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Abstract: The study presents an exact formulation of control for the reverse moving a transport mean along a polygonal 

course consisting of rectilinear segments interconnected by nodal points. Appropriateness of the question is caused by the need 

to figure out a several of tasks: to secure the transport mean in the occasion of а communication crash by returning along the 

course already passed, to escape rotation in constrained or unsafe conditions, or partial go back for the following avoid of the 

hurdle and continuation of the forward motion. The control method of forward motion assumes that the route of movement is 

predetermined, and the path is elaborated by using landmarks. Video cameras are placed on the transport mean for landmark 

measurement. They are controlled by the operator through the radio channel. Errors in estimating deviation from the supposed 

course are detected using the multidimensional correlation investigation instrument based on the dynamics of a lateral 

deviation mistake and a velocity mistake. Reception algorithm of the information is presented on reference points. The 

outcome of the test showed a considerable preciseness in determining the position vector that provides the reverse movement 

relative to the reference course with a reasonably admissible mistake while returning to the start spot. 
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1. Introduction 

The improvement of systems for self-acting return based 

on the trajectories measured and stored in the on-board 

computer corresponds to the common tendency of the 

development of autonomous and remotely operated transport 

means. Among such may be planet-walkers, mobile robots 

for movement in constrained conditions, robotic combat 

vehicles, etc. It is assumed that the data about landmarks are 

obtained by means of a stereo television system on board the 

vehicle. The solving of the question is connected with the use 

of adaptive control and intellectual data processing. 

Applicability of the question is caused by the need to 

resolve several tasks, namely, to preserve the transport mean 

in the event of communication crash by returning along the 

course already passed, to escape rotation on the area in 

constrained or hazardous conditions (demining), or 

fragmentary back movement for avoiding the obstacle and 

continuing the advance motion [1, 2]. Settlement of transport 

mean course parameters and a position of the transport mean 

by navigation measurements, computation of course 

corrections and improvement of control system settings for 

the upcoming maneuvers constitute the core of the 

navigational mission [3-12]. The camera use for navigating 

movable systems has been labored for different applications 

[13-15]. Map representation for robotic systems is effective 

in some tasks [16]. The object of the paper research is 

improvement of these studies in the way of solving the 

question of reverse moving optimization by using the passed 

course data. 

2. Formulation of the Problem 

The control task of automatic return of the transport mean 

on memorized landmarks provides two stages of transport 

mean movement: 

1) Forward motion with saving trajectory parameters and a 

layout of the landmarks P , the length of the travel path 

l , the angle ϕ  of course rotation and the rotation angle 
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of the stereo camera β ; 

2) Self-acting come back by reverse movement with the 

help of the stored mark plans and newly obtained point 

plans for corrections of the course. 

It is assumed that the transport mean is moving along a 

multilink polygonal trajectory consisting of rectilinear 

lengths kl  connected by nodal points 1 2 1kS k N, = , ,..., − . 

Such a course requires a reduced number of parameters and 

the amount of memory to stock in the on-board computer. 

Landmark measurements are made at some points, called 

reference points (Figure 1). 

 

Figure 1. Diagram of binding the nominal trajectory to the plans of the 

neighborhoods kP . 

The vector of steering measurements kM  in the k  -th 

reference point can commonly be written in the following 

way: 

( )k k k k kM col l Pϕ β= , , , .  

If the valuation is not made at the node then the measuring 

vector is undeveloped: ( 0 0)k k kM col l ϕ= , , , .  The course 

passed and stored in the system of tele-controlled forward 

movement into the working tract is nominal for self-acting go 

back of the transport mean. 

The method of navigation with forward motion assumes 

that a path of the motion is prearranged, and the route is 

precise provided that it passes near the landmarks. Cameras 

are placed on the transport mean controlled by the operator 

with the help of a wireless channel. They measure landmarks 

while moving. The set-up of point plans takes place in the 

following progression. 

1) The operator searches for landmarks by turning on the 

angle kβ  the pointing device of the stereo unit during 

the stop. 

2) Stereo images go into the on-board computer and are 

processed. 

3) A compressed image of landmarks on the reference 

surface of moving is formed by projections of vertical 

lines in the configuration of point plans kP  in a 

coordinate system associated with the transport mean. 

4) The parameters ( )k k kl ϕ β, ,  and the resulting point 

plans kP  are saved for the self-acting go back of the 

transport mean. 

5) The next part of the course at each node kS  is put by 

the settings ( 1k klϕ +, ), which are transmitted by the 

operator to the board. 

The method for navigating an autonomous transport mean 

when moving to a work area requires parameters ( k k kl ϕ β, ,ɶ ɶɶ ), 

where k = 1,.., N-1. A pre-compiled placement map stored in 

the on-board computer memory in the configuration of a 

progression of point plans kPɶ  is used for steering at 

reference points. Wherein: 

1) Landmarks are captured in the survey area of cameras at 

the point kS  by turning the stereo system to the angle 

kβɶ ; 

2) The course improvement is performed on the base of 

the coordination results of the plans kPɶ  and the newly 

obtained point plans kP  that are stored for self-acting 

go back; 

3) Studied values kl , kϕ ,
 kβ , and point plans kP  of 

landmarks are used for self-acting go back. 

The grounds of autonomous navigation in self-acting back 

movement is based on the use of the operational machine 

relative map (MRM), automatically formed in the process of 

direct motion of the transport mean at the nodal and reference 

points. Such information is represented in the memory of the 

on-board computer in the arrangement of a stack. Each 

"page" of the MRM corresponding to the reference point k  

contains parameters ( )k k kl ϕ β, ,  along with a point plan kP . 

If there are no reference points in the nodal points, then the 

corresponding "page" of the MRM is represented only by 

parameters k klϕ , . In the reverse movement, the MRM 

parameters are extracted from the computer memory stack in 

the reverse arrangement, in accordance with the finish point 

number of the transport mean. In the MRM, the point plans 

are linked through the parameters of the course and shape a 

singular knowledge area. 

The parameters k klϕ ,  of the course are worked out by the 

control system with errors, so there is a deviation of the 

moving from the planned point 1kS −  to the point kS ′
 at 

which the stereoscopic survey is performed and the point 

plan kP′
 is obtained. As an outcome of the alignment of the 

plan kP′
with the plan kP , the deviations from the trajectory 

( k kr ϕ∆ ,∆ ), k k kϕ ϕ ϕ′∆ = −  and the command parameters 

( ˆˆk kr ϕ, ) that assure the transport mean movement to the 

point 1kS −  are identified (Figure 2). 
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Figure 2. Diagram for determining path length ˆ
kl  and heading angle ˆkϕ . 

The main task is settlement of the benchmark plans for 

calculating the navigation parameters ( )k kr ,Θ  shown in 

Figure 2, and the control parameters ˆ ˆ( , )k kl ϕ  to proceed with 

moving to the next node. Diagram of the reverse motion 

course is shown in Figure 3. 

 

Figure 3. Diagram of the reverse movement trajectory. 

Mathematical statement of control tasks with automatic 

return is the same for remote control and autonomous 

movement. Parameters kl , kϕ , kβ  and kP  have random 

character, therefore the nominal course is probabilistic, as 

well as the go back track. 

3. Calculation of Motion Parameters 

The movement representation in the locality of the stored 

course is based on the picture of the disturbed movement 

relative to the planned course by a system of linear 

differential equations. It is supposed that the transport mean 

moves rectilinearly between the nodal points at a fixed 

velocity. The most significant mistake component is caused 

by the constantly increasing lateral deviation due to the 

mistake in the course, which leads to deviations from the 

goal point 1k k kx V Tδ δϕ+≈ ⋅ ⋅ , where 1kT +  - duration of the 

motion from point Sk+1 to point kS . Both quantities lδ  and 

δϕ  are random and influence the deviation from the point, 

which is supposed to be subordinate to the normal 

distribution law. 

Errors in estimating deviations from the titular course of 

movement are resolved using the multidimensional 

correlation analysis instrument based on the dynamics of the 

mistake changing of the lateral deviation 1ρ  and the transport 

mean velocity 2ρ  of deviation from the titular course. The 

values 1ρ  and 2ρ  are components of the state vector ρ . 

Differential equations of perturbed movement in matrix 

configuration are the next: 

1

2

0 1
           

0 0

d
A А

dt

ρρ ρ ρ
ρ

= , = , = ,  

where A  is the linear differential equations system matrix, 

1 2 1        k kx d dt Vρ δ ρ ρ δϕ= , = / = ⋅ ,  

with the initial conditions 

1 2(0) (0 ) (0) (0 )r Vρ δ ρ δθ∈ , , ∈ , ⋅  

and a correlation matrix of initial deviations 

2
1 12

12 21 1 22
21 2

   
K

K K K
K

ρ
σ σ σ

σ
Σ = , = = ,  

where 1σ and 2σ  are the mistake variances in the 

determination of 1ρ  and 2ρ ; K  - a correlation coefficient. 

The state of the system ( )Tρ  at the terminal moment of 

time T  is set by means of a transition matrix 

( ) (0 )T t t TΦ , , ∈ , , that is identified from the solution of the 

conjugated system [6]. With the help of this transition matrix, 

the system state vector is ascertained at the terminating 

moment of time T  according to the situation at the current 

instant: 

1 1( ) ( ) ( ) ( ) ( 0) (0)T T t t T Tρ ρ ρ ρ= Φ , ; = Φ , ,  

where 1( 0)TΦ ,  is the transition matrix first row. 

The utmost possible deviation from the node kS  due to a 

position inaccuracy rδ  and a mistake in the implementation 

of the rotation angle δϕ  is obtained by substituting the value 

ˆT T=  of the predicted movement time from point Sk+1 to 

point kS  and the extreme possible deviations in the 

components of the state vector (0)ρ  at the start instant: 
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1
ˆ ˆˆ( ) 1 3

3i

r
T r VTT V ϕ

ϕ

δ
ρ δ σσ= = + .  

The predicted value of the discrepancy of deviation from 

the designed course at the moment T̂ relatively the start time 

( 0)t =  is: 

2
1 1

ˆ ˆ( 0) ( 0)x T Tρσ ∗= Φ , Σ Φ , ,  

where ( )∗  is the transpose sign, and K  is the correlation 

coefficient. The correlation coefficient determines the 

placement of the dispersion ellipse. 

The goal of the improvement is to limit the deviation 0r  

from the starting dot S0, but at the same time the ongoing 

deviations kr  from the titular course, controlled at the 

reference points, also should not surpass the allowable value: 

k dr R≤ , where 1 2 1k N= , ,..., − , and dR  is the utmost 

allowable deviation. This circumstances, in combining to 

safeness considerations while returning, involves taking 

camera pictures from closely spaced points to the titular 

course and minimizing the differences in the plan of 

landmarks kP′
 from the plan kP . The span of the possible go 

back paths is determined at the node points relative to the 

nominal course by dispersion of ellipses kR , k = N-1,..., 0. 

4. Reception of the Information on 

Reference Points 

Dot plans are formed by measurement of reference points 

with participation of the operator and in an automatic 

operating mode by means of the stereo camera system. The 

first way has a high degree of reliability due to an 

opportunity of the operator to observe reference points and 

obstacles on the screen. The point plan turns out to be free 

from interference and represents a point plan of landmarks. It 

is an invariable configuration of points, the shape and 

dimensions of which are invariant to the direction and range 

of measuring (Figure 4). 

 

Figure 4. The dot plan of reference points in a projection to the motion 

surface (the measured points are numbered from 1 up to 6). 

Coordinates of measured points are X (lateral coordinate), 

Y (range), and Z (height). Elements of the dot plan of 

reference points are designated by numbers of the 

corresponding measured points. Linear displacement of dot 

plans on position  and their relative corner of turn  are 

taken into account at different capacity of the sets 

representing dot plans. 

Let's enter systems of coordinates  and  into 

planes of movement of the robot (Figure 2) with axes  

and  combined with corresponding pieces of trajectories: 

memorized and realized at backward movement. Mutual 

position of dot plans is defined by affine transformation, 

including turn on a corner , carry  and change of scale 

: 

 

where  is a vector of displacement of the plan 

 in the coordinate system of the plan  equal to a vector 

of a deviation of the transport mean from a corresponding 

reference point;  are radiuses-vectors of the center of 

reference points gravity in coordinate systems of plans  

and ;  is a cosine guide matrix determined by turn 

of the plan  relatively the plan . In our case, the scale of 

the dot plan of reference points is constant, as reference 

points are rigid, therefore . 

The solution of information reception task by results of the 

coordination of dot plans is shown in Figure 5. 

Mathematically, the problem is reduced to finding the limit of 

the sequence of projections onto convex sets, which is 

represented by the intersection of two point sets of different 

powers. When using the stereo camera, the task is practically 

reduced to the classical task of recognition by reference. 

 

Figure 5. Limit of the sequence of projections onto convex sets. 

Representation of reference point plans significantly 

increases the speed and reliability of matching algorithms. 

Additional acceleration is obtained by using the "coloring" of 

each element of the point plan with a parameter  that 

is a sign of the intensity gradient in vertical reference points. 

In order to increase the reliability of solving the problem, 

additional features are introduced. There are invariants built 
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on points from sets  and  not changing their 

configuration when moving from plan to plan. . Such 

can be considered ruled segments of the same line of the 

same name, connecting identically colored points on the 

plans of landmarks, and (or) the morphological signs formed 

by them as geometric figures (triangles). The fast matching 

algorithm for point plans is based on sequential enumeration 

of line invariants or line segments connecting pairs of points 

on the plans. The essence of the algorithm is that for the first 

iteration of all possible segments of the plan and satisfy 

the condition 

 

where  are the lengths of the segments on the plans 

and which are on the plans due to the invariance of the 

geometric configuration of the reference points. The 

implementation of the algorithm is as follows. 

1) For each pair of segments, the mismatch angle  is 

determined, and the average value at the n-th step is 

calculated as the functional: 

 

where  is the number of remaining invariants on the plans 

 and . 

2) The least “similar” segments along the length and angle 

of inclination are excluded, the value of the functional is 

compared with its value in the previous step, and paragraph 

1) is repeated. 

3) Coordination of point plans continues until the 

minimum value of the functional is obtained or when  = 

 = 2. In this case, the center of gravity  of the common 

part of the point plans ,  and their relative rotation angle 

 are calculated. 

According to the results of the coordination of point plans, 

the projections of the relative displacement vector are 

determined in accordance with the transformation 

 

where  and  are coordinates of a point С 

on dot plans  and . 

5. Experimental Results 

As an experimental example, the obtained interval control 

was tested for a mobile wheel robot. The necessary condition 

is the movement of the robot from each current node kS  to 

the next node 1kS − . Control parameters are selected from the 

approximation conditions near node points. 

The robot hardware included an on-board computer. The 

passed distance was measured by a sensor of driving wheel 

speed. Rotation of the robot was performed by rotating left 

and right wheels in opposite directions. The system software 

consisted of programs for automatic analysis of stereo 

images, programs for formation and coordination of point 

plans, and calculation of the guidance parameters ( ˆˆk kr ϕ, ) in 

the vicinity of the k  -th reference point. The robot motion 

trajectory in the room along 6 reference points and 4 points 

of rotation and the trajectory of reverse motion to the initial 

point are shown in Figure 6. 

 

Figure 6. Trajectories of robot motion in the room (solid line - direct motion, 

dashed line - reverse motion). 

The outcome of the test showed adequate exactness of 

determining the state vector ( ˆ ˆ
N k N k N kr l ϕ− − −,∆ , ) according to 

the results of the point plans corresponding, providing 

reverse motion relative to the reference trajectory with an 

satisfactory inaccuracy about 0.2m at the start point. The 

algorithm has high performance. The cost of computer time 

is hundredths of a second. 

6. Conclusion 

A precise formulation of the transport mean reverse 

movement along a multi-link polygonal course consisting of 

rectilinear segments interconnected by nodal points is 

determined. The control method of navigation with direct 

movement assumes that the route of movement is measured, 
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and the path is corrected by using landmarks. A block of 

cameras controlled by the operator through the radio channel is 

placed on the transport mean to measure landmarks on board. 

Errors in deviation estimating from the titular course of 

movement are resolute using the multidimensional correlation 

analysis instrument based on the dynamics of the lateral 

deviation mistake and velocity mistake of the transport mean. 

The idea of autonomous navigation in self-acting reverse 

motion is based on the use of an operational machine relative 

map automatically formed during the forward motion of the 

transport mean at the node and reference points. The transport 

mean movement model in the neighborhood of the stored 

course is based on the depiction of the disturbed moving 

relative to the planned course by a system of linear differential 

equations. It is supposed that the transport mean moves 

rectilinearly at a fixed velocity between the nodal points. 

The outcome of the test showed a relatively high accuracy 

in determining the state vector that provides a reverse 

movement accordingly to the reference trajectory with a 

practically satisfactory position error while transport mean 

returning to the start point. 
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