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Chapter 6

Mapping Differential A* to Robotics

6.1 Environment Changes in Robotics

Robotics is a field which exemplifies intelligent autonomous systems.  Robots can be used in sit-
uations that require the ability to change the planned motion as quickly as possible.  The objective
is to modify a navigation map, perhaps already containing a plan accounting for essential con-
straints (joint limits, fixed known obstacles, etc.) of the workcell, as rapidly as possible so that
motion can proceed.  An important attribute of a partially recomputed space, is that the current
motion can continue unless directly affected by the change.   

We wish to have efficient responses for as many common changes as possible.  A list of typical
types of robotic changes includes:

I) The appearance of new obstacles in a largely known and stable environment.  A quick 
response can be an efficient mechanism for ‘learning’ about objects at runtime.

II) Obstacles that move. 

III) Change of start.

IV)A change of goals (inserted, moved, or deleted).

V) A change in optimality criterion.  With the same obstacle layout, time may be valuable for 
one task, then energy for the next task.

A quick mechanism to adapt to all of these changes makes the robotic system more productive.

6.2 Differential A*: Managing Changes

6.2.1 Implementation Assumptions

In this robotics application, we prefer to maintain the configuration space in a regularized dis-
cretized grid of nodes representing configuration space, and change the delay costs to force some
regions to be forbidden.  The reason to maintain the grid is that obstacles often move in the robot
domain, potentially causing frequent allocation and de-allocation of nodes.  For example, rather
than physically removing a node when an obstacle obstructs it, increasing the delay cost to infin-
ity can cause the same change.  When the same node is reintroduced, memory allocation routines
can be avoided by changing (decreasing) the delay cost from infinity to uninitialized.
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Differential A* can be used to respond to all of the changes listed in Section 6.1, by focusing on
the changes that occur in a typical robotics application, such as for the two link robot of Figure 15.
The frequent changes are the insertion, movement and deletion of obstacles and goals. Common
changes are possible, but infrequent in our application, so this chapter will focus on changes to
nodes.

6.2.2 Representative Cases for Changes

From Figure 67, we can select representative cases describing the robotic changes.  Once the
cases are found, they become the basis for a Differential A* algorithm used for robotics.

“Type I Changes”: New and Removed Obstacles

Typical robots have standard, ever-present obstacles and limitations in the workcell.  The robot
has certain joint limits, and a fixed work environment including walls, floors, and other forbidden
interactions such as robot links that must not intersect with other robot links. Ideally, this standard
environment can be captured once, and then be adapted to new or smaller changes.

A new obstacle state is either inserted or deleted (from possibly overlapping transformed obsta-
cles) if the overall result is that the obstacle state is newly inserted or deleted.  The inserted obsta-
cles do not cause states to be deleted physically from the configuration space, but rather they are
assigned an infinite ∞ (unattainable and high) delay, as in  Case 9.  Deleted obstacles lower this
cost from infinite to uninitialized, or in other words, reset the state to φ (as defined in Section
5.2.1).  This corresponds to decreasing the node delay cost of  Case 10.  

In robotics, often the environment in which the robot moves may have moving obstacles or there
may be incorrect position information about the obstacles. If a robot follows an optimal path
based on knowledge of obstacles that was assumed to be correct and complete, yet detects (per-
haps with a proximity sensor such as skin or sonar) an unexpected obstacle, it is preferable to be
able to incorporate this incremental information quickly so that a more informed path can be fol-
lowed. 

In an interactive environment these types of change may be common.  The shape and motion of
obstacles may be discovered only at run time, and the robot must learn about them and react
appropriately.  The faster the planner can sense and react, the better the overall response can be.
But for fastest response, lower-level reflex control may be required. Reflex control typically per-
forms instantaneous and pre-programmed responses, such as ‘reverse direction’, or ‘when in dan-
ger, stop’.  Ideally, a fast planner can keep the objective (goal) in focus, while deviating from the
current plan appropriately.  

If the changes (to configuration space) are small, then Differential A* is an effective way to adapt
the navigation map quickly.  As the changes become very large however, it may be preferable to
fully recompute the space. The trade-off between A* and Differential A* will be discussed in Sec-
tion 6.6.
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In Differential A*, new and removed obstacles are computed by Cases 9 and 10.  

“Type II Changes”: (Known) Moving Obstacles

Moving Obstacles can be thought of as a combination of removing and adding obstacle states.
Conveyor belts may bring in new parts - some which enter the workspace of the robot.  Some
obstacles are created by the robot, as a workpiece is assembled, for instance.  This is a situation
where some obstacle states are deleted and others are added as the part moves through task space.
Because moving obstacles typically leave some configuration states while adding others, the total
changes are often small, and can be computed quickly.   Naturally, the faster the planner and sens-
ing system are, the fewer changes to the configuration space will be performed each time.  

Moving obstacles are computed by Cases 9 and 10, so these are actually the same operations to
adapt to changes that are found in “Type I Changes”.  

“Type III Changes”: Change of Start

In Section 3.3, the goal states1 were mapped to the starting nodes of standard A*, and a zero heu-
ristic is used so that a path is provided from every possible starting state leading to the goal.  This
provides an efficient mechanism to recover from unplanned changes in the current (starting) posi-
tion, without recomputation.  

Differential A* is not required, because the change is managed by the existing A* framework.

“Type IV Changes”: Goal Changes

It is clear that as a robot performs its tasks, the goal location must change.  While it is possible to
set a few known goal locations which are standard, and maintain several configuration spaces
simultaneously, seemingly arbitrary goals may be selected by the task planner.  

Goals are likely to change according to the instructions of the task planner. Inserting a new goal
requires changing a state to a goal state and is achieved by identifying it as a ‘starting node’ for
the search and decreasing the delay cost to zero.  This corresponds to Case 13 and  Case 10.  Dele-
tion of a goal requires changing the goal state to an uninitialized state and is achieved by convert-
ing it to a non-start node, and increasing the delay cost to uninitialized, or φ.  This corresponds to
Case 14 and  Case 9.   

We should observe however that if a single goal is moved, that is, deleted and added elsewhere,
then the entire configuration space must be first cleared and then regenerated from the new loca-
tion.   This clear inefficiency should prevent the use of Differential A* if the primary use of the

1. Recall that states refer to configuration space and nodes refer to general graphs.
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robot is to constantly plan to single new goals.  If there is more than one goal, then some of the
configuration space is likely to be preserved, and again, Differential A* is applicable.

“Type V Changes”: Change in Cost Criterion

No matter how the obstacles or goals change, if the cost measure is changed throughout the entire
configuration space, then all nodes must be recomputed.  This is covered by changes in transition
and node costs, covering Cases 3, 7, 9 and 10.  Clearly it is preferable to avoid any potential over-
head of Differential A*, by simply using A* to recompute the space.

For this case, A* is preferable over Differential A*.

6.2.3 Selecting a General Application

Two types of changes cover the desired actions.  “Type I Changes” which adapt the space to
obstacles and “Type IV changes” which adapt it to goals can be combined, requiring cases 9, 10,
13 and 14.  Type II changes are actually the same operations as Type I changes.  Changes to the
start (Type III) are already managed by a zero heuristic, which will be assumed if this type of
change is likely to be needed for the system.  The resulting algorithm that covers all of the Type I-
IV changes above, is introduced here.  We define an algorithm which first computes Group A
changes, and then Group C changes, recalling from Section 5.5 that new goal states (starting
nodes) are managed last.

In addition, the performance of Group A (specifically Case 9) can be used as an example to test 
the efficiency of Differential A*.
 
6.3 Differential A* Algorithm for Robotics

The Differential A* algorithm [6] begins with the current configuration space, detects changed
obstacles and goals, performs the fundamental operations of the difference engine and finally per-
forms A* on the OPEN nodes to recompute the space.  This is shown in block diagram form in
Figure 68.  It corresponds to the original Differential A* outline of Figure 62.  The previous con-
figuration space (G and Ge) structure, with all remaining OPEN nodes, is one component needed
for the difference engine and changes to obstacles and goals is the other. The output of the differ-
ence engine is a selection of states to be used as OPEN nodes for the subsequent A* calculation.

6.3.1 Differential A* - Graphical Motivation and Robotic Implementation

In the difference engine, We first treat all cases that require the function χ, perform the clearing
function of χ, followed by the other operations.  The order is not critical other than finishing the
algorithm by inserting the goals (recalling that they are starting nodes for the search).  To imple-
ment the algorithm, we provide corresponding application pseudo-code in Figure 69.   
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It helps to view the algorithm results graphically before embarking on the details, so that the
objectives are more clear.  Figure 70 illustrates the series of steps required to perform Differential
A* to adapt to the sudden arrival of an obstacle.  In practice, sudden arrivals should be unusual,
because the system typically senses the obstacles’s arrival more gradually as it comes into view.
The Differential A* operations are matched to the results of complete calculation with A* alone.

Figure 70(a) shows an example of a configuration space graph.  In this example there are no
OPEN nodes, because the entire space is filled.  The initial configuration space will be considered
a stable graph from which changes are defined.

The first action of the algorithm is to detect obstacle or goal changes in the configuration space.
In Figure 70(b) the obstacle transformed from task space creates two forbidden regions.  Each
state in the region is assigned an increased cost of infinity (∞).  

The second action is for the Difference Engine to perform the required fundamental operations on
these nodes, specifically for  Case 9.  This means that for each of the newly forbidden states, the
function χ must be performed.  Because obstacles in robotics tend be filled regions, it is useful to
treat them together, rather than completing the operations node by node.  By performing this
action on all nodes simultaneously, the non-obstacle predecessors  of the obstacle are added to the
candidates, and all non-obstacle successors are the nodes to be cleared.  If there had been a
removed goal in this example, the cost and pointers would be reset by Case 14 and the effect

Figure 68: Differential A
*
 Flowchart for Robotics Application.
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Definitions
O: Set of all obstacles, nodes with ∞ delay OPEN: Set of nodes to be calculated
C: Set of Candidate Nodes Z: Set of Cleared Nodes that Originate further Clearing
φ: Uninitialized (Cleared) State (no pointers) ∞: Highest representable cost, otherwise unreachable. 
Φ:  Set of all φ

Pseudo-Code

For each newly inserted obstacle state oa having node delay = ∞

                    
if (pred(oa) ∉ O)

C ⇐ pred(oa)

               if (scs(oa) ∉ O)

Z ⇐ scs(oa)

For each removed goal state gr

                            
Z ⇐  gr

For each state n ∈ Z
         for each scs(n), n'
               if ∃ any n' s.t. (n' ∈parent(n) and ((n' ∈ O) or (n'  ∈Φ)))

n = φ,    Z ⇐ scs(n)
otherwise

C ⇐ n

For each newly deleted obstacle state or with g(or )= φ
         for each pred(or), n'

                     if (n' ∉ Φ)
                            C ⇐ n'

For each inserted goal state ga  having g(ga)=0

                            
C ⇐  ga

For each state c ∈ C
                if (c ∉ Φ) and (c ∉ O)
                            OPEN ⇐ c

A*(OPEN)

Figure 69: Differential A* Pseudo-Code for Robotics.
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(a) Stable Solution Graph (b) New Obstacles (many states) 

(c)  χ (Obstacles) Produce Affected Area (d) Arrow Pattern Adjusted 

Figure 70: Differential A* Modifications for 
New Obstacle States in Configuration Space 
Compared to Recomputation with A*.
(Example of a “Type I Change”)

(e) Recomputation with A* (from Scratch)
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would be managed by  Case 9. The node delay cost would be increased, and the function χ per-
formed on the removed goal. This case is illustrated later in Figure 76.

The third action carries out the clearing function χ for all affected nodes as part of the Difference
Engine.  This re-initializes every area affected by the new obstacles and (possible) removed goals
all at once.  It re-initializes all pointers and costs of affected nodes in Ge and G respectively by
tracing those nodes whose paths would lead through one of the changed nodes. Nodes just beyond
those affected nodes are ultimately identified as being in the perimeter of the affected area.  The
affected area is shown in white in Figure 70(c), with the perimeter being the surrounding nodes. 

The fourth action is also part of the Difference Engine and performs required operations on
deleted obstacles and inserted goals.  In this implementation, deleted obstacles are treated as  Case
11, adding the predecessors of the node to the list of candidates, with the delay cost set to φ from
infinity.    If a goal is added, then its cost is set to zero, and as in  Case 10, adds it to the list of can-
didates.

After these four actions, Differential A* all of the candidate nodes are examined to ensure they
are valued (i.e. not φ) and then added to OPEN. 

A* is initiated from the lowest cost node in OPEN.  When the graph search is complete, the new
solution graph Ge,  will give the local directions at each node to generate globally minimum
path(s) to the goal.  The resulting configuration space is shown in Figure 70(d) with the pointers
corrected.  To demonstrate the correctness of the solution, the same setup is used to compute with
A* from scratch.  Detailed comparison has shown that all pointers are indeed correct.  In the fig-
ure, note that the path runs past the bottom edge of the upper obstacle, not through it1.

The obstacle that was transformed into Figure 70 is shown in its native task space in Figure 71.
The figure shows the original environment in (a), and then after the introduction of the obstacle,
and the Differential A* computation, a revised path is found in (b).  The path shows the trace of

1. In the computer simulation, color is used to differentiate the obstacle in black and the path in red.

 (a) TS corresponding to CS in Figure 70(a). 
 (b) TS with new obstacle corresponding to Figure 70(d).  
 (c) Swept arm motion of Figure 71(b)

Figure 71: Task Space Corresponding to Figure 70.

After
Differential 

A*:

(a) (b) (c)

=
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the end effector in (b) and a ‘swept arm’ in (c).  Figure 71(c) shows that the obstacle was indeed
properly transformed, ensuring that no part of the robot will collide when the path is carried out.

6.4 Various Examples of Changes

This section gives 3 examples covering changes of type “I, II and IV” above. Type III is not pre-
sented because it is solved using a zero heuristic, and is seen throughout this thesis.  Type V is not
presented since it is a change that is better processed by using A* rather than Differential A*.

6.4.1 Application to Path Planning with Obstacle Discovery (“Type I Changes”)

In Figure 72(a), an obstacle that the robot does not know about is introduced into the environ-
ment. The obstacle in Figure 72, it is a black edged white circle. 

The robot discovers the obstacle only when it is hit, and it is incorporated incrementally as the
robot senses the edge of the obstacle state by state.  Since only a small amount of obstacle infor-
mation is discovered and incorporated at a time,  the Differential A* method provides a quick
adaptation. Figure 72(a-e) shows the configuration space change by change, with the discovered
obstacle states represented as small black states.  This transformation is performed in the most
naive fashion. That is, only the configurations that cause a ‘hit’ are forbidden.  In practice, when
the robot encounters an obstacle, the sensed task-space obstacle location should be transformed to
the possibly numerous obstacle states in configuration space. In this case, that would lead to the
creation of a thin S shape.
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Learning About an Obstacle. Start

Goal

(c) After Differential A*, Robot 
attempts to move, but hits again.
Right: Influenced CS Area is 
cleared.

(b) Robot first senses the obstacle. 
Right: Influenced CS Area is 
cleared.

(a) Proposed path with an 
unforeseen obstacle. Right: CS

Figure 72: Learning about an Obstacle.
(Example of a “Type I Change”)
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(d) After Differential A*, Robot
attempts to move, but hits again.

(e) After Differential A*, robot is clear of
obstacle to goal. Right: Final path piece.

Figure 72 (Continued)
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6.4.2 Inserted, Moved and Deleted Obstacles (“Type I and II Changes”)

This section shows an example of the Differential A* technique of Section 6.3 applied to “Type I
Changes” for the two-link robot (of Figure 15) in an environment  where: a round black obstacle
in the environment suddenly appears.   The stepwise incorporation into the task space is shown in
Figure 71. The round obstacles are transformed into two blobs, (one is an S shape) in configura-
tion space.  Once the ‘NOW’ button on the user interface is selected, the changes in goal and
obstacle states is determined.  Following Figure 68, ‘Operations for Inserted Obstacles and
Deleted Goals’ are performed next.  The white areas of Figure 70(c) are the relatively small
regions affected by the obstacle’s sudden presence and were computed using the χ function.
Operations for ‘deleted obstacles and inserted goals’ is then performed (but there are no actions
for this example), and then A* is carried out to fill the region shown inFigure 70(d).  This config-
uration space is used as the initial configuration space for the next change shown in Figure 73,
when this obstacle moves.

Figure 73 (top) shows the obstacle moved closer to the pivot location of the robot arm reflecting a
“Type II change”.  Because it is positioned to block some shoulder positions, a complete range of
shoulder motions (in configuration space) is transformed into illegal regions and the result of the
χ function is again shown as the white area in the configuration space.  When the A* computation
recomputes this area, the solution shown at the bottom is generated.  The task space path related
to the solution is somewhat surprising at first.  It contains a straight line to the center, where the
shoulder can rotate freely with the end effector over the shoulder, for a cost (δ > 0).  

The obstacle of Figure 73 (bottom) is then completely removed (i.e. disappears from the reach of
the robot) in Figure 74 (top).  By removing the obstacle, no computation is required for the ‘Oper-
ations for Inserted Obstacles and Deleted Goals’, therefore there are no nodes for the χ function.
The prior obstacle states require actions in ‘Operations for Deleted Obstacles and Inserted Goals’,
which then find the perimeter of the removed states for OPEN.  The deleted obstacle states are
reset to φ and appear as the white region.  When A* propagates from the OPEN nodes, the space
is filled as shown in Figure 74 (bottom), which is the same status as Figure 70(a).
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Below: CS after Differential A*.

Above: Prior Path from Figure 71(b).

Below: Arm Sweep showing obs.  
moved into prior path. 

Right: CS after clear-influence step
for new obstacle moved from location
in Figure 70(d)

Right: Solution Space determined
by Differential A*.

Below: Task Space path  
corresponding to new CS path.

Figure 73: Obstacle Moves.
(Example of a “Type II Change”)
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Above: Path with obstacle. When
obstacle is removed from reach,
the obstacle states disappear
from Config. Space (right).

Below: Task Space path  
corresponding to new CS path 
(right).

Below: CS after Differential A*.

110%

Figure 74: Obstacle Moves Out of Reach (Disappears).
(Example of a “Type II Change”)
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6.4.3 Inserted and Deleted Goals (“Type IV Changes”)

Figure 75 shows seven added goal states. Because the goals are specified in task space, there are
generally right and left handed configurations that can be represented symmetrically in configura-
tion space. The addition of new goals is a one step process. Each of the new goals produces
reduced costs, managed by  Case 10, and becomes a starting node for the A* search. Since none of
the transitions is deleted or increases in cost, there is no affected area. Removal of one of these
goals is managed by  Case 9 and is shown in Figure 76. This situation will increase the cost of
transitions, producing the affected area, in white. It is filled in by the subsequent A* computation.
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Below: CS after Differential A*.

110%

Above: Task Space with obstacle
and 1 goal. 

Right: CS with 7 new goals before
Differential A*. Six of the goals
arise from three right and left
handed (equivalent) goals in task
space.

Figure 75: Seven New Goal States in C.S. 
(From 3 in Task Space) Plus the Center Goal. (Example of a “Type IV Change”).

Right: Computed 
Configuration Space. 

Below: new path in task 
space to nearer goal. 

1

4

3

2

5

7
6
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Below: CS after Differential A*.

Above: Task Space with path from
Figure 75. Right: CS with center
goal removed.

Right: Updated CS. 
Below: original path in task
space; goal removal caused
changes distant from prior path.

Figure 76: Removed Center Goal. Old path Unaffected.
(Example of a “Type IV Change”)
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6.5 Differential A* with an Admissible Heuristic

Just as in the previous examples, changes to a configuration space that has been calculated with a
heuristic are not any different than one created with h=0, unless the heuristic is dependent on a
starting state that has changed (described in Section 5.6.5).  Therefore, changes to the obstacles or
goals will follow the same Differential A* algorithm.   Figure 77(a) shows the ‘straightest path’
found using the same transition costs and heuristic introduced in Figure 29 and Figure 30 .  When
the obstacle is inserted into the task space (on the left side) of Figure 77(b), the same algorithm is
used to clear all pointers behind the obstacle, and find the perimeter.  The result is shown in the
configuration space (on the right side) of Figure 77(b).  

In this case the perimeter of the cleared area is the set of states at the edges of the two obstacle.
These are added to the set of OPEN nodes which includes those from all the edges of the com-
puted region.  As the A* search proceeds, the area searched widens in response to seeking a path
around the obstacle blocking the original path.  As seen in Figure 77(c), the path is found around
one side before the other.  The swept path is shown on the left as evidence that the arm would not
hit the obstacle.

Just as in the h=0 implementation, if there is a single goal that is moved (or removed), then all
pointers will be removed, and it is better to fully recompute with A*.
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(a)

(b)

(c)

Figure 77: 
Admissible 

Heuristic Guides 
Search and Adapts 
to a New Obstacle.

(Example of a 
“Type I Change”)



152 Chapter 6 - Mapping Differential A* to Robotics

6.6 Quantified Results: A* vs. Differential A*

From Section 5.6 it is clear that the Differential A* method is more efficient in groups B, C, and
D.  Groups A and E have similar overhead required with χ(), the clear influence function, making
these the situations where A* may be preferable over Differential A*.  The next section evaluates
the robotic algorithm using an optimality criterion that minimizes Euclidean distance in configu-
ration space and a non-informed, but admissible heuristic, h=0 to define the applicability of the
two methods.

We will use group A, specifically inserted obstacles which increase the total cost, to represent the
class of problems in groups A and E.  In the robotics domain, the increase in the node delay cost is
achieved by adding an obstacle, so that the node delay cost becomes essentially infinity.  This is
similar to deleting the node as in group E.  Similarly, the deletion of a goal increases the current
node cost to a value above zero.  These mechanisms are used interchangeably to determine when
A* and Differential A* should be used. 

The time to clear nodes with the function χ (including the computation of the perimeter) is the
largest cost directly attributable to the Differential A* method. To complete the calculation how-
ever, the perimeter must be added to the sifted heap of OPEN nodes, and then A* must be per-
formed.  Section 5.7 identifies the time required to recompute the space with Differential A* as:

TimeδΑ∗ = Time(χ) + Time(Perim) + Time(A*(OPEN))

When the total time for these functions is less than full recomputation for A*, Differential A* is
preferable. 

By measuring the time to perform χ on a given set of nodes, including the time to add the ele-
ments to the perimeter, and the time to perform A* on the perimeter, a comparison can be made to
the time required to fully recompute the space using A*.  The time was measured as a function of
the number of cleared nodes, based on an initially obstacle-free configuration space, to which new
obstacles were added.  The obstacles never covered the goal, nor did they cut off sections of the
space.  The obstacles varied in size, number and location throughout the configuration space.  Fig-
ure 78 shows the amount of time required for each function.

Multiple obstacles in combination can cause more than 2300 states to be cleared.  The number of
cleared states is typically low when the size of the new obstacle states are small or far from the
goal.  Depending upon the overlap between obstacles and their positions relative to one another
and the goal, different numbers of cleared nodes are produced.
 
As seen from the plotted Differential A* timing experiments of Figure 78, the time for computing
the function χ, adding to the perimeter and A*, vary depending upon the number of cleared
nodes.  The variety of obstacle number, size and distance (cost measure distance relative to the
goal) varies this data somewhat, but it  is stable over a large range of the number of cleared val-
ues. Generally, A* time to recompute the cleared nodes from the OPEN nodes is about twice the
clearing time of χ(). The time to add nodes to the perimeter is about 5% of the clearing time.   If
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the assumed objective is to regenerate the complete navigation map, the cost of updating the dif-
ferences in the space must be compared to the recomputation of the entire space.  For this config-
uration space, with Euclidean cost measure and h=0, complete recomputation on a Sparc IPX
requires 250 ms.  Therefore from Figure 78, when the number of cleared nodes is under about
2300, Differential A* will complete before A*.

Accordingly, for this cost measure and heuristic, if the number of cleared nodes is less than 55%
of all the nodes that are likely to be computed, then it can be determined that Differential A* is
preferable to A*.  For more compute intensive cost measures, or higher numbers of neighbors this
percentage is likely to be somewhat higher, because clearing a node will be even more efficient
than recomputing.  In higher dimensional configuration spaces, for a similar cost measure, heuris-
tic, and  neighborhood, we expect that when less than  55% of the nodes are affected, Differential
A* will also perform well.  This is because the fundamental operations do not depend on the
dimensionality of the space. 

The configuration space of the experiment is 64x64=4096 states large.  It can be shown that the
number of cleared nodes for a single, round obstacle can never exceed 2300 states.  This is
because of the behavior of the transformed S-shaped obstacle, assuming the obstacle does not
cover the goal (whereupon the complete space is cleared, but no A* occurs).  Figure 78 shows that
Differential A* is preferable to A* below this number of cleared nodes.  So, with a single obstacle
in the two dimensional case, Differential A* should always be used.

Consequently, the key is to understand any problem sufficiently well to be able to estimate this
percentage. For insight into the two dimensional problem for general objects, it would be helpful
to understand the relative impact between the location of the obstacle, the size, and the resulting
cleared region.  Figure 80 shows the results of an experiment that uses a single obstacle in config-
uration space, not generated from the robot example, but rather generated as a single rectangle sit-
uated diagonally at +45°, having a width that varies, and depth 3 units thick, placed
symmetrically about the -135° axis. The size never exceeded the diagonal space, thus it never
‘wrapped around’.  These obstacles represent a class of obstacles in this periodic configuration
space that are relatively perpendicular to the nominal pointers, positioned so that the cleared area
is maximized (because the entire corner area is cleared). 

A diagram of the different obstacle distances and widths are shown in Figure 79. By varying the
width along the diagonal axis, the chart can be used to estimate the clearing affect for similar
obstacles at similar distances. For ‘thicker’ obstacles, we estimate that the additional thickness of
the obstacle would have otherwise been in the region of the cleared nodes.  Therefore, the number
of cleared nodes is decreased by the additional number of nodes in the obstacle.  Because the
space is limited either by the periodicity (where the pointers begin to point in the opposite direc-
tion) or for other examples where the space has specific bounds (joint limits, for example) the far-
ther the obstacle is from the goal, the fewer nodes remain to be cleared by the function χ.   For
non-diagonal (i.e. vertically) located obstacles, the chart in Figure 80 can be used as an upper
bound. By taking the sum of the obstacle affects, an estimate can be made for multiple obstacles
in this problem.
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We expect a similar trend for other problems.  For a method to estimate the affect of obstacles in
a particular (possibly higher dimension) configuration space and cost measure, experiments anal-
ogous to Figure 78 and Figure 80 should be performed.

Figure 78: Differential A* vs. A* Timing .
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Figure 79: Experimental Setup for Test of Obstacle Affect.
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Figure 80: Obstacle Effects.
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6.7 Memory Requirements

Since the clear-influence state stores the surface of the cleared region, the additional memory
requirement for Differential A* beyond A*, is that amount necessary to store a surface in one less
dimension than the problem. Usually the surface is quite small, particularly if heuristics are used.
The remainder of the procedure uses the same memory space.

6.8 Alternative Approaches

Other techniques are also available to update changes in the configuration space. One method in
particular [5], identifies regions that are swept out by the occurrence of obstacles and identifies
the shadow areas from the vertices of the obstacle. It relies on another method that computes ‘cost
waves’ using the Constrained Distance Transform (CDT) [4,22,23].  It also inherits some of the
limitations of the CDT, namely, the inability to manage non-Euclidean Distance cost measures or
irregular ‘neighborhoods’.

6.9 Other Practical Aspects of Differential A
*
 in Path Planning.

In the case of path planning, it is essential for a general planning algorithm to be able to handle
multi-dimensional (and hence large) configuration spaces, since a robot having many degrees of
freedom will require it.  Often, the optimal path does not need to be completely recomputed when
a change affects only a small part of the space [45,47].

In a practical robotics problem, a useful artifact of this process is that the robot may be able to
carry out an action while the space is being recalculated. Although the robot is not guaranteed to
follow an optimal solution (since the space is being improved), occasionally it is better to make a
slightly sub-optimal move sooner, rather than to wait for the calculated optimum. This is possible
with the Differential A* method if the starting state is not in the affected area (shown as white in
Figure 70(c)).

6.10 Chapter Conclusions

Differential A* can adapt pre-existing stable solution-graph(s) to new changes and produce a new
configuration space that is identical to one that would have been generated from complete initial-
ization and A*. The essence of the algorithm is to clear and subsequently revisit the area influ-
enced by the changes.  The purpose of “clearing” some of the identified areas is to reset the node
values to uninitialized so that subsequent A* computation can correct the area with a new, higher
cost. This is necessary since A* is only used to initialize or lower costs during searching. 

Fortunately, for many robotics problems, the changes in the configuration space are relatively
small, and can be accommodated quickly without full recomputation.  This allows the robot to
continue moving if the change is not immediately affecting the current path, but also gives the



Section 6.10 - Chapter Conclusions 157

robot a quicker response, even if the current path is affected.  For the two dimensional case, when
less than 55% of the nodes are cleared, Differential A* is preferable.

Finally, the Differential A* method can identify the effect of arbitrary obstacle shapes, with arbi-
trary cost measures that may be used in A*, in high dimensional spaces.




