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Perception and Motion Planning 
in 3D Environments  
§  Fast traversability analysis and 

footstep planning using on-board 
hardware 

§  Motion planning for efficient coverage 
of 3D environments 



Our Approach to Footstep 
Planning 
§  Fast traversability analysis from depth data  

§  Avoidance of local minima by finding 
complete 3D footstep plans to local goals 

§  Real-time planning and replanning in case 
of sudden changes  

§  Only low CPU usage 



Related Work 
§  Footstep planning using rapidly-exploring 

random trees (RRTs), Baudouin et al. 

§  Mixed integer optimization on convex 
regions, Deits et al. 

§  A*-based footstep planning using fixed 
footstep sets, Hornung et al., Chestnutt et al. 
 
 



Footstep Planning with A* 
§  Uses a set of footstep actions to reduce the 

computational demand  
§  Standard approach: fixed set of actions 



Footstep Planning with A* 
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Adaptive Node Expansion 
Our approach: 

§  Add only a small set of nodes at each 
expansion step 

§  Systematically search for valid successors 
§  Apply fast validity checks using height 

information 

§  Leads to a high success rate, short 
paths, and fast planning times 



Cost Functions 
 
Cost function g: 
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Field of View 



Planar Region Segmentation 



Finding Edges 



World Representation 

[Karkowski et al., ICRA 2016] 



Reachability Map for Generating 
Footsteps 
§  Discretization of feasible footsteps 
§  Reachability map can be precomputed using 

inverse kinematics  
§  Maximum displacement from the previous 

step, depending on the displacement 
direction 

§  Maximum displacement along the upward 
and downward directions 
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Adaptive Action Set for Node 
Expansion 
§  Local search around maximum forward step 
§  Check each possible successor:  

§  Footstep feasible according to the 
reachability map? 

§  Footstep on a planar region? 
§  Later: No collision of the robot’s swept 

volume with obstacles? 
§  Result: set of viable successor states that 

adapt to the local environment 



Node Expansion 



Node Expansion 



Node Expansion 
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Experiments 

§  Planning area of 2.4m x 2.4m, 
randomly generated obstacles 

§  Resolution of 1.5cm for the 
height map 

§  Local goal located at the opposite 
side on the map  

§  Comparison to A* with fixed sets 
of 10 and 20 footsteps 

§  Computations performed on a 
single Intel Core i7 3770 CPU 



Example Map 

    A* (small)          A* (large)        Our approach 
start start start 

goal goal goal 



Example Map 
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Further Examples 
      A* (small)        A* (large)     Our approach 

start start start 

goal goal goal 

start start start 

goal goal goal 

map 1 

map 2 



Experimental Results 

Map 1 A* (small) A* (large) Our approach 
Planning Time 85.7 ms 60.3 ms 14.3 ms 
Path Cost 7.6 4.0 3.7 
Expanded Nodes 28260 13835 1516 

Map 2 A* (small) A* (large) Our approach 
Planning Time 67.2 ms 75.0 ms 48.7 ms 
Path Cost 6.9 5.0 4.3 
Expanded Nodes 22374 16805 5852 



Real-Time Footstep Planning 

[Karkowski et al., Humanoids 2016] 



Ongoing Work 
§  Locomotion controller to execute the 

footsteps 
§  Slight adaption of the next couple of steps 

for balance if necessary 
§  Time-dependent footstep planning based on 

real-time dynamic obstacle segmentation 



Motion Planning for Efficient 
Coverage of 3D Environments 
Goal: Complete coverage of a known 
environment 

Applications: Searching objects, inspection, 
(re-)mapping 



Our Approach 
§  Next-best-view approach for coverage of  

a 3D scene adapted to humanoid robots 

§  Input: Octomap model of the environment 
and the start pose of the robot 

§  Output: Tour of view points 

[Dornhege et al., SSRR’13] 



Finding Interesting Lookout 
Points 
§  Emit rays from environment surfaces into 

free space 
§  Count traversing rays for each voxel 
§  Sort free-space voxels with decreasing 

number of traversing rays 



Generation and Evaluation of 
Views 
§  Sample viewing perspectives per voxel and 

evaluate visible voxels in the field of view 

§  Use an inverse reachability  
map to find a collision-free  
whole-body pose for reaching 
the views 

§  Cost function considers: 
§  Pose stability 
§  Energy consumption 
§  Time to reach the pose 

 



Plan Shortest Tour for Coverage 
§  Once the environment is completely 

covered, partition the observed area to 
minimize the number of necessary views 

§  Plan shortest tour for visiting all view points 
using a Traveling Salesman Problem solver 

[Oßwald et al., subm. Humanoids 2017] 

start 



Conclusions 
§  Real-time map segmentation and footstep 

planning in 3D at low CPU cost 

§  Highly reduced planning time compared to 
A* with fixed footstep sets 

§  Lower path costs due to adaptive node 
expansion 

§  Planning of efficient motions to fully explore 
a 3D scene 



Thank you! 


