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Abstract––A software package has been developed that 

allows solving the problem of optimal planning of the 

distribution of a package of orders over time for execution on 

extrusion lines of various configurations in conditions of 

limited resources and taking into account deliveries. The 

complex allows you to automate the planning task for 

geographically distributed industrial enterprises and 

corporations that manufacture products on production lines 

that are reconfigured to a different assortment and face the 

problem of efficient use of their production resources. The 

production director interface allows the user to select the 

planning period, the target function (time or cost of 

production), orders and production lines. The database 

administrator interface supports the information support of 

the software package and allows you to import data for 

planning. The knowledge engineer interface allows you to 

configure the system for various hardware configurations and 

the rules for its reconfiguration. The basis of the software 

package is a customizable library of optimization methods, 

which allows you to choose an optimization method depending 

on the dimension of the task and the characteristics of the 

planning object. After building the production plan, the 

software package presents the planning result to the user, 

presented in the form of a Gantt chart and a tree of solutions to 

the optimization problem. Testing of the developed system was 

carried out on the production data provided by companies 

producing polymer films in Russia and Germany, and 

confirmed its operability and efficiency of application due to a 

reduction in the expected time and cost of production, as well 

as by reducing the time for making managerial decisions in the 

production planning process. 

Keywords––software package, production planning, schedule 

theory, genetic algorithms, expert knowledge, mathematical 

models, extrusion and calendering production, polymer films  

I. INTRODUCTION 

The most important task in the management of a modern 
polymer enterprise is to optimize the production planning 
process. Geographically distributed industrial polymer 
companies and corporations that manufacture a large range of 
products on extrusion-calendering equipment of various 

configurations face the problem of effective management of 
their production resources [1, 2]. 

The problem of scheduling the production of polymer 
films belongs to the class of discrete problems of the theory 
of schedules and is an extremely complex, multidimensional 
problem with a large number of limitations due to the 
peculiarities of production [3]. In the course of solving the 
planning problem, it is necessary to take into account various 
characteristics of the production process: a large number of 
different orders (from 5 to 100 orders per month for one 
production line, the number of film formulations ~200); the 
number and configuration of production lines (from 1 to 20 
lines, ~10 types of equipment reconfigurations). 

Since the production of polymer films is multi-assortment 
(various types of pharmaceutical single-layer and multi-layer 
(up to 11 layers) rigid polyvinyl chloride films and packaging 
films for food products), it is characterized by frequent 
transitions to new tasks by film type and / or performance (on 
average 40 times a month per line); hardware flexibility (30 
types of technological units); the variety and complexity of 
the relationships between the consumer characteristics of the 
film, the quality indicators of intermediates and the 
parameters of raw materials, equipment, technological 
regime (~800 relationships between more than 100 
parameters). 

In the control system of extrusion production of polymer 
materials, calendar planning is one of the most important 
stages of production. In practice, it takes a lot of time to draw 
up a calendar production plan manually, while it is possible 
to draw up a production schedule that is not optimal in terms 
of execution time, cost and resources consumed. Therefore, 
the development of automated systems for calendar 
production planning is extremely relevant. 

This paper describes the development of a specialized 
software package that allows you to automate the planning 
process and form an optimal production schedule for tasks of 
various dimensions in an acceptable time. The complex 
includes a module for presenting knowledge about the 
planning object, a database of orders, production lines, types 
and recipes of polymer materials, various optimization 
methods and an algorithm for displaying the optimal solution 
in the form of a Gantt chart and a decision tree for the 
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optimization problem. The complex allows you to solve the 
planning problem for various optimization criteria 
(production time, production cost). The flexibility of the 
software package is achieved thanks to a special interface of 
the knowledge engineer, and allows the management staff to 
configure the complex for various configurations of 
production lines and the rules for their reconfiguration using 
the knowledge representation in the form of tables. 
Optimization of the production plan allows you to reduce the 
time and cost of manufacturing products and ensure 
maximum utilization of the enterprise's equipment.  

II. INFORMATIONAL DESCRIPTION OF THE PRODUCTION 

OF POLYMER FILMS AS A PLANNING OBJECT 

At the first stage of the development of the software 
package, a system analysis and an information description of 
the production of polymer films as an object of planning 
were carried out. To clearly reflect the hierarchical 
relationships between various characteristics of production, 
equipment and orders, intelligence maps were developed as a 
form of representing knowledge about the planning object 
[4]. In the future, the intelligence maps of knowledge made it 
possible to effectively form databases that are the basis of the 
information support of the software complex. 

When solving the planning problem, the input data vector 

is � = {��, ��, �	



, ��}. The vector of variable variables is  � = {��, ��� }. The output data vector is � = {����}. ����  – 
vector describing the optimal distribution of orders across 
production lines, including, among other things, the start 
date, time and cost of manufacturing each order.  

�� = {��� : �
 =���, �� , ���, � , �, �� , !
, �", #� , �$%, & = 1, (




} – a vector 
that characterizes the order, where �� – order code; �� – 
order width, cm; ��� – the amount of material in linear 
meters, m; �  – the amount of material in the finished form, 

kg; � – material losses, kg; !�  – vector that characterizes the 

recipe of a polymer material; �� – vector that characterizes the 
type of polymer material; �)– customer; #� – the desired 
delivery date of the order; & – order sequence number; ( – 
number of orders. 

�� = {�*� : �
 = �(, �+ , ,, -�, �̅%, / = 1, -0






} – vector that 

characterizes production lines, where N is the name of the 

line; �+ – line code; , – maximum speed, m/s; -� – vector 

that characterizes the restrictions on the mother roll, �̅ =
1234, �34, 256 , �56, �7, �8, 29: , �9: , (;, 2<=, �<= ,�>, 2?@ , �?@ , �A , 2?B , �?B C – 

vector describing the reconfigurations, where 234 – time to 

reconfigure the thickness of the material, s; �34 – material 
consumption for reconfiguration by material thickness, kg/s; 256 – time to reconfigure the width, s; �56 – material 

consumption for reconfiguration in width, kg/s; �7 – the 

original type of film; �8 – the final type of film; 29: – the 

time of reconfiguration according to the film recipe, s; �9: – 
material consumption for reconfiguration according to the 

recipe, kg/s; (; – the final diameter of the nozzle, DN; 2<= – 

time of reconfiguration of the nozzle diameter, s; �<=  – 
material consumption for reconfiguring the nozzle diameter, 

kg/s; �> – the final diameter of the calibration (forming) gap 

of the co-extrusion head:, DN; 2?@  – time of reconfiguration 
of the diameter of the calibration (forming) gap of the co-

extrusion head, s; �?@ – material consumption for 
reconfiguring the diameter of the calibration (forming) gap of 

the extrusion head, kg/s; �A – final setting of the cooling ring, 

DN; 2?B – the time of reconfiguration of the diameter of the 

cooling ring, s; �?B– material consumption for reconfiguring 

the diameter of the cooling ring, kg/s, / – serial number of the 

production line; -0 – number of production lines. �	� =�D�, �EF% – vector that characterizes the planning parameters, 

where D� = [D@ , D+]  – parameter that defines the planning 

period, D@ – start date of the planning period; D+ – end date of 

the planning period; �EF  – parameter that determines the 

optimization criterion (reconfiguration time, cost). �� ={��F , � = 1, !




} – available amount of resources, where ��F – 
r resource quantity, kg, r – number of the resource type. 

�� = {��� : �
 = I/, D�J , K, DJ , �J:JBLM, & =  1, (




} – vector 

describing the distribution of orders across production lines,  / ∈ [1, -e] – the number of the line on which the i-th order 

is executed; D�J ∈ [D@ , D+] – the start date of the i-th order 
(includes the date and time of the start of the production 

order), K = 1, P,




 P ∈ ( – the sequential number of the 
execution of the i-th order on the j-th line in the current 

schedule �
 , P – the number of orders executed on the j-th 

line in the schedule �
 , DJ – the time of execution of the i-th 

order, s, �J:JBL
– the cost of raw materials required for the 

production of a polymer film of the i-th order, c.u. 

���  – vector that characterizes the parameters of the 
optimization algorithm.  

The key factor in optimizing the production schedule is 
the time of equipment reconfiguration from one order to 
another. Therefore, for efficient operation and ensuring the 
flexibility of production, a template was compiled for 
presenting knowledge about reconfigurations and 
technological regulations of equipment operation in the form 
of tables that are filled in by a knowledge engineer. 

III. MATHEMATICAL FORMULATION OF THE 

OPTIMIZATION PROBLEM 

The formulation of the problem of optimal planning of 
the production of polymer materials can be formulated as 
follows: for a given vector of input parameters � =I��, ��, �	



, ��M, it is required to find such an optimal 

placement of ����  for N orders on Me production lines 
within the planning period [D@ , D+], which will provide the 
extremum of the objective function: � → �&R, subject to all 
restrictions.  

The total production time and the total cost of production 
are used as optimization criteria. These criteria are the most 
frequently used target functions in similar tasks of production 
scheduling and the most important key performance 
indicators for users of the software package-specialists in 
production management of enterprises [5, 6]. 

A. Order completion time as an optimization criterion 

The total time for completing orders and reconfiguring 
equipment is minimized: 

�ID�����%M =  �STUVWX+ I∑ DI�U,Z[W, �U,ZM\ZV] M +�∑ DJ\JVW % → �&R, 

where DI�U,Z[W, �U,ZM – time of equipment reconfiguration 

from the previous order to the current one, s: 
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D��U,Z[W, �U,Z% = 234U,Z + 256U,Z +
29:U,Z _�:Z[W, ��Z` + 2<=U,Z�(;Z% +2?@U,Z��>Z% +2?BU,Z� �AZ%; 

DJ – completion time of the i-th order, s: 

DJ =   aFLbcd�eb%; 

,U��J% – the production speed of the j-th production line 

when fulfilling the i-th order (depends on the type and 
thickness of the film being manufactured), m/s.  

B. The cost of completing orders as an optimization 

criterion 

The cost of executing the production plan is minimized: 

��������%% = �L�����% + �B�����% → �&R, 

The cost of polymer materials spent on production: �L�����% = ∑ �XE4fgJ + �J:JBL<JVW , where �XE4fgJ – the 

cost of raw materials consumed during the reconfiguration of 
the production line to fulfill the i-th order: 

�XE4fgJ = 

= -hJ,F
⎝
⎜⎛

�34J234J + �56J256 +
+�9:J _�:J[W, ��J` 29:J _�:J[W, ��J` +

+�<=J�(;J%2<=J�(;J% ++�?@J��>J%2?@J��>J% + �?BJ��A J%2?B J��AJ%⎠
⎟⎞, 

�J:JBL = -hJ,F� J, – the cost of raw materials required for 

the production of polymer film of the first order, c.u., �B�����% = ∑ DJKUB<JVW , – the cost of equipment operation 

during the implementation of the plan, c.u.: where -hJ,F– the 
cost of a resource of the type r, required for the production of 
the i-th order, c.u.; ready-made material, kg; �  – the amount 

of material in the finished form, kg; KUB – the cost of the 

equipment operation, c.u./s. 

C. Constraints in the optimal planning problem 

When solving the problem of optimizing production 
planning, a number of restrictions are taken into account: 

• Each order is executed within the specified planning 
intervalD@ ≤ 2��J% ≤ D+, 2��J% – date of completion 
of the i-th order; 

• Each order is made no later than the required date 2��J% < #$J , #$J– the desired delivery date of the 
order; 

• Each order is allocated to the type of production line 
on which the required type of products can be 
manufactured: ∀& = {1, (}: �
J ∈ ��, �
– vector that 

characterizes the type of film, �� – vector that 
characterizes the production lines; 

• On each j-th production line, only one order can be 
made at a given time at a given time 2��%; 

• In the optimal production plan, the production of all 
orders from a given order package is planned: ����  ∋��� , & = {1, (}. 

Also, one of the main indicators of the efficiency of 
production planning is the resource efficiency of production 
[7, 8]. In the optimal planning task, it is necessary to evaluate 

whether it is possible to complete a package of orders in full: !t�����% ≥ 0, !t�����% – deviation of the required volumes 
of resources from their available volumes, kg: !t�����% =∑ ∑ ���F − SJ,F�� J + �J%9FVW<JVW %, where SJ,F – the rate of 
resource costs of the type r for the production of the film of 
the i-th order. 

If the number of available resources is not enough to 
fulfill the i-th order, the planning task is solved anew without 
taking into account this order.  

IV. COMPUTER SYSTEM ARCHITECTURE  

The developed structure ensures the interaction of users 
with the software package through graphical user interfaces: 

• the production director (the decision-maker) selects 
the planning period, the target function (production 
time or cost), orders for execution and production 
lines for loading, starts the optimal planning process, 
sees the planning result presented on the Gantt chart 
and the progress of solving the optimization 
problem; 

• the database administrator keeps the information 
support (structure and content of databases) up to 
date; 

• the knowledge engineer sets up data on the rules for 
reconfiguring production lines using tables 
representing knowledge about the technological 
regulations of the equipment. 

A separate module has developed a form for visualizing 
the results of order planning and the progress of solving the 
optimization problem (the process of searching for an 
extremum) [10]. The subsystem for solving the optimization 
problem includes mathematical models of the objective 
functions and constraints of the optimization problem, as 
well as mathematical models and software implementations 
of optimal planning methods. For tasks of small dimension  
(1 production line and 1–25 orders), a software 
implementation of the full search method (the brute force 
method) is used. Finding the optimal production plan for 
problems of large dimensions (from 2 lines and up to 100 
orders) is based on a genetic algorithm [9–11]. The following 
modern technologies are used as software development tools: 
SQLite DBMS, DB Browser, Entity Framework Core, Visual 
Studio 2019 environment, programming language C#. 

V. CONCLUSION 

The paper describes a software package for optimal 
planning of the production of polymer films. The complex is 
designed for geographically distributed industrial polymer 
production facilities that produce a large range of products on 
extrusion-calendering equipment of various configurations. 

The development of an information description of the 
process of forming a production plan as an object of 
optimization is considered, the main characteristics of 
optimal planning are described, the formulation of the 
optimization problem, the formulas for calculating target 
functions (the time of execution of the production plan and 
the cost of its implementation) and limitations in the 
optimization problem are described, possible scenarios for 
working with the software package are described. 

Successful testing of the software package based on real 
industrial data of polymer film manufacturers in Russia and 
Germany allows us to conclude that the complex can be 
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offered as an effective system for automating the production 
planning process, since the use of the software package can 
significantly save time spent on drawing up a plan and 
production resources, reduce the time and cost of making 
orders. 
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