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Abstract—The paper continues developing the method of a 

real-time quasi-optimal trajectory planning for 

anthropomorphic manipulator. Our goal includes software 

implementation of previously designed methods and 

algorithms of the quasi-optimal trajectory for 

anthropomorphic manipulator. The general structure and 

interrelation of the developed methods and algorithms is 

described, as well as their significance for obtaining the final 

result. Component diagrams and communication diagrams are 

presented, on the basis of which the interfaces of software 

components are built. Their structure and composition of each 

software component are given. The description of the 

interfaces of various components of the system allows the use 

of design components as part of other software systems, for 

example, designed to control the manipulators of an 

anthropomorphic robot or as part of other modeling systems. 

The illustration of the developed software implementation is 

given. For the software implementation performed by the 

author, with standard input data, the necessary variable 

memory capacity is about 212 Kbytes, which allows using the 

proposed software implementation on the computer systems of 

existing manipulators in real time. 

Keywords—anthropomorphic manipulator, path planning, 

energy efficient movement, software implementation, traffic 

planning, software components 

I. INTRODUCTION 

The problem of energy consumption for robot arm 
movement is an important research issue around the world. 
This challenge is particularly acute for autonomous robotic 
systems feeding by non-stationary or portable power supply.  

In previous papers [1-2], we considered energy-efficient 
path planning methods and algorithms in the presence of 
spherical, or parallelepiped obstacles.  

We set the task involving an anthropomorphic 
manipulator with 7 degrees of mobility (Fig. 1). Note: Fig. 1 
uses following notation: 𝐵1−4  are shoulder, elbow, wrist 
joints and end effector, respectively; 𝐴1−7 are degrees of the 
manipulator's mobility, 𝐴8 is the manipulator's end effector. 

 

Fig. 1. Kinematic diagram for anthropomorphic manipulator with 7-

degrees of mobility 

The task of the path planning is to find a set of 
intermediate positions for the manipulator to pass through 
from the initial position to the target one, with obstacles to 
bypass. 

The existing methods and algorithms of motion planning 
for AR manipulator in the workspace with a typical obstacle 
can be generalized to a method designed in [3]. This 
algorithm is presented in Fig. 2. 

To calculate the manipulator’s final position in the 
workspace with obstacle, we used the optimization method 
for the inverse kinematics problem based on the Denavit-
Hartenberg representation and the generalized reduced 
gradient method where the condition for finding the optimal 
value of the function intends the condition for minimizing 
the energy consumed by manipulator engines. [4]. 

When adding some complications to the path we used 
iterative piecewise linear generation of the trajectory in the 
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workspace with a sphere and parallelepiped like obstacles 
[5].  

After finding the way to move the manipulator around an 
obstacle, we solve the inverse problem of kinematics 
employing the method of forming a geometric solution to the 
inverse kinematics problem for chains with kinematic pairs 
of rotational type only [6-11]. 

Thus, the use of the developed mathematical methods in 
conjunction with algorithms allows energy efficient motion 
planning for the anthropomorphic robot manipulator in the 
presence of a typical obstacle. 

This article is devoted to a software package that 
implements the above methods and algorithms. 

Start

Entering data on the starting position of 

the manipulator θ0

Entering data on the position of the 

effector C in the final position

Entering calculation data

Gathering information on the obstacle O

Final position calculation θn

The complexity of the path P

Movement possible ?

End

Yes

No

 

Fig. 2. Energy efficient trajectory planning algorithm performed by 

anthropomorphic robot arm 

II. COMPONENT-BASED SOFTWARE ENGINEERING 

We use systems engineering techniques to simulate the 
energy-efficient path for moving the manipulator in the 
presence of obstacles in the robot workspace. 

For implementation of schemes describing various 
aspects of the complex being developed we employ analysis 
modeling tool UML 2.0 - universal modeling language (its 
formalism and notation). With respect to the systems 
engineering approach, a list of potential stakeholders - 
individuals who have some interest in the software package 
and its functionality is generated. 

The diagram of the simulation system stakeholders use 
shown in Fig. 3. 

Software architectures have been synthesized based on 
the usage of the software package. It is desirable to separate 
the design components implementing the algorithms and 
methods from the interface. This separation is founded on the 

assumption of further use of the design components in 
robotic manipulator control system. In Fig. 4 a software 
system component diagram reflecting the software 
architecture.  

The component “GUI” is a graphical user interface.The 
component of “ConsoleApp” is a program without a 
graphical shell, designed to automatically run the simulation 
system. 
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Fig. 3. Diagram of simulation system stakeholders use 

The component “Planning” is a class library 
implementing the designed mathematical modeling for path 
planning, while the component “Optimization” is a class 
library for solving the optimization problem of finding 
generalized coordinates for the final position. 

In Fig. 5 the sequence diagram of components interaction 
in the most difficult case - a numerical experiment with 
visual conclusion. 

 

Fig. 4. Developed software system component diagram 

Atlantis Highlights in Computer Sciences, volume 3

113



: GUI

: Planning

: Optimization

Actor1. Launch

2. The task of 

path planning

3. The problem 

of optimizing 

the final 

position

6. Animation

5. Path

4. Optimal 

final 

position

 

Fig. 5. Communication diagram of simulation system 

Using the component and communication diagrams, we 
have designed component-based software interfaces. 

A. Interface component “GUI” design 

The component “GUI” must support the following 
functions: user input initial task; loading input data from a 
file; calculation start; exporting calculation results to form 
fields; visualizing of the results obtained; writing calculation 
results to a file. 

A convenient software framework providing three-
dimensional visualization is the key element when creating a 
software component. 

For this purpose, Windows Presentation Foundation 
(WPF) providing rich graphical user interfaces and 
environments for applications have been selected as the most 
suitable. Since WPF uses DirectX technology the designed 
system is provided with hardware acceleration, thus 
improving the program performance based on WPF. In 
addition to rich opportunities that WPF offers in creating 
interfaces, it ensures high performance 3D graphics to 
visualize. 

With regard to the software component purposes, it is 
important to adhere to the following logical line of work. 
Parameters for calculations can be set in the form fields or 
entered by loading a data file. In this case, click the 
Download button and select the corresponding file to 
download. The input data in the form fields can be saved if 
desired [12]. 

The algorithm for reading from the input file is in Fig. 6. 
Once the initial data have been entered, click Calculation 
button to start planning the path. Create and initialize a class 
object Planning, the getPath method is invoked (section 2.3). 
The result is displayed in the corresponding fields while the 
result visual interpretation in graphic area. To store the 
results to a file, click Save button. To visualize the results 
obtained earlier, click Download button. In this case, the 
results are exported to the corresponding fields, and visual 
interpretation is displayed in the graphic area. The algorithm 
of the program after pressing the “Calculation” button is 
shown in Fig. 7. 

A. The software component design to automatically run a 

console application “ConsoleApp” 

This component is a program designed for automatic path 
planning using a command line call. Read-write input-output 
correspondingly is performed to text files, the paths to files 
are indicated in the keys of the call program command.The 
format of the input file must follow a particular format in 
Fig. 8. The format of the output file must follow a particular 
format in Fig. 9. 

Start

End

Converting a string to a Lengths variable

Reads the string with the lengths of the links

Reading a string with the minimum allowed 

values of generalized coordinates

Convert a string to a MinАngles variable

Reading a string with the maximum allowed 

values of generalized coordinates

Convert a string to a MaxАngles variable

Reads the string with the values of the energy 

coefficients

Converting a string to an EnergyCoefs variable

Reading the values of the generalized coordinates 

in the initial position

Converting a string to an InitialAngles variable

Reads the string with the parameters of obstacle

Convert a string to an Obstacle variable

Reading a row with the coordinates of the effector 

target point at the final position

Converting a string to a Target variable

Reading a string with the value of the parameter h

Conversion of a string to the parameter h

 

Fig. 6. Loading input data from a file 

Start

Reading input data from the screen 
form

Path planning using the GetPath method of the 
planning object

The output of calculation results in 

form field

End

The creation and initialization of an object planning 
of class Planning

Visualization of the results

 

Fig. 7. The processing algorithm pressing the button “Calculate” 
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Fig. 8. Input data file format 

 

Fig. 9. Output data file format 

In the input data, each line first indicates the data is 
decrypted with a single word, and then a colon is used 
followed by numerical values of the parameters, separated by 
whitespaces characters. A decimal point, is placed as 
separator. 

Below data decryption:  

 “LinkLenghts” – link lengths of the manipulator. 

 “MinAngles” – minimally permissible values of 
generalized coordinates. 

 “MaxAngles” – maximaly permissible values of 
generalized coordinates. 

 “EnergyCoefs” – weighting coefficients of the target 
function. 

 “InitialAngles” – generalized coordinates in the initial 
position. 

 “Obstacle” – obstacle center point position and its 
characteristic (radius of a sphere and coordinates of 
the vertices for the parallelepiped). 

 “TargetCoords” –coordinates of the end-effector final 
position. 

 “GapParameter” – h parameter value. 

In the output file, the first line indicates the number of 
positions the manipulator executed within the calculated 
path, then each line carries values of the generalized 
coordinates corresponding to each position vector in order, 
starting from the initial position to the final one. The 
numbers in the lines are separated using the tab character; a 
decimal point is placed as separator. 

A Form-based interface (graphical application) is a kind 
of user interface. The form interface elements provide input 
of all required information for numerical experiment, display 
survey result in text form, as well as graphical visualization. 

The scheme of the algorithm of this program is shown in 
Fig. 10.  

The required input data include link lengths, limiting the 
angular rotation design, weighting coefficients of the 
objective function, obstacle data, generalized coordinates for 
the end effector initial position, Cartesian coordinates for the 
end effector final position, and the parameter h whose value 
is responsible for the distance from path to obstacle [5].  

B. Component “Planning” design implementing path 

planning 

The component “Planning” whose sole job is to create a 
Path object by the specified input basically employ the 
“GetPath” method. A generalized algorithm for energy-
efficient trajectory planning designed by mathematical 
modeling is presented in [2]. In Fig. 11 the software 
implementation method [13]. 

The recursive path complicating algorithm is shown in 
Fig. 12 and in detail in [1-5]. 

C. Component “Optimization” design for solving 

inverse kinematics problem 

The component “Optimization” is intended to provide 
optimal solution to inverse kinematics problem for 
determining the final position of the anthropomorphic robotic 
arm [2, 4]. 

In Fig. 13 the class interface implementing this function. 
Fig. 14 presents the “GetSolution” method. 

Enter the path to the file with input data

Enter the path where should be written 

files with output data

Start

Reading data from a file

Path planning

Output of calculation results to a file

End  

Fig. 10. The algorithm of the program “Console App” 

Adding the initial initialAngles position to the path 

Path

Start

Calling a recursive algorithm

End

The input parameters of the task: 

initialAngles, target, obstacle

Input parameters of manipulator 

Lenghts, MinAngles, MaxAngles, 

EnergyCoefs, h

Setting the global end state flag global

Create variable - list to store the path Path

The Output Path

 

Fig. 11. Algorithm of the “GetPath” method of the “Planning” class  
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End
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Yes
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Fig. 12. The algorithm of the method of recursive path complication 

“Recursion”  

The data that does not change during computer system 
operations are interface fields. An algorithm for solving 
inverse kinematics problem is allocated in a separate method, 
and the changing input data is its parameters.  

In Fig. 13 the following notation applies: 

 Field “Lenghts” is an array of link lengths. 

 Field “MaxAngles” is an array of maximum 
allowable value of generalized coordinates. 

 Field “MinAngles” is an array of minimum allowable 
value of generalized coordinates. 

 Field “EnergyCoefs” is an array of coefficients of the 
target function. 

 Field “Obstacle” is an obstacle data. 

 Method “GetSolution” is a solution method to 
optimization problem. 

 Parameter “initialAngles” is initial (modeling) 
position values of generalized coordinates. 

 Parameter “target” is Cartesian coordinates of the end 
effecter final position. 

 

 

Fig. 13. Component interface “IOptimization” 

Start

Input data entry

for (int i=0; i<128; i++)

To convert i into a binary array select

j=0; j<select.Length; j++

select[j]

cost=1000000

Optimize the target function and assign the resulting value to the 

localCost variable

localCost<cost?

cost=localCost;

solution=localSolution;

cost<1000000?

Output 

solution

The solution 

is not found

End
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No Yes

YesNo

Yes

No

No

Yes

The minimum angle is equal 
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structural constraints

The maximum angle is equal 

to the angle at the start 

position

The minimum angle is equal 

to the angle at the start 

position

The maximum angle is equal 

to the maximum by design 

constraints

 

Fig. 14. Algorithm of the “GetSolution” method of the “Optimization” 

component 

Once the initial data is entered, 128 subspaces are 
enumerated to solve the optimization problem. The numbers 
i are converted to binary code and then to Boolean array 
Select. The j-th element of the Select array determines where 
in the generalized coordinate the considered subspace is 
located: in the range from the minimum admissible value to 
the initial position value or from the initial position value to 
the maximum admissible one [14]. 
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When the subspace boundaries are determined, the 
optimization problem is solved with Optimize function as a 
result of this function a solution localSolution with lowest 
energy localCost is found in this subspace. If the value of the 
target function is less than the value of the best global 
solution Cost, the local solution obtained becomes global. 

Upon all search subspaces have been enumerated the 
values of objective function Cost are compared to the initial 
value. If the value has been changed, the found solution 
“Solution” is displayed. If there are no feasible solutions 
with minimum cost in any of subspaces No solution is 
displayed. 

III. SIMULATION SYSTEMS 

According to the designed model system, we present the 
results of the software operation and implementation of 
quasi-optimal energy path planning for anthropomorphic 
manipulator. 

Fig. 15 shows the input and output data.  

 

 

Fig. 15. The input and output data for modelling 

Table 1 shows the module results after mathematical 
modeling have been applied. The results of a module that 
implements the mathematical modeling for planning an 
energy-efficient trajectory.  

In Table 2 the program for inverse kinematics problem to 
calculate the final position of the anthropomorphic robot 
manipulator with respect to the input presented in Table 1.  

In Fig. 16 presented implementation of “GUI” 
framework. 

TABLE I.  RESULTS OF ENERGY-EFFICIENT PATH PLANNING FOR 

ANTHROPOMORPHIC MANIPULATOR: PROGRAM IMPLEMENTATION 

Parameter Value 

LinkLenghts 28 32 20 

MinAngles -90 -90 -90 -90 -90 -90 -90 

MaxAngles 90 90 90 90 90 90 90 

EnergyCoefs 5.2 4.8 4.1 4.0 3.3 3.2 1.5 

InitialAngles 0 0 -29.7 0 68.8 0 0 

Obstacle 0 -30 30 8 

TargetCoords 0 -9 27 

GapParameter 0.01 

 

 

TABLE II.  PROGRAM IMPLEMENTATION TO SOLVE INVERSE 

KINEMATICS PROBLEM 

Parameter Value 

LinkLenghts 28 32 20 

MinAngles -90 -90 -90 -90 -90 -90 -90 

MaxAngles 90 90 90 90 90 90 90 

EnergyCoefs 5.2 4.8 4.1 4.0 3.3 3.2 1.5 

InitialAngles 0 0 -30 0 68.8 0 0 

Obstacle 0 -30 30 8 

TargetCoords 0 -9 27 

GapParameter 0.01 

Best value of 

target 

function 

691.3 

Value of 
target 

function after 

optimization 

243.5 

Solution 0 0 29.7 0 68.8 0 0 

 

 

 

Fig. 16. Graphical user interface 

IV. CONCLUSION 

This paper presents a software for methods and 
algorithms of the quasi-optimal energy path planning in the 
presence of typical sphere or parallelepiped obstacles. The 
architecture of the developed simulation system includes two 
design and two interface components. 

The component interface description allows using design 
components in other software packages, for example, 
software packages for robotic manipulator control or in other 
simulation systems. 

The design component “Optimization” can be used for 
solving optimization problems of minimizing motion energy 
consumption between the initial and final nod positions of 
the robotic manipulator.  The design component 
“Planning” is intended for the real time energy efficient 
trajectory planning for the robotic arm in the workspace with 
typical obstacles. This component is applicable both in 
combination with optimization and separately. 
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Employing the complex of problem-oriented programs, 
we have developed the interface components “ConsoleApp” 
and “GUI” for computational experiments. The first 
component is for text input and output, it can be launched 
automatically allowing batch data processing, and the second 
component is intended for motion planning visualization. 

Thus, the developed software implementation of quasi-
optimal energy path planning for anthropomorphic 
manipulator is flexible and expandable and can supply with a 
wide range of potential applications. 
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