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Abstract 

Complex systems like mobile robots can be designed not to fail completely, but to show graceful degradation of their 
capabilities in case of faults. In order to indicate the overall fitness of mobile robots, health signals can be used. This 
paper examines the effect of health signals on adaptive path planning. The fact that a damaged robot may not be capable 
of crossing every terrain is utilized in this context. The resulting system is realized under the design principles of or-
ganic computing. This means that specialized units that operate side by side and observe one another are implemented, 
mimicking an organic system. One unit performs a static path planning, while another unit observes the fitness of the 
robot and intervenes into the path planning if necessary. The path planner is based on a wave front approach. First re-
sults making use of a custom made simulator show the effectiveness of this approach. 

1 Introduction 
Modern robotic systems tend to become more and more 
complex on one hand and shall show higher reliability 
and dependability in unforeseen situations on the other 
hand. Therefore, fault tolerant as well as adaptive control 
strategies are needed.  
One example in the field of mobile robots is the decrease 
of the propulsive power of a robotic platform while it 
moves through rough terrain. Decreasing energy re-
sources or failing drives can then lead to new constraints 
within the path planning, because areas that require too 
much power should now be avoided. An example is given 
in [1], where it has been shown that a six-legged robotic 
platform is capable of handling the loss of a leg and still 
reaches a given goal by relying on organic computing 
principles. This was done by mimicking the leg coordina-
tion of a stick insect. On the other hand it can be observed 
that the compensation of the leg loss introduces a drift to 
the side of the affected leg. This implicates that the drift 
should be taken into account during the path planning.  
A similar effect like the loss of a leg can be observed on 
wheeled robots with omni-drives as well. In this case a 
robot with 4 wheels may still be actuated even if one 
wheel fails, but the overall propulsive power and agility 
are lowered in certain movement angles [10]. 
There exists a variety of path finding or planning algo-
rithms such as trajectory-based [2], graph-based ones like 
A*, HPA*, artificial potential fields [3, 4] or wave front 
based approaches [5, 6] to name only a few. All these ap-
proaches are well suited for the problem of finding the 
shortest path from a given starting point to a given goal. 
Some of them are capable of adapting to changes within 
the environment. 

A stereo camera based navigation approach that utilizes a 
D* Lite planner can be found in [9]. Remarkable in this 
approach is the fact that the stereo vision enables the 
planner to derive a difficulty measure for different areas 
in the surrounding terrain. This measure is then used to 
plan a short and save path towards the goal. 
However, none of the above mentioned approaches, and 
to the best of our knowledge also no other approach 
known so far considers that the capabilities of the moving 
unit might change along the path. 
In this paper we present our current work on fault tolerant 
and adaptive path planning that takes the general fitness 
of the moving unit into account. Firstly, the basic con-
cepts of a decentralized Organic Robot Control Architec-
ture (ORCA) are presented in section 2. Then the idea of 
an adaptive path planning in the context of ORCA is in-
troduced in section 3. The paper ends with some first re-
sults in section 4 and a conclusion together with an out-
look on future works in section 5. 

2 Organic Robot Control Architec-
ture (ORCA) 

One aim of ORCA [1] is to enable a robot to ensure that 
its current state is characterized as safe and as optimal as 
possible in terms of performance. This is done by con-
tinuously monitoring the system’s health or fitness. Situa-
tions that threaten this state have to be recognized and 
cured without the use of an explicit fault model. Instead, 
the robot should try to counteract reduced health in case 
of faults by changing its behavior or adjusting some inter-
nal parameters. This approach, being inspired by the natu-
ral immune system, leads to an organic reorganization by 
adapting to a new situation in the best still possible way.  
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ORCA consists of two different kinds of units: the Basic 
Control Unit (BCU) and the Organic Control Unit (OCU). 
Each BCU offers a specific functionality to the whole sys-
tem, thereby generating the complete functionality by the 
interaction of various BCUs arranged hierarchically. De-
pending on the type of system the BCU can be imple-
mented in hardware or software. Furthermore, it is possi-
ble to define grouped BCUs at a higher layer that consist 
of several other BCUs on a lower layer or meta-units that 
gather subsystems of OCUs or BCUs and combine them 
to a new unit.  
For an example of a layered BCU see Figure 1. It shows 
the design of a differential drive for a wheel driven robot 
platform. The differential drive BCU sends signals with 
the desired speed to both motor controller BCUs, which 
then set the requested speed. 

Figure 1  A layered BCU that implements the functional-
ity of a differential drive. 

Generally, a system designed with interconnected BCUs 
is already capable of providing the desired functionality 
of the robot in the fault-free case, i.e. the OCUs are not 
needed for the basic system functionality, but integrate 
fault tolerance into the system. Therefore, the OCUs 
monitor signals generated by the BCUs and may react to 
changes by modifying parameters within the BCU to gua-
rantee a save and reliable operation of the robot. 
Figure 2 shows an example of a layered OCU/BCU de-
sign. In this example the differential drive BCU sends the 
desired wheel speed to the corresponding motor controller 
BCU. These BCUs generate a signal that provides the 
measured speed of their wheel. The receiving OCU moni-
tors this signal and compares it with the desired speed. In 
case of a deviation it may alter internal parameters of the 
BCU to correct the speed, thereby counteracting an unde-
sired situation. This happens transparently for the differ-
ential drive BCU. 
For complex applications it is desirable to derive an ab-
stract measure of the current fitness. This can be done via 
the generation of health signals [7] that represent certain 
parts or groups of parts within the robot. Since the group-
ing of signals works also hierarchically it is possible to 
represent the overall fitness of the robot by a combined 
health signal. This signal is a measure of mutual informa-
tion that estimates the overall fitness of the system. 

Figure 2  The extended layered BCU system that now 
features OCUs for fault tolerance. 

3 Adaptive Path Planning 
This section presents the basic idea of the adaptive path 
planning approach. The developed algorithmic strategy 
assumes a map of the terrain, represented as a two-
dimensional (2D) grid. Each cell within this grid holds 
information about the difficulty of the represented area. 
Such a measure abstracts on the one hand from an actual 
terrain, but offers on the other hand the possibility to rep-
resent different situations at once. For example, it is more 
difficult to climb a steeper slope than a flatter one and it is 
also more challenging to walk over gravel instead of solid 
concrete.  
The planning BCU is capable of planning paths around 
obstacles it encounters within the grid. The corresponding 
OCU observes the robot’s health signal and derives which 
cells are still traversable. Since the OCU is interconnected 
with the BCU via an interface it can adjust the parameters 
that are used by the planner to distinguish between free 
terrain and obstacles. Thereby, it causes the BCU to avoid 
regions, which are too difficult for the robot to cross in its 
current health state. This is done by regarding them sim-
ply as obstacles. As mentioned earlier the adaptations per-
formed by the OCU happen transparently for the BCU.  

3.1 Path Planning BCU 
The BCU performs a shortest path planning algorithm 
based on wave expansion on a 2D grid. The basic idea is 
similar to the effect that may be observed when an object 
plunges into water, thereby creating an extruding wave 
front. 
On a 2D grid the above mentioned effect is emulated by 
applying a neighborhood mask to the cells of the virtual 
wave front's edge. Based on this mask it is verified, if the 
neighboring cells are free, already visited or blocked. Re-
visited cells, as well as blocked cells, are discarded, whe-
reas free cells are marked as new edge cells. Additionally, 
the distance between the new edge cells and the wave's 
source is set, thereby marking them as visited. In this con-
text the distance is a logical value that indicates the num-
ber of cells that have to be crossed to reach this cell. 
Therefore, each cell within the grid has to be initialized as 
free and unused (distance of zero) or with an obstacle in-
dicator before the path planning is started. 
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The marking operations of neighboring cells as described 
above can be expressed by the function 
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where (xe,ye) is an edge cell and (xn,yn) is a cell in its di-
rect neighborhood. 
Depending on the desired wave expansion two shapes of a 
neighborhood masks are feasible (Figure 3). Both masks 
are working similar, but the fourfold mask performs 
slightly inferior to the eightfold mask. 
One possible issue of the eightfold mask is that it treads 
all neighbors equally, thereby tending to introduce an 
overuse of diagonal stretches later on, because all free 
neighboring cells are assigned the same logical distance 
value. This does not fit to an Euclidian understanding of 
distances. To overcome this potential disadvantage 
straight routes have to be preferred while collecting the 
cells of a path. Another approach is to assign a logical dis-
tance to neighboring cells in corners of the mask that are 
scaled by the Euclidian distance of a corner. This alterna-
tive approach performs very similar to the first option, but 
requires a lot of floating point operations. 
The adaptive path planning performed in this paper relies 
on the eightfold mask together with the preference of 
straight routes.  

Figure 3  The fourfold neighborhood mask is shown in a) 
and the eightfold mask in b). 

The spreading of the wave front starts at the goal, tagging 
the corresponding grid cell with a distance of zero. Then 
the neighborhood mask is applied to this cell, updating 
the grid. This results in a number of new edge cells with 
updated distances. The whole process continues until no 
more new cells are found. It does not stop once a given 
position is reached, but the map is completely flooded of-
fering the possibility to guide several units to the goal and 
not only a single one. Figure 4 shows this process on a 
6×6 sample grid with the eightfold mask. 
Once the environment has been flooded by the wave the 
algorithm is able to trace back the shortest path from the 
start cell to the goal by choosing adjacent cells that hold 
the local minima of the distances, while preferring 
straight routes over diagonal ones. 

Figure 4  Cells shaded in grey depict the current wave 
front. Obstacles are represented in black. The initial situa-
tion is shown in a) with S and G standing for start and 
goal. The results of two consecutive mask operations 
(eightfold) are shown in b) and c). The completely 
flooded grid is shown in d). Cells that belong to the re-
sulting path are marked with a thick border. 

3.2 Path Planning OCU 
The path planning OCU observes the health signal gener-
ated by the robot and alters the obstacle indicator for the 
BCU’s grid map correspondingly. As a result the planner 
will interpret cells that are too difficult to traverse in the 
current state of the robot as obstacles and avoid them. In 
this way even a partially damaged robot is able to con-
tinue its mission without getting stuck in the terrain. A 
graphical representation of this design can be seen in Fig-
ure 5. The basic functionality of the system is realized by 
two BCU subsystems that control the robot and perform 
the path planning. The path planner can command the ro-
bot to move in a certain direction and receives sensory 
input from the robot. The OCUs (depicted in grey) ensure 
that the whole system remains functional in case of a 
fault. Therefore, the OCUs monitor the signals of the 
BCUs and adjust them if necessary. Note that the 
OCU/BCU structure of the robot is usually much more 
complicated, consisting of many cooperating OCUs and 
BCUs which generate appropriate health signals in a hier-
archical way [1]. 

Figure 5  The principal BCU/OCU design of the path 
planner. 
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The effect of a decreasing health signal is shown in Fig-
ure 6 and Figure 7. In this example a more or less rough 
terrain has to be traversed from the left side to the right 
side. For reasons of simplicity there are no fixed obstacles 
used here, however, they can easily be added. The shades 
of grey indicate the abstract difficulty of the given terrain, 
reaching from very difficult (black) to simple (white). The 
resulting path from the start to the goal is depicted as a 
bright line with a thickened border. Cells that are too dif-
ficult to be traversed are striped.  
Even if the health status decreases from 91% to 60% be-
tween the two images, the path planner is still capable of 
planning an appropriate path that suits the current fitness 
of the robot by avoiding regions that have become too dif-
ficult. 

Figure 6  The resulting path for a health status of 91%. 

Figure 7  The resulting path for a health status of 60%. 

4 Results 
This section gives an overview of the experimental setup, 
the simulation environment and presents some first results 
of the adaptive path planning algorithm. 

4.1 Simulation Environment 
The previously described BCU/OCU setup was integrated 
within a custom made simulator written in Processing [8]. 
The resulting environment assumes a virtual robot that is 
capable of moving holonomously over a 2D grid. This 
grid consists of several cells, specifying an abstract meas-
ure to indicate the difficulty of passing this area. Obsta-
cles can be represented by assigning a difficulty to them 
that the robot will never be able to cross. 
The difficulty of moving from the center of one cell to the 
center of another cell depends on the average difficulty of 
both crossed cells. If the robot moves diagonally the diffi-
culty is scaled by the increased Euclidean distance. The 
resulting difficulty is used to calculate the overall diffi-
culty of the path which can be used as another evaluation 
criterion besides the length of the path itself. 
Based on the difficulty of the path it is also possible to 
derive an energy consumption value, by mapping each 
difficulty to a proportional energy drain.  
Additionally to the simulation environment a random map 
generator was implemented as well to ensure a sufficient 
amount of sample terrains later on. It generates arbitrary 
terrains by consecutively increasing the difficulty of ran-
dom areas inside the terrain within a certain range. The 
algorithm behind the generator can be best paraphrased as 
a person standing on a plain and digging holes of different 
depth and radius at random positions, resulting in an un-
dulated terrain. 

4.2 Experimental Setup 
For the experiments the robot had to traverse ten arbitrary 
grids of 600×400 cells with the top left cell as starting 
point and the bottom right cell as goal. Two different sce-
narios were examined. The first setup demonstrates the 
adaptivity of the path planner and the second setup evalu-
ates the path planning itself.  

4.2.1 Adaptivity of the Path Planner 
For the first scenario the already mentioned energy con-
sumption was used as an evaluation criterion. The idea 
was to find out, whether the designed system can be util-
ized to choose energy efficient paths instead of shortest 
ones by interpreting the health of the robot as its remain-
ing energy. The energy drain per cell, depending on its 
difficulty, was defined to lie between 0.0013% and 
0.4667% of the total energy of the robot. 
All maps had to be traversed from the upper left to the 
lower right corner. First each map was traversed without 
the OCU interfering. In a second run on each map the ini-
tial setup was modified in a way that the OCU virtually 
decreases the fitness of the robot up to the point where no 
further reduction is possible without separating the robot 
from the goal by blocked areas. Then the OCU alters the 
obstacle indicator of the BCU to the corresponding value. 
The results of all runs can be found in Figure 8. The x-
axis states the index of the test terrain. The values of 
“Path Ratio” rate the distance travelled in relation to the 
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reference run without the OCU. “Remaining Energy” 
shows the energy reserve of the robot after crossing the 
terrain. A value below zero signals that the robot was not 
capable of traversing the grid without getting exhausted. 
The values of the reference run and the OCU supported 
run can be distinguished by the labels “(no OCU)” and 
“(with OCU)”.  
It can be seen that on average 16.5% of the total energy 
reserves are saved in case of the OCU-based approach, 
even if the average travelled path is 20% longer. This 
means that the planner successfully adapts to the new sit-
uation and changes the path planning accordingly. 
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Figure 8  Performance of the adaptive path planner.

4.2.2 Path Planning in Case of Faults 
In the second setup the energy consumption was not con-
sidered. Instead the path planning focused on the actual 
health state of the robot. The primary goal was to reach a 
specified destination after a severe fault had occurred.  
Again all maps had to be traversed from the top left to the 
bottom right corner. The simulated robot was able to trav-
erse 300 cells before the severe error was injected. The 
occurrence of an error was simulated by dropping the 
health signal to 50%. 
Because none of the ten maps contains fixed obstacles, a 
straight path towards the goal results as long as the robot 
is brimful of health. Figure 9 shows this path as it has 
been planned for a fully functional robot drawn as a bright 
line with a thickened border. The shades of gray indicate 
the abstract difficulty of the terrain. 
The path planner prefers, as can be seen, straight over di-
agonally movement as long as it has the choice (see  
section 3.1). Therefore, it moves to the right until it 
reaches the point where it has to choose the diagonal 
movement because of the local minima. 
In 80% of the maps the damaged robot was able to reach 
the goal without getting stuck in the environment. This 
case is exemplary shown in Figure 10. The shades of 
gray indicate again the abstract difficulty of the terrain. 
Cells that are too difficult to be traversed are striped. The 
position where the health signal is dropped to 50% is 
marked with the label “Error injection”. The former path 
until the injection is shown as a dashed black line. 
After the health signal has dropped the planner adapts to 
the new state and the resulting path (bright line with 

thickened border) avoids all cells that are too difficult for 
the robots current health state. 

Figure 9  The planned path for a fault-free robot. 

Figure 10  The resulting path for a  faulty robot. 

In case of a failed mission the error was injected while the 
robot was crossing a difficult region. Then the huge drop 
of the health signal caused the robot to get stuck within an 
area that was too demanding to leave. In such a case the 
robot can not be able to reach the goal by definition. This 
case is exemplary shown in Figure 11. The robot can be 
seen at the bottom left corner of the label “Robot”. Again 
the shades of gray indicate the difficulty of the terrain, 
blocked cells are striped and the former movement of the 
robot is shown as a dashed black line. 
Here, the error injection has the robot totally surrounded 
by terrain it cannot pass, thereby causing the path plan-
ning to fail, because there is no possible path left. The 
same happens, if the robot is in a small area of traversable 
cells that are surrounded by too difficult cells. 
All in all, it is noticeable that the path planning algorithm 
is always capable to find an appropriate path, if one ex-
ists. This is due to the fact that the adaptation to faults is 
performed via the blocking of regions that are impassable 
at the current health state, while the path planning is car-
ried out by a common wave front approach. 
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It has to be noted that the grids in Figure 9, 10 and 11 
have been scaled down to 1:5 of the size used in the ex-
periments due to better visibility of the image, but the re-
sults mentioned above where produced with larger grids. 

Figure 11  A trapped robot can not find a path at all. 

5 Conclusion and Outlook 
It has been shown that an adaptive path planner can han-
dle faults of the robot during runtime, as long as there is 
still a path for the robot in its current health state. Addi-
tionally, the adaptiveness of this approach was chal-
lenged, while letting the planner search for more energy 
efficient paths instead of shortest ones. This underlines 
the potential of the adaptive path planner: with only small 
modifications it is possible to generate very different 
paths. 
The presented approach for adaptive path planning shows 
promising results that will serve as a basis for further in-
vestigations. Building on the presented algorithms and 
tools, possible fields of interest include a path finding that 
puts a greater focus on a more detailed evaluation of the 
health status. Additional side effects, like the drift of a 
walking robot, which are introduced by a damaged leg, 
should also be considered. Such a setup would require an 
enhanced search strategy while looking for the local min-
ima in the current neighborhood. Additional information 
like the desired movement direction might be used to 
weight the neighboring cells. As a case study the planner 
shall be applied to our ORCA-based six-legged walking 
robot OSCAR (Organic Self-Configuring and Adapting 
Robot) [11]. 
Additionally, a distributed system for adaptive path plan-
ning could be a promising approach in the context of mul-
tiple robots, where the path of one robot may interfere 
with the path of another team member.  
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