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A Real-Time Path Planning Method
for Mobile Robot Avoiding Oscillation and Dead Circulation!’
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Abstract Robot path planning in a globally unknown environment with general obstacles is stud-
led in this paper. Oscillation and dead circulation possibly encountered in rolling path planning are
studied. And an improved planning method is proposed by storing detected environmental infor-
mation. The planning method could prevent mobile robot from oscillation and dead circulation effi-
ciently and guarantee the accessibility to the global goal. It i1s a fast and effective path planning
method for mobile robot in an unknown obstacle environment.
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1 Introduction

Path planning 1s a key issue tn robotics. In real applications, the environmental infor-
mation for path planning is often incomplete or even unknown. The robot can only detect
local environmental information. These problems cannot be solved by traditional global
planning methods. Mobile robots must plan 1ts feasible moving path by real-time detected
information. These local planning methods needs less environmental information and the
planning speed is high. But they can hardly guarantee the global accessibility, Boren-
stein’! used VFF method to solve the collision-free problem in unknown environments,
The method cannot lead the robot to the goal successfully in some situations and may even
2] Fox uses the dynamic window approach'*! for path planning, in
which the kinematic constraints of the mobile robot are taken into account. The robot can
move towards the goal fast while avoiding obstacles. Although this method is applicable in
many cases, the robot is still susceptible to be stuck in some local minima.

result in instability

Since the local planning methods based on real-time detected information could hardly
guarantee the global accessibility, a few path planning methods tried to achieve it by sto-
ring some necessary global information. Lumelsky-"' studied nonheuristical methods of
path planning in unknown environments. In his method, robot should remember some
special points in the workspace and the planning 1s always guided by a global accessibility
criterion. However, the paths are not ideal in many cases because of lacking optimization.

Bl made some improvements by making the robot store more environ-

Sankaranarayanan
mental information. Brock and Khatib'® proposed a global dynamic window approach as
the generalization of | 7). To collect information about the connectivity of the free space,
sensory information is merged into a global map. This approach combines the dynamic
window approach for reactive obstacle avoidance with the globally local minima-free navi-
gation function, which 1s computed by using a wave-propagation technique starting at the
goal. Oriolo'® applied an approach based on the alternate execution of two fundamental

processes: map building and navigation. In the former phase, the mobile robot collects the
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environmental information of surrounding area and integrates it into the global map. In the
latter, an A* -based planner generates a local optimal path from the current robot position
to the goal. The robot follows the path up to the boundary of the explored area, termina-
ting its motion if unexpected obstacles are encountered. Although these methods fully uses
the detected environmental information and the accessibility could be guaranteed, the plan-
ning region is often large, especially when the known area has been greatly expanded.
Thus the information storage and the on-line computation burden would increase. Further-
more, these methods are not suitable for complex dynamic environment.

In fact, the path-planning problem of mobile robot in globally unknown environments
concerns how to make full use of local detected information to plan a path that is not only
feasible but also as optimal as possible. Both optimization and feedback should be consid-
ered in the planning. Using the concept of rolling optimization in predictive control for ref-
erence, an efficient path planning method was proposed in { 9]. The computation burden
keeps at a low level during the whole planning process and it results in a high planning
speed. But when it is applied to path planning in an unknown environment with general
obstacles, oscillation and dead circulation may still occur. In order to guarantee the acces-
sibility of rolling planning, strict constraints were bounded to the obstacle environment in
1 9]. This restricts the real application of rolling planning. In this paper, rolling path
planning in a general obstacle environment will be discussed. The rolling planning algo-
rithm is improved by storing memorial information of the environment, The accessibility of
the planning algorithm will be analyzed. It indicates a wider use of rolling path planning in
an uncertain environment.

2 Rolling path planning based on local information

Consider a mobile robot (Rob) in a two-dimensional unknown workspace (WS) with
finite size. The robot is required to move autonomously from a start point (P;) to a goal
point (P,) successfully in a finite time,

Rob has no priori knowledge of the workspace. At any instant, Kob can only scan a
local circular region around itself, whose radius equals to r. WS is arbitrarily cluttered
with finite number of static obstacles (Obs, ,Obs, ,+**,Obs,). Rob is modeled as a point by
“enlarging” the obstacle-size to account for actual robot dimension and the requirement on
safety, The boundaries of enlarged obstacles are safe regions that the point robot can move
along. Obstacles do not intersect with each other or with the workspace boundary.

Due to lack of global environmental information, the robot can only perform the on-
line path planning based on the real-time environmental information detected locally. Al-
though it is unable to carry on global optimization in this case, optimization can also be
taken into account to some extent based on the available feedback information. The key
problem is how to make full use of the detected information. In {10}, the basic principles
of predictive control used in industrial process control is generalized to solve the problem
of planning, scheduling and decision in uncertain environments. Three principles were de-
scribed as making full use of known information for prediction and estimation, performing
local optimization in a rolling style and updating the old knowledge with feedback informa-
tion. These principles indicate the combination of optimization and feedback. Using these
principles for reference, | 9] proposed a rolling path planning method, as the robot has no
priori global knowledge but on-line detected local information. In the following, a brief in-
troduction to rolling path planning will be given firstly,

Set up the system Cartesian coordination in WS. At instant ¢, the position of Rob 1n
WS 1s denoted as P (¢) and its coordinates are (zg(z),yg(2)). Let £, =0 be the start in-
stant of the planning.
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Let d(P;,P;) denote the linear distance from P; to P;. Assume that all the points in
WS make up a closed set W and its boundary is denoted as 9W . All the points in Obs; (i=1,
2,*sn) make up a closed set O; and its boundary is denoted as @0;. To make the planning
solvable, assume that P, and P, belong to the same connective region in WS.

To T=[7,; ] and Y P,€EFD, ¥ P,€ FD, if a continuous mapping FS: T=W{(XCW)
makes FS(7,)=P,, FS(t,) =P,, FS() € FD, t€ (7;,1;), then FS is called a feasible path
from P, to P;in X. The image set FS(T) is called a passage from P, to P, in X and denoted as
FP(P,P;). If there exists any feasible path from P, to P, in X, then it is called that P, is
connectible with P, in X,

At any instant, Rob can only scan a local circular region around itself, whose radius
equals tor. Win(Pr(2,))={(P|PEW, d(P,Pr(t,))<r) is called the vision scope of Rob at
Pr (t,), namely its rolling window at P (¢,), where Py (z,) € FD is the position of Rob at r,
(The beginning instant of the Ath local planning. ). The boundary of the rolling window is deno-
ted as oOWin(Pgr(2,)).

The general rolling path planning algorithm for mobile robot is presented as fol-
lows!®.

Algorithm 1, Path planning based on rolling windows.

Step 1. If the goal is reached, the planning stops.

Step 2. Update the environmental information in the current rolling window.

Step 3. Generate a local optimal subgoal P, (2).

Step 4. Plan a proper local path in the current rolling window according to the subgoal
and local detected environmental information.

Step 5. Move a step along the local path.

Step 6. Return to Stepl.

Instead of the one-off global optimization, the rolling path planning executes local
planning repeatedly and makes full use of the newest local environmental information de-
tected. The subgoal generated in Step 3 is a mapping point of the global goal P, in the cur-
rent rolling window. It must reside in the feasible region and satisfy some optimal criteri-
on. The determination of subgoals should not only consider the full use of the local infor-
mation detected in real time, but also 1ts consistency with the global goal. To maximize
the use of the detected information, the subgoal is prone to be chosen on the boundary of
the detectable region.

Let SW(t,)={i|O N Win(Pgr(t,))F#®} be the subscript set of the obstacles detected
at instant ¢, in the rolling window. The set of all points on oWin (Pg (¢,)) that are con-
nectible with P (z,) within the rolling window Win(Pg(z,)) is called the selectable set of
subgoals at ¢z, , which is denoted as 6(¢,). Obviously,

0(2,) < Win(Pr(2,)) ) FD (1)

The general subgoal determination method is described as follows:

1. If P, EWin(Pr(t,)) and Pg (t,) is connectible with P, in the rolling window, then
P, (t) = P,.

2. In other cases, P, (¢) could be determined by a heuristical function**}. This sub-
goal determination method reflects the compromise of the requirement for global optimiza-
tion and the limitation of finite local information. It is a natural choice of trying to pursue
global optimization in the unknown environment. To reduce the computation burden, the
determination of subgoal can be transformed to the following optimization problem:

man = min d(Pm(t&)an) (2)

Pm(:k)

s.t. P () € 0(¢,)

It has been proved in { 9] that the above method can surely guarantee the existence of
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subgoals and avoid deadlocks in some strictly constrained environment during the rolling
planning. If there exist more than one subgoals, Rob can choose one arbitrarily.

If the subgoal P, (2) is determined, an optimal local path from the current position
P (t,) to the subgoal could be planned. Rob then moves one step along the path. The step
length could be constant or variable according to actual situations.

The path planning algorithm based on rolling windows depends on real-time environ-
mental information detected locally and the on-line path planning is pertormed in a rolling
style. At each step of rolling planning, Rob generates an optimal subgoal based on the lo-
cal detected information by a heuristical method and plans a local path within the current
rolling window. Then it moves a step along the local path. With the rolling window mov-
ing forward, Rob obtains newer environmental information. Thus, optimization and feed-
back are combined in the rolling process. |

3 The avoidance of oscillations in general obstacle environment during rolling planning

The general trame of rolling path planning 1s given above. Path planning in an un-
known obstacle environment with strict constraints can be solved and the accessibility can
be also guaranteed”’. But if there were more complicated obstacles in the workspace, the
above method might probably fail (oscillation or dead circulation) and Rob cannot plan a
feasible path to the goal. It 1s because the local detected environmental information used
by Rob m its rolling planning is not enough to plan a globally feasible path in the compli-
cated obstacle environment.

Although the general subgoal determination method described in the last section can
guarantee the existence of subgoals in an obstacle environment, i1t might cause oscillations
and Rob cannot reach the goal. For example, Rob chooses the connectible point P, (z,_,)
as 1ts current subgoal based on the shortest distance from P, at instant ¢,_, (See Fig. 1(a))
and moves a step towards the subgoal. The new position is denoted as Pz (¢,). At the in-
stant ¢, the relative position of Rob and P, has changed (See Fig. 1(b)). 1lf Rob still de-
termines 1ts subgoal using (2), the new subgoal will again lead Rob to P, (z,—,) (See Fig.
1(c)). Thus, Rob will oscillate between Pr(z,_,) and Pr(z,).

(a) The (£—1)th planning (b) The kth planning (¢) The (24 1)th planning

Fig. 1 Oscillation caused by improper determination of subgoals

So in this case, the subgoal determination method should be modified. For further
discussion, we give some related definitions first.

¢(P,P;) denotes a directional beeline irom P; to P; in WS, For simplicity, ¢(P;P;)
also denotes the point set on that line.

If o(P,P,) (1O #* @, then ¢(P;P;) must intersect o0, at two points successively,
which are denoted as H(hitting point) and L(leaving point), respectively.

Assume Obs, 1s located in Win (P (). If o(Pr(¢,)P,))O'#P (i € SW(t,)) and
there s no leaving point L or P (¢,) is not connectible with L in Win (P (t,)), it is called
that Rob 1s inescapable from Obs;. Otherwise, it is called that Rob is escapable from Obs;.

Fig. 2(a) and Fig. 2(b) show the two situations respectively.
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(a) Rob is inescapable from Obs, (b) Rob is escapable from Obs,

Fig. 2 Relative positions between Rob and Ob;.

In some cases, Rob may be inescapable from several obstacles in its rolling window.
In the following, we only refer the inescapable situation wrt the nearest obstacle from
Rob.
At instant ¢z, , if Rob 1s inescapable from Obs; (i & SW(¢,)) and Pr(t,—y) €30;, Pr(t,)
& 900);, see Figs. 1(a) and (b), then the subgoal should be determined as follows.
P.,(ty) € 6(¢t,) () 20, (3a)
s.t. FP(Pr(t,)P.(ty)) [V FP(Pr(ti)Pop (tiy)) = &, except for Pr(t,) (3b)
where (3b) means that the new planned passage has no superposition with the last one.
This indicates that the subgoal of the kth local planning should not be chosen as Fig.
1(b), which would result in oscillation. Instead, the subgoal should be the right intersec-
tion point of the boundary of the rolling window and the boundary of the obstacle. Thus
the local subgoal will move right gradually and bypass the obstacle finally.
Oscillations can be avoided by the above subgoal determination method when Rob is
inescapable. Thus the mobile robot can move successfully from the start point to the goal
point in an unknown environment with convex obstacles.

4 An improved rolling path planning method

By modification of the subgoal determination method, oscillations can be avoided ei-
fectively during rolling planning. But the mobile robot may still get into endless dead cir-
culation in an unknown environment with concave obstacles. As shown in Fig. 3, although
the mobile robot uses (3) to determine its subgoals
and avoids oscillations, it will move around the obsta-
cle and never reach the goal. To plan a feasible path
in a general obstacle environment successfully, the
mobile robot needs more environmental information.
If the robot hasn’t enough priori environmental infor-
mation at the initial stage of planning, it should accu-
mulate detected information gradually during its mov-
ing procedure. In the following, an improved rolling
path planning method is proposed for path planning in
a general obstacle environment by storing detected in-

formation and modifying the local planning algorithm.
WED (Pr(t,))=Win(Pr(t,)) (1 FD denotes the feasible region detected at ¢, by Rob.

&
I1(:,)=UWFD(Pr(t,)) is called the detected feasible region at ¢,, which denotes the ac-
1 == ]

cumulated environmental information stored gradually by Rob through its local detection
from the start time to ¢,. Its boundary is denoted as oI(z,).

The set of all the points on 9I(¢,), which are connectible with P;(z,) in the detectible
feasible region I(t,), is called the expanded selectable set of subgoals and denoted as

Fig.3 Dead circulation due to lack of
necessary environmental information
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#(z,). Obviously, ¢(t,)=9I(¢t,) ) FD.
Let Z be the subscript set of the detected obstacles during rolling planning.
Next, we give the subgoal determination method for Rob in a general obstacle envi-
ronment without changing the frame of rolling planning.
1) If P, € Win(Pg(t,)) and Pg () is connectible with P, in the rolling window, then
P..(t,)=P,.
2) In other cases:
Case I. If Rob is inescapable from Obs, (1 € SW(t,)) and Pr(t,—,) € 90;, Pr(t,) €
20, , see Figs.1 (a) and (b), then the subgoal is determined by (3):
P () € 8t) N 90;,
s.t, FP(Pgr(t.)Pu(ty)) (Y FP(Pr(ty—1) P (tiy)) = @, except tor Pr(z,).
If the situation is not like Case I, then go to Case 1I.
Case 11, If Pr(¢,) € FS() (0<<r<t,), that is, Rob returns to its original passage,
then local path planning should be performed in I(z,) and the subgoal should be deter-
mined as follows.

mln] = min d(Pm(tk)!Pg)

P, (t)
s.t. P (t) € 99(¢t,), P, &€ 920, i€ Z (4)
The last constraint above is given for avoiding dead circulation.
Case III, Otherwise, the subgoal is determined by (2).
min/ = min d(P.(t.),P,) ,

P_,(¢)
s.t.  Pu(2) € 0(¢,).

In Case II, Rob uses the accumulated environmental information detected betore and
performs local path planning beyond its current rolling window. It is called expanded local
path planning. When the subgoal is determined, Rob plans an optimal path in the detected
feasible region and moves a step along it and reaches the subgoal. In other cases, Rob still
plans a path in its rolling window and moves along it.

When Rob scans the local rolling window, it not only plans its current local path, but
also stores the environmental information it detects. This action continues through the
rolling process. Note that this information storing action is basically different from envi-
ronment exploration aimed at map building by wandering. It is an accessory accompanying
Rob’s rolling path planning towards the goal. Though it may be even useless in some sim-
ple situations, the accumulation of environmental information guarantees the global acces-
sibility in the unknown environment. Timely execution of expanded local planning could
make full use of finite environmental information detected and plan an optimal path leading
robot away from complicated obstacle region. Thus oscillation or dead circulation could be
efficiently avoided. And at the same time, rolling planning provides the possibility of low
calculation burden during the whole planning process.

S Analysis of accessibility

Using the above improved rolling path planning method; the global accessibility in a
generally unknown obstacle environment can be guaranteed. In the following, we will
prove that Rob can surely reach the global goal in a finite time

Theorem 1. The subgoal P,, (¢,) determined by the above method always exists dur-
ing rolling planning.

Proof, In Case I, Rob will determine its subgoal by (3). If it fails to find a subgoal,
Case II or Case III will be considered. In Case II, the subgoal 1s determined by (4). Since
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Rob moves always in the feasible region, its current position and the goal belong to the
same connective region. Thus there must exist a feasible path from P (z,) to P, with its
corresponding passage denoted as FP”* (Pr(#)P,). Therefore, it is true that FP* (Pr(z,)P,)
N 2%(t,) #=®. Due to the environmental constraints, the obstacles do not intersect with
each other or with the workspace boundary. Then there must exist non-obstacle part on
o%(t,). Let PEFP* (Pr(t.)P,)N2%(t,). If PEDBO, (i€ 2), then a point Q can be found
in. the neighboring region of P, which satisfies Q€ 99(z,) and Q& 30, (i € Z). So in Case
[1, the subgoal P, (#,) can be surely determined. Otherwise, it is easily proved that the
subgoal always exists in Case III by using (2)'%,

Corollary 1. Deadlock will not occur during rolling planning.

Since the subgoal for each local planning always exists, Rob won’t get stuck during
the rolling planning process.

Corollary 2, Dead circulation will not occur during rolling planning.

Proof. If Rob arrives at a point which is on its original passage, its subgoal will be de-
termined by (4). Then its subgoal is on the boundary of the detected feasible region,
which Rob hasn’t been to. After the local planning, Rob will move towards and then
reach the subgoal along its local optimal path. So dead circulation will not occur during
rolling planning.

Theorem 2. Rob can surely reach the global goal safely in a finite time by rolling plan-
ning.

Proof. If the global goal is inaccessible, then the detected feasible region of the robot
will gradually expand with the rolling process going on and cover the whole feasible region
of the workspace 1n the end. That is, I(¢x) =FD, where K 1s a sufficiently large integer.
Then the original problem is transformed to path planning in a globally known environ-
ment. Since P, and P, belong to the same connective region, the planning problem can be
surely solved. So it is guaranteed that Rob can reach the global goal in a finite time by roll-
ing planning. B

In fact, Rob doesn’t need to detect all the environmental information for reaching the
goal in most cases. Since the local subgoal generated by heuristic method aims at approac-
hing to the goal, the environment detection action accompanying rolling path planning is
not blindfold. In common cases, just part of the accumulated environmental information is
required. Only in very few cases, Rob needs to detect all the environmental information
before it can plan a feasible path to the final goal.

6 Simulation results

Fig. 4 shows the simulation process of the mobile robot path planning in a general ob-
stacle environment., In the unknown environment, Rob uses real-time information detected
locally and performs rolling planning. With the rolling process going on, the detected fea-
sible region of the robot expands gradually and more environmental information i1s ac-
quired. When local path could not be planned by the detected information in the current
rolling window, Rob uses all the environmental information stored to perform expanded
local planning. It plans an optimal path within the detected feasible region and moves a-
long the path, In the figure, we can find that Rob changes its path when it detects an ob-
stacle encumbering in its way to the goal. This method efficiently avoids the occurrences of
oscillation and dead circulation. Since in most time of the rolling planning, Rob plans its
local paths only in its small rolling window, the calculation burden of the whole planning
process is low and the planning speed is high. Fig. 4 shows clearly that Rob moves from
the start point (S) to the goal point (G) successiul by rolling planning.
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Fig.4 Mobile robot rolling path planning in general obstacle environment

7 Conclusions

The problem of mobile robot path planning in the unknown environment i1s a key issue
in robotics. The off-line global planning methods are prone to fail due to lack of priori en-
vironmental information. Furthermore, the robots are always constrained by finite senso-
rial scope in real applications. Only local detected information can be used for planning,
Using the idea of rolling planning, robot path planning in a general obstacle environment is
studied in this paper. By storing detected environmental information during the planning
process, an improved rolling path planning method is proposed. Oscillation and dead circu-
lation can be avoided effectively. Besides, the accessibility of the planning algorithm is also
guaranteed. From the view of methodology, the rolling path planning is much alike the be-
havior of human being in an unknown environment. It is an apery planning method with
intelligence, which is not only suitable to the path planning problems in a static environ-
ment discussed 1n this paper, but also has significant meanings to the ones in a dynamic
unknown environment-!!'* 1?!,
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