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1. Technical Progress to Date 
(Quarter: October 1, 2012 - December 31, 2012) 
 
1.1) High Level plan and strategy 
 
For the DRC, our approach is to focus on one internal “demo” at a time and do a “full 
slice” of work during each demo, making sure to touch every aspect of the project by 
including user interface, mobility and manipulation, network and comms protocols, 
software design, middleware, and testing in the work done.  
  
Prior to announcement of the VRC, we focused on developing core software necessary 
for manipulation. After the VRC was announced, we decided that our high level strategy 
would be tackling the walking problem first. This decision was made based on our 
team’s strengths in walking algorithms, our extensive pre-existing software tools 
available to sufficiently simulate and analyze the walking problem, and the insufficient 
state of the VRC simulator. We plan to leverage our tools and skills to develop a system 
in which we can get the simulated GFE robot to walk over various types of terrain, 
including but not limited to: flat, slopes, steps, rocks, and gaps. We will first work on 
terrain in which hands are not required and then work on terrain requiring handholds.  
 
All of the internal demos we have done so far are built upon a common control 
framework, which is based on instantaneous capture point dynamics and the rate of 
change of momentum. This control framework, as well as the behaviors built on top of it, 
can easily be ported between different robot morphologies. 
 
As soon as our performance in the walking challenge is adequate, we will shift focus to 
either the manipulation challenge or the driving challenge. After we feel confident that 
we can meet all three challenges, we will focus on test metrics to achieve the highest 
score. 
 
1.2) Demo0 
 
During this quarter, and prior to the VRC announcement, we started out with a simple 
balance and manipulation demo: moving boxes between tables placed around the robot. 
This challenge allowed us to extend our expertise into manipulation and develop some 
user interface tools for manipulation. 
 
The goal of Demo0 was to demonstrate our ability to do simple force controlled 
manipulation in the absence of locomotion. For this purpose, we created a simulated 
world in which there are three tables of different heights and two boxes. We then had 
our 30 degree of freedom simulated robot move the boxes between the tables (see Fig. 
x). The operator can select a box, as well as where to put it, by clicking in the simulated 



world. When selecting a box, the operator can specifically select the faces of the box 
which the robot will use to pick it up. Therefore, depending on the robot’s orientation 
with respect to the box, the operator can easily select the best two faces to securely 
interact with the box. Commands to pick up the selected box and to put it down can also 
be given through the GUI. Once a box has been selected for pick-up, the operator then 
chooses the target destination by moving around a semi-transparent blue box of the 
same size and shape to the desired location. 
 
The robot performs position control on the box in Cartesian space, either with respect to 
the world or with respect to its own chest, while also controlling the compression forces 
exerted on the box by the hands. While performing these tasks, the robot also controls 
its posture. The robot can lean towards a box, rotate its pelvis and chest independently, 
as well as control its center of mass height from anywhere between a full crouch to an 
upright stance. 
 
During Demo0, the robot’s fingers were locked in fixed positions. The problem of grasp 
control was deferred to a later demo. The robot morphology was close to, but not the 
same as the GFE robot. 
 

 
Fig. 1: Robot executing Demo0. Left: box to lift (red) and location to put down (blue) 
have been selected through the GUI. Middle: robot crouches, leans and rotates to pick 
up box from low table. Right: robot puts box down on high table. 
 
1.3) Demo1 
 
Demo1 (see Fig. 1) directly addresses the walking task challenge and focuses on 
navigating through an environment with large obstacles that need to be avoided. We are 
starting with flat ground and will include rougher terrain in subsequent demos.  
 
Demo1 required the development of the operator user interface and the network 
communications between the simulation and this user interface. Whereas in Demo0 the 
operator could give the robot commands by interacting directly with the simulation 
environment, in Demo1 the operator is only be able to interact with the robot via a 
remote user interface. Data from the simulation is streaming to the interface over TCP. 
The data includes a video from the onboard camera and joint position information. This 
data drives the user interface. 
 



We have switched from using the robot model employed in Demo0 to the actual GFE 
robot model. We have written software that enables us to import Simulation Description 
Files (SDF), used by Gazebo, into our own simulation and control software. Using the 
SDF description file of the GFE robot allows us to quickly incorporate changes in our 
software. During the development of the SDF import library, we found and reported 
several errors in the GFE definition. Due to the nature of our control algorithms, 
switching between robot models involves few parameter changes. 
 

 
Fig. 2: GFE robot model as rendered in our simulation software.  
 
Through the remote user interface, an operator is able to create virtual objects that 
represent obstacles, create straight line paths, plan footsteps based on these paths and 
command execution of the specified footsteps. These footsteps are then sent to the 
robot controller in the simulation over TCP. The controller then executes the planned 
footsteps until the destination is reached, and comes to a stop. 
 
We are also working on implementing a simulated LIDAR sensor, and incorporating it 
into the operator GUI and the footstep planning algorithms. Our simulated LIDAR has 
been successfully integrated into the same graphics framework we use for our 
simulation, but has yet to be added to the robot. 



 
 
Fig. 3: Simulated LIDAR in a simple test world, yet to be integrated into the main 
simulation and the user facing interface. All points at maximum range are displayed, 
though they will be culled before being shown to the user. The scene includes a Utah 
teapot and a cube. 
 
1.4) Stair Climbing 
 
In parallel to Demo0 and Demo1, we have extended our walking algorithms to varying 
height terrain, for the DRC as well as for other projects. In particular, we have focused 
on climbing a steep set of stairs. We are currently able to make our simulated robot 
climb stairs with a rise of 35 cm and a tread of only 15 cm at a fairly quick rate of 7.9 
seconds per ten steps (see Fig. 4). Stairs this steep disallow the use of the full foot 
polygon to balance on a step by CoP placement, forcing us to focus on the use of 
angular momentum and improved weight distribution algorithms for balance control. In 
addition, combined ground reaction force control and foot orientation control is 
necessary, where the orientation of the foot is constrained by the line contact with the 
step. We are also able to climb variable height stairs.  
 
Stair climbing fits nicely into our momentum and instantaneous capture point based 
control framework. In addition, almost the same high level behavior is used for flat 
ground walking and stair climbing, with only minor modifications to e.g. center of mass 
height trajectories. We plan to make full use of the algorithms developed for varying 
height stairs in the DRC, enabling dynamic, extremely rough terrain locomotion. 
 



 
Fig. 4: Left: robot climbing steep stairs. Right: varying height stairs. 
 
1.5) Software Infrastructure 
 
One of the main challenges of complex robotics projects is managing code complexity. 
Therefore, we put a great deal of effort into software infrastructure and software 
engineering best practices. Our team workflow leverages the principles of Continuous 
Integration to help manage and maintain code quality; for each software module we 
developed, we wrote small unit tests that verify the functionality of the software. For 
each of the demos we developed, we created an automatic demo runner that executes 
the demo, simulating a simple sequence of actions that the operator might take in 
interacting with the demo and asserting that performance has not degraded. All of our 
software is continuously verified with an automatic build server that executes our test 
cases at each code commit from any developer. We also run longer, more fine-grained 
nightly builds and tests every evening. 
 
One major infrastructure area we dedicated effort to this quarter was in making sure all 
of our algorithms are rewindable, which allows for much better debugging. Instead of 
having to rerun a simulation from start when it fails, you can rewind it a few seconds, 
change parameters, and resimulate from where that point in time on. In order to keep 
the simulations rewindable however, one must use discipline and make sure that every 
variable used in a control algorithm that represents internal state be specified. In 
addition to making sure our simulations were rewindable, we also developed new 
testing software for helping to identify where in the code the culprit lies when an 
algorithm is not rewindable. 
 
1.6) Java Monkey Engine toolbox for 3D Graphics 
 
Up to this point, our simulation and analysis software tools have used Java3D for 3D 
graphics. During this quarter, we have switched much of our software over to using 
Java Monkey Engine (JME) instead. JME has better features than Java3D and is more 



actively developed. It also includes software for collision modeling, and has a dynamics 
engine, based on Bullet, which may also be the engine used for the VRC. 
 
In order to switch over to JME without disrupting other work, we first developed a 
Graphics3DAdapter interface, which contains the various methods and classes that we 
would like to use for interacting with any 3D Graphics environment. We then refactored 
our code so that our Java3D-based software implements the Graphics3DAdapter 
interface. Next we implemented the interface using JME. In this way, we can now 
interchangeably switch between Java3D and JME. However, as we move forward, we 
will likely just use JME directly since the features we will be using may not all be 
implemented in Java3D. Switching over to JME has also allowed us to create a more 
efficient simulated LIDAR sensor using the 3D engine’s ray tracing functionality. 
 
1.7) Multi-contact Capturability Theory and analysis tools 
 
For some rough terrain walking we think it will be important to use hands to help 
balance. Therefore, we have been developing the theory and analysis tools for multi-
contact capturability. Each surface is defined by a surface normal and friction cone. 
There are several questions we are interested in. The first, a question of static 
equilibrium, can be stated as: Given the contact conditions of the robot, what are the 
states of the robot that can be held in static equilibrium, i.e. for what positions can the 
velocities and accelerations be zero? This is essentially a solved problem with several 
very good papers that we identified and implemented the algorithms for. A more 
challenging problem is zero-step capturability, which can be stated as: Given the 
contact conditions of the robot, can the robot prevent falling down without taking a new 
step or grabbing a new handhold. For this problem, we identified one potential algorithm, 
implemented portions of it, and are currently refining the algorithm. Once that is finished, 
we will investigate the yet harder problem of one-step capturability, which can be stated 
as: Given the contact conditions and state of the robot, can the robot prevent falling 
down by taking one additional step, or grabbing one additional handhold. 
  
Each of these problems involves solving convex feasibility or convex optimization 
problems. Therefore, we have investigated convex optimization software toolboxes, 
including CVX, CVXGEN, and Mosek. We have read up on convex optimization and 
watched several of the online videos of Stephen Boyd’s class at Stanford. 
 
2. Plans for Next Quarter 
(Quarter: January 1, 2013 - March 31, 2013) 
 
2.1) Walking on Rough Terrain. 
 
We will continue to develop of our Demo1 to extend how the operator can control the 
robot. We expect to be able to successfully avoid large obstacles using either operator 
specification or autonomous 3D path planning. We expect to be able to directly specify 
individual footsteps as needed for complex terrains. We will also add head orientation 
control to allow the operator to acquire a necessary perspective for control. Kinematic 



preview of robot motions (numerical inverse kinematics) will provide the operator to 
preview execution prior to sending any commands to the robot. We will use Laser 
Range Finder data to allow the user to modeling various types of terrain, obstacles and 
objects. The objects can be real (e.g. a rock, a box, etc.) or virtual (e.g. keep out regions, 
safe zones, etc.). 
 
We will also continue to improve our controller’s capability to handle different terrain. 
We anticipate be able to deal with various types of terrain, including but not limited to: 
flat, slopes, steps, rocks, and gaps. We will work on improved pelvis orientation control 
both for improve stability and to provide a smoother sensing base. 
 
Lastly, we expect to extend our walking algorithms to include support for multi-contact 
stability that will allow the use of handholds. This will allow us to navigate terrain of even 
greater complexity. 
 
2.2) Vehicle Driving Challenge. 
 
The vehicle driving challenge has two major components, vehicle ingress and driving. 
We anticipate using our multi-contact analysis tools to plan a vehicle ingress path. The 
operator will provide hints on possible handholds and sit locations. Once the robot is 
seated, we will switch to a dedicated vehicle driving mode in our user interface. In the 
vehicle driving mode, we plan to map desired steering wheel angle and pedal pressure 
to motions of the robot using a low-level controller, making the fact that the vehicle is 
controlled indirectly by the robot transparent to the rest of the control software. We 
anticipate a semi-autonomous driving behavior, where the operator maps obstacles and 
specifies desired waypoints and the robot drives between the waypoints. 
 
2.3) Hose and Spigot Challenge. 
 
We will extend our Demo0 for fine-grained manipulation and grasping to include fingers 
if necessary for the hose challenge. We will also combine our walking and balance 
control with the Demo0 manipulation to allow approaching and positioning for 
manipulation. We will use a similar approach to obstacle avoidance in our manipulation 
interface. Instead of obstacles, the operator will be able to provide the perception and 
cognition to the robot in order to accomplish the Hose task. 
 
2.4) Integration with Gazebo and Cloud Server. 
 
The VRC requires the use of the Gazebo simulator. Using our previously developed 
simulation software, called the Simulation Construction Set (SCS), allowed us to start 
implementing control algorithms early in the computation. Furthermore, our simulation 
software has several benefits not (yet) available in Gazebo, such as visualization of all 
variables used in the control algorithms and rewinding the simulation to test the effect of 
different parameters. When deploying our control algorithms on a physical robot, we can 
use algorithms developed for SCS directly using the Robot Construction Set (RCS). We 
will treat the Gazebo robot simulation the same as a physical robot and write drivers for 
RCS to communicate with the simulated GFE robot.   



 
2.5) Simultaneous Localization and Mapping (SLAM). 
 
We will develop SLAM algorithms to provide the necessary localization for all three 
tasks. We will potentially tailor specific SLAM algorithms for each task, since the 
localization requirements are quite different. These algorithms will likely rely heavily on 
the Laser Range Finder and may be supplemented by vision and extensions of our 
position and orientation estimation algorithms. 
 
2.6) Robustness. 
 
We plan to focus on robustness in our operations. This includes robustness to sensor 
noise and robustness to errors in operation. To test robustness, we will implement 
various sensor noise models and parameter uncertain models. We might also work on 
developing techniques for surviving a fall and getting up. 
  
3. Pitfalls and Lessons Learned 
 
3.1 Task prioritization and effort estimation. The VRC is a very demanding challenge in 
a very short time period. There is a tradeoff between getting all tasks to work and 
perfecting each individual task. There is also an apparent tradeoff between code quality 
and getting things done. However, we believe that in nearly any timeframe sacrificing 
code quality results in getting less done. Therefore, we will continue to emphasize code 
quality and robustness, and remain “test obsessed”. 
 
3.2 GFE Simulation. The uncertainty in the GFE simulation is a big concern. How the 
simulation handles running in real time, how accurately it models physics, and the 
control frequencies and sensor update frequencies will have a big influence on 
performance. While we are hopeful that all of the goals of the GFE simulator will be 
achieved, based on prior experience we are skeptical that the GFE robot can be 
accurately simulated in real time.  
 
 
4. Publications 
We have so far not published any papers during the DRC. 
 
 
 
 
 
 
 
 
 
 
 
 
 



5. Cumulative Expenditures as of 31 December 2012 
 
 
 
6. Additional Files (e.g., graphics, media) 
 
The following files will be uploaded to the Sharepoint site and are also available at 
http://robots.ihmc.us/drc/progressReports/ 
 

● Video of Demo0. 
● Video of Demo1 to date. 
● Video of stair climbing. 
● Draft of paper on momentum-based control. 


