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From last few years market trend has become more competitive due to abrupt and                                   

unpredictable customer demands. This aggressive and competitive production market                          
environment pushes industrialist to come up with new production policies to meet consumer                 
demand in time by improving their production rate without compromising the product quality and 
product cost. To achieve this goal manufacturers are using mixed model assembly lines. During 
MMAL operation many problems are faced by industrialist such as mix-model assembly line              
balancing and sequencing, equal distribution of workload among workstations to avoid work cell 
overloading, optimization of cycle time and minimizing of tool changeover time etc. 

 
The aim of this thesis work is to develop a policy-driven orchestrator which accepts different daily 
production policies to process production lot by considering the MMAL problems like line                       
balancing and sequencing etc. The orchestrator is developed with three different production                
policies which address MMAL issues related to line balancing and sequencing and optimizing 
cycle time of production line for available production stations. 
 
The first proposed policy is “nearest free workstation”. It is reference policy and no steps are taken 
to mitigate MMAL problems. This policy used to get the results of an unbalanced MMAL line which 
are compared with the results obtained by other two policies to emphasize the importance of 
optimizing and balancing of MMAL. In reference policy drawing jobs are assigned to the nearest 
free work cell to workstation 1 in a sequential fashion. In this policy all the cell phone components 
are drawn on the same workstation to which a pallet enters for production. 
  
The second production policy is “fixed color” policy in which each of the workstation assigned a 
fixed color out of available three (Red, Green and Blue) colors at orchestration run time to achieve 
desire cycle time by minimizing the tool changeover time. In this policy cell phone components 
with specific color are drawn at specific workstation which has same color as cell phone                    
component. 
   
The third production policy is “fixed color and fixed drawing recipe” in which each workstation 
assigned a fixed color out of available three (Red, Green and Blue) colors and available cell phone 
drawing recipes such that cycle time constrain is not violated at orchestrator run. For example, all 
frames of red color are drawn by cell 2, all screens of green color are drawn on cell 3 and so on. 
In this policy cell phone components are drawn at workstations which have same specifications 
as of cell phone component.   
 
Furthermore, the developed system provides a user interface where customer places daily                    
production Order. In addition of order placement, customer can see the current status of finished 
or under processed orders batches in a lot, individual orders of an order batch and subscribes/un-
subscribes to production line events. MySQL database is used as storage for production data. 
 
Finally, after implementation, the developed production policies are tested on FASTory Simulator 
and FASTory line for a test case order received by user from order placement UI. After calculation 
and analysis of results obtained by these production policies, it concludes that policy 3 is the best 
policy among the other two production policies with 0% similarity index with other policies for any 
order with any combination of components and their colors out of available distinct 729                   
combination. 
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Furthermore, a close examination is done between policy 2 and 3 for order combinations in which 
more than one cell phone component has same drawing color. These order combinations                 
transform a production policy to other which affect cycle time and assembly line load balancing 
constraints. 
 
To conclude, the policy 3 is best to meet desire MMAL balancing and sequencing and cycle time 
regard less of any order combination and Policy 2 is good to use when it is sure that there is no 
order with any kind of overlapping component specifications.   
 
Keywords: Manufacturing system, Service orchestration, policy-driven orchestrator mixed model 
assembly line, balancing, sequencing, FASTory line, production policies, production planning 
The originality of this thesis has been checked using the Turnitin Originality Check service. 
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1. INTRODUCTION 

This chapter starts with some sentences on evaluation of manufacturing industry during      

current era after that motivation and objectives of this research work and the problem 

which is intended to solve during this work are described. Lastly thesis outline is                       

presented.  

Today’s world is evolving rapidly in technology; advancement from living standards to 

manufacturing technologies are shaping the current era of the modern world. From past 

few decades nature of European and American manufacturing industry has completely 

transformed by supplanting manual jobs with semi-automated or fully automated                   

processes and tasks to meet the market requirements. Modern manufacturing processes 

promised an inclined production rates, robust job assignment and scheduling to reduce 

production time and efficient material handling. Furthermore, these intelligent processes 

result in finest quality product to meet customer demands and market standards. Still 

manufacturing industry is in ever-ending evaluation process and it is continuing                     

process. 

1.1 Motivation 

Manufacturing is a crucial part of a state’s financial prosperity and good living standards 

of its nationals. A well-developed manufacturing industry of a nation distributes wealth to 

its nationals through well paid wages. Since the birth of manufacturing system, it passes 

through a continuous evaluation phases i.e. from craft-man to the current era                             

personalized manufacturing systems. 

 Currently the modern market is more customer driven rather than manufacturer due to 

customer demands for diversified variants of same generic product. To compete the                     

market and to meet the customer demands industrialist introduce the concept of                       

personalized manufacturing that leverages the mixed-model assembly lines capabilities 

for production. These lines provide optimize, perfect and robust production to achieve 

equal load distribution among workstations, minimization of operator cycle time,                      

maximizing profit and minimizing total production cost.  

Manufacturing with MMAL is not an easy task and manufacturer face many problems 

related to MMAL. The most important and common problems associated with MMAL are 
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balancing and sequencing of assembly line, minimization of tool changeover time,                    

minimization of cycle time for a given number of operators and vice versa[1] . 

If no proper steps are taken toward these problems before starting of production than 

the efficiency of these lines decreases drastically and none of above mentioned goal is 

achieved for example, if line is not properly balanced than there is an uneven                        

distribution of workload to workstations which led to overburden of workstations as well 

as other manufacturing components, increases idle time, inefficient use of available                 

resources and this scenario end ups in low production rate and efficiency. On the other 

hand, the proper addressing of these problems results in a balanced line that mitigate 

above mention problems, hence boosts the overall production rate and efficiency of               

manufacturing system. 

The motivation is to solve the above mentioned problems associated with mixed-model 

assembly lines by designing a service orchestrator which is driven by daily production 

policies which accounts for problem associated with MMAL for improvement of                              

personalized manufacturing systems to compete market and consumer demands on 

time. 

1.2 Problem Definition 

To achieve the product personalization there is a need for production lines where a                     

reasonable daily production lot and shorter cycle times are schedule. Mix-Model                      

production lines (MMAL) are suitable for acquiring the production goals. These                   

production lines facilitate the product customizations but there are two inherit problems 

associated with these MMAL known as assembly line balancing and sequencing. These 

are two independent problems but related with each other[1]. 

Balancing of line related with task assignment to assembly line workstations/operators 

to distribute workload and tasks equally among workstations within a certain window of 

time and available assets[1],[3]. Where, MMAL sequencing problem occurs when there 

are  different models of same product are at production line instead of lot of each model 

and hence time to complete each model varies from model to model and led to                            

unbalanced workflow at line[1]. Sequencing of models deals with organizing the product                  

sequence in which they go down to production line mean time controlling the sequence 

[3]. 

If these problems are not addressed properly than MMAL causes unavoidable problems 

related to resources and production line efficiency. 
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The work carried out during this thesis related to the development of a policy-driven                

orchestrator for daily production planning in which attempt is made to solve the MMAL 

balancing and sequencing problem with the main focus on minimizing the average cycle 

time of workstation for available production stations. This research work needed to                      

answer the following research questions: 

1. Why there is need for a policy-driven orchestrator? 

2. How to formulate task assignment and implementation of production policies? 

3. Do the developed production policies meet the cycle time constrain within the 

available resources? 

4. Do the developed production policies need more workstations than the allowed 

workstations, to complete the production lot? 

5. Is there a correlation between developed production policies? 

1.3 Objectives 

The objectives of this work are: 

1. Design the service orchestration and pallet control mechanism for FASTory 

line/simulator. 

2. Define different production policies for daily production Lot. 

3. Design an appropriate UI for interaction between user and system. 

4. Formalize the task assignment such that job assignment will minimize the                      

average cycle time of each workstations and tool changeover time. 

5. Test the orchestration and policies on use cases for proof of concept.  

1.4 Work Overview 

This section presents research methodology adopted during this work. 

1.4.1 Research Methodology 

To conduct this work first a literature review on available technologies, past work,         

manufacturing systems and common practicing of line balancing and sequencing is 

done. After that concept is implemented on FASTory line, which is a cell phone             

manufacturing line located at the Factory Automation Systems and Technology (FAST) 

laboratory, which belongs to the Automation and Hydraulics Engineering laboratory at 

Tampere University. 
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1.5 Thesis Outline 

This thesis work is structured in chapters. Chapter 1 consist on Introduction which lists 

the motivations, objectives, description of problem statements as well as limitation and 

assumptions of this work. Chapter 2 presents the theoretical background which discuses 

past work which had done regarding the problem, available state of art technologies tools 

and available technologies for developing web applications which are relevant to this 

work. Chapter 3 presents the adopted approach in this research work to obtain desire 

results. Chapter 4 presents the implementation of this work as well as discuss the results 

obtained by implemented policies. Chapter 5 present the conclusion of work done and 

list the possible future work which can be done based on this research work.      
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2. LITERATURE AND TECHNOLOGY REVIEW  

This chapter presents the research work done so far in manufacturing system. At the 

start of this chapter manufacturing philosophies and manufacturing systems that built on 

these philosophies are briefly discussed with the focus on service-oriented                                     

manufacturing systems (SOMS). Web services are used to develop these manufacturing                   

systems. In later sections of this chapter MMAL service orchestration, service-oriented 

architecture (SOA), mix-model assembly line, problems associated with assembly lines 

and available technologies for developing web applications and system                               

implementation were discussed. Finally, experimentation facility, the FASTory line                    

will be discussed briefly. 

2.1 Governing Manufacturing Philosophies  

From last two centuries manufacturing gradually passed through many evolution phases 

like from “craft-man” to the current modern personalized manufacturing systems which   

leverages the service-oriented architecture (SOA) and web services[4]. 

Manufacturing has a significant impact of the economic growth of any nation.  Since the 

period of craft-man production to current modern production systems, manufacturing has 

been governed by many production philosophies. Here, only 3 manufacturing                              

philosophies, mass, lean and agile are briefly discussed [5] 

2.1.1 Mass Manufacturing Philosophy 

This production philosophy centres around the production of non-personalized product 

in bulk quantity with less cost per product and fast production rate. In these production 

systems the user input is very small hence most part of the production plant is fixed i.e. 

the production plant parts, tools and worker’s job all are fixed. 

The task team of production systems that governs by mass manufacturing philosophy 

has limited skilful production engineers which break complex task into simple tasks so 

they can be handled by less skilful workers[5]. 

The machinery used in these production plants is product specific hence the start-up 

time for these production plants is less but the plant modification cost is very high as 

compared to the other production systems[5],[7]. 
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To summarize, mass production plant is suitable for producing same product in bulk 

quantity [6]. 

2.1.2 Lean Manufacturing Philosophy 

Lean production philosophy focuses on product quality and maximization of                              

throughput. Lean production was developed in Japan to improve production process to 

compete the abrupt changes in market competition just after second world war [8]. It 

utilizes lean tools, Just in Time (JIT) scheduling and Total Quality Management (TQM) 

for achieving it goals. Furthermore, lean production philosophy is nothing but a flow of 

data and information between suppliers and enterprise resource planning (ERP)                          

department. This flow of data is achieved by organizing the supply chine into functional 

tiers [5]. Traditionally manufacturing systems governed by lean philosophy are the                      

advanced version of mass production systems[8].  

The individual assets of lean philosophy like task force, shareholder, suppliers etc. all 

are traded as building pillar of the whole production system because the job assignment 

is based on the asset skills. Hence in lean production each asset has assigned a fix job 

which is carried out throughout the whole service year of the asset. The tasks that were 

performed by skilled worker in mass production are done here by average skilled worker. 

Table 1 summarizes the major differences between mass and lean productions. 

Table 1. Mass Philosophy vs. Lean Philosophy, from [5] 

Criteria Mass philosophy Lean philosophy 

Goal Good enough Perfect 

Authority to stop the line The manager Everyone 

Errors Corrected at the exit from the 
line 

Corrected on the fly  

Inventory Days to weeks Minutes 

Supply chain organiza-
tion 

Vertical organization Functional tiers 

Part flow coordination Relies on huge inventories Just in time policy 

Work force operating the 
line 

Unskilled, seen as replaceable Empowered work team 

Tools Dedicated Flexible 

Changeover times Months Days 
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2.1.3 Agile Philosophy 

As traditionally, lean production is an advancement to mass production and has short 

comings like it is sturdy to imbibe the surges in dynamic production environment[9]. Agile                                 

production developed to cut down the shortcoming of lean philosophy[10]. In contrast to 

lean industrialist, an agile industrialist dependable on skilled worker rather than general 

worker for leveraging the modern IT-driven production systems[8][9]. 

2.2 Manufacturing Systems 

Since the time of craftsmen manufacturing systems evolving and it make                                  

considerable advancement in recent years by use of high tech equipment, computers, 

automation and software[11].  

S. Gershwin, in[12] define manufacturing system as, a system in which sequence of 

many tasks executes to create end products from materials/assets  available in inventory 

with the help of different equipment like computers, machines, peoples, robots, buffer 

stations, conveyors, sensors and transportation items etc[13]. 

The general target and duty of a manufacturing system is to produce a quality product 

within the bounds of available resources based on its inputs by avoiding disturbances. 

Input is an entity that is fed to system according to market demand like raw material, 

energy etc. Manufacturing system process the inputs with disturbances from production 

environment. Finally, the output can be produced in the shape of different services and 

products for the end user, this process is shown below in Figure 1[14]. 

 

Figure 1. Manufacturing System, from [14] 

 To enhance product quality and reduction of time to market of a product for customers 

are primary objectives of a manufacturing systems. To fulfil the above-mentioned tasks 

manufacturing system (MS) must take 3 crucial actions i.e. asset management                                         
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production and distribution. Beside these three steps, it has some supporting steps which 

are related to planning, managing and handling of resources perfectly according to                  

market demands[15]. 

Asset management is related to procurement of raw material and maintaining the                         

inventory of raw material. Distribution takes care of transferring of both raw material from 

inventory to production plant as well as the finished goods to warehouse and market 

which is based on their status like partly finished or finished respectively. Lastly the                          

production is a procedure to produce either tactile products or services [4]. 

According to Koren [16] There are some aims associated with manufacturing systems 

for achieving these aims MS are developed using one of the governing production                   

philosophies which are mentioned in previous section. Aims that are common to any of 

production system is to incline production rate at a minimum cost per finished good               

without degrading constraints related to the product quality critical cycle time so that 

products can be sold at market at a price which is affordable by user so that companies 

achieve economies of scale. 

As we are living in a highly competitive environment and it is very complex and hard to 

design an efficient and cost-effective manufacturing system (MS). As described earlier 

MS was developed two centuries ago and since that time it has gone through a lot of 

evolving states and it is still evolving consistently to avoid or mitigate the problems faced 

by producer time to time. Mainly these problems occur during modelling and production 

of manufacturing systems and inefficient production schedules due to market trend which 

is driven by consumers[2].    

In this section author presents the type of systems designed to support the previously 

defined production philosophies. Specifically, author describe the following                           

manufacturing systems: 

1. Dedicated Manufacturing System (DMS) 

2. Flexible Manufacturing Systems (FMS) 

3. Reconfigurable Manufacturing Systems (RMS) 

2.2.1 Dedicated Manufacturing System (DMS) 

According to Dashchenko in [6], DMS also known as fixed production lines. DMS are 

tailored made for the undergoing tool or product to be produced with it and suitable to 

manufacture single product in high volume to reduce cost per part. DMS provides both 

high and cost-effective production rate. The downside of DMS is that it does not bear 
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global market pressure and verity in product is not achievable by transfer lines. DMS 

leverages the mass production philosophy [5]. Now a days use of dedicated                                   

manufacturing systems is more or less obsolete in manufacturing. 

2.2.2 Flexible Manufacturing System (FMS) 

During past few decades, markets encountering anomalous product requests from                           

customers which heavily effected the production systems and led industrial groups to 

think about new production systems to meet these unexpected customer demands. As 

time goes the customer demands are becoming more and more personalized. Hence                       

industrialists are putting more verity into their products by launching personalized                                  

product assembling features and models of the same generic product. But this effort 

opens doors for new challenges related to market responsiveness, minimization of cost 

and advancement in technology. In tackling these kinds of issues manufacturers end up 

with a new production system known flexible manufacturing system. 

According to Shang and Sueyoshi [17], FMS consists of individual or a group of                      

processing workstations which are connected by assembly lines, automated material                 

handling and storage system. This system controlled by programable logic controller. 

Shivanand, and Karol [18][19] defined FMS as, a system that is competent to handle                    

fluctuations in operating environment and able to respond the changes in production                    

environment due to flexibility of its machinery.  

FMS provides flexible production environment by providing different flexibility in                           

production technique, demand strategy, product capacity, operations and customer                    

demand, further details of flexibilities can be found in [19]. FMS is a tailored                                 

manufacturing system and the required features and functionalities for FMS is decided 

and implemented at design phase for all desire products and quantities that manufacture 

wants to produce with it. Flexible manufacturing systems follows lean production                        

philosophy [5].  

Popular FMS 

There are verities of FMS that can be used depending of manufacturing goal [18]. These 

types are listed below with their brief detail: 

1. Engineered FMS: Similar to DMS and good for manufacturing same mixture of 

parts throughout its lifecycle. 

2. Dedicated FMS: It is used for bulk manufacturing like batch type products. 
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3. Random FMS: It manufactures any random mix of piece part types at any one 

time. 

4. Sequential FMS: One piece or sequences of different product variants are                            

manufactured at a time. For any new production sequences, planning and                           

preparation both are needed. It is like a tiny flexible assembly line. 

5. Modular FMS: “A modular FMS, with a sophisticated FMS host, enables and 

FMS user to expand their FMS capabilities in a stepwise fashion into any of the 

previous four types of FMS”[18]. 

According to Shang and Sueyoshi [17], The basic components of FMS are: 

1. Workstations: These are the operative cells of FMS and perform different                   

production jobs like assemble different components, loading and unloading of 

materials, forging sheet parts. Modern FMS stations are equipped with CNC 

machine tools that perform machining task efferently.  

2. Automated Material Handling and Storage system: There are many                         

autonyms systems that manages the material storage and transportation of 

parts to other parts of the system. 

3. Computer Control System: This component act as master controls                         

functionalities of other components for example issues commands for                             

distributed components of system, controls traffic of workstations etc.                              

Furthermore, this component is also responsible for monitoring performance                      

indices of the whole system. 

According to Shivanand and Kostal [18][19] there are a lot of advantages and                                

disadvantages of FMS implantation and some of them are listed below: 

• Advantages: 

1. Provides High flexibility in managing resources like machine utilization, time 

etc.  

2. For small batch productions provides efficiency as high as Mass production.  

3. Cut down the labour cost by replacing them with automated or semi-auto-

mated machines. 

4. As there is an automated control in FMS implementations so product quality 

is consistent throughout the lot.  
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• Disadvantage 

1. For implementation a lot of pre-planning and research work needed. 

2. FMS are very expensive and cost millions of euros. 

3. During production very picky about component positing and timing 

2.2.3 Reconfigurable Manufacturing System (RMS) 

Reconfigurable manufacturing system takes the best from both manufacturing                          

paradigm i.e. flexible lines and dedicated lines, to eradicate the production challenges 

related to fluctuations in product demand[6].Reconfigurable manufacturing systems                   

leverages agile production philosophy[5]. 

RMS has flexible hardware structure and software components to tackle issues related 

to production capacity and capable to meet with the unexpected customer demands[16]. 

The main advantage of RMS to the other two is that it has ability to change its                              

functionality and capacity (a) rapidly and (b) cost effectively. This feature neither                         

possessed by DMS nor FMS. RMS has throughput higher than FMS but lower than DMS, 

but it has far more flexibility than DMS. Koren and Shpitalni  in [20] presents a compre-

hensive comparison of above mentioned production systems and Zhang [21] compares 

them with reconfigurable manufacturing systems. 

Components of reconfigurable manufacturing system 

According to Malhotra, V., T. Raj, and A. Arora [22] the main components of RMS are 

listed below 

1. Reconfigurable Machine tool (RMT): The matchless feature of RMS is its 

rapid reconfigurability towards its system structure, machine and control. As 

compared to general purpose CNC, these tools are engineered for certain                       

customized range of operational requirements and can be effectively convertible 

when the requirements change. 

2. Reconfigurable Controller (RC): It is used to control different components of 

RMS. All logic must be set before runtime [22]. 

Features of RMS 

Below some features of RMS are listed: 

1. Scalability: RMS building blocks are modular in nature, so their functionalities 

are scalable. 

2. Integrability: Integration is achieved through software interfaces[16]. 
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3. Convertibility: For each production batch optimized operating mode is                           

configurable and it lasts for whole complete shift or when production ends.                        

During conversion changing of tools, parts, programs are changes and may also                       

require human involvement for adjustment [16]. 

Table 2 shows the comparison between the above-mentioned manufacturing                   

systems.              

Table 2. Manufacturing Systems Comparison, from [12] 

System Characteristics DMS RMS FMS 

Structure of System Unchangeable Flexible Flexible 

Structure of Machine Unchangeable Flexible Unchangeable 

Focus of System Single Part Batch Machine 

Scalability No Yes Yes 

Simultaneously operation Yes Possible No 

Productivity Very High High Low 

Cost per piece Low Intermediate Affordable 

2.3 Modern Manufacturing 

Modern manufacturing is based on service-oriented architecture (SOA). In the upcoming 

sections first SOA in general will be discussed with its implementing tools (SOAP and 

REST web services) after that its implementation in manufacturing systems is discussed. 

2.3.1 Service-Oriented Architecture (SOA) 

From last few years Service-Oriented Architecture attracting a lot of researchers and 

gained popularity not only in its birthplace i.e. Information Communication Technologies 

(ICT) sector but also in different streams of technology like factory automation and                      

advance manufacturing systems[23]. 

SOA is an archetype but usually misunderstood as technology[24], there are a lot of 

definitions of SOA concept, Juh Puttonen in [24] define SOA as an architecture that                      

provides foundations for building sovereign and saleable systems. In [25] Lasta, defines 

SOA as a collection of architectural doctrine of loosely coupled web services that            

collaborate to achieve modern business goals by building interoperable and scalable 

systems. Web services (WS) used as technological tool for SOA implementation                    
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because they are completely platform independent and can communicate as well as                           

collaborate to other web services independently[25]. 

Scalability and autonomy are at most important requirements for efficiently performing 

SOA. Furthermore, it removes interface hurdlers and facilitates exchange of data                       

between two systems without complications[23]. Services provided by SOA are loosely 

coupled and can communicate with each other irrespective of the underlaying platforms 

hence services can be altered without affecting the user of that service. Communications 

which are based on SOA are asynchronous rather than synchronous hence services on 

a system are invoked by user, entertained instantaneously without halting any other                

operation[23][25]. 

Figure 2 shows the generic implementation pattern of SOA for any domain. Every SOA 

implementation has three major building components 1) service broker, 2) service                       

requestor and 3) service provider. Mechanism is very simple, service provider provides 

its services, requestor search for required service with the aid of service broker[26]. 

 

Figure 2. SOA Building Components, from [26] 

 

According to Moctezuma in [27] SOA is being used for accumulating and analysing data 

from devices including production devices and this can be achieved by implementing 

device level web services. The publish and subscribe mechanism of SOA utilized to                   

collect data from devices and analyses at respective applications. This is a fruit full                                   

implementation of SOA for devices used in production system and this data from devices 

can be used for setting and calculating KPIs of system as shown in Figure 3.  
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Figure 3. Data Accumulation and Analytics in SOA based Production System, from 
[27] 

WS used as technology in SOA implementations and plays important role in scalability 

in device to device communication in general as well as production domain. They were 

implemented with Simple Object Access protocol (SOAP) and Web Service Definition 

Language (WSDL) [28]. SOAP is an obsolete XML based protocol used for device                     

connection with a device interface written in WSDL. However recently, WS are                                

implemented using REST architecture and this is getting popularity due to its simplicity 

and easy learning curve. It’s operations are simple Hypertext Transfer Protocol (HTTP) 

request and response is JavaScript Object Notation (JSON) or any available data format. 

According to Colombo and Lastra in [29] SOA is gaining popularity in automation                        

industry as well as in whole spectra of manufacturing systems and, manufacturing                    

devices including sensors and actuators as they fulfil their technical and business                        

requirements. 

2.3.2 Representational State Transfer (REST)   

Fielding was the one of pioneers of Representational State Transfer (REST)                               

architecture[30]. In his PhD thesis he listed some compulsions for system architecture 

and its interaction with Web. There are total five compulsions/constraints, which are                          

described below. 

1. First compulsion is related to style of client-server architecture. To separate the 

client-server concerns is the main aim of this compulsion. This compulsion helps 

to improve scalability by providing independence to client and server in their 

tasks. 
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2. Second constraint related to communication between client and server. For 

communication, a request from client must contain all information necessary to 

entertain the request from each client. During that period the communication 

between client and server must be stateless and not dependable on any saved 

content on server. 

3. Third constraint related to cacheable and non-cacheable data and aimed to 

boost network efficiency. It said that cacheable and non-cacheable data must 

be tagged explicitly so for cacheable responses client has authority to utilize 

that response for later ebullient requests. 

4. Fourth compulsion is put on hierarchy of layers. It emphasizes on the scope of 

layers. According to that constraint of each layer has scope to its immediate 

next layer. This makes system less complex and gives independence to layers. 

5.   Fifth compulsion is an optional and related to code-on-demand and facilitates 

and the independent client upgradation without any interference from server 

side. 

  REST defines some rules that governs data transmission on standard interfaces, these 

rules are listed below[31]: 

1. In REST the resource identifiers are Uniform Resource Identifiers (URIs) and 

each entity can be identified by URI rather than XML. 

2. Resource manipulation is done by representation. User can have output                        

response in its desired form irrespective of input resource form like XML, SVG 

or JSON[31]. 

3. REST uses HTTP verbs to send requests from client to server, which are                      

self-descriptive, popular HTTP verbs are GET, POST, PUT and DELETE as the 

job of each request/message is self-explanatory by their names. GET request 

is used for retrieving resource/asset information from server. POST request will 

create a new asset. PUT is used to update asset or its parts on server side. 

DELET is used to remove a whole asset or some of its part from server. The 

best thing about these requests is that except POST all other are idempotent in 

nature, meaning that it does not matter how many times you make these                

requests they have same response but for POST it will create new asset each 

time on server side.  

REST web services are gaining popularity due to its simplicity in nature and having low 

learning curve. REST provide far better performance than SOAP also REST is very light 
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weight and faster than SOAP. REST rules are flexible in nature in contrast SOAP rules. 

In short REST web services are backbone of modern web[31].   

2.3.3 Service-Oriented Architecture (SOA) for Manufacturing 

The inspiration of using SOA in manufacturing, came from software procedures like 

building of reusable software components. The used service-oriented architecture (SOA) 

pattern for production systems encapsulate both computing components and production 

devices to an interface by using web services[32]. The encapsulation provided by SOA, 

is very important for production systems because it facilitates device replacement without 

affecting the software component written for that device. The technological tool  used for 

implementing the SOA patterns for manufacturing systems is web services and widely 

favoured technology over other technologies like Universal Plug and Play (UPnP) etc 

[23][25]. 

The implemented SOA patterns for manufacturing systems are nothing but middleware 

that supports the development and independent workable components of production 

systems which exposes the functionalities of production devices to the external world. 

The previously described manufacturing systems, DMS, FMS and RMS can be                   

encapsulated as services in SOA until certain conditions of implementations are                          

respected[5]. 

Modern production systems composed of a lot of industrial devices that perform                              

complicated production tasks autonomously. A lot of such devices contribute in making 

final finished product. A huge challenge is to control these production devices such as 

robots, CNC machines, conveyors, pallet movement etc. The advancement in                     

electronic fabrication technology make it happen the integration of micro-computers on 

computing devices which gives birth to the advance production devices that can host WS 

that are used in modern factory automation systems, this upgradation of devices makes 

the automation systems more software intensive [23] also, it increases the computational 

power of manufacturing devices. As web service is the governing technology in SOA 

implementation for these production devices that are used in production systems are 

capable to expose themselves to the external world.  

For exposing the device functionalities to outer world, certain minimum web service                

protocols must be appreciated which are known as Device Profile for Web Services 

Specifications (DPWS). DPWS defines implementation constraints for protecting web 

service definition, device discovery, control, message and publishing /subscribing to            

device events at device level. DPWS encapsulated to web services as described in 

[5][32]. The communication protocol stack for DPWS is shown in Figure 4. 
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Figure 4. DPWS Protocol Stack, from [5] 

Services provided by SOA implementation can be thought as interfaces which                        

provides a crystal clear boundary between encapsulated process and views for outside 

world for that process[5]. In SOA services are loosely coupled and the technical details 

of collaborating services are hidden even for two application working in the same process 

and can be composed or decomposed into further small units also if they annotated                  

semantically can be discovered and invoked automatically [25]. 

In SOA paradigm manufacturing system is a set of service encapsulation of provided 

and requested capabilities of manufacturing systems. The provided process capabilities 

of a MS are its component’s skills while the requested capabilities are the product needs. 

Hence equipment in production system provide something and need something to      

complete the assigned job. So, the manufacturing equipment has skills which utilizes 

during providing services and requested some process that are the needs of                            

equipment[26]. 

Every product in production system has specific sequence of needs and these needs 

must meet accordingly to achieve final goal. The sequential flow of needs is achieved by 

service orchestrator of that product. Hence every product is defined by its service            

orchestrator, and the orchestrated services are the needs of product, as an example 

consider a manufacturing line in which pallet is one of users and the service provided by 

it, is the circulation of material throughout the line. The needs of a user are the services 

that should be performed on raw material to achieve final product. Both skills and needs 

are transferred to the system and after initialization they are translated to required                       

orchestration [23].   
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2.3.4 SOA Pattern Example in Manufacturing System 

According to Popescu [5] SOA implementation is done by publish/subscribe                             

methodology. There are three main components in SOA, some components looking for 

services, known as services requestor and other provide services known as service                    

provider and there is another component known as service broker that has list of service 

provider as well as service requestor. In this pattern service requestor and provider just 

have to register to broker according to their requirements and skills. The do not need to 

know about one another. So, when the requestor needs a certain serve it just search in 

broker as shown in Figure 5. 

In Figure 5 service requester, is pallet and selection of each component to operate on 

pallet is made gradually as soon as orchestrator start execution. In process systems 

pallet is used to transfer raw or finished material or other components to different        

workstation during a process, each time a device on a conveyor zone is selected for 

execution the transport service to transfer pallet to its destination position is discovered 

as well as execute and these steps follows for each server which is specified in pallet 

orchestrator. SOA also provide to change both the desired values of manufacturing                     

system parameters as well as the flow of control. 

 

Figure 5. The service Oriented Architecture (SOA) Pattern, from [5] 

2.4 ISA 95 Standard 

According to Scholten, Bianca in [33] during 20th century industries advancing and                      

focused on their enterprise resource planning system (ERP) as well as investing a lot on 

automating control system layers (PCS) which increase the gap between process which 

related to business like Manufacturing Execution Systems (MES) and factory plant floor 

due to tack of communication between system and people. This problem increased the 

need to integrate production systems and business in an industry[34]. 
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To overcome these gaps, in 1990 ISA decided to standardized MES functionalities by 

defining common technical vocabularies and terminologies for industries to fill that                    

communication gap[35][36]. 

Usually manufacturing organizations follow the common core operations and working 

principles so ISA 95 defined standard architectural hierarchy of manufacturing industry 

which is shown in Figure 6, it gives novice model foundations of manufacturing system. 

 

Figure 6. Automation System Functional Hierarchy ISA 95, from [37] 

According to Lucke in [37] ISA 95 functional hierarchy is the very basic model for building 

automation systems. This automation system is divided into 5 levels and usually                       

presented as an automation pyramid which is shown in Figure 7. 

 

Figure 7. Five Level Pyramid of Automation, from [37] 

This pyramid separates three different realms of manufacturing industry, lowest part of it 

represent the realm of shop floor devices and industrial process control system like                    

sensors, actuators, Programmable Logic Controllers (PLCs), Distributed Control                       

Systems (DCS), Supervisory Control and Data Acquisition system (SCADA) etc. and 

these devices found in first three levels. Level 1, Level 2 and Level 3 together form the 

process control layer.  



20 
 
 

 

 Level 4 which is the top of pyramid and related to Enterprise Resource Planning (ERP) 

and do business related stuff like tracking and analysing market trends, plant scheduling, 

looking inventory of materials, handling logistics. 

Integration between bottom and top layers is defined by level 3 (middle layer) and known 

as Manufacturing operations management (MOM). This layer may provide some other 

applications like Manufacturing Executing Systems (MES), Laboratory information                      

management systems (LIMS), asset management system, batch management and                      

Warehouse Control Systems (WCS) and Collaborative Production Management (CPM) 

[38]. 

The main objective of ISA 95 is to facilitate worldwide manufacturing environment. To 

achieve this aim, it builds some common terminologies for organizations that ease the                           

communication between manufacturers and suppliers also it gives a clear view on                    

mechanism that process and exchange information between different levels. 

ISA 95 standard comprises on six parts which provides road map for information flow 

between MOM and ERP and these parts are listed below [37]: 

• Part 1: Models and Terminologies. 

• Part 2: Object Attributes. 

• Part 3: Activity Models of Manufacturing Operations Management. 

• Part 4: Objects and attributes for manufacturing operations management inte-

gration. 

• Part 5: Business-to-Manufacturing Transactions. 

• Part 6: Messaging Service Model. 

Different activities of MOM are carried out in the above listed parts like which kind of data 

exchange is allowed between tasks, control levels and enterprise. ISA 95 standards are 

the backbone of manufacturing industry as it is a standard on which new advancements 

are made to manufacturing systems. 

2.5 Service Orchestration and Mixed-Model Assembly Lines 
(MMAL) 

 Lastra and Alan Colman in [25] and [39] define service orchestration as a methodology 

which delivers strategies and techniques for building a unified IT-driven system which is 

competent to handle the abrupt demands of both market and production firm.                              
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Furthermore, it elaborates the interaction, collaboration and integration of the process 

services towards achieving the desire goal.    

Thomopoulos in [3], defines assembly lines as a production system which are                      

composed by the interconnection of sub-assemblies to produce a finished product.                            

Assembly lines have been used in production since the time of Hennery Ford when he 

first uses the moving assembly line for producing the car bodies. There are different kind 

of assembly lines like simplex, bulk, multi-model, shelving, one station, disassembly and 

robotic assembly lines. A suitable type is used according to production facility and each 

type has different governing service orchestration policy[3],[39].  

According to Cao, and Ma in [40] market trend has become more competitive due to 

abrupt and unpredictable customer demands. This aggressive and competitive                               

production environment pushes industrialist to come up with new production policies to 

meet consumer demand in time by improving their production rate without compromising 

the product quality and product cost. To achieve this goal manufacturers are using 

mixed-model assembly lines. MMAL is the diversified type of assembly line and require 

special orchestration of services which address the both associated MMAL problems 

and component skills for achieving the aim.  

MMAL is preferred option for production among manufacturers as the production of                    

different variants of the same generic product is done on a single line. Automobile                        

industry is the best example of this use case [23]. Beside the flexibilities provided by 

MMAL operation many problems are faced by industrialist such as mix-model assembly 

line balancing, sequencing and equal distribution of workload between workstations to 

avoid work cell overloading, optimization of cycle time etc. So designed service                                    

orchestrator for MMAL must account the above mentioned MMAL problems. 

Thomopoulos, Cao and Faccio in [1][40][41] mention, mixed-model assembly line 

(MMAL) is a kind of assembly line where numerous products having similar                                   

characteristics can be produced. As an example consider an automobile industry where 

a lot of models of same car produce according to preference and financial state of                    

customers like cars with air bad or without air bag, multiple body colours and                         

equipment[40].  

For MMAL balancing and sequencing of line are crucial requirement and must be done 

to improve efficiency of production system alongside the minimization of cost. A properly 

balanced line utilizes completely and efficiently the available resources[1][40]. 

Shao in [42] has mentioned advantages of MMAL on other assembly line: 
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1. Mix model production minimize the amount of time to produce final product by 

balancing of line. 

2. It distributes the task evenly between workstations to mitigate machine extra 

load. 

3. It uses available resources efficiently based on customer’s demands. 

2.6 Problems associated with MMAL  

According to Thomopoulos [3] assembly line is composed of different components like 

workers, workbench, control and operational equipment and logistic objects. MMAL used 

for production when models of general product are mixed and assembled on same                   

assembly line with efficient utilization of available resources[1].  

There are a lot of procedures for balancing assembly lines and each procedure address 

different problem associated with assembly line [43]. There are different problems                        

associated with assembly lines accordingly which are based on the layout of assembly 

line, production facility and production type hence to address these problems there are 

different proposed solutions. Each of these solution proposals address specific ALB 

problem and has  promising results that specific problem. Associated assembly line                    

balancing problems and proposed solutions are shown in Figure 8 and Figure 9                              

respectively. Kamal Uddin and Lastra in [43] briefly describe these problems and pro-

posed solutions for them. 

 

Figure 8. Collection of ALBP, from [43] 
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Figure 9. Proposed solutions for ALB, from [43] 

Thomopoulos and F. Shao mentioned in [1][40][42] there are two critical problems; line                  

balancing and line sequencing related to MMAL that need to be address for efficient 

working of MMAL. In [3] Thomopoulos define line balancing as, a method of distributing 

task among the workstations online such that workload distributed equally among                  

workstations. Line balancing improves line efficiency by reducing cycle and idle time. 

Unlike single model assembly line (SMAL) MMAL architect to assemble more than one 

model of generic product parallelly [45]. This concurrently assembling process gives birth 

to model sequencing problem in MMAL. As each model of generic product has different 

features which require different task to be done for obtaining final finished product. Time 

required to complete or assemble a model is different for all models of generic product 

and it varies from model to model hence an uneven flow of models creates unequal work                     

distribution along line [1]. Figure 10 shows sequencing of MMAL for workstations. 
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Figure 10. MMAL Sequencing, from [40] 

According to Cao in[40] the above-mentioned problems have gained attention of                        

researchers and a lot of line balancing and sequencing techniques and methodologies 

has been developed to solve these two MMAL problems. Some of them are discussed 

here. For balancing a mixed-model assembly lines with parallel workstations, Sofia in 

[46] came up with programmable mathematical models with zoning constrains. Karabati 

in [45] proposed a balancing solution for assembly line based on the reduction of overall 

cyclic time by utilizing cyclic sequencing information also he presented some mathemat-

ical models that unifies different models into one model by accumulating task time of 

each model. Zhan in [47] used genetic algorithm and coding, decoding and mutations to 

address both problems simultaneously. Jannet in  [48] transforms MMAL balancing                                          

problem to single model problem by combining their precedence diagram by small                    

adjustment of operational cyclic time. Gokcen in [49] approach line balancing with integer 

programming and uses binary 0-1 formulation for task assignment. The binary                                  

formulation shows promised results.  

2.7 Technologies for Building Web Applications 

There are different programming languages and web development frameworks like Java, 

Java Script, .NET and .NET-Core and NodeJS, Spring, Flask and Django respectively to 

build web applications. This section briefly describes the programming tools and                      

frameworks that are used during this thesis work for implementation. 
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 Python, Hyper Text Mark-up Language (HTML), Cascading Style Sheet (CSS) used for 

building user interface/frontend and backend is also developed using Python in flask 

framework. 

2.7.1 HTML and CSS 

To format web pages HTML and CSS are used. HTML deals with document formatting 

and CSS handles all styling of page. Almost all web browsers support them. Document 

formatting through HTML is done by HTML elements known as tags. Tags are the basic 

building block of HTML dome model[50]. Both CSS and HTML are understandable by 

browser. HTML tells browser about incoming data and its formatting on the hand CSS 

guides browser how to render incoming data. Data styling are governed by CSS[51].In 

this thesis frontend a user interface (UI) for placing order is built using HTML and CSS. 

2.7.2 Python and Flask 

Python is a high level interpermeated object-oriented language that was developed by 

Guido Van Rossum in during 1980s [52]. Since that time, it gained a lot popularity among 

prototype’s and developer due its low learning curve as compared to other languages 

like C++, Java, Java Script and .NET etc. Python widely used in Artificial Intelligence 

(AI), Machine Learning (ML) and Embedded prototyping. 

Author choose Python over other language for developing both frontend and backend 

for this thesis work. Flask and Django are widely used pythonic web development                    

framework. Django development focuses on model-view-controller approach which has 

high learning curve and hard to understand for novice developers. In contrast Flask is 

for novice developers. Author used Flask as development framework as it fulfils the                 

thesis work requirements. The other python packages and modules that used in                            

development are list in Table 3 below: 

Table 3. Python Packages and Modules used for Development 

Sr. Package Version Work 

1 Flask 1.1.2 Used for both frontend and backend development. 

2 Jinja2 2.11.2 To render templates and views 

3 mysql-connector 8.0.20 Python connector for MySQL data base 

4 Requests 2.24.0 HTPP library for making request 

5 Threading Build in Used for concurrency 
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6 pip 20.1 For installing packages in python virtual environment 

2.7.3    Database 

Database is a server-side vital component. It is like a server’s warehouse where data 

related to client and application stores. Database does all data management and data 

query stuff based on user query. Without database all the management stuff related to 

data have to done manually which is time consuming and error prone[53]. 

 Modern manufacturing systems are based on SOA and client-server communication, so 

it imposes a great demand on design and efficient utilization of databases. In process 

automation there are a lot of process variables continuously changing their states and 

values, a lot of  real-time alarms and events generates so to take productive and efficient 

decisions based on states of variables and real-time notification these values must be 

stored somewhere so databases are used for storing, managing and performing query 

options on process variables and sensor data efficiently[54].  

There are two basic kinds of database Structure Query Language (SQL) relation                             

database and non-relational (NoSQL) database. Former one deals with structure data 

and arranged data relation in tables where NoSQL stores data in key-value pairs and 

data graphs also it does not require ridge data schema for data management and repre-

sentation. Oracle, MySQL, MS-SQL and Postgres are example of SQL base database 

where’s Cassandra, MongoDB, Redis, Neo4J are NoSQL base data base [55]. 

Author uses MySQL which is a structured database and utilize it for managing and                    

keeping track of Order Lot, processed and unprocessed order. 

2.8 FASTory Line/Simulator 

This section gives very brief intro to FASTory Line/Simulator which is the test case for 

this thesis work. Orchestrator and policies are designed for balancing and sequencing of 

this line. So, it’s better to get some know-how of this line here and other relevant parts 

will be explained in chapter 4 along with FASTory Simulator as author also used                  

simulator for test case. 

FASTory assembly line situated at FAST-Lab in Tampere University and used for                       

assembling Nokia cell phones but now it is being used for research purposes at                        

FAST-Lab and mock production lines by drawing different Nokia’s cell phone models. 

This line also has a digital twin which is also used as research and experimental platform 

for students. Both production line and its twin have same functionality except the                           

endpoint URLs. 
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FASTory Line has total 12 workstations out of them 10 have same functionality i.e. they 

can draw different recipes of cell phone models. Workstation 1 and 7 are different form 

each other and rest of them. Pallets are loaded at WS7 and paper loading and unloading 

is done at wS1[56].Figure 11 shows FASTory line. 

 

Figure 11. FASTory Line , from [56]  

  

FASTory line can draw 9 different kinds of frames, screen and keypad in total 729                   

distinct product variants[57]. Figure 12 shows one complete drawn product variant out of 

729 product variants, by FASTory Line. 

 

Figure 12. FASTory Product Variant, from [57] 
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3.  METHODOLOGY 

As mentioned in chapter 2 FAST-Lab at Tampere University was used as                                         

experimentation facility. At FAST-Lab different industrial devices are installed that 

demonstrate industrial level manufacturing environment. Recently FAST-Lab upgraded 

equipping new industrial robots and planned to merge into existing conveyor-based                  

production lines. Table 4 lists the installed industrial equipment’s at FAST-Lab. 

Table 4. Equipment at FAST-Lab 

Sr. Equipment Category 

1 Yaskawa SDA-10F  Dual Arm industrial Robot 

2 ABB YuMi Dual Arm collaborative Robot 

3 Omron Hornet 565 Parallel Robot 

4 ABB Cell Industrial Robotic arms 

5 FASTory  Production Line 

6 FESTO Production Line 

This chapter describes the used approach for solving problem of assembly line balancing 

and service orchestration to meet the desired goals. This chapter consist of two sections, 

first section describes the system architecture and its main building blocks and second 

section address FASTory line balancing and products that assembled at FASTory line. 

3.1 System Architecture 

This section provides an overview of system architecture, its components and their                    

interaction with each other. Figure 13 shows system architecture and its components.                   

Architectural view of complete system shows that system is consists of total six                          

components, except FASTory line/Simulator all others are developed from scratch. 
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Figure 13. System Architecture 

These six components are listed below:  

1. Client/User and User Interface 

2. Flask Servers 

3. Database 

4. FASTory line/Simulator 

5. Orchestrator 

Next section will provide role of each components of the system. 

3.1.1 Client/User and User Interface 

That part of system allows user to put production orders. User can put order using order 

user interface according to his desire. The UI offers user different models of cell phones 

with a verity in frame, screen and keypad colour along with the facility to place multiple 

orders same time with different quantity. 

3.1.2 Flask Servers 

This component has developed to do a lot of duties like facilitating communication among 

workstations, subscribing and unsubscribing to events, maintaining order lot data in data 

base. As mentioned in chapter 2 there are total of 12 workstations in FASTory line/                    
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Simulator and each workstation can communicate to external world by providing events 

generated at workstation such as events related to working zones, tool changing                       

services, start and end of drawing services. 

To make smooth communication between orchestrator and all workstations a sperate 

server is made for each workstation. All server starts at run time and subscribe to events 

of their respective workstations. After event subscription, servers notified orchestrator 

about any changed occur at working area of workstation. Subscription is an important 

mechanism with the aim of keeping orchestrator UpToDate about changing occurs at 

workstations. This mechanism helps orchestrator to invoke right services at right time 

according to these changes, sequence diagram of event subscription and service                        

invocation shown in Figure 14 and Figure 15 respectively. In addition to these servers 

there is another server which handles the production order, database as well as controls 

other servers. 

 

Figure 14. FASTory Line Event Subscription 
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Figure 15. Service Invocation at FASTory Line 

3.1.3 Database 

This component is used to store the daily production Lot entered by user as well as 

pallets objects with production lot alias and FASTory Line event subscription URLs. Also, 

this component facilitates the customer’s query about the status of production lot and 

individual in HMI handling server. Furthermore, it communicates with Orchestrator 

through DB quires for updating the current state of production lot and under process 

mapped order to pallet objects continuously. Also, it provides data to orchestrator about 

mapped order to pallet objects and daily production lot based on user request to                           

orchestrator. Figure 16 shows the interaction of database with orchestrator and HMI                       

handling server. 
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Figure 16. Role and Interaction of Database with other Components 

3.1.4 Orchestrator 

Orchestrator is the backbone of whole system and performs critical job that are listed 

below: 

1. It starts the servers of each workstation and commands them to subscribe                      

desire events on FASTory line/Simulator. 

2. It accepts production lot, current line status and production policy for daily                 

production routine.  

3. Fetches client orders from database and format it to ease the data processing 

during production. 

4. Map orders to pallet objects and store them in database. 

5. Invoke services on assembly line based on event notifications send by server.  

6. Update the status of production Lot and under process pallets objects. 

Beside doing the above-mentioned tasks orchestrator accepts three inputs, see Figure 

17 for desire service orchestration of assembly line and these are: 

1. Production Lot. 

2. Production Policy. 

3. Current Line Functionality. 
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Figure 17. Inputs to Orchestrator 

3.2 System Development 

The whole system is composed of different components which are nothing but python 

scripts. Object-oriented approach is used to make these software components hence the 

core of whole system is based on software classes. Figure 18 shows the schematic             

overview of system which explains in depth composition of system. 

 

Figure 18. UML Class Diagram of Developed System 
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Next author will explain each of these classes and their job in system for achieving desire 

goal. 

ProductionLot 

This class deals with the orders entered by user and their management based on cell 

phone models. Developed system allows customer to place multiple orders with distinct 

cell phone model specifications like different colours for frame, screen and keypad for 

each model in a production lot. This class extract orders from flask forms and assign key 

to each model after that the raw orders are stored in database. 

Orchestrator 

It performs many jobs. Firstly, after placing the order user press “start production” button 

on UI, after that orchestrator fetched raw orders from database and format it to an easily 

processable data structure furthermore it assigns a “production lot order alias” to each 

model and generates mapped order to pallet object for that production lot order up to the 

order quantity. Order alias is helpful to keep track of production of different models that 

belong to different orders in a production lot. 

 Secondly, it starts servers of each workstation and commands for subscription of desired 

events that occurs on assembly line. 

Lastly, it maps order specifications to pallet object when pallet is loaded at WS 7 and 

based on order specs it controls the flow of pallet on assembly line and execute different 

tasks to complete mapped pallet order. 

Workstation 

Workstation of FASTory line has composed of different production equipment like robot 

and conveyors that are further divided into main and bypass path and paths are further                       

divided into different zones also some workstations have completely different attributes 

from others so to realize these attributes and capabilities in the realm of software this 

class is developed. Each workstation is the instance of that class that realize the                       

real-world attributes of each workstation of FASTory line/Simulator. 

There is an embedded flask application in this class that enables a dedicated server for 

each workstation, which facilitates smooth communication among workstations and effi-

ciently controls pallet transections on production line.The method “createAndRunApp()” 

will creates and run the flask server (application) for each workstation within the scope 

of the instance of “workstation class” and its own thread. 

 



35 
 
 

 

Pallet Class 

This class is used for mapping the orders as objects to pallets once it is loaded at                      

workstation 7. This class exposes pallet control functions to orchestrator. 

3.3 Working of System  

The whole system composes of client, dedicated servers for each workstation, HMI              

handling server, orchestrator and assembly line. The working of this system is divided 

into steps and following section will describe each step. 

Firstly, when system runs the customer places orders on order UI along with the                        

specification of different cell phone models and presses the start production button on 

UI. There is a dedicated flask server that receive the production lot from user and stores 

it in database. As there is separate server to entertain orders from user so user can place 

more orders even after production has been started.  

Secondly, orchestrator fetch the raw orders from database and format it to an easily 

processable python data structure also at same time it starts the dedicated servers for 

each workstation. Once workstation servers have been started, they subscribed to the 

desire events of FASTory assembly line. 

Thirdly, the production will start as soon as pallet is loaded at zone 3 of WS 7 and                       

orchestrator extract one model from formatted production lot and map it to a pallet object 

with help of pallet class and put this order to database with the alias of order from which 

that model extracted for production after that it bypasses all workstations from WS 8 to 

WS 12 to reach workstation 1 where at zone 3 paper is loaded on pallet. Once paper is 

loaded on pallet the drawing process can take place on other workstations. Orchestrator 

moves and controls pallet based on order requirements and event notifications received 

from FASTory line. Orchestrator repeats this process until all the current order                               

production is completed according to specifications. 

Lastly, the completed model is collected at zone 3 of WS 7 and its status updated in 

database. When all models are drawn in an order the status of that order in production 

lot has been updated by orchestrator.  

Figure 19 shows the sequence diagram of system from which the step sequence of                     

developed system can understand easily. Furthermore, there are some steps from 4 to 

10 that are repeated like a loop, but this fragment is not like loop as the repetition of 

these steps depends on the events generated from FASTory line/Simulator. 
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Figure 19. Developed Systems Sequence Diagram 

3.4   Assembly Line Balancing 

 To balance an assembly line is not an easy task and it is affected by many factors for 

example task complexity, installed equipment, operational condition of production lines, 

inventory management, layout of line and industry etc.[43]. Nature of assembly line                      

balancing problem changes with the type of assembly lines and workstations for example 

in mass productions the assembly line is used to produce single product in large quantity 

and factors associated with it like changing of tools, work group performance indexes 

and line layout remains constant. On the other hand, in mixed-model assembly line                    

produce different variants of same generic or base product on the same line hence the 

factors associated with assembly line are dynamic in nature. Thomopoulos in [1][3]                  

depicts different types of assembly lines and workstations and factors associated with 

them. Below Figure 20 shows these assembly line performance and workstation indexes. 

 To balance and proper distribution of work among workers of MMAL we need to consider 

every product’s model separately as assembling of each model requires different jobs 

and each job has different completion time than other. Furthermore, handling each model 

independently simplifies and transform the balancing of MMAL to single model assembly 

line balancing problem. 
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Figure 20. Associated Indexes with Assembly Lines, from [43] 

FASTory assembly line at FAST-Lab is a MMAL that is capable to draw (assembled                       

previously) Nokia’s three different cell phone models. Refer to the Figure 8 in chapter 2 

the balancing problem associated with MMAL belongs to problem type F, type 1 and type 

2 and these types are listed below for other problem types please see [43]: 

1. Type F: Find feasible solution for line by using different combination of cycle 

time and workstation within the available resources. It is an objective dependent   

problem. 

2. Type 1: In this problem number of workstations minimized according to the                      

cycle time provided by manufacturer. 

3.  Type 2: Here cycle time is minimized for the available resources and                

workstations. 

This research work focuses to solve the type 2 balancing problem. There a lot of                            

definitions of cycle time, Thomopoulos in [1] define cycle time (CT) as the time between 

two finished goods of a unit coming out from workstation. Cycle time reveals critical                   

details about bottle neck operation and line balancing etc. Consider the following                       

equation 1 

 

𝑇𝑚𝑎𝑥 ≤ 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒 ≤  ∑ 𝑇𝑖

𝑁

𝑖=𝑁

 (1) 
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In above equation: 

• N is the total number of work elements. 

• Tmax is the time required to complete longest job/task in the process. 

• Ti is the time required to complete the ith task/job in the process. 

• ∑ 𝑻𝒊𝑵
𝒊=𝑵  is the sum of all task/job time of the process. 

Furthermore equation 1 shows that cycle time lies between time required to complete 

longest job (bottle neck operation) Tmax and it is sum of all tasks time in a process. Also, 

if CT is greater than this number ∑ 𝑻𝒊𝑵
𝒊=𝑵   than we don’t need an assembly line at all and 

all the proces tasks can be finished on one workstation. On the other hand, if CT is less 

than Tmax than we need multiple lines to finish assigned job. So, equation 1 gives a clear 

idea when and how many lines a manufacturer needs to finish a process.  

As balancing problem discuss in this research work related to minimize the cycle time 

for a given number of workstations of FASTory assembly line. For proper accountancy 

of cycle time it is better to have information about operations that FASTory line can                    

perform along whit their corresponding completion time. Table 5 lists these operations 

and corresponding operation time.  

Table 5. Tasks Timings of FASTory Line 

 

 

 

 

 

 

 

 

 

 

 

 

Tasks (Drawings) Time (s) Tasks (Pen Change) Time(s) 

Frame1 48 To Red 40 

Frame2 58 To Green 39 

Frame3 46 To Blue 41 

Screen1 32 Tasks (Mix) Time(s) 

Screen2 25 Load Paper 60 

Screen3 28 Bypass 11 

Keypad1 52 Main CNV to reach Z3 4 

Keypad2 55 

  

Keypad3 38 
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There is a precedence relationship between these operations i.e. certain operations                         

cannot be started before finishing specific operations. The precedence relation of work 

elements of different cell phone models is shown in the  Figure 21. 

 

 Figure 21. Precedence Diagram of Operations 

In the  Figure 21 centre of circle shows the task name or number and above part shows 

the time required to finish that operation for example consider the first circle of first row 

of precedence diagram in which performed operation is “Pen Change” and upper part 

has a text “RGB:40,39,41” which shows corresponding pen change operation and time 

to complete that operation. A similar convention is followed for the remaining circles. This                  

convention is followed only to compact the precedence diagram. As there are three                    

different cell phone models can be assemble/draw on FASTory line; the operations for 

each model enclosed in red rectangle in the  Figure 21. The text above the circles in the 

rectangle list the operation name and time needed to finish it in the Operation:Time(s) 

format. 

From Figure 21 it is clear that production will start after paper loading operation and 

based on the order specification the changing of pen will occur after that assembling or 

drawing of specific model will start according to sequence shown in  Figure 21. 

Based on information of Table 5 and  Figure 21 the bottle neck operation in drawing of 

each model in is load paper and workstation needs 60s to complete that task. 
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Hence cycle time must be greater than 60s irrespective of under process model so                       

equation 1 can be written as  

Equation (2) is written for cell phone model with specs blue-collar, frame_2, screen_2 

and keypad_2 which is one possible combination of the 729 model combinations that 

can be drawn on FASTory line. Completion of the drawing for that model takes highest 

time than any other model. Table 6 lists the 9 possible combinations of orders and their 

completion time out of 729 combination of models. 

Table 6. Process Timings for Some Order Combinations 

 
 

The time for getting a finished product lies between 151 and 179 seconds, exclusive of 

paper load and 211 and 283.02 seconds inclusive of paper load task hence cycle time 

must lie between 60 and 179 (238.02) as equation (2) shows. Equation (2) is written with 

the inclusion of paper load task, the lower and upper bounds in equation (2) are based 

on M9 specifications which has longest completion time among others. From equation 

(2), for proper line balancing and distribution of task among available workstation the 

cycle time must be greater than 60s and less than 238.02s. Taking this into consideration 

production policies are designed to distribute jobs among available workstations so that 

constraints on cycle time (CT) is not violated. 

 

 
𝟔𝟎 ≤ 𝑪𝒚𝒄𝒍𝒆 𝑻𝒊𝒎𝒆 ≤  𝟐𝟑𝟖. 𝟎𝟐 (2) 

Model 
Variant 

Color Frame Screen Keypad Time (s) taken by 
Finished Product 

Time 
(min) 

PAPER LOAD 
included T(min) 

M1 R F1 S1 K1 40+48+32+52=172 2.867 3.850(231s) 

M2 G F1 S1 K1 39+48+32+52=171 2.850 3.853(231.18s) 

M3 B F1 S1 K1 41+48+32+52=172 2.883 3.850(231s) 

M4 R F2 S2 K2 40+58+25+55=178 2.967 3.950(237s) 

M5 G F2 S2 K2 39+58+25+55=177 2.950 3.933(235.98s) 

M6 B F2 S2 K2 41+58+25+55=179 2.983 3.967(238.02s) 

M7 R F3 S3 K3 40+46+28+38=152 2.533 3.517(211.02s) 

M8 G F3 S3 K3 39+46+28+38=151 2.517 3.500(210s) 

M9 B F3 S3 K3 41+46+28+38=153 2.550 3.533(211.98s) 
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4. IMPLEMENTATION AND RESULTS 

The objective of this work is to design and implement a policy driven orchestrator for a 

production line and observe the effects of different proposed production policies on                 

production line performance. This chapter compiles the observations and results of                  

experimentations of develop orchestration which is driven by different production                     

policies. Development of this orchestrator is based on the methodology described in 

chapter 3. This chapter is divided into three sections. First section lists the limitation and 

assumptions made during this work as well as provide a generic overview of FASTory 

assembly line which is used as test bench for testing and getting results of developed 

production policies. Second section covers the development and implementation of com-

ponents system. Third section provides the results of processed orders with the devel-

oped production policies. 

The developed orchestrator is implemented on FASTory line, which is a cell phone             

manufacturing line located at the Factory Automation Systems and Technology (FAST) 

laboratory, which belongs to the Automation and Hydraulics Engineering laboratory at 

Tampere University. 

4.1 Limitations and Assumptions 

During this work some limitations and assumptions were made, and they are listed                     

below: 

1. An orchestrator is developed that controls FASTory line as well as manages its 

resources. 

2. FASTory line is used for educational purposes and not as efficient as an indus-

trial production line. 

3. The developed orchestrator tested on FASTory Simulator whose functionalities 

accessible by RESTful APIs. Also, real FASTory line uses RESTful APIs for 

exposing its functionalities. 

4. During implementing use case it was assumed that both FASTory line and                  

FASTory simulator have same event notifications for each workstation and               

conveyor zones. 
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4.2 Test Bench 

FASTory production line which is modular robotized production line is used as test bench 

for his thesis work. This line mimics capabilities opportunities provided by automated 

industrial production lines. Currently this line draws different parts of cell phones with 

different colours for 3 different Nokia’s cell phone models. These models are shown in 

Figure 22. 

FASTory production line consists of twelve workstations that are connected in a closed 

loop see Figure 23. Workstation 2 to 6 and 8 to 12 are used as production cells and 

draws cell phone models. Workstation 1 is used for loading and unloading of paper to 

the pallet while pallets are loaded and unloaded at workstation 7. Each work cell has 

robot and conveyor which is further divided into main and bypass conveyor, there is no 

bypass conveyor on WS1 and WS7. Conveyors are divided into zones, there are total 5 

zones on conveyors for WS2 to WS6 and WS8 to WS12. Production process starts at 

zone 3 of main conveyors and bypass conveyors used for bypassing WS if that WS is 

busy. Most of the FASTory lines workstations have robots from SONY, OMRON ABB 

and YASKAWA. 

 

Figure 23. Closed Loop Topology of FASTory Line, from [57] 

Figure 22. Cell phone parts, from [57] 
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As mentioned above, conveyors are divided into different zones and each zone has one 

stopper and presence sensor. Also, zone one has RFID sensor for reading the tags of 

pallets. Figure 24 shows these zones of FASTory line. 

 

Figure 24. Zones at Work Cell, from [57] 

The functionalities of the zones are listed in the Table 7. The conveyors and robots of 

FASTory line are implemented as remote terminal units (RTUs) which are implemented 

and controlled by S1000. There implementation is based on Service Oriented                                   

Architecture (SOA). The S1000 supports RESTful web services and provides IO                         

interface for each cell. Furthermore, these S1000 have digital IOs that can be                             

programmed using structural text low level programming language. 

As this line capable of drawing in total 729 different models of same generic product with 

different combinations of 3 different components and 9 different specifications (3 different 

colours and models).  

In this thesis most of the work is done on the digital twin of FASTory line known as                       

FASTory Simulator. 

Table 7. Functionalities of zones at FASTory line, from [57] 

Zone 
Number 

Functionality of Zone Availability at Workstations 

Z1 It is the gateway for pallet to enters workstation. 
It has RFID tag for reading the pallet ID also the 
decision about production or bypassing the pallet 
makes here. 

Except WS7 all others have this 
zone. 

Z2 Buffer of workstation and holds a pallet if zone 3 
is busy. 

 Present in all workstations 

Z3 For WS2 to WS6 and WS8 to WS12 used for 
drawing tasks and for WS1 used for loading and 

Present in all workstations 
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unloading papers, for WS 7 used for loading and 
unloading pallets.   

Z4 Used for bypassing the conveyor also it holds the 
pallet if zone 5 is busy. 

Except WS1 and WS7 all other 
have it 

Z5 Exit zone of workstation. All WS have this zone 

4.3 Development of System 

Refer to the architectural view of system in section 3.1 (Figure 13), the whole system is 

divided into different components hence each component is developed separately using 

object-oriented approach using Python programming language as building technology. 

These individual components are then integrated for final implementation of system.                

Figure 25 shows the UML component diagram of the system. The most important                    

component is orchestrator which monitors and manages the states and duties of other 

components respectively side by side it facilitates the interaction between each                             

component. In the upcoming section the implementation, interaction with each other and 

working of each component will be explained. 

 

Figure 25. System's Component Diagram 

4.3.1    Human Machine Interface (HMI) 

This is the frontend component of system and developed frontend development tools like 

HTML, CSS and python within flask framework. For rendering the templates jinja2 is 

used as technology, which uses template inheritance and jinja advance API for dealing 
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formatting complex pythonic data structure like list of tuples, nested dictionaries etc.  on 

HTML pages without pondering too much in JS.  

The tasks performed by this component are listed below: 

1. Facilitates communication between customer and system. 

2. Accept order with variable quantity from user. 

3. Provides the status like under process or finished production lot along with indi-

vidual orders of a lot. 

4. User can subscribe or unsubscribe events of production line from UI. 

Figure 26 shows the main UI of system. User can easily navigate to different parts of UI 

through navigation links and subscribe or unsubscribe to events of FASTory Simulator. 

The “Order UI” see Figure 27, gives the freedom to user to put as many orders he wants 

according to his desire in a product mix form but for each order he must press “submit 

button”, so orchestrator mark it as a production lot with unique id. Also, user can add 

quantity for order by putting number into the input field of the order form. Once user 

presses the “start production” indicate that user have with placing the orders.                         

Furthermore, user can place orders even after production has been started, this placing 

does not harm rest of system as UI is hosted by an independent server. 

 

Figure 26. Human Machine Interface of Production Unit 
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Figure 27. Order Placing UI of Production Unit 

4.3.2 Service Orchestrator  

This component is very critical and big component in sense of development. This                     

component handles formatting of raw order data, initiation and control of workstation                 

servers of each workstation, performs update and query operations on database as per 

the request of other components.  

The development of this component is divided into subcomponents and each of these 

components are responsible for certain specific task. These subcomponents of service 

orchestrator are listed below: 
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1. HMI handling server 

2. Workstation server class 

3. Run app 

4. Order to pallet object mapping class 

5. Database 

HMI Handling Server 

This dedicated server only handles the HMI related tasks like storing and formatting raw 

orders, updating production lot and order status in database (DB) and DB queries                        

requested by user. 

Each time user pushes submit button on order UI after selecting the order specifications 

which directly stores into database without any modification as soon as user pushes start 

production button all the stored raw orders fetched from database and transform to a 

suitable python data structure. Figure 28 and Figure 29 shows server-side code fragment 

of handling raw order data entered by user, which is handled by server as flask wtf form, 

which is a key-value pair and DB view of stored production lot respectively. 

 

Figure 28. Handling and Insertion of Orders into DB 

 
Figure 29. DB view of stored Production Lot 

Once production starts, the stored production lot data will be fetched from database 

which is a list of tuples and not good for processing as tuples are immutable data                        

structure. For this work python list is chosen as data structure, each element of it is a list 
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of string and dictionaries whose keys are components of cell phone models and values 

are lists which holds the components specifications, for detail see Figure 30. 

 

Figure 30. Chosen Data Structure for Formatted Orders 

This formatting is necessary as mentioned above that fetched data from DB is a list of 

tuples and in python tuples are not mutable. To ease the data manipulation and                           

processing it is necessary, Figure 31 shows fetched production lot data from DB and its 

manipulated version according to the proposed data structure. For simplicity only one 

formatted one order from production lot is shown so reader can get a clear understanding 

why this transformation is necessary for a smooth processing operation. 

 

Figure 31. Fetched Raw Data from DB and its Formatted Version 

This server also updates the status of individual orders as well as production lot to                           

indicate the processed or under processed order and production lot. User can easily 

check the status of under process or processed production lot by just making a query 

request to HMI handling server which executes the DB query and provides the results of 

that query to user. This request is very simple to make, user just need to click the “Track 

production lot” link on the main UI of FASTory production Unit see Figure 26 and results 

of this query will be displayed on status UI see Figure 32. This is good for keeping record 

of mapped orders to pallet objects to update the correct order in the production lot as 

well as to facilitates the user status query from UI. 
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Figure 32. Query Result for Production Lot Status 

Similarly, user can check the status of individual orders on the status UI of individual order, see 
Figure 33. 

 

 
Figure 33. Query Results for Individual Order Status 

In Figure 33 the first column “Lot Alias” represents the orders which belong to order batch 

in production lot like “Order1” all lot alias belongs to order batch 1 in production Lot and 

all “Order2” all lot alias belongs to order batch 2 in production Lot and this pattern                        

continues for rest of the order batches in production lot. The second column “Order                              

Number” is just assigned serial number to the orders and third column “Order System 

ID” is the “RFID tag” value associated to pallet that is under processed on the FASTory 
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line. This value is read by RFID tag readers on the Z1 of each workstation. The next six 

columns i.e. from column 6 to column 9 represents the cell phone model specs with 

legends for their colours. Column 10 shows the status of the order i.e. processed or 

under processed with colour legend, green colour shows the completed order weather 

yellow colours shows the under processed orders.       

Workstation Server Class 

As mentioned in the description of experimental production line there are total twelve 

workstations and some of them are different from others also there is need for some 

communication among them and orchestrator, so they are built as python class to take 

care of the different capabilities and communication of all workstations. The capabilities 

of each workstations are realized as class attributes and functionality of each                            

workstations is realized as methods. The flask server capability is embedded in each 

workstation as method. Furthermore, accessors and mutator methods are also                              

implemented for manipulation of workstation server class attributes. Figure 34 shows the 

UML class diagram of workstation server class, this class is implemented by python 

script.  

 

Figure 34. Workstation Server Class 

Refer to workstation server class diagram, it has six attributes, five methods and                       

accessors and mutators. Each object of this class is a server which runs in a separate 

python thread using python’s multithreading module. The “workstationID” attribute is the 

label id of real cell on production line as this is unique id and for event subscription URL. 
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“Surl” attribute is self-URL of each instance of that class which is used for IP base                    

communication between workstations and FASTory line as there are twelve workstations 

and each of them has different port number which is assigned during object instantiation 

of that class and appended to Surl, hence each server is accessible by HTTP request to 

Surl see Figure 35. The next two attributes “busy and hasZone4” are Boolean. Former 

attribute tells weather WS is free or working and later tells the availability of Z4 in current 

WS. The “capabilities” attribute is a python list that holds the jobs that are performed by 

each WS. The method “creatAndRunApp()” implements the environments for flask 

server which is pretty much similar for all WS. The accessors and mutators performs the 

getting and setting the private attributes of class.  

 

Figure 35. Workstation Server Class Definition 

The other methods facilitate the operations like loading and unloading of papers at Z3 of 

WS1, loading and unloading of pallets at Z3 of WS7 and drawing process at Z3 of                        

remaining workstations. When robot of any of these workstations (2-6 and 8-12) is busy 

the busy attribute is set for that workstation and the coming pallet is bypassed that station 

via bypass conveyor. When drawing operations on a pallet completed it traverse to Z3 

of WS7, bypassing the other workstations where pallet unloading is done. 

Run app 

This is the main server of orchestrator. This server governs whole system. This server is 

responsible of instantiation of workstation server class objects with required attributes 

and workstations capabilities. During the object instantiation it runs the flask server                      

associated with each workstation object in an independent python script. Figure 36 
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shows python code fragment for object instantiation and running of each workstation 

server. 

 

Figure 36. Workstation Server class Object Instantiation  

This server takes care of some operation that occur once when system starts like event 

subscription of workstations and performing some task before production which are 

based on loaded production policy in orchestrator for example, in production policy 2 

colours and drawing recipes are assigned to each workstation just after starting their 

servers, see Figure 37 for code fragment of that action. 

 

Figure 37. Orchestrator Run Time Policy based Task Assignment 

Order to pallet object mapping class 

This is the simplest class in service orchestrator. This class just consist of one method, 

accessors, mutators and only twelve attributes. The only method here is “info ()” which 

is used to access pallet object information dynamically. Figure 38 shows the UML class 
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diagram for this class. The accessors and mutators used for getting and manipulating 

the private attributes of class.  

 

Figure 38. Order to Pallet Object Mapping Class 

Table 8 list the attributes and their short description.  

Table 8. Order to Pallet Object mapping Class Attributes 

Attribute Description Attribute Description 

PID Pallet ID Is_paper_loaded Status variable 

Order_Alias Key that links pallet ob-
ject to order 

Frame_done Status variable 

Frame_Specs Recipe number and                      
colour 

Scree_done Status variable 

Screen_Specs Recipe number and                
colour 

Keypad_done Status variable 

Keypad_Specs Recipe number and      
colour 

Is_order_completed Status variable 

Current_zone Holds value of current 
zone 

Next_zone Holds value of cur-
rent zone 
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Python code in Figure 39 is used for creating that class. The mapping of order to pallet 

object is done when a pallet is loaded on workstation 7. The status variables are used 

for keeping the track of operations performed on pallet. 

 

Figure 39. Order to pallet Object Class Definition 

Database 

MySQL DB is used for implementation of this component. This component is used to 

store the daily production Lot entered by user as well as pallets objects with production 

lot alias. The DB view of daily production Lot is shown in Figure 29. Also, this component 

facilitates the customer’s query about the status of production lot and individual order 

see Figure 32 and Figure 33 respectively in “HMI handling server”. Orchestrator updates 

the current state of production lot and under process pallet objects continuously, also 

user can see the status of these fields on UI by making a query request to orchestrator, 

based on the user request orchestrator make a DB query and display result on UI HTML 

page. See Figure 40 for UML sequence diagram of user, orchestrator and DB component 

interaction. 
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Figure 40. Sequence Diagram of User, Orchestrator and DB Interaction 

4.4 Production Policies 

The aim of this thesis work is to design and implement a production policy driven orches-

trator which balance the production line by optimizing the cycle time of workstation. The 

production line which is used as an experimentation facility for this thesis works is capa-

ble to perform different operations like loading and unloading of pallets, papers, changing 

of drawing pens and drawing different recipes of cell phone models,  Figure 21 shows 

the precedence diagram of operations with the time taken to complete each task. Author 

conduct a comprehensive study on the working of FASTory assembly line for gathering 

data to balance the line. The concluding points of this study is listed below: 

1. The paper loading operation is done by robot which takes certain time which 

cannot be reduce. 

2. Pallet movement on bypass and production conveyors is fixed and cannot be 

minimized. 

3. Loading and unloading of pallet is manual and depend on the efficiency of pallet 

loading operator which is not reducible. 
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4. There are two tasks performed by production robots, changing of pen colours 

and drawing of cell phone recipes. There is a possibility to reduce/minimize or 

optimize the job time by assignment of tasks though these operations need                         

certain time which is not reducible, but the task and cycle time optimization is 

achieved by assigning the combination of different task to these work cells. 

 Author developed three different production policies to optimize the average cycle time 

of working cell by assignment of different combination of jobs to production cells. The 

name of these production policies is listed below: 

1. Available Free workstation (Reference Policy)  

2. Fixed Colour Policy 

3. Fixed Drawing Recipe and Colour Policy 

For observation and obtaining results on cycle time and time taken to complete                             

production of certain cell phone model/order by each production policy, same cell phone 

model/order from daily production lot is used as test cell phone model/order for the above 

mention production policies. Table 9 shows the test case daily production lot. 

Table 9. Test Case Daily Production Lot 

Model Type/Order Number/Model Specs [Colour, 
Recipe] 

Number of Required Units 

Model 1 (Order 1) ([R, F1], [G, S1], [B, K1]) 50 

Model 2 (Order2) ([G, F2], [B, S2], [R, K2]) 30 

Model 3 (Order 3) ([G, F3], [G, S3], [G, K3]) 10 

Total 90 

As discussed at the start of this chapter FASTory line has twelve work cells (WC) and 

out of them ten work cells (WC2 to WC6 and WC8 to WC12) are used as production 

cells and out of remaining two cells WC1 is used for paper loading and unloading and 

WC7 is used for pallet loading and unloading. The chosen test, cell phone model/order 

for all production policies is Model1/ order1 and from Table 9 it can be seen that 50 units 

are required for that model. Table 10 shows the test case model and its detailed                           

specifications. 

 



57 
 
 

 

Table 10. Test Case Cell Phone Model and its Detailed Specifications 

Cell Phone Components to 
be Drawn 

Server-side corresponding 
Component Recopies 

Components Colours 

Frame Draw 1 Red 

Screen Draw 4 Green 

Keypad Draw 7 Blue 

Quantity 50 

Before discussing the proposed production policies and their effects on ALB, it is a good 

juncture to discuss some fundamental ALB parameters associated with assembly lines. 

Next section will discuss these parameters in context of selected test case cell phone 

model as ALB is based on the values of these parameters. 

ALB Parameters Associated with Test Case Model 

This section discusses some parameters and computation data that is necessary to                  

control and balance as assembly line. Some of the parameters are remains constant 

irrespective of assembly line type and under process order but other depends on them. 

These dependent parameters set the balancing constraints and provide information 

about line efficiency and workstation idle time. These parameters are comprehensively 

discussed in [1] and summarized below. 

1. Task Elements: These are tasks performed by assembly line and denoted by 

𝑵𝒆. 

2. Task Time: It is standard completion time associated with assembly line’s task 

element and denoted by 𝒕𝒆. It is used to calculate both required minimum                     

number of workstations to perform job and average job time of workstation. 

3. Shift Time: It is total work time for whole day and denoted by 𝑻. For use case 

its value is 110min. 

4. Production Schedule: Shows the order quantity and denoted by 𝑵. For use 

case its value is 50. It’s very important parameter because it’s used to measure 

the cycle time of line in unbalanced state. 

5.  Number of Workstations: It is denoted by 𝒏 and provides the least number of 

working cells required to finish assigned task. It is calculated by the equation 3.  

 
𝑴𝒊𝒏𝒊𝒎𝒖𝒎 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒘𝒐𝒓𝒌𝒔𝒕𝒂𝒕𝒊𝒐𝒏 𝒏 =  ∑ 𝒕𝒆 ∗ (

𝑵

𝑻
) (3) 
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1.  Cycle Time: Fixed time between two finished consecutive task and denoted 

by 𝒄. In a balanced line the active work time of any workstation must not be 

exceeded from cycle time. Cycle time is calculated by equation 4. 

 

2.  Average Workstation Time: Theoretical activation time for which each work 

cell during production. It is calculated by equation 5. 

 

3. Worker station Operator Time: Time assigned to a work cell based on the 

job distribution. It is denoted by 𝒄𝒊. 
 

 
4. Effective cycle Time: It is the maximum time for which workstation is active. 

It is denoted by 𝑪𝒆𝒇𝒇. 

 
5. Line Efficiency Ratio: Ratio of average workstation time to cycle time. It is 

denoted by 𝑬 and calculated by equation 7.  

 

6.  Idleness: A time value that shows the inactive period of work cell per unit 

product and denoted by 𝒅. It is used to calculate the line efficiency and                      

calculated by equation 8. 

 

 

Table 11 shows the timing details for the chosen test case production model and these 

values will be used to calculate the above-mentioned assembly line parameters and                   

Table 11. Work Elements and Task time of Test Case Production Model 

𝑾𝒐𝒓𝒌 𝒆𝒍𝒆𝒎𝒆𝒏𝒕𝒔 𝒕𝒆(𝒔) 𝒕𝒆(𝒎𝒊𝒏) 

Draw Frame 1 48 0.8 

Draw Screen 1 32 0.53 

Draw Keypad 1 53 0.87 

Paper Load 60 1 

 
𝑪𝒚𝒄𝒍𝒆 𝑻𝒊𝒎𝒆 𝒄 = ∑

𝑻

𝑵
 (4) 

 

𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐖𝐨𝐫𝐤𝐬𝐭𝐚𝐭𝐢𝐨𝐧 𝐓𝐢𝐦𝐞 𝒄𝒄 =
∑ 𝒕𝒆

𝒏
 (5) 

 
𝑪𝒆𝒇𝒇 = 𝐦𝐚𝐱 (𝒄𝟏, 𝒄𝟐, … 𝒄𝒏) (6) 

 
𝑳𝒊𝒏𝒆 𝑬𝒇𝒇𝒊𝒄𝒆𝒏𝒄𝒚 =  

𝒄𝒄

𝒄
 (7) 

 
𝑰𝒅𝒍𝒆𝒏𝒆𝒔𝒔 𝒅 =  (

𝒄 − 𝒄𝒄

𝒄
) (8) 
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Change pen to Red 40 0.67 

Change Pen to Green 39 0.65 

Change Pen to Blue 41 0.68 

∑ 𝒕𝒆 311 5.183 

 

Table 12 list the values of the above-mentioned parameters for test case cell phone 

production model. 

Table 12. ALB Parameters Values for Test Case Production Model 

ALB Parameters ALB Parameter Values 

Number of Orders 𝑵 50 

Shift Time 𝑻 110 min 

Work Element 𝑵𝒆 7 

Task Time t𝒆 5.183 min 

Minimum # of Workstation 𝒏 3 

Cycle Time 𝒄  2.2 min 

Avg Workstation Time 𝒄𝒄  1.29 min 

Line Efficiency  𝑬 58.63% 

Idle Time 𝒅 41.8% 

Now we have all the required information of ABL parameters to proceed with ALB                        

solution for an unbalanced line. The most important parameter values are 𝒄, 𝒕𝒆, 𝑬 𝒂𝒏𝒅 𝒅. 

Here 𝒕𝒆 is the finishing time of drawing a complete cell phone model. 

The remaining section of this chapter presents implementation of developed production 

policies, their balancing effects and results on FASTory line. 

4.4.1 Available Free workstation (Reference Policy) 

This is the novice production policy which does not balance assembly line. Orchestrator 

takes this policy and start production without any balancing task assignment. This                    

reference policy is good to measure the time taken by work cells to draw/assemble test 

case cell phone production model. These measurements are then compared with the 

values of theoretically calculated ALB parameters as well as to those values obtained by 
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the implementation of other two production policies to conclude the effect of these                     

policies on assembly line balancing and optimization of cycle time. 

In the reference production policy incoming pallet enters to the available free workstation 

which is nearer to paper loading workstation for drawing/assembling cell phone                         

components. Here pallet lefts the production zone when all the components are drawn 

on the same work cell. Figure 41 shows the precedence diagram of test model for the 

reference production policy. 

 

Figure 41. Precedence Diagram of Test Model for Reference Policy 

Figure 42 shows the sequence diagram of the assignment of model unit to available free 

workstations for reference policy. The assigned tasks are implemented as capabilities of 

workstation and it assigned to workstation at start up when orchestrators instantiate                    

objects of workstation server class. 

 

Figure 42. Sequence Diagram of Policy 1 Task Assignment 
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The capabilities are stored as list of lists, a python data structure. This data structure is 

used to make reconfigurable task assignment. For example, at a later stage a certain 

WC goes into maintenance or error state than user just updates the corresponding list 

element to that WC in capability list and this updated capability is translated to production 

line work cell by orchestrator runtime without any delay, see Figure 43 shows the                  

workstation capabilities for reference policy and python code snippet for assigning                     

reconfigurable capability at orchestration runtime. Left side of Figure 43 shows the                   

definition of defined workstation capabilities in reference policy. In Figure 43 on right side 

shows a helper function for creating workstation objects. The capability which is a python 

data structure i.e. a nested list of lists of strings for each WS passes as a sliced element 

to workstation class constructor as an its arguments for that workstation. 

 

Figure 43. Definition and Assignment of WS capabilities for Reference Policy 

Result of Reference Policy 

Sequence diagram of reference policy, see Figure 42 reveals that in this policy job                           

assignment is done to free available work cells from WC2-WC6 and WC8-WC12 in a 

sequence means that most of the orders completed by the workstations nearer to WC1. 

Also, once a pallet is entered to a work cell all components are drawn/assembled by the 

same cell so the operative time of a cell is almost three times than the calculated cycle 

time for the test order in addition to this the usage of the workstation is double the                        

required workstation to complete that order, see Table 12.  
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Table 13 lists time to process test order, workstations involved in processing of test order, 

number of tasks performed by each robot and robot operative time for policy 1.  

Table 13. Result of Reference Policy 

  

 

 

 

 

 

 

 

 

 

 

 

 

From the Table 13, it is clear that most of the orders are processed by WC2-WC4 than 

others and these WS do drawing tasks approximately 51.38min of whole daily shift time 

individually. Operative time of a work cell is same as time to complete to draw/assemble 

one order (5.138min). From “equation 6” the effective cycle time is the maximum of                

workstation operative time which in this case is 5.138min and is same for all WC so 

effective cycle time is 5.138min for policy 1. As a comparison of resultant values of ALB 

parameters obtained from policy 1 with the theoretical calculated ALB parameter values, 

see Table 12 which lists the values of the above-mentioned ALB parameters for test case 

cell phone production model . From Table 13 you can see the difference between desire 

and obtain values for example idle time for that policy is more or less double and                                 

efficiency is more or less half. 

To conclude this policy is not fruitful to process product mix as it has very low line              

efficiency and high idle and cycle time which usually delay the processing of production 

lot and does not meets the manufacturer and customer demands. 

Order quantity 50 

Time to Complete one order 5.138 min 

Average Time to process test order 44 min (with 6 WC) 

Effective cycle time 5.138 

Line Efficiency E 25.107% 

Idle Time d 74.893% 

Utilized Number of WC 6 

Jobs performed by WC2 10 

Jobs performed by WC3 10 

Jobs performed by WC4 10 

Jobs performed by WC5 8 

Jobs performed by WC6 7 

Jobs performed by WC8 5 
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4.4.2 Fixed Color Policy 

Before discussing second policy, first look at Figure 41 (precedence diagram of reference 

policy), there is a repetitive task which is pen change and known as tool changing task. 

The pen change job involves pick and place type operations, these operations are like 

tool changeover and increase the tool changeover time during production. These                        

operations are time consuming and slow down the drawing/assembling process                           

furthermore, pen change task unnecessarily increases the work element (N) hence the 

task time also increases so it is unnecessary to include them in work element. 

In policy 2 each workstation is assigned a specific colour out of available drawing colours 

(Red, Green and Blue) as FASTory line is capable to draw 729 different cell phone              

models based on the different combinations of RGB colours and 9 distinct components 

so fixing the colours do not harm the production of any product mix combination. In fixed 

colour policy orchestrator assigned a pen change task to the workstations server at                     

start-up phase hence robot of every workstation has assigned colour in its gripper before 

the start of production. Hence this task assignment does not include in calculating the 

ALB parameters for this policy. Figure 44 shows the sequence diagram of policy 2.  

 

Figure 44. Sequence Diagram of Policy 2 
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When production starts, order is placed on the pallet and pallet goes to the zone 1 of the 

WC and orchestrator check whether the workstation is capable to draw the component 

in specific colour or not. If it can than production starts otherwise it bypasses that station. 

This orchestrator decision making python code fragment is shown in Figure 45. 

 

Figure 45 Policy 2. Orchestrator Decision Making Code Fragment 

Based on the careful selection of data structure for order processing which ease the                               

orchestrator decision making, refer to Figure 30 (chosen data struct). The                                        

decision-making code fragment is just Boolean OR statement which is combination of 

pallet class and workstation class methods. These methods access the private attributes 

of these class and do comparison between order specification and work cell capability. 

Furthermore, colour fixing modifies the work elements (N) of the test case model which 

also modifies time to complete the drawing/assembling of cell phone components. Table 

14 shows the work elements and their completion time (𝒕𝒆) for proposed production                 

policy 2. 

Table 14. Work Elements and task Time for Policy 2 

Recipe te(s) te(min) 

F1 48 0.8 

S1 32 0.53 

K1 52 0.87 

Paper Load 59 0.98 

∑ 𝒕𝒆 191 3.183 

 

Colour fixation technique significantly reduces total task time as well as work elements 

from 7 to 4. Table 15 list the ALB parameter values for policy 2, these values are                       

calculated “equations 3-8” and task time values from Table 14. Figure 46 shows the 

precedence diagram of policy 2 work elements. 
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Table 15. ALB Parameter Values for Policy 2 

ALB Parameters Policy 2 ALB Parameter Values 

Number of Orders 𝑵 50 

Shift Time 𝑻 110 min 

Work Element 𝑵𝒆 4 

Task Time t𝒆 3.183 

Minimum # of Workstation 𝒏 3 

Cycle Time 𝒄  2.2min 

Avg Workstation Time 𝒄𝒄  0.795 

Line Efficiency  𝑬 36.171% 

Idle Time 𝒅 63.86% 

 

Figure 46. Policy 2 Precedence Diagram 

 Results of Policy 2 

In policy 2, orchestrator allocate jobs to nearest free work cell which is capable to perform 

drawing task i.e. colour of order component and workstation are same. In this policy each 

WC will perform only drawing task. During production most of the time each free                    

workstation draws only one component hence the workstation operative time does not 

exceed from cycle time. Table 16 list the task and operative time of workstations for 

policy 2 
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Table 16. Operative Time of Workstations 

Workstation ID Task Task time (te) min Operator time (ci) min 

1 Load Paper 1 1 

2 F1 0.8 0.8 

3 S1 0.53 0.53 

4 K1 0.87 0.87 

∑ 𝒄𝒊   2.2 

It is important to note that WS1 has specific task which is only done by itself hence it 

does not include in calculating effective cycle time 𝑪𝒆𝒇𝒇 and cumulative operative 

time ∑ 𝒄𝒊. From equation 6 the effective cycle time is: 

Table 17 list the results of policy 2. In policy 2 orchestrator just utilize one more                       

workstation in contrast to the policy 1, where 3 extra workstations were utilized. There is 

significant decline is noted in both cycle and effective cycle time. Policy 2 gives high line 

efficiency and less idle time “see Table 15”. 

To conclude, this policy is much better than policy 1 as it reduces tool changeover time 

by fixing the colours to workstations at orchestration run time as well as workload on                       

workstations, maximizes line efficiency and reduces workstation idle time, cycle and                 

effective cycle time,  but there is a short coming with this policy which depends on certain 

combination of under process production orders. This short coming will be explained in 

comparison section of policy 2 and policy 3.      

Table 17. Results from Policy 2 

Order quantity 50 

Time to Complete one order 3.138 min 

Average Time to process test order 40 min (with 4 WC) 

Effective cycle time 0.87 

Line Efficiency E 91.766% 

Idle Time d 8.620% 

Utilized Number of WC 3 

 𝑪𝒆𝒇𝒇 = 𝐦𝐚𝐱 (𝟎. 𝟖, 𝟎. 𝟓𝟑, 𝟎. 𝟖𝟕)  

 𝑪𝒆𝒇𝒇 = 𝟎. 𝟖𝟕 𝒎𝒊𝒏  
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Jobs performed by WC2 18 

Jobs performed by WC3 17 

Jobs performed by WC4 15 

4.4.3 Fixed Colour and Fixed Recipe Policy 

This policy is slight modification of policy 2. As name of the policy indicates that beside 

fixing the colours of workstations it also fixes the drawing recipes, see Table 18 for task 

assignment for policy 3. 

Table 18. Assignment of Fix Colors and Jobs to WS for Policy 3 

Workstation ID List of Assigned Tasks 

1 ['LoadpPaper','UnLoadPaper'] 

2 ['RED','Draw1','Draw2','Draw3'] 

3 ['GREEN','Draw4','Draw5','Draw6'] 

4 ['BLUE','Draw7','Draw8','Draw9'] 

5 ['GREEN','Draw1','Draw2','Draw3'] 

6 ['BLUE','Draw4','Draw5','Draw6'] 

7 ['LoadPallet','UnLoadPallet'] 

8 ['RED','Draw7','Draw8','Draw9'] 

9 ['BLUE','Draw1','Draw2','Draw3'] 

10 ['RED','Draw4','Draw5','Draw6'] 

11 ['GREEN','Draw7','Draw8','Draw9'] 

12 ['ERROR'] 

The assignment of task is done by orchestrator at run time during instantiation of                         

workstation server class objects. Task assignment is such that: 

1. All types of frames (Draw1, Draw2, Draw3) of Red colour are drawn by cell 2. 

2. All types of screens (Draw4, Draw5, Draw6) of Green colour are drawn by cell 

3. 

3. All types of keypads (Draw7, Draw8, Draw9) of Blue colour are drawn by cell 4. 

4. This pattern continues up till work cell 11 as listed in Table 18. 
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5. Author initializes the work cell 12 to “ERROR” so orchestrator knew about the 

current state of work cell and bypass that work cell during production. This is 

done purposely to show that workstations under maintenance or error state can 

be handled by orchestrator. 

The order specifications, workstation operative time, work element task time and                     

precedence diagram of work elements for policy 3 are same as of policy 2, “see Table 

14, Table 15, Table 16 and Table 17” for work element task time (𝒕𝒆), ALB parameter 

values, workstation operative time 𝒄𝒊 and results respectively. Figure 46 shows the                    

precedence diagram for policy 3. 

The working and obtained “ALB results of policy 3” are much like policy 2 so to avoid 

redundancy of result table and precedence diagram author did not put them again in 

document. There is only software level difference between policy 2 and policy 3 hence 

the code fragments related to job assignments and decision making are different. Figure 

47 and Figure 48 shows the sequence diagram and orchestrator decision making block 

for policy 3 respectively. 

 

Figure 47. Sequence Diagram of Policy 3 
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Figure 48. Orchestrator Decision Block for Policy 3 

4.4.4 A Close Comparison of Policy 3 and Policy 2 

As mentioned above both policy 3 and policy 2 have same effect on assembly line                      

balancing than 

1.  what is the advantage of policy 3 over policy 2?  

2. what is the point of fixing recipes? 

 The answer to both questions lies in the processing of certain combinations of colours 

and cell phone components of under process cell phone models. As FASTory line is 

capable to draw 729 different cell phone models based on the different combinations of 

RGB colours and 9 distinct components so for comparing these policies only one product 

model with such combination of colours and components is selected. Consider “Model 

3” from Table 9, the specifications for this model are list in Table 19. 

Table 19. Selected Model for Comparison of Policy 2 & Policy 3 

Cell Phone Components to 
be Drawn 

Server-side corresponding 
Component Recopies 

Components Colours 

Frame 3 Draw 3 Green 

Screen 3 Draw 6 Green 

Keypad 3 Draw 9 Green 

Quantity 10 

For policy 2 remember two things: 

1. Refer to Table 15 and Table 17 the cycle time and effective cycle time for this 

policy were 1.75 and 0.87 respectively. 

2. Only colours were fixed in policy 2. 

Now consider the under-discussion comparison model’s frame, screen and keypad                      

component’s specifications, drawing of all components done with same colour i.e. Green. 

Hence during production when pallet enters the production zone of the WS all                   
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components are drawn by same WS hence the cycle time constraint is not obeyed by 

that workstations because it took 3.183 min(190.98s), see Table 15, to complete all three 

tasks. The cycle time constraint states that the distribution of job is such that working 

time of any work cell must not be exceeded by cycle time but in current case the                    

workstation who processes that order will require additional time which is almost 93% 

extra time of allocated cycle time hence the demand of this extra amount of time will 

propagate to all workstations. Hence workstations will be overloaded and line will not 

balance anymore so these types of order combinations are not suitable to entertain with 

policy 2, just image if manufacturer has to produce 300 models of this combination, this 

situation will be a catastrophe for him and his resources. On the other hand, with policy 

3 the multi-tasking of workstations for these kinds of product combinations is avoided by 

fixing drawing recipes to workstations in addition of colour fixing.  

Now consider task  assignment for policy 3, see Table 18, it is clear that the each          

component of this order is handled by three workstations, see Table 20. 

Table 20. Handling of Comparison Model with Policy 3 

Cell Phone Components 
to be Drawn 

Components  
Colours 

Involved 
Work Cells 

Work Cell Operative Time 
(min) 

Frame 3 Green WC 5 0.767(46s) 

Screen 3 Green WC 3 0.467(28s) 

Keypad 3 Green WC11 0.633(38s) 

Look at right most column of Table 20 the workstations are active even less that effective 

cycle time (0.87min), “see Table 17”; for policy3. To conclude this policy is feasible to 

process any possible order combination out of 729 combinations. 

4.5 Comparison of Proposed Production Policies 

This section presents the results obtained by the proposed production policies and a 

comparison table. Also, it discusses how these policies are different from each other. 

Table 21 lists desire ALB parameter values for comparing the results obtained by                          

proposed production policies in this research work. These values are obtained by                     

equations 3 to 8. The shift time, test case cell phone model specifications (model 1) and 

order quantity are same for all policies due to analysis and comparison of proposed                     

production policies. Furthermore, for policy 2 and policy 3 comparison a different test 

case cell phone model is used from the same daily production schedule (model 3) as 

this comparison is not possible with model 1.  
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Table 21. Comparison of Results Obtained by Proposed Production Policies and 
Answers to Research Questions  

Selected ALB Parameters 
for Analysis 

Desire value of                      
Selected Parameters 

Values Obtained by Proposed Poli-
cies 

 Policy 1 Policy 2 Policy 3 

Shift Time 𝑻 110 min - - - 

Order Quantity𝑵 50 - - - 

Time to Process Produc-
tion Lot 

≤ 𝑇 On Avg 
44min 

On Avg 
40min 

On Avg 
40min 

Work Element𝑵𝒆 7 7 4 4 

Task Time ∑ 𝒕𝒆  5.183 (min) for Policy 1 
3.183 (min) for Policy 
2&3 

5.183 3.18 3.18 

Minimum Required Work-
stations 𝒏 

3 6 4 4 

Avg Workstation Time 𝒄𝒄 1.29 (min) 5.138 0.795 0.975 

Cycle Time 𝒄 (𝒎𝒊𝒏) 2.2 (min) 5.183 1.375 1.375 

Effect Cycle Time 𝑪𝒆𝒇𝒇 ≤Cycle Time 5.183 0.87 0.87 

Line Efficiency  𝑬 ≥90% 25.107% 91.766% 91.755% 

Idle Time 𝒅 ≤10% 74.893% 8.620% 8.620% 

Is Cycle Time Constrain 
Achieve? 

Answer to Research 
Question 

No Not for all 
order com-
binations 

Yes, for all 
order com-
binations 

Is Workload Distribute 
Equally? 

Answer to Research 
Question 

Yes May or may 
not 

Yes 

IS Feasible for Process Or-
der of all RGB and Compo-
nent Recipes? 

Answer to Research 
Question 

Yes No Yes 

Is Feasible to Process 
more than 100? 

Answer to Research 
Question 

No No Yes 

How Much Policy 2 and  
Policy 3 Resemble with  
Policy 1? 

Answer to Research 
Question 

N/A 50-100 % 0% 
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5. CONCLUSION 

The focus of this thesis work is to develop and implement a policy-driven orchestrator 

which accepts different daily production policies to process production lot by considering 

the MMAL cycle time and balancing and sequencing constraints. The orchestrator is               

developed with three different production policies which addresses MMAL issues related 

to optimizing cycle time of production line for available production stations. 

Firstly, in chapter 1 this document presents the motivation and goals behind the research 

work, definition of problem, conditions and limitations. While Chapter 2 provide theocrat-

ical background which discusses the manufacturing philosophies and production          

systems based on these philosophies. This chapter also discusses types of production 

lines and problems associated with them as well as technologies used to develop web             

applications. 

Chapter 3 presents methodology of the development of the policy-driven orchestrator, 

its architecture and its building components. Also, this chapter explain contribution,              

working and interaction of these components with each other. UML class and sequence          

diagrams are used to show the interaction and relationship of these components.      

Chapter 4 presents the working, implementation of the designed policy-based                    

orchestrator. The working and implementation are summarized below: 

1. The first proposed policy is “nearest free workstation” (reference policy), in 

which drawing operations are assigned to nearest free work cell to paper loading 

workstation in a sequential fashion. 

2. The second production policy is “fixed colour” policy in which each of the work-

station assigned a fixed colour out of available three (Red, Green and Blue) 

colours at orchestrator run time to achieve desire cycle time. In this policy cell 

phone components with specific colour are drawn at workstation which has 

same colour as cell phone component. 

3. The third production policy is “fixed colour and fixed drawing recipes” in which 

each of the workstation assigned a fixed colour out of available three (Red, 

Green and Blue) colours and available cell phone drawing recipes such that 

cycle time constrain is not violated, at orchestrator run time. For example, all 

frames of red colour are drawn by cell 2, all screens of green colour are drawn 

on cell 4 and so on. In this policy cell phone components are drawn at                        

workstations which have same specifications as of cell phone component.   
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Furthermore, the developed system provides a user interface where customer places 

daily production Order. In addition of order placement, customer can see the current 

status of finished or under processed orders batches in a lot as well as individual orders 

of an order batch and subscribes or unsubscribe to production line events. MySQL da-

tabase is used as storage for production lot. 

Finally, after implementation the developed production policies are tested on FASTory 

Simulator and FASTory line for a test case order received by user from order placement 

UI. After calculation and analysis of results obtained by these production policies, it                   

concludes that policy 3 is the best policy among the other two production policies.  

Furthermore, a close examination performed between policy 2 and policy 3 for order 

combinations in which all of two cell phone components are drawn with same colour as 

these order combinations transform a production policy to other which affect cycle time 

constraints. 

To conclude, the policy 3 is best to meet desire MMAL balancing and sequencing regard 

less of any order combination. 

5.1 Concluding Points of Production Policies 

Concluding point obtained from policy 1 analysis are listed below: 

1. Load distribution is equal among active workstations. 

2. Does not helps to achieve desire Cycle time as well as needs double resources 

than the available resources (work cells) for equal load distribution. 

3. Provide low line efficiency and high idle time. 

4. Not suit able for processing large amount of order. 

Concluding point obtained from policy 2 analysis are listed below: 

1. Achieve cycle time constrain for orders with certain combinations of RGB                         

colours and 9 different cell phone components. However, the effective cycle 

time is 0.87 (min) which is good and lies within the desire range, see Table 21. 

2. This approach processes all orders of test case model within available                         

resources. 

3. This policy transforms to policy 1 based on the combinations of the processing 

orders for example in an order if there are two components with same colour 

then its resemblance with policy 1 is 50% as these components are drawn by 

the same workstations. Similarly, if all the components are of same colour than 
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there is 100% similarity with policy 1. Hence for such combinations the cycle 

time constrain does not achievable. Also, in this situation idle time significantly 

increase and line efficiency drastically decreases. 

4. Not suitable for processing large quantity of orders as there is strong chance for 

overloading of workstations and line unbalancing. 

Policy 3 the best production policy among proposed production policies. The concluding 

point obtained from policy 3 analysis are listed below: 

1. Achieve cycle time constrain for any order combinations of RGB colours and 9 

different cell phone components. The effective cycle time is 0.87 (min) which is 

good and lies within the desire range, see Table 21. 

2. Like policy 2 this approach processes all orders of test case model within                 

available resources. 

3. Suitable for processing large quantity of any order combination due fixation of 

both colours and drawing recipes. 

4. Base on the fix assignment of colours and drawing recipes different order                

combinations processed on different work cells. For example, consider the daily 

production lot from Table 9. With policy 3 frames, screens and keypads in                

“model 1” will be drawn on “WS2, WS3 and WS4” respectively. For “model 2” 

frames, screens and keypads will be drawn on “WS5, WS6 and WS8”                  

respectively. Similarly, “model 3” components will be processed on “WS5, WS3 

and WS11”. Hence with this task assignment technique all orders in daily                    

production schedule will be processed on different workstations. Hence cycle 

time and an equal workload distribution maintained throughout the production. 

5. The good thing is that for any order combination of cell phone model’s                       

components and RGB colour, it does not transform to policy 1 which makes this 

policy suitable for processing any of 729 available drawing cell phone models 

on FASTory Line. 

For detail about involved active workstations and associated parameters to them under 

each policy please see Table 11, Table 12 and Table 13 for policy 1 and Table 14, Table 

15, Table 16 and Table 17 for policy 2 and policy 3. See Table 21 for comparison of 

proposed production policies. 



75 
 
 

 

5.2 Future Works 

In this thesis work a policy-driven orchestrator is designed and implemented for daily 

production planning of MMAL. The developed production polices are very simple and 

only address the type 2 of ALB balancing problem, see Figure 8 and task assignment is 

based on longest task time heuristic. The sequencing of production model is also very 

simple which is “first in first our” (FIFO). Furthermore, it provides a UI for order placement 

and uses database for storage and entertaining the user quires. 

Based on the above discussion there is a lot of future work which can be done to extend 

and improve the functionalities of this policy-driven orchestrator. The possible future 

works are listed below: 

1. Advance balancing and Sequencing Algorithms: Use modern approaches 

like tabu search, ant colony optimization and AI for assembly line balancing, 

sequence and optimization see Figure 9. 

2. Tailored Secure UI and AWS: As user can place order and interact with system 

through UI. In future works a validator system integrated to UI so only                 

authorized users can interact with system through web services, access device 

logs. The UI and local DB instance can be linked to AWS for remote access.        
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