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Abstract: In this paper, a novel feasible real-time

system was researched for a differential driven wheeled

autonomous mobile robot so that the mobile robot can

move in a smooth, safe and elegant way. Least Square

Minimum Path Planning was well used for the system

to generate a smooth executable path for the mobile

robot, and the point-to-point tracking algorithm was

presented as well as its application in arbitrary path

tracking. In order to make sure the robot can run ele-

gantly and safely, trapezoidal speed was integrated into

the point-to-point path tracking algorithm. The appli-

cation to guest following for the autonomous mobile ro-

bot shows its wide application of the algorithm. The

novel design was successfully proved to be feasible by

our experiments on our mobile robot Interactive Robot

Usher (IRU) in National University of Singapore.

Key words: Path Tracking, Point-to-point tracking,

Trajectory generating, Least square algorithm.

1 Introduction

In recent years, many researcher have focused in con-

structing a novel and flexible machines to perform some

of the most risky, monotonous task instead of human

beings. In these mobile robot, there are legged-based

mobile and wheeled-based robots. Although, some re-

searchers have succeeded in the former mobile robots, in

our system design, the wheel-based mechanism was em-

ployed, because the wheel-based mechanism has strong

adaptability to human-made flat surface, where our mo-

bile robot IRU will work on. In addition, real-time sys-

tem was employed to interact with environments swiftly.

Our real-time system design takes the advantage of high-

speed computer and DSP, the communication is solved

by the parallel port.

For the wheel-based system, a lot of path generating al-
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gorithm and path tracking approach was used for the

system. In [4], [5] and in [7], fuzzy logic path track-

ing algorithm is introduced. It sounds a good idea and

has been proved to be an effective way to realize the

path tracking. However, it is difficult to adjust the

parameters in fuzzy logic rule, especially, when there

are so many factors effect the system, the problem be-

came more complicated. Therefore, the algorithm was

greatly discounted. In our design, Least Square Min-

imum path generating algorithm is introduced to gen-

erate a smooth way for the robot to follow, and then,

point-to-point tracking is developed to swiftly track the

generated path. Further, trapezoidal velocity is intro-

duced so as to make the robot run smoothly and safely.

In order to show the wide application of the provided

algorithm, guest following by point-to-point tracking is

briefed. In our experiment, the trapezoidal point-to-

point algorithm was proved to work efficiently and the

tracking is smooth and elegant, which is uniform with

our design.

In Section 2, a feasible real-time system design was in-

troduced. Then, in Section 3, Least Square Minimum

Path Planning was well developed for the system to pro-

vide the smooth executable path for the robot. And

then, the point-to-point tracking algorithm was pre-

sented in detail together with its application in the path

tracking. To improve the performance of the algorithm,

trapezoidal speed was integrated into the algorithm. At

last in this section, guest following by point-to-point al-

gorithm illustrates its wide application of the algorithm

in Section 4. Finally, a brief conclusion is given in the

last Section.

2 Real-time system design

The differential driven robot consists of two indepen-

dent driven wheels and two omni-directional non-driven

castor wheels. The kinematic motion of the wheel is
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Figure 1: Real Time Computer-DSP Processor System

Architecture

considered as pure rolling and non-slipping wheels. The

two electrical motors of the driven wheels are controlled

in a way that the left wheel velocity of the robot vl and

the right wheel velocity of the robot vr can be consid-

ered as the control variable of the system. Then, by

controlling the two independently velocities of the ro-

bot wheels, three configuration variables, namely two

Cartesian coordinates characterizing the position of the

mobile robot, and its orientation.

The system is a real-time system, self position estima-

tion at any place depends on the self-position estima-

tion. Because the model of the vehicle used in our

project is based on differential-driven wheels. The dy-

namic model of the vehicle motion is described by the

following equations.

ẋ(t) = v(t) cos θ(t) (1)

ẏ(t) = v(t) sin θ(t) (2)

θ̇(t) = ω(t) (3)

The key feature of our IRU operation system is its real-

time operation system. This implies that the three lev-

els including decision making level, sensor processing

level and motion control level operate in parallel and

are loosely coupled to each other. Naturally, a multi-

processor computer architecture or a multi-computer

architecture is required to process the different func-

tion levels since it is difficult for one processor to syn-

chronously carry out all the robot’s tasks, including im-

age processing, map building, path planning and motion

control.

An novel system structure, computer-DSP structure

was developed for the real-time system. A high speed

P.IV (1.6 GHz) computer works together with a digi-

tal signal processing (DSP) for the complex tasks and

real-time operation of the interactive robot usher. The

DSP processor is responsible for the fundamental mo-

tion control and some simple information processing,

such as the information from the sonars and infrared.

Also, the sensed data or feedback information will be

sent to the DSP processor, so that the close-loop mo-

tion control system become a closed-loop system. The

high level module are the most important part of the

designed system. A large mount of information from

image and voice system should be processed in this com-

puter together with map building, path planning, deci-

sion making etc. After the high level processing, control

command issued from the brain is transmitted down to

DSP for executing. In the meanwhile, the motion infor-

mation is transmitted up to the computer for the high

level information processing such as map building.

The most difficult problem by employing this system is

to overcome the communication problem between the

computer and the DSP processor. In our design, a

shared memory is accessible to both the computer and

the DSP. The DSP can directly use the shared memory,

while the computer can only access the shared memory

by communicating with the DSP by the parallel port be-

tween the computer and the DSP processor. The struc-

ture of the real-time system can be shown in Fig. 1.

The advantage of our cooperation system is that the

high speed computer have strong ability to handle the

rich information from the high level module to map

building and path planning etc., which is difficult task

to the processors in the multi-processor system. While

the DSP has the superiority of responding in a very swift

and concise way, primarily concentrates on motion con-

trol, feedback information collection and obstacle avoid-

ance. Based on the computer-DSP processor operation

system, the IRU can efficiently handle the data in the

high levels, and respond quickly in the low level.

3 Sequent Point Path Planning

and Tracking

For a sequence of several points , generated by the brain

of the robot where the decision is made and the direc-

tions are provided, the mobile robot should be able to

generate smooth and feasible trajectory. In this paper,

Least Square Minimum algorithm is introduced to draw

a smooth way for the robot to follow. In order to let the

mobile robot move along the pre-set path, trapezoidal

point-to-point tracking algorithm is introduced , which

functions as objective tracking from the original point

to the objective point. The motion controller is to guide

the robot to execute this nominal path and to track it

with as minimum deviation as possible.



3.1 Least Square Minimum Path Gen-

erating

For a series of sequent points, a smooth path is expected

to pass through all the given points. In order to get the

corresponding path, a high order curve equation is intro-

duced, whose coefficients are calculated by least square

minimum algorithm. The order of the equation is de-

cided by the number n of the given points, and the order

can be considered as (n−1). For example, when the po-
sition of the robot is known, and another three sequent

points are provided. Under the assumption that the se-

quence is along the forward direction, then, an equation

with order three comes, represented by:

y(x) = a3x
3 + a2x

2 + a1x1 + a0 (4)

Here, a0, a1, a2, a3 are the pending coefficient. If there

are n forward sequent points, the coordinate of the

original position and the coordinates of the corre-

sponding objective points are known sequentially as

{(x0, y0), (x1, y1), (x2, y2), . . . , (xn, yn)}, considering x

as inputs, the corresponding y as outputs, then, calcu-

late the corresponding coefficients by least square mini-

mum algorithm as:

Φ =


1 x0 x20 . . . xn0
1 x1 x21 . . . xn1
1 x2 x22 . . . xn2
. . . . . .

1 xn x2n . . . xnn


T

(5)

Y = [y0, y1, y2, . . . , yn]
T . (6)

A = [a0, a1, a2, . . . , an]
T . (7)

Then, the corresponding coefficients can be calculated

as:

A = (ΦTΦ)−1ΦTY (8)

For example, we know that the robot is at point

p0(1, 1) and the desired following three points are

p1(2, 0.5), p2(3, 2), p3(4, 1), which are the points the ro-

bot should follow in sequence. Then, according to the

above analysis, a three order curve equation is needed

to describe the corresponding curve.

Φ =


1 1 1 1

1 2 4 8

1 3 9 27

1 4 16 64


T

(9)

Y = [1, 0.5, 2, 1]T . (10)

A = [a0, a1, a2, a3]
T . (11)

Then, according to the condition mentioned above, A is

obtained:

A = (ΦTΦ)−1ΦTY

Figure 2: Least Square Minimum Path Scheduling to

Follow Sequent Points

And therefore, A is:

A = [8.0000− 11.75005.5000− 0.7500]T

Then, the corresponding curve is obtained, which is the

smooth path for the robot to follow.

Y = −0.75x3 + 5.50x2 − 11.75x+ 8.00

Once the robot follows the path, it will go through the

appointed three points smoothly. The generated path

and the desired following points are shown in Fig. 2.

3.2 Point-to-Point Tracking

The condition to apply the Point-to-Point path tracking

is that the current position of the robot and the objec-

tive point are known. Let the distance from the objec-

tive point to the current point be sobject, which should

be a positive scalar, and the direction from the objec-

tive position to the current position be θobject, then the

corresponding distance between the two points and the

robot head directional angle relative to objective point

can be calculated as follows:

sobject = (xd − x)2 + (yd − y)2 (12)

θobject = arctan
(yd − y)
(xd − x) − θ0 (13)

Here, θ0 is the head directional angle of the robot w.r.t

the coordinate and the angle θobject should take value

from (−π, π].
Once the forward direction of the robot is against the

objective point, very similar to the human, the IRU is

able to adjust his forward direction to align with the

objective point direction so that it will go a short path

to reach the objective point. This is different from other

algorithms, which just run in a round way to reach the



Figure 3: point to point path tracking

appointed objective point. As the controllable variables

in the real-time system are the two differential speeds,

the command speed needed for the turn of the robot

from its current direction to the desired direction is de-

cided by the current angle deviation. Supposing that

the sample space is h, vmax is the maximum speed the

wheel can move at and the minimum command speed

is set at 0. The expected speed command can be calcu-

lated as:

vd = Lθobject/h (14)

If the angle θobject are too large, the maximum wheel

speeds of the robot are unable to satisfy the expected

speed for turn, then, it is obvious that the transforma-

tion speed of the robot is nougat. There are two cases:

(i)The deviation angle is positive, then set: vdr = 0.0

and vdl = vdmax
(ii)The deviation angle is negative, then set: vdr =

vdmax and vdl = 0.0

Once, the speed of the system is enough for turning,

i.e. −vdmax ≤ Lθobject/h ≤ vdmax and the robot will
move forward when turning. Under this condition, the

command speed will be set as follows:

vdr = kpsobject −Lθobject/(2h) (15)

vdl = kpsobject +Lθobject/(2h) (16)

Obviously, because of the distance between the robot

and the objective point may be very large, the command

speed is greater than the maximum command speed.

Measure should be taken to prevent the over command

speed while keep its turning command. Similar to the

above, two cases may happens:

(i) The deviation angle is positive, then:

vdl = vdmax (17)

vdr = vdmax −Lθobject/h (18)

(ii) The deviation angle is negative, then:

vdl = vdmax +Lθobject/h (19)

vdr = vdmax (20)

From the formula above, it is obvious that once the di-

rection of robot forward speed is aligned with the direc-

tion of the objective point, the robot will go straightly

to the object. The Point-to-Point path tracking realiza-

tion can be shown in Figure. 3.

As time goes, the robot will approach the objective point

at the pre-set accuracy, i.e, s ≤ δ, δ is set as small dis-

tance error, the mobile robot will stop.

3.3 Point-to-Point Arbitrary Path

Tracking

To track an pre-scheduled path by using the point-to-

point tracking algorithm, the most critical problem is to

set an appropriate point along the path as the objective

point. The objective point will be generated by adding a

fixed extra to the current position coordinate either x

coordinate or y, which one to take depends on the future

path change rate of the x and y. If the x change rate

is larger, then take the x as the independent axis and

the y can be calculated by the corresponding function of

the appointed path, as result, the objective point on the

path can be available for the robot to track. Otherwise,

the y coordinate will be set as the independent axis and

x can be obtained in the same way. The generated point

is considered as “Objective Point” temporarily. Then,

the path can be followed continuously step by step.

The value of the is closely related with the smooth-

ness of the path the mobile robot will run. The larger

the value it takes, the smoother the path will be. As

time goes, the sum of the current x or y coordinate and

the extra will be over the destination point. Then,

the destination point will be considered the objective



point. In our experiments, the takes the value 0.6m,

and the experiments proved the smooth motion of the

mobile robot.

Once the objective point (xd, yd) is generated, the point-

to-point path tracking algorithm can be applied. The

point-to-point algorithm makes sure that the objective

point can be updated as time goes and the position of

the mobile robot changes. Therefore, the smoothness of

the tracking can be assured. Another important prob-

lem considered is the velocity saturation, in our point-

to-point algorithm design, this problem is settled suc-

cessfully by using the maximum possible speed instead

of the excessive speed command when it needs more

than the maximum speed it can provided. However, in

our experiment on the robot, it is found the robot does

not run elegantly, because of the large acceleration of

the robot, to solve the problem, the Speed Trapezoidal

was presented in the next subsection.

3.4 Trapezoidal Path Tracking

To find a universal trapezoidal velocity,consider limiting

the maximum speed of tracking, which means that in

order to smoothly increase the speed of the robot, the

speed acceleration of the robot should be constrained

to a limited value in the first several minutes. In our

project, the maximum speed of robot is around 0.5m/s,

which is not so large speed, according to our experiment,

2 seconds is considered the most suitable acceleration

period. After 2s acceleration, it is only possible for the

robot to reach its maximum speed. As the time frame of

the system is 1ms, then it implies that after 2000 time

space acceleration, it is possible for the robot to reach

its maximum speed. The expression of the maximum

speed within the 2s is as follows:

vdmax = vd+
vmax
2000

the initial value of vd is set 0

(21)

At the first run, the initial maximum speed is 0 and at

the second run, the maximum speed is vmax

2000 . And then,

after 2 seconds, the maximum permitted speed becomes

the maximum speed. At the moment, the maximum

speed become reachable. When the robot goes to the

end of the trajectory, the same as departure, it is ex-

pected that the robot does not stop suddenly. For this,

actually, in the point-to-point tracking, it can be real-

ized since the position error becomes smaller and smaller

at the end of the trajectory and therefore according to

the P control algorithm, the velocity will drop down as

it approaches the end objective point, the degree to drop

is related to the coefficient Kp, the smaller Kp takes,

the more smooth it runs.In our project, the maximum

speed of robot is about 0.5m/s, and the corresponding

speed is shown as in Fig.4.

Figure 4: trapezoidal Velocity to Follow Sequent Points

Figure 5: Guest Following



4 Guest Following with Certain

Polite Distance by Point-to-

Point Path Tracking

One of the distinct personality of IRU is that it can fol-

low guest from here to there, keeping a certain distance

away from the guest. In our project, we consider the po-

lite distance is one meter away. When, it is farther than

one meter, IRU can move near the guest until one meter

from the guest. To realize this, the camera together with

ultrasonic sensors and infrared sensors can provide two

real-time discrete data, one is the distance s from guest

to IRU, which should be a positive scalar, the other is

the orientation angle θobject relative to the forward di-

rection of IRU. Here the angle θobject should take value

from (−π, π]. We work out point-to-point tracking strat-
egy to handle this problem. Once the guest is within one

meter away, i.e, (s− 1) ≤ 0, no moving needed. If the
guest is localized in a direction θobject angle from the

forward direction beyond one meter away. IRU is able

to adjust his forward direction to align with the guest

direction and move near the guest. Supposing that the

sample space is h, and the vmax is the maximum speed

the wheel can move at. The software realization can be

expressed as in Fig. 5.

5 Conclusion

In this paper, firstly, the computer-DSP architecture de-

sign of the real-time system has been introduced and the

point-to-point path tracking algorithm together with the

Least Square Minimum Path generating was well devel-

oped. After that, the application of the point-to-point

algorithm was adopted in the guest following. In our ex-

periment, the trapezoidal point-to-point algorithm was

proved to work efficiently and the tracking is smooth

and elegant, which is uniform with our design. How-

ever, there are some limitations to the application of

the Point-to-point, for example, at least the objective

point is given and the present point is known. In ad-

dition, the path should not be tortuous, otherwise, it

will be separated into several segments and they will be

handled separately.
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