
Chapter 9

Conclusion

Autonomous robotic manipulation in unstructured environments is still one of the grand
challenges in robotics. In order to manipulate an object, the robot has to perform several
steps, each of them a research area itself. First, the robot has to look for the object in
the environment and determine its position. Second, it has to plan how to manipulate
it considering the task constraints and the environment. Finally, it has to execute the
planned action adapting to prediction mismatches and possible external interferences.
In this thesis, we have made use of state of the art algorithms for the two fist steps and
developed sensor-based approaches for the last step.

Nowadays, there are a lot of manipulator robots that have proven good manipulation
skills. However, the solutions available usually deal with small subsets of the problem.
Robots are still far from being close to the scene understanding and dexterity of humans
in such scenarios. In this thesis we have taken inspiration from human grasping exper-
iments to implement a system capable to perform manipulation tasks in unstructured
environments. In the implemented reactive contact based manipulation system: sensory
feedback, adaptive control, contact detection, contact prediction, object detection and
object recognition are key. Although there are also assumptions and constraints on the
algorithms and approaches presented, we believe that they will be slowly but steady
removed in the future.

Regarding the limitations and possible extensions of the work presented, an important
feature that a robot shall have is the ability to adapt to the environment and learn
from its interaction with the real world. However, in the system detailed in this thesis,
learning is not present and should be incorporated in the future. Learning can be incor-
porated at the different levels of abstraction, the guidelines to add learning capabilities
to the robot are discussed in Chapters 3 and 5 and summarized in Section 9.2.

Even with the organization and structure that the presented architecture provides, it is
difficult to prepare new experiments and execute new tasks. Although task definitions
are easily created, the connections of the services, primitives, and the configuration files,
force the user to have a deep knowledge of the existing modules. Learning approaches
could be used to mitigate this problem enabling to program tasks by demonstration.
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In this thesis we have implemented and validated a contact driven robotic manipulation
system. First, in Chapter 2 we have taken inspiration from neuroscience studies about
human sensorimotor control of manipulation and identified the key components of a
contact driven manipulation system. Second, in Chapter 3 we have presented, imple-
mented and validated the manipulation primitives paradigm, a vocabulary of simple
sensor-based manipulation actions that are combined to perform complex tasks. Third,
we have developed and validated the mechanisms for contact event detection and pre-
diction in Chapters 4 and 5 respectively. Fourth, in Chapter 6 we have presented the
software architecture created to integrate all the pieces of the system and some useful
abilities such as grasp planning. Fifth, in Chapter 7 an abstraction mechanism that
allows the same tasks to be used by different robotic platforms has been presented.
Finally, to endow the contact-based manipulation system with visual perception of ob-
jects we have presented in Chapter 8 a hierarchical object recognition system based
on primate brain mechanisms. Details about the robotic platforms used to develop the
work presented in this thesis are provided in Appendix A.

9.1 Contributions

The main contributions of the work presented through this thesis are listed below:

• The main contribution is the development of the manipulation primitive
paradigm. A framework to implement and specify atomic reactive actions that
can be used as building blocks to define more complex tasks.

• The implementation of a reactive strategy for grasping objects. The value of
adaptive sensor-based control strategies is validated through the implementation
and testing of the robust grasp controller.

• A complete pipeline to unscrew bottle caps is presented as a use-case of the ma-
nipulation primitives framework, a reactive unscrew primitive is also implemented
and validated.

• A novel method to detect contacts using the robot model, current arm motion
information and RGBD images is provided.

• A sensor fusion framework focused on contact detection and localization is another
of the contributions of this thesis. The implementation of several sensor, context
and prediction cues into the framework is also provided.

• Study and implementation of robot dynamic simulation to predict the robot-
object interaction and the contacts that arise from it.

• An action abstraction architecture using the manipulation primitives paradigm in
order to transfer plans between different platforms with different embodiments.
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• The control architecture that orchestrates all the system components in a four-
layered fashion.

9.2 Open questions and future work

The development of this thesis, has produced several related publications and tried to
tackle some of the frequent problems in the robotic manipulation. However, as written
in the following paragraphs, each of the aspects presented in this thesis can be improved.
Beyond the improvements, the work presented opens several opportunities for future
work and propose several open questions that would enhance and expand the research
conducted throughout this thesis.

Human grasping experiments

In the neuroscience studies reviewed in Chapter 2, we have highlighted that humans
perform corrective movements when there is a mismatch between predicted and per-
ceived sensory input. However, there are no experiments available in the literature that
study in detail how those corrections are performed. In this thesis we have performed
preliminary experiments to observe how humans perform corrections, nevertheless to
better understand and determine how humans adapt to different unexpected situations,
more experiments are necessary.

Manipulation primitives

Although in Chapter 3 we have proposed and implemented a set of manipulation primi-
tives, there are still more primitives that should be identified and implemented in order
to increase the range of tasks that can be described. Some of the missing primitives
are already identified (push, pull) but there might be others related to more specific
environments (e.g. cooking) that are still unknown.

An interesting open question that should be investigated is the suitability of learning
techniques to replace the implementation of manipulation primitives. Action-phase con-
trollers could be learned instead of programmed. However, as suggested by [Johansson
and Flanagan, 2010], corrective movements are learned together with each action-phase
controller. Therefore, using learning to acquire new skills would require to learn cor-
rective movements as well. Corrections are triggered by prediction mismatches, hence
a prediction mechanism should be introduced into the learning scheme. A possible so-
lution to learn this kind of controllers was proposed by [Pastor et al., 2011], where a
grasping manipulation primitive is learned together with sensorimotor memories and
corrective movements are performed when prediction errors arise. Unfortunately it is
not clear how the learned strategy would generalize for other grasping tasks with dif-
ferent environment, objects and hand configuration.
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Perception

During manipulation tasks, humans detect contact events using multi-modal informa-
tion from different sensory cues [Johansson and Flanagan, 2010]. In Chapter 4 we have
shown a sensor fusion framework that gathers contact information from different sources
and provides the estimates of the detected contact events.

To the best knowledge of the author, in the literature there are no experiments regarding
how the sensor fusion is performed by humans. Whether there is precedence of a sensory
cue (e.g. tactile) over other cues (e.g. vision or predictions) is still unknown. Intuitively,
our implementation of the sensor fusion mechanism uses a probabilistic approach and
the priorities of the sensory cues depend on the confidence of each contact hypotheses
generator. Experiments focused on this aspect of human manipulation would be very
valuable to improve the sensor fusion methods and the contact detection.

Prediction

The current set-up uses the simulation to foretell where and when contacts will arise.
Thus, if the simulator is able to predict when and where contacts will happen, it can
be effectively used in the proposed human-inspired contact-based manipulation system.
However, the real-time accurate physical simulation required is still not ready. The
continuous development of physics engines makes it difficult to select the best engine
for our prediction engine. In this thesis we have selected ODE but in the future there
might be other engines with better performance. Hence, the implementation of a physics
abstraction layer would be very valuable for the prediction engine. However, to obtain
accurate simulations, a lot of unknown parameters regarding the object material and
inertial properties are required. Furthermore, accurate simulation is computationally
too expensive.

The prediction problem can also be approached from different points of view, instead
of using a dynamics simulator, the consequences of object interactions can be learned
by the robot [Belter et al., 2014]. Another approach is to obtain sensorimotor memories
from a successful task execution and use them to monitor and drive the task execution
[Pastor et al., 2011]. Hence, an approach that combines sensorimotor memories, learning
and dynamic simulation could be the hybrid solution to the prediction problem. First,
physics simulation parameters can be tuned by the execution of exploratory interactions
with the object. Second, the simulation can be used to provide training data. Finally,
the learned sensorimotor memory can be used to drive the execution of tasks and trigger
corrections when mismatches are detected.

High level task planning

The task definitions used for the experiments presented in this thesis were manually
created. We think that the manipulation primitives vocabulary, together with the per-
ceptual primitives can be used as the base symbols for a higher level task planner that
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can convert semantically meaningful orders such as “clear the table” or “mop the floor”
into executable task definitions. As recently published by [Yang et al., 2015] such task
representations can be automatically obtained from unlabelled video sequences. How-
ever, from a single example, it is difficult to obtain the parameters and constraints to
tune the task for a specific scenario. Once the task descriptions can be automatically
learned from examples, a method to adapt the learned task description to different
scenarios will be required. With enough examples of the same task, imitation learning
provides methods that could be used for that purpose.
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