of factory workers that are planned to be available during all three expansion stages. The 
workers were trained in a standardized routine and carried out the robot teach in tasks multiple times. The workers 
were equipped with a head mounted camera with eye-tracking and in addition were observed via external video 
camera. Video analysis (for timing and scope measurements) as well as measurement of task effectiveness in 
addition to standardized questionnaires for calculation of usability measures (NASA Task Load Index, SUS) [28] as 
well as generic feedback during interviews were considered. 

a) 

 

b) 

 

Fig. 3. (a) Cooperative screwdriver robot system; (b) Stage one - evaluation results. 

In the first expansion stage, the effectivity and simplicity of the user interface as implemented by the robot 
manufacturer was evaluated. The gathered data showed that the touch panel in its off-the-shelf version was 
experienced as not feasible and too complex to control the robot during the teaching task for participants of both use 
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cases (see Fig. 3(b)). There was a strong tendency to omit the panel as an intermediate device and to try to directly 
control the robot using kinesthetic teaching. Results showed that the preferred user strategy to teach in process 
points by manual hand guidance was inhibited due to gear friction that leads to bulky user experience, stacking and 
imprecise movement and therefore to ineffectiveness or imprecise results. Parameterization and teach-in of process 
points is only secondary while other activities (like navigation through multistage sub menus) dominate (Fig. 3(b)). 
Overall, the teaching of expansion stage 1 was rated as low with respect to usability, user experience, and 
acceptance, which can be explained by the fact that the actual teaching was only a fraction of the whole process, 
which was experienced as too complicated due to the touch panel. Locking of certain degrees of freedom (e.g. 
rotation or translation) was asked for by users as well as semiautomatic tool alignment as well as one hand 
operability. Any kind of “joystick” was requested literally in the interviews. Nonlinear menu structure during teach 
in was criticized as wells as poor performance of the teach pendant touch screen that was obviously compared to 
smartphones.  

In expansion stage two the XROB programming system was introduced which provides linear workflows, 
feedback about degree of program execution, subtask success and the possibility to be operated via a state of the art 
tablet computer with better touch screen performance. XROB apart from the robot system also supports several 
kinds of sensors. Sensors for measurement of 2D and 3D data and according deviation compensation algorithms 
improve process stability due to increased tolerance to product displacement. Integration of force and torque sensors 
with according control algorithms for hand guidance implement the requested joystick functionality and in 
combination with degree of freedom lock functionality and tool orientation short keys yield in increased system 
acceptance and better teaching performance as teach in time requirements are concerned.  

Tests in expansion stage two showed that better hand guidance performance leads to better acceptance of that 
input modality as well as increased programming performance (Fig. 4). Programming time could be reduced from 
12 minutes to approx.. 7 minutes (Fig. 4) due to the new input modalities. 

 

Fig. 4. Programming performance vs. input modality for the polishing process. 

On the other hand, stage two introduced new functionality. Position deviation compensation leads to increased 
programming effort since an additional machine vision application has to be parameterized but increases overall 
process stability. 

Future work: For expansion stage 3 on the one hand further improvements to the hand guidance system as well 
as to the overall user interface of XROB are planned. On the other hand we plan to implement and evaluate new 
input and teach in concepts. [29] and [30] introduce the notion Spatial Augmented Reality (SAR) and describe it as 
enhancement or aggregation of several Augmented Reality (AR) technologies. [31] gives an overview on Tangible 
User Interfaces (TUI) which denote interfaces that can be manipulated physically, and which have an equivalent in 
the digital world and represent a mean for interactive control. 

6. Robot Collaboration 

Human Robot Collaboration is where both agents perform coordinated actions on the same task (for e.g., robot 
handing over a work piece to the human operator, who then completes the coordination by taking the work piece). 
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Use Case “Human Robot Collaborative Assembly Assistant”: A human robot collaborative assembly assistant is 
presented in this section, which collaborates with a human worker in assembling construction parts of a steam 
cooker (heater, base, tray, ring) into a box (see Fig. 5(b)). Note that, as we deal with a human robot collaboration 
scenario, some steps need to be carried out by the user, in this case Step 1. The robotic system waits for the user to 
complete Step 1, observed with the help of embedded object tracking and action recognition functionalities. Once 
Step 1 is complete, the robot proceeds with the next steps. 

 
a) 

 

b)  

 

Fig. 5. (a) Experimental setup, including robot, perception systems and visualization; (b) Assembly process description, where each step 
describes the responsible agent, the type of action that needs to be performed and the action target (object). 

Modelling in XRob: In order to collaborate with the human in an HRC scenario, the XRob components 
Perception System and Perception Reasoning are required to understand and interpret the current state of the 
environment from sensor data. In order to represent different aspects of the task carried out the Knowledge 
Management system that includes information about the abilities and activities of the human, interplay between 
human activities and object configurations, robot's own self with respect to the task, etc. is required. The Process 
State Reasoning system enables to reason about the current state of the assembly process and to plan the next actions 
accordingly. This is done in coordination with the Planning and Execution System that generates plans for the future 
actions to drive the assembly process towards the goal. These plans need to be carried out in real world, where the 
robot plans its path (path/navigation planning) and manipulates the environment accordingly. Finally, the 
application development system provides a GUI environment to support smooth collaboration, through providing 
instructions to the human worker as well as to visualize planned movements and system states. 

Demonstration: The experimental setup, as shown in Fig. 5(a), consists of a UR10 robot, a parallel gripper and 
two commercially available RGB-D sensors equipped with object tracking [16] and action recognition [18] 
functionalities respectively. Depending on the capabilities of the Agent (i.e. Human or Robot) and the object 
properties (configuration, construction) defined in the Knowledge Management module the sequence of the 
assembly process is defined as given in Fig. 5(b) and is assumed to be known. Fig. 5(b) shows the sequence (Step 1, 
Step 2, Step 3, Step 4 respectively) that expresses 'what' action needs to be performed by 'which' Agent and on 
'which' Target. The Pick&Place action includes localizing the object, reaching for the object, grasping and lifting it 
and then placing it in the pre-assigned assembly box. A different human robot collaborative use case realized using 
the XRob system can be seen here1  

In recent work [32] we examined the ability of the system to learn, how to deal with deviations that occur during 
online execution (which were not encountered during training) of the assembly process. A deviation can occur at 
any step in the assembly process (see Fig. 5(b)) and the possible deviation handling actions at each step include a) 
retrying the same step, (b) giving up thus aborting the assembly process or (c) trying another possible step (e.g. 
execute Step 3 before Step 2, and retry Step 2 later). A total of 25 executions of the assembly process by 5 users 
(roboticists) with 5 executions per user were carried out. Fig. 6 shows five different profiles created during online 

 

 
1 https://www.youtube.com/watch?v=URfJUMNc9SY 
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execution. Each profile has three entries, which consists the chosen deviation handling action by that user for Step 2, 
3 and 4 respectively. During the online execution of the 5 assembly process trials per user, different deviations 
possible were introduced at random such that, overall the user teaches a deviation handling action to the robot for 
each step of the assembly process. Learning to handle deviation in this fashion has the following advantages: a) the 
robot is not required to explore all possible deviation handling actions for each step to find a solution. This reduces 
the amount of time exponentially as shown in Fig. 6 depending on the number of deviation handling actions possible 
at a given step where a deviation occurred b) the robotic system is capable of handling novel situations (situation not 
previously encountered) as they occur online during the assembly process with the help of the user interaction. 

a)  

 

b)  
 
 

 

Fig. 6. (a) Time taken for the robot to handle deviations in presence and absence of the user assistance; (b) Deviation Handling Profiles of 5 
users, learned over a course of 5 assembly process executions per user (total 25 Executions). The three entries in each profile column describe the 

deviation handling action chosen by that user for the assembly process steps (as given in Fig. 5(b)) 2, 3 and 4 respectively. 

7. Discussion 

This work presents the XRob platform, which allows building models of human robot interactions in a flexible 
and intuitive way. Using this framework, the operator is enabled to pursue different kind of task sharing operation in 
applications requiring customized patterns of interactions. According to the different kinds of shared autonomy we 
gave three examples of how processes can be implemented in industrial settings. The levels of autonomy varied 
from coexistence to collaboration with applications from quality inspection to collaborative manufacturing tasks 
between human and robot in the same workspace. The work exemplifies the usability of such a flexible system in 
the automation chain. The demonstrated use cases substantiate the potential of human robot collaboration in future 
manufacturing scenarios. 
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