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Abstract 
 

The paper considers how the agile concept can be included in the User Driven Design framework. This design 
method combines requirements and constraints of users and stakeholders. The agile concept can be treated as one 
of the requirements, which should be considered differently by various users and stakeholders. The design process 
depends on the application fields and has to be implemented accordingly to their characteristics. 
The case study of this research is a monitoring and management system that enables an adaptation of the 
conventional dairy supply chain to the agile supply chain strategy. Due to the personalised needs of each milk 
supplier and daily variation of the milk production, the efficient dairy supply chain requires a real-time data needed 
for the adaptations to the changes. The system should accommodate not only the changes dependent on external 
environmental conditions, but also the changes caused by unpredictable internal circumstances. The proposed 
agile-based supply chain helps to maintain the high responsiveness and flexibility among the dairy plant, 
transportation provider and milk suppliers.  
An engineering solution evaluates the agile strategy. It includes hardware and software, which monitor and manage 
transportation as a part of the dairy supply chain. The solution has been implemented and tested at a medium-sized 
dairy company. 
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 INTRODUCTION 
 

Modern technologies, such as the Internet of Things (IoT) revolutionise all aspects of our life. They do 
improve not only the production, products and services but also enable new management concepts. One 
of the new management approaches is the agile concept. It defines that an organisation is agile if it has 
the capacity of rapid reconfiguration of its operation mode, e.g. production process, service delivery etc. 
to match dynamic changes in a value network (market environment) using real-time information 
gathered using available technologies and networks. The new approach may have a wide application 
field, especially in organisations consisting of many components and dependent on external and internal 
circumstances, for instance, the Dairy Supply Chain (DSC). 

In a conventional DSC, milk is handled by transportation providers according to the pre-defined 
schedule. However, this approach is insufficient because the milk production is a dynamic process, 
which depends on many factors, both random and deterministic. These factors influence all components 
of the DSC, but especially the transportation. Milk collection depends heavily on the farmer's ability to 
provide milk with appropriate quality parameters at the certain time. For instance, one may notice the 
biggest crossing range in milk temperature from the permitted standards in morning deliveries if the 
period between the morning cattle milking and the first transport is too short to cool the product to the 
right temperature. Furthermore, the milk production highly depends on weather conditions, the seasons 
and some unpredictable occurrences, such as animal diseases or a varying number of milk suppliers, 
which can occur, and influence the DSC. Then to increase the efficiency of the supply chain, the 
adaptation of the transportation process is needed, where the adaptive scheduling of transportation 
should be based on forecasting of the factors’ variation. The agile-based supply chain is a suitable 
solution, which could maintain the high responsiveness and flexibility between the dairy plants, 
transportation providers and milk suppliers. 

The typical decision-problem encountered in a transport domain concerns how to assign transportation 
assets to their tasks. In a case of DSC, such decision-problem can be found in designing the routes for 
milk haulers so that an assumed volume of raw milk will be collected from dairy cattle farms and 
delivered to a dairy plant in a socially, economically and ecologically reasonable way. To facilitate the 
execution of such planning, task dedicated Decision Support Systems (DSS) are used. 

The proposed monitoring and management system enables an implementation of the agile supply chain 
strategy to the conventional DSC. Due to the milk suppliers’ problem of achieving the correct milk 
quality parameters at a given moment of collection, the efficient DSC requires a prediction of changes 
and real-time adaptation to the variations. The system should accommodate not only the changes 
dependent on external environmental conditions but also the changes of internal, unpredictable 
circumstances such as temperature and quantity variations.  

The thesis proposes the system, which improves the DSC regarding agility and quality of the milk. It is 
done by implementing the User Driven Design (UDD) approach. The resulting engineering solution 
allows to monitor the milk quality and provides real-time data for DSC management. The technical 
solution includes the prototype of the IoT-based device. The hardware part of the prototype consists of 
a Raspberry Pi module, which is connected with the dairy hauler’s on board computer and 
complemented with a GPRS module. The software part of the system includes the programs operating 
on the prototype and data parsing on the server. The combined hardware and software are designed to 
monitor and manage the transportation as a part of the DSC. The solution is implemented and tested at 
a medium-sized dairy company in a northeast region of Poland. 

This report consists of eight chapters. The first one introduces the problem and thesis topic. Chapters 2 
and 3 include the survey of related work and thesis objectives along with main contributions 
respectively. The following chapter provides a theoretical background of the solution. Chapters 5, 6 and 
7 are consecutively dedicated to the system concept, implementation and system evaluation. The last 
chapter consists of conclusions and future works. 
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 SURVEY OF RELATED WORKS 
 

2.1 Supply Chain Management 
 

Over the past few decades, the traditional buying and logistics functions of the companies began to turn 
into a complex idea. This situation forced the companies at the beginning of the nineties to work towards 
a better collaboration and to stay contacted with their suppliers to streamline supply and purchasing 
management processes. As a result, the companies seeking to increase their competitiveness.  

In consequence of this, the approaches to physical distribution and the transport management have been 
combined into a holistic solution. The logistics management topic is of high interest and full of keywords 
such as strategic supplier alliances, supply base management, integrated purchasing strategy etc., which 
have been used to describe the various stages, solutions and concepts of a new idea called as Supply 
Chain Management (SCM) [1]. It is defined as the bond of production and supply, which encompasses 
the entire value chain and addresses materials and supply management from the extraction of raw 
materials to its end of useful life [2]. 

In [3], it is presented that there are four primary uses of SCM: 

• the internal supply chain that integrates business functions involved in the flow of materials and 
information from inbound to outbound ends of the business; 

• the management of dyadic or two-party relationships with immediate suppliers; 

• the management of a chain of businesses including suppliers, their sub-suppliers, customers and 
their customers, and so on; 

• the management of a network of interconnected businesses involved in the ultimate provision 
of product and service packages required by end customers.  

What is more, SCM includes three layers of integration, required for its proper work [4] [5]:  

• the supply chain network structure identification, which is a member of the supply chain and 
provides information flows between them; 

• supply chain business processes, which link together all supply chains members; 

• supply chain management components, which define and set the priority set to each member. 

 

2.2 Lean concept 
 

Since the 1950s, the most common strategy of manufacturers has been based on a cost reduction strategy, 
which is called lean concept. Both cost-effective and more productive in employee relationships have 
distinguished this approach from others. This methodology has been devised to produce the right amount 
of goods according to the changing demand on the market [6]. 

The method makes sense when the demand is pre-known, and we have the past data for planning future 
operations. What is more, the quantity and variety of the ordered goods are the most important here. 
Unfortunately, the concept is not designed for the nowadays dynamics of the operating environment and 
only includes some steady-state sets of conditions that cannot be modernised to avoid some 
unpredictable factors [7]. These changes can ruin good quarter, alter market-share permanently or in 
extreme cases expose to high losses. That is why this structure makes the lean concept less adaptable to 
SCM in modern companies [8]. 

The lean concept is a part of the SCM, and it is composed of certain principles and elements. The 
principles of the lean concept presented by Womack and Jones [9] are: 
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• the identification of value; 

• the elimination of waste; 

• the generation of flow (of value to the customer). 

It was shown that this philosophy, which is based on the simplest costs reduction, could be adapted to 
any business. For a few decades, the lean concept has offered performance improvements across the 
whole SCM solution [10]. The literature of the lean concept is full of amenities, but they all come down 
to the two qualities, which are: 

• increased supply chain speed; 

• reduced manufacturing costs. 

Unfortunately, over the time this method has encountered more obstacles, and other methodologies have 
been sought. Some of the biggest problems of the lean concept are:  

• market’s demand for a continuous production without a definite value of demand; 

• periodic changes in requirements for the final product; 

• constant maintenance of transport companies’ standby, which generated costs. 

These problems have become increasingly unavoidable, so specialists began to mention the new 
methodology of companies functioning [11]. 

 

2.3 Agile concept 
 

However, the recent advances in the areas of IoT, wireless communications, edge and cloud computing 
or different location technologies and algorithms create a technological backbone of a new approach. 
The advanced identification and sensing technologies provide more real-time information from the 
connected devices. It makes possible to reduce the labour cost and to simplify the business processes 
without compromising its efficiency [12] – [14]. 

Currently, the advanced IoT technologies are based on a real-time information flow and dynamic 
responses of logistics and manufacturing process participants [15], [16]. Due to this, many industries 
can benefit from introducing principles of the agility into the supply chain management. According to 
[17], the agility relies on market knowledge and assumes a virtual corporation approach to seize 
opportunities in a market characterised by volatility. The essential features of agile supply chain include:  

• a use of market knowledge – an end-customer focus; 

• a virtual corporation approach – an integrated supply chain where a flow of information, cash, 
goods, and other resources is not bounded; 

• lead time compression - a reduction of lead time through improved responsiveness of supply 
chain; 

• a rapid reconfiguration – an ability to quickly accommodate the changes in production or service 
delivery, due to observed variations in market environment; 

• robustness – an ability to withstand the unstable demand and other variations of surrounding 
nodes of the supply network. 

In a similar way as in [17], the agile supply chain is characterised in [18] by the following attributes:  

• market sensitiveness with the close connection to end-customers;  

• virtuality in the sense of information sharing beyond organizational boundaries;  

• network orientation allowing an exploitation of the strengths of other network participants;  
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• and process integration in terms of sharing inventory, planning, design, and other processes.  

Agarwal, Shankar and Tiwari [19] suggest fifteen factors that should be taken into account while 
designing an agile supply chain model. These are market sensitiveness, delivery speed, data accuracy, 
new product introduction, centralised and collaborative planning, process integration, use of IT tools, 
lead time reduction, service level improvement, cost minimization, customer satisfaction, quality 
improvement, minimizing uncertainty, trust development, minimizing resistance to change. 

 

2.4 Decision support system 
 

An exemplary Decision Support System (DSS), deployed in the dairy industry is presented in [20]. The 
discussed DSS relies on Geographic Information System (GIS) to support the route planning and 
optimization using dedicated algorithms. It also enables a connection with devices for autonomous data 
capture from GPS receivers, milk temperature sensors, telecommunication facilities, etc. The DSS 
enhances the dairy plant logistics operations using geographical data, e.g. a road network and suppliers’ 
locations; customers’ data of milk volume, quality, temperature, and collection time; route optimisation 
algorithms and clustering methods, i.e. algorithms used to assign farms to clusters serviced by a given 
logistics service provider. The captured data allow for a better allocation of transportation resources and 
more efficient route-planning based on historical data on the real-time parameters of raw milk. Such 
approach is characteristic to logistics operations, which are usually planned in a mid-term perspective 
[21].  

Based on the captured data, and using DSS, it is possible to implement basic lean management standards 
for a supply chain. The leanness of the supply chain, as explained in [17], covers a generation of value, 
the minimization of resources wasted, including labour time, and enables a level schedule. 

 

2.5 Connected vehicles 
 

The vehicle fleet management requires an introduction of appropriate control and monitoring systems 
for each vehicle. Today’s cars are equipped with different systems such as Advanced Driver-Assistance 
System (ADAS) and Intelligent Transport System (ITS) [22]. These types of devices and applications 
enable the car integration with the environment, infrastructure and road conditions. The mentioned 
systems are necessary tools, which the connected car must be fitted in [14]. The term connected vehicle 
is used in the context of car’s ability to communicate with another vehicle (vehicle-to-vehicle, V2V) or 
infrastructure (vehicle-to-infrastructure, V2I) within the vehicular ad-hoc network (VANET) [23].  

With the development of the IoT for automotive applications, the VANET is replaced by the Internet of 
Vehicles (IoV) [24]. The IoV, besides VANET sublayer, contains vehicle telematics, which provides 
information about car’s status. This amount of data requires a high computing power of an on-board 
system shortage. In [13], it is described how vehicular data cloud services are developed. The cloud 
server is proposed as an environment for the data aggregation and processing. Such solution allows an 
on-demand access to the data for other software, which requires vehicular data [16].  

Each vehicle equipped with an IoV technology needs a wireless access, which enables the connection 
with another vehicle or with the network. The technologies as WLAN, WiMAX, Cellular Wireless and 
satellite communication can provide such functionality [24], [25]. 
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2.6 IoT in transportation 
 

Another implementation of the IoT in the automotive bile area is assets’ condition monitoring during 
transporting. For this purpose, there are applicable various hardware and software concepts such as 
RFID, Arduino, GPRS, Raspberry Pi and much more. An appropriate user programmability could 
transform this into a complex solution, multiplying the effectiveness of programmers and users to 
implement it to different fields of industry [26].  

Many goods like food, medicines, oil or hazardous materials require a special means of transport. In 
[27], [28], the authors proposed a monitoring and control system of petrol and dangerous goods 
transportation. The trucks are equipped with sensors or RFID tag, which provide information about the 
status of the assets and trucks’ ID. These solutions use a gateway, which is responsible for sending 
collected data to the cloud server. The cellular network covers the communication layer. The data 
provided by the IoT based devices installed on trucks are processed by the software on the cloud server. 
A similar solution can be found in [29]–[31] where the RFID technology in combination with Arduino 
and GPRS modules creates a comprehensive solution for transporting pallets and containers. Each 
vehicle of the fleet is equipped with GPS receiver and GPRS transmitter. It provides the location of 
freight at any time. The depot stations distributed with RFID readers detect and identify the cargo entry 
or exit. All information about the products is transmitted through a wireless network to a local server. 
Such systems allow gathering information about transported goods and sending data to the cloud.  

As one can see from related articles, IoT in transportation is widely used because of its ability to identify 
and track an object in the supply chain in real-time, where the primary goal of the IoT is to ensure the 
collaboration between the supply chain users to streamline the flow of information and material goods.  
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 PROJECT METHODOLOGY 
 

3.1 Problem statement and project objectives 
 

From the review of related works, one can see a great opportunity to apply the agile strategy at a design 
stage of the Dairy Supply Chain (DSC). The review also shows that the User Driven Design (UDD) can 
be a suitable design method, due to its ability to accommodate a large diversity of users [32]. In most 
cases, the DSC planning is based on non-automated methods of gathering and processing the data during 
milk collection. The milk collection is used to be quantitatively optimized, based on the length of the 
route and the fill level of the dairy hauler, however, the milk quality is seldom considered. It is due to 
the lack of tools allowing monitoring the milk parameters during its collection. Even the cooling process 
needed to prepare milk for the transport and DSC is not concerned in the DSC planning. The poor 
cooperation between the DSC planners and milk suppliers makes the managing of the information flow 
and responding to random events difficult or even impossible. Furthermore, the systems recoding the 
quantity and temperature of milk delivered by suppliers are rarely automated neither sharing real-time 
information via mobile networks. 

The objective of this thesis is to design the IoT-based transportation monitoring and management 
system, which applies the agile strategy to improve the efficiency of DSC. The agile strategy aims in 
the enhancement of the DSC in terms of optimizing the transportation schedule based on the predictions 
of milk volume variation, reducing the response time to unexpected events and improving milk quality 
parameters by close cooperation with milk suppliers. 

The system modelled and implemented as a smart IoT-based system, including hardware and software, 
is designed using the UDD method. It is aimed to facilitate monitoring and managing of the 
transportation process, which is a part of the DSC. Past and real-time information about factors, which 
may influence the milk production and quality is used. The system acquires real-time data applying on-
board devices mounted on a fleet of milk haulers. Based on the data, the implemented algorithms 
anticipate seasonal environmental changes as well as random rare events and accommodate them into 
the adaptable system to improve its efficiency. 

To achieve the project’s objective, we stated the three hypotheses. We assumed that the current layers 
of the DSC management should include the additional real-time monitoring and managing IoT-based 
tools improving the information flow between the layers and optimizing the economic and qualitative 
measures of the DSC in term of the agile. Furthermore, introducing the IoT-based tools into the solutions 
used in the current systems aims to facilitate the data access and extension of monitoring parameters for 
each of layers. 

It was conjectured that the monitoring and managing IoT-based devices mounted on the dairy haulers 
enable the data aggregation and synchronisation with a cloud. This type of vehicle network eases an 
access to data that are used by each management layer of the DSC. The broad access to this data 
facilitates an implementation of the agile strategy. 

The proposed system should include hardware and software part. The hardware part should consits of 
microcontroller, which is connected to the hauler’s on-board computer, and the GPRS module with an 
antenna. The software part should support the gathering, processing, sending the data and maintaining 
the wireless access to the network when the dairy hauler works. 

3.2 Main contribution and division of work 
 

The literature review regarding the supply chain management, agile and lean concept, and DSS was 
prepared by Arkadiusz Lubowicki. While Radoslaw Ogielski completed the survey of related works 
concerning the connected cars and IoT.  

The theoretical background was described by Arkadiusz Lubowicki, who also dealt the UDD approach. 
Furthermore, he was responsible to outline the whole system concept. 
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Radoslaw Ogielski was responsible for the project implementation part. He prototyped the laboratory 
setup of the On-Board Unit (OBU) including connections of the Raspberry Pi with the additional sensors 
and GPRS module. He constructed the RS232 sniffer capturing the data from the dairy hauler’s 
computer. Mr Ogielski wrote also the software part of the prototype.  

While OBU prototyping, Arkadiusz Lubowicki designed and constructed its mechanical part, which 
included assembling of the prototype into the housing and then mounted on the dairy hauler. Radoslaw 
Ogielski did the electrical installation of the prototype on the dairy hauler.  

Data fusion algorithm at the OBU was developed by Arkadiusz Lubowicki, while Radoslaw Ogielski 
executed data analysis and system verification.  
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 DAIRY SUPPLY CHAIN ANALYSIS AND DESIGN 
 

4.1 Principles of Dairy Supply Chain 
 

A DSC is a network of milk suppliers, a dairy plant, and transportation companies. A key component of 
the DSC is the transportation sector, which carries out services between the milk suppliers and dairy 
plant. An example of a DSC structure is presented in Figure 1. During transportation, the milk is stored 
in a bulk milk-cooling tank since its temperature plays a crucial role in the quality assessment. The milk 
temperature affects the growth of bacteria and therefore the monitoring of the temperature is needed to 
ensure the quality maintenance [44]. 

The transportation companies provide services for the dairy company, using their fleets of milk haulers 
and drivers. Depending on the size of the dairy plant and the number of suppliers, there is a need for 
several transportation companies to realise the transport plans. Furthermore, the dairy plant can possess 
the own fleet of milk haulers, which carry out special transportation services and in the case of an 
unexpected event, they can back-up the regular transportation.  

It is common that from small and medium-scale suppliers, the milk is collected every second day. 
However, large-scale milk suppliers require daily pick-ups. Based on these principles, transportation 
schedules are formed and disseminated to shipping companies. The schedules strongly affect the 
transportation costs, which consist of the mileage rate and working time. Furthermore, the optimized 
schedule is the sustainable solution, which reduces economic, social and ecological costs. 

 

Figure 1. Dairy supply chain structure 
 

The DSC is characterised by a daily variation of the milk production, which depends both on random 
and predictable factors. The amount of milking of the farm’s cows depends on such factors as water 
quality, lactation and diseases of cattle, which affect individual suppliers. There are also factors, which 
affect many suppliers by influencing the quantity of collected milk in some region. These factors include 
weather conditions, such as temperature and air humidity, and seasonality. These factors have the 
biggest impact on the milk production. High temperature and high air humidity affect the cows’ thermal 
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regulation, which can lead to a reduction of milk production [33]. From available data, in a climate of 
Central Europe, an increment of the milk production can be observed in the growing season when most 
of the cattle graze on the pastures. The short-term and seasonal variations especially concern 
transportation. 

 

4.2  Agile Transportation Services in Dairy Supply Chain 
 

The clients, called service recipients in the Logistics Service Provider (LSP) network of transportation 
services in DSC, are suppliers and processing plants. The services provided by the LSP network cover 
a raw materials collection, goods distribution, or even internal logistics of warehousing or 
manufacturing. From the perspective of LSP, the changes in environment may include both the 
dynamically changing orders, e.g. delivery of certain volume of raw materials under certain quality 
constraints within a given period of time and the others variations like: changes in suppliers’ network 
concerning volume increase, temporary unavailability of provider, or variations in the material quality. 

In the light of specific features of an agile supply chain, as outlined in the previous sections, it can be 
defined that the transportation service provider is agile if it has a capacity of rapid reconfiguration of its 
mode of operations regarding how the transportation tasks are executed. The reconfiguration adapts to 
the dynamic changes in the network according to the real-time information from the network’s nodes 
using communication technologies, what is illustrated in Figure 2. The rapid reconfiguration of the 
transportation task plans or their execution may involve various forms of task rescheduling; the vehicle 
is rerouting to avoid traffic risk caused by road or weather conditions; adjustment of transport assets to 
address changes in supply volume; dispatching replacement vehicles in a case of a hauler breakdown or 
accident, etc. The flow of information from the suppliers and the processing plants to the transportation 
companies enables the latter to dynamically adjust how resources are collected from the suppliers and 
delivered to the processing plants. 

 

 
Figure 2. Information and services flow. The context of agile logistics service provider. 

 

4.3 Analysis of variation factors of milk production 
 

Apart from the external circumstances, which cannot be anticipated because they occur accidentally, 
there are factors which can be foreseen from the accessible data. Among these predictable factors, we 
can distinguish the long and short-term factors, and they can be identified from the historical data.  

The following heuristic analysis investigates the variation of milk production and is based on data 
aggregated from one dairy plant located in central Poland. The data cover a period from May 8, 2016, 
up to January 24, 2017, which is 262 days of corresponding 131 pickups (every second day) from each 
small-scale milk supplier. Although it does not cover the whole year, we believe it is sufficient to 
disclose some patterns. The collected data represent 30 different sized milk suppliers, which can be 
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classified depending on the farming size, i.e. cows’ population in small and medium-size along with 
large-scale suppliers. The characteristics of differently sized milk suppliers are different. From 
interviewed farmers, we know that in a case of small and mid-sized farms, it is common that between 
the middle of spring and the middle of autumn, the cattle are moved from the cowshed to the pasture to 
graze on the grasses. In the large-scale farms, cows usually stay in the cowshed for the whole year. 
A half of 30 analysed milk suppliers represents small- and mid-sized farms, on average milk production 
less than 800 l/two-days. The remaining 15 large-scale milk suppliers, each produces more than 
800 l/two-days. 

It was found that the main factors affecting the production are environmental ones. To see such 
correlation, the diagrams of the outdoor air temperature and milk volume flow variations can be 
compared, see Figure 3. The graphs show the normalised curve of average milk production by small-
scale farms (a) and large-scale producers (b). From the curves, one can identify the long-term seasonal 
component and the short-term component dependent on daily temperature changes. There are 
differences in seasonality between the two types of producers. The peak milk production of small-scale 
producers occurs around July, while the maximal production of large-scale farmers is observed in the 
winter time. Furthermore, it can be seen that a seasonal variation of large producers is smaller than of 
the small-scale farms. 

However, the daily changes in milk production are more crucial from the agile strategy approach. These 
changes are bigger for small-scale producers than for large-scale ones, especially in spring-summer 
period. To prove that these changes depend on air temperature variation, the correlation analysis can be 
applied, where the correlation coefficient ρ is a measure of linear dependence between a daily average 
air temperature in the region and the average collected amount of milk. For N observations, the Pearson 
correlation coefficient is defined as [34]: 

 

𝜌(𝐴, 𝐵) =
1

𝑁 − 1
∑ (

𝐴𝑖 − 𝜇𝐴
̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝜎𝐴
) (

𝐵𝑖 − 𝜇𝐵

𝜎𝐵
)

𝑁

𝑖=1

, (4.1) 

 

where μA and σA are the mean and standard deviation of the milk quantity, respectively, and μB and σB 
are the mean and standard deviation of the mean air temperature respectively. For N=131 representing 
the number of pickups, the correlation between the small and medium-scale milk suppliers and the 
average temperature is 47.6%, while for the large-scale milk suppliers it is 33.5%. The difference of 
14.1% is a measure of the disparity in sensitivity on environmental factors of various types of suppliers.  

 

  
(a) (b) 

Figure 3. The relationship between the amount of milk and mean ambient temperature  
(a) small and mid-size suppliers (b) large-scale milk suppliers. 
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The results of the presented analysis are implemented into the algorithms designed for an adaptive 
scheduling of the transportation services. The two components, long and short-term variations along 
with the farm size are the key factors of the schedule optimization. 

 

4.4 User Driven Design of Agile-Based Dairy Supply Chain  
 

The agile-based monitoring and management system for the DSC is to be developed using an approach 
of the specific user-centred design method, which intends to customize the system to meet the functional 
and non-functional requirements under the particular environmental constraints [35]. The designer lays 
out the solution concerning the potential receivers, in our case the dairy and transport companies along 
with the users, who can be either a milk supplier or a driver of a milk hauler. Therefore, the UDD 
includes the ease of use, ergonomics and reliability, the efficiency regarding simplicity and price, then 
also sustainability policies.  

The applied analysis of users’ desires and functional requirements of the dairy plant and transportation 
companies is presented in Table 1, where theoretical knowledge was used when creating requirements 
for the presented various potential beneficiaries of the solution. The exact needs have not been discussed 
previously with each of the subjects. It was due to the inability to interact with the users who would 
ultimately use the system. 

The dairy plant mainly concerns the cost reduction and data management-related functionalities, e.g. 
milk quality, data security, standardization, autonomous data storage, and evaluation of milk suppliers 
and monitoring of the supply chain. Standardization as one of the most important features is aimed to 
use the uniform patterns, e.g. the normalization in terms of software, used materials and subassemblies. 
This requirement allows maintaining the cost reduction, cooperation with devices from different 
manufacturers and above all, an ease of service for the used or broken parts of the device/system. Also, 
the aspect of collecting data are nevertheless important. An autonomous data storaging means an 
automatic, intelligent data collection using an ensuring secure transfer, which is highly demanded in 
industrial systems. In the context of the dairy market, the data are mainly referred to milk quality 
information. With the complete data, which is inaccessible to the competition, it is possible to create 
own database and evaluate the suppliers at different angles depending on the parameters gathered by the 
company. 

The functional requirements of the transportation companies, which provide services for the dairy plants, 
concern the real-time monitoring and tracking of all vehicles and accessibility to vehicle-related data. 
Tracking the fleet of cars under different conditions, such as the actual location at a given time, speed, 
stopping of vehicles, as well as control of vehicle wear and tear, are highly needed by the transport 
companies. It allows the superior layer (transport company) to fully control the collateral layer, which 
is the fleet of cars and drivers working for the company. Moreover, the proposed system could be used 
for maintenance and equipment usage optimization. Not only a simple control but also responsive to 
unexpected events. The transport process optimization, which consists of continual updating of carriage 
routes, upgrading of software and devices, automatic setting of shifts and reception points for drivers, is 
a major advantage characterising our system. 

The next entity or rather entities of the functional requirements are the dairy drivers and milk suppliers. 
The process of the milk collection takes place cyclically, every day. A collection schedule may create a 
problem related to the inability of the milk suppliers to prepare milk with appropriate temperature for 
collection. Therefore, the system should give the milk supplier opportunity to specify a collecting time 
window in which he can unsure certain parameters of the product. The system should also support the 
milk supplier with the ability to communicate with the tank driver or transportation manager, and the 
possibility to access to the statistics and collected data. Mobile applications, warnings and notifications 
between the driver and the milk supplier about delays and changes in milk reception time are innovative 
and required to streamline the process using our system. Furthermore, each stage of product processing 
such as production, transportation and storage, accordingly to the core rules of UDD, should be designed 
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with the participation of users, beginning with wide-ranging interviews in the early stages to end-user 
testing. 

 
Table 1. Functional requirements of the system from different perspectives 
 

Dairy company Transport 
company 

Users: milk supplier 
and driver Agile strategy 

Fu
nc

tio
na

l R
eq
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re

m
en

ts
 

• Standardization; 
• Autonomous data 
storage; 
• Secure data 
transfer; 
• Monitoring of 
supply chain (milk 
quality, tracking); 
• Milk supplier 
evaluation: 
• Facilitation of cost 
reduction. 

•  Wehicles 
tracking and 
monitoring; 
•  Accessibility to 
vehicle-related 
data; 
•  Fleet usage 
monitoring; 
•  Maintenance, 
optimization; 
•  Optimizing of 
equipment usage; 
•  Automated staff 
scheduling. 

•  Forewarning 
information about the 
pickup time;  
•  Access to information 
about received milk; 
•  Access to the data 
collected; 
•  Mobile apps; 
•  Communication with 
the driver using 
notifications and 
warnings. 

•  Access to information 
about current milk amount, 
temperature, humidity; 
•  Autonomy: 

-system customization 
based on the customer’s 
need; 
- data collection; 
- adaptation to the 
random events; 

•  Predictive-preventive 
maintenance; 
•  Failure warning to 
central unit and/or user; 
•  Pattern identification; 
•  Satisfy the customer. 

 

The concept of agility is the distinctive part of the UDD. It concerns essential features of each receiver 
of the system and describes the functional requirements for streamlining the entire process in the context 
of the dairy industry. The functional requirements summarise the characteristics of agile strategy, which 
are data accessibility, autonomy, prediction and identification of pattern or short time responsiveness, 
predictive maintenance, failure warning and customers’ satisfaction. Establishing an autonomous, 
predictable and responsive work environment is essential to create an Agile system designed and 
presented in Table 1. 

In addition to the functional requirements of each beneficent of the system, one also needs to specify 
the non-functional requirements that should be met, which are presented in Table 2. 

 
Table 2. Non-functional requirements of the system. 

 
Technical constraints Working environmental 

constraints Others 
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 •  Data mobile transfer 
•  Robust; 
•  High performance; 
•  Compatibility with different 
vehicle systems; 
•  Reliability. 

•  Protected from unauthorised 
use; 
•  Wide range of temperatures 
and humidity; 
•  Following the sustainability 
policies. 

• Fleet maintenance reduction; 
•  Reduction of CO2; 
•  Labour cost reduction; 
•  Seasonal fuel use reduction. 

 

Table 2 describing non-functional requirements, consists of technical, working environment and widely 
named other constraints. The data mobile transfer, which is necessary for communication among the 
various entities using the system, has to ensure the necessary condition for collecting and transmitting 
data in real time. Furthermore, the robust high performance and reliability of the device as demanded 
by most electronic devices of today, make the system efficient, modern and attractive to potential 
customer. System’s compatibility with other vehicle systems allows access to other data and facilitates 
the programming and installation of the device on different manufacturers vehicles. Furthermore, 
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weather, vibrations, humidity, temperature, and easy access are the factors that affect device during an 
everyday use. To avoid effects of these external factors, the system must meet the requirements of 
resistance from an unauthorised use and has be applicable in a wide range of temperature and humidity. 
Moreover, the system, has to be cost-effective. Due to the road optimization that the system implies, the 
system aims to reduce the amount of fuel consume and the labour working time, which affect the 
company's fixed costs. Moreover, the reduction of combustion fuel affects carbon dioxide emission, 
which is also mentioned in the non-functional requirements. 

The functional along with non-functional requirements constitute the system’s frame for the designer 
who lays out the solution with the respect to the customers. All presented concerns lead to the customised 
product to all users and stakeholders. 

 

4.5 Collecting Time Window 
 

One of the biggest problems in DSC is ensure that the collected milk meets standard requirements. The 
development and introduction of the Collecting Time Window (CTW) in DSC is important for the 
minimization of delays and unsuccessful milk collections. The transport companies start to collect milk 
every day from the early morning hours accordingly to a fix schedule. This often creates the problem 
since the supplier could not have enough time to cool milk to the required temperature (6-8℃). 
Moreover, the lack of CTW lead to the queue during the dump of the milk in the dairy. 

A vehicle routing and scheduling problem in which a set of milk suppliers is served by a number of 
haulers with known capacity is a problem in the dairy section. The demands for each customer is 
stochastic and needs to be served within a given time window. This can be solved by applying a CTW, 
which would adjust the time of a desired milk collection suitable for both supplier and transport 
company.  

The CTW concept is used for scheduling milk collections for haulers drivers in a heavily time-
constrained environment. It can be matched both with the cattle milking time and the dumping time, 
when the collected milk is given to the dairy.  
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 SYSTEM MODELLING 
 

This chapter is about the concept of the agile-based dairy supply chain management system. The 
previous chapters describe the ideas of UDD and agile management as well as provide examples of 
solutions and tools that meet the system requirements. Those requirements include a communication 
with milk suppliers, access to historical data, route planning and optimization, real-time data aggregation 
during transportation, communication with the cloud server. The proposed system can be divided into 
the several layers where each represents a different module.  

The following chapter describes the general structure of the whole system and information flow among 
layers. Then each part of the system is described in detail.  

 

5.1 General structure 
 

To implement the agile strategy into the DSC, the multilayer system is proposed. The main advantage 
of the system is its capability of sensing and gathering information about parameters of the product, 
working conditions and other functional requirements defined in UDD, see Chapter 4. The system can 
be simplified into the four-layer IoT reference model [36] with an additional time window layer (Figure 
4). The time window layer is an interface through which the farmer can set the specific time at which 
milk is ready to be collected. Depending on the supply chain characteristic, the system monitors not 
only parameters of vehicles and milk but also environmental conditions; then transmits the data from 
the deployed IoT devices to a central unit via the network. The data are processed according to specified 
functionalities.  

 

 
Figure 4. Modified IoT reference model of the agile-based DSC management system. 

 

The distributed devices installed on the dairy haulers constitute the physical layer of the IoT reference 
model. Acquired data are transmitted through the gateway devices, located on the haulers to the remote 
server. The remote server provides data to the management layer where it is processed and used to 
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schedule the optimized vehicle routes. The system architecture is presented on the diagram in Figure 4. 
Figure 4. 

5.2 On-Board Unit 
 

The technical part of the proposed system is based on On-Board Units (OBUs), which are mounted on 
haulers, see Figure 5. Each OBU collects the data from the vehicle’s sensors, which are located in the 
pump system of the dairy tank, and are used for the preliminary quality assessment of the received milk. 
The evaluation is based on milk temperature and its amount. Its primary goal is to prevent pumping of 
the milk exceeding a recommended temperature of the milk, which should be below 8C. For the better 
milk quality assessment, the OBU is also equipped with additional sensors providing auxiliary 
information about the vehicle and its environment, such as ambient temperature. 

The data from all sensors, transformed into a specified format, are combined into datasets at the Data 
Aggregation Unit (DAU). Additionally, all the data are saved on the independent local Data Storage, 
which can be a memory card, disk drive etc., to prevent an unexpected data loss associated with power, 
communication or system failures.  

 

 

Figure 5. On-Board Unit block diagram. 
 

The datasets gathered on the DAU are processed by the Data Fusion module, which filters out redundant 
data and integrates them into a consistent and useful representation. It combines relevant information 
from a few data sources to provide the non-redundant and accurate output. The filtered data are sent 
from OBU to the remote CU (Central Unit) through the Gateway, which transmits information in the 
form of data packets through the cloud. The communication is performed using a GPRS module 
applying a secure protocol. The cloud is the system’s global data storage, which accumulates processed 
information from all IoT nodes. The primary function of the cloud is assuring the data accessibility and 
availability, although protected from unauthorized access.  
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5.3 Central Unit 
 

The data transmitted by an active OBU, is received at the Central Unit (CU), see Figure 6, which 
performs the analytical and control operations. The CU represents the IoT management layer [36] where 
functionalities specified by a stakeholder are implemented.  

The online data received by the gateway are processed by the pattern recognition algorithm, which 
identifies hidden patterns. The algorithm correlates the historical and real-time information to forecast 
the milk productivity variations. Under a certain criterion provided by the users and based on the 
anticipated variation, the Optimization Algorithm yields the solution of the Vehicle Routing Problem 
(VRP) proposing the optimal routes for the transportation company.  

Through the online monitoring of the available parameters, the prediction and optimization algorithms 
perform rerouting in a case of new occurred or anticipated events. All statistics and route plans are sent 
to the Dairy and Transportation Company, while the data are stored in the Central Unit Storage to 
prevent the possible data loss.  

 

 

Figure 6. Central Unit Diagram. 
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 IMPLEMENTATION AND PROTOTYPE 
 

The following chapter presents the process of implementing and prototyping a system, whose concept 
was introduced in the previous section. The implementation covers the hardware and software part. The 
prototype was installed in a real work environment on a dairy hauler trucks.  

 

6.1 Dairy Hauler Working Environment 
 

Besides the functional requirements described in the previous chapter, the UDD approach also 
determines the non-functional ones. These needs come from the constraints resulting from the working 
environment. To identify and verify requirements it is necessary to analyse the construction and 
operation of the dairy hauler.  

The truck equipment is exposed to the atmospheric conditions, moisture and large vibrations generated 
by vehicle movement, road conditions and pump work. The dairy haulers usually operate in a rural area 
where the road conditions are poor. Those factors make the designed device to be resistant to the high 
humidity and vibrations.  

Another limitation of the device related to the dairy hauler working environment is the restricted access 
to the network. To maintain the functionality of the system, it demands the constant access to the 
network. Due to the ongoing movement of the vehicle and working in the rural area, satellite or cellular 
communications are considered.  

The dairy haulers market is very diverse. Different manufacturers use different solutions, which result 
in multitude version of the on-board computers. That implies problems with compatibility of the 
designed device with various types of communication standards used in the haulers’ computers.  

 

6.2 Prototype Setup 
 

The OBU as the main part of the system hardware/software is surrounded by users’ and other 
software/hardware components that interact with each other. The diagram presented in Figure 7 shows 
three system users, which are: 

• Admin – persons managing hardware and software. Their task is to identify and respond to the 
errors occurring when the system operates. 

• Hauler drivers - the persons using the system during daily work. The system is to facilitate their 
work, which is the milk collection. 

• Milk suppliers – persons ordering milk collection in an appropriate time window. The time 
window allows them to specify a time interval in which they need to prepare the milk for the 
reception at the appropriate temperature. 

The designed system consists of many components and sub-systems that provide information. Apart 
from the temperature and humidity sensors, there is the hauler computer (in this project ProWam PK4), 
which is a source of milk parameters data. The system has built-in management layer by which it can 
get data saved and processed (data fusion). 

The implementation of the designed system covers the physical layer of the IoT reference model 
presented in the previous chapter. The OBU prototype, which represents the IoT-based device installed 
in the dairy haulers, aggregates, processes and transfers measured parameters. The prototype has been 
developed using the computer platform Raspberry Pi 3 B+ (RPi), see Figure 8.  

The OBU is directly connected to the dairy hauler pump’s on-board computer, which is integrated with 
the sensors installed in the pump system. In this case study, there are two used types of pump on-board 
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computers: PK4 (Figure 9c) and Mak3002plus (Figure 9b). Each computer is connected to the bill 
thermal printer Epson TM-T88 via a serial port as illustrated in Figure 9a. To maintain the compatibility 
with different types of pump on-board computers, the RPi controls the communication between the 
computer and printer, using a serial interface. The RPi receives measurements data, i.e. milk temperature 
and pumped milk quantity from the dairy haulers pump on-board computer. It is done via a serial port 
sniffer (RS232/UART converter), which does not interfere with the computer–printer communication. 
The designed OBU also aggregates the time, date, ID of the milk suppliers and routes provided by the 
onboard computer. 

In addition to the data received from the pump on-board computer, supplementary environmental data 
about an ambient temperature are gathered using the DS18B20 1-wire digital temperature sensor. 

The aggregated data are transmitted using a gateway GPRS module (uGSM μ-shield enabling GSM and 
GPRS communication) with an external antenna and 3.7 V Li-pol battery of 250 mAh capacity. Due to 
high power consumption of the network connection, the GPRS module requires an additional source of 
power. The system stores the data on the RPi local memory card in a standardized form and sends them 
to the cloud server using GPRS module as a gateway.  

 

6.2.1 Serial Communication Sniffer 
 

As it was described in the previous section, the connection between the OBU prototype and the on-board 
computer is based on serial communication. The designed device can monitor data without interfering 
the existing system, which consists of the on-board computer connected to the thermal printer via serial 
port RS232 (Recommended Standard 232). It transmits data of the amount of collected milk, 
temperature, information about a milk supplier to the printer. All types of the on-board computers are 
connected to the printer EPSON series TM-T88.  

The use of the serial port sniffer is justified by the universality of the solution. The RPi-based device 
can be used in the systems of different types of on-board computer without a need of any modifications. 
For this project, the laboratory set is based on PK4 computer. In Figure 10a, a schema of the sniffer is 
presented, which shows the principles of the solution, while in Figure 10b, there is presented the real 
implementation of the sniffer used in laboratory setup of the prototype.  

To achieve the successful communication between the RPi and dairy hauler computer, there is a need to 
convert the serial port standards into UART standard. The RS232 standard is characterized by the 
voltage logic levels reaching ±25 V while the RPi, which is equipped with UART serial port applies a 
logic level voltage in range 0V to +3.3 V. This requires a converter of RS232 signals to TTL (Transistor-
Transistor Logic) standrard, which is compatible with UART interface. 

The suitable RS232/UART converter used in this solution is an integrated circuit MAX3232 [37]. In 
RS232, a logical low is represented by a positive voltage level from +3 to +25 V, while logical high is 
a negative voltage level from -3 to -25 V. The TTL signals are represented by a logical low – 0 V, which 
is GND (grounding) and logical high – Vcc (Integrated Circuit Power-Supply Pin), which is 3.3 V.  

The converter guarantees the compatibility of serial communication between different standards that 
make possible for the RPi-based prototype to read signals from a dairy hauler computer transceiver.  
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Figure 7. Context diagram of the system 
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Figure 8. Laboratory setup of the OBU prototype 
 

 

 
 

(a) (b) 

 

(c) 

Figure 9. (a) Thermal printer Epson TM-T88V (b) Pump computer Mak3002plus  
(c) Pump computer PK4 
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(a) (b) 

Figure 10. (a) Schema of the serial communication sniffer (b) Implemented sniffer 
 

6.2.2 External Sensors and Devices 
 

The prototype based on RPi is equipped with external devices and modules, which complement and 
extend its functionality. All modules used in the prototype use serial communication and 1-Wire 
interface. 

The serial interface in RPi is UART. RPi has several serial ports which can be accessed by the GPIO 
interface of by the USB. The GPIO serial interface is used by the GPRS module described in the next 
chapter.  

Apart of the information coming from the dairy hauler computer and sensors installed in truck pump 
system, the prototype gathers information from additional sensors, which are: the ambient temperature, 
inside box temperature and humidity sensors. They are used to monitor the environmental conditions to 
evaluate and identify any unforeseen restrictions and difficulties during work of the prototype. These 
additional sensors, which are the digital temperature sensor DS18B20 [40] and digital relative humidity 
and temperature sensor AM2301 [41], use 1-Wire interface. 

 

 

Figure 11. 1-Wire bus connection 
 

The 1-Wire is a serial interface [42], which uses one data line and GND line for communication. This 
technology applies the parasitic supply, which means that the power supply is provided by the data line. 
The 1-Wire bus enables to connect several devices parallel using only one data line, as shown in Figure 
11. This solution makes it possible to install many slave devices to the 1-Wire bus master, which is RPi, 
using only one pin in the GPIO interface. Either the Vdd can be connected as a separate power supply, or 
it can be used as a parasite supply. The communication on the 1-Wire bus is based on the timing 
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mechanism. During the initialization, the master sets a ‘0’ level on the bus with a specified duration 
time. After releasing the bus, the external pull-up resistor sets the ‘1’ level; the master expects the slave 
device presence pulse represented by the low state on the bus. After identification of at least one slave, 
the master is ready to receive the data. Each slave device connected to the 1-Wire bus has an unique 
address of 64-bits, which makes possible to identify each sensor connected to the master. 

One of slave devices is a digital temperature sensor DS18B20, which is shown in the Figure 12a. It is in 
waterproof housing because its main task is to measure the ambient temperature in the range from -55°C 
to +125°C.  

Besides the sensor, which measures ambient temperature, the prototype is equipped with the sensors 
measuring surrounding parameters. The AM2301 sensor’s (Figure 12b) task is to measure the humidity 
and temperature inside the housing. The purpose of this solution is to monitor the internal environment 
during work and evaluate if its parameters do not exceed the acceptable standards of work given by the 
manufacturer.  

The connection principles of the AM2301 sensor are the same as the DS18B20. However, the AM2301 
uses Aosong 1-Wire interface, which is incompatible with the Dallas/Maxim 1-Wire bus [41]. Due to 
this, the DS18B20 and AM2301 sensors have to use two separate buses. The Aosong 1-Wire bus has 
a form of 40-bit length data frame. First 16 bits are humidity data, another 16 bits – temperature data 
and 8 bits of check-sum. The data transmission starts when MCU of RPi sends a start signal, which 
changes AM2301 status from standby to running. After that, the humidity and temperature data are 
transmitted.  

The sensor AM2301 provides measurements of relative humidity with an accuracy of ±3% RH (relative 
humidity) at temperature in the range from -40°C to +80°C.  

 

 

 

 

(a) (b) 

Figure 12. (a) Digital temperature sensor DS18B20 in the waterproof housing (b) Digital humidity and 
temperature sensor AM2301 

 

6.2.3 GPRS Gateway 
 

One of important external devices, which the prototype is equipped with, is the GSM/GPRS module. 
The module is a necessary to establish the communication with the cloud server. All data are sent by the 
module right after they are collected. The GSM board used in this solution is c-uGSM v1.13 GSM/GPRS 
dual SIM shield designed by itbrainpower.net [43]. The GSM shield is equipped with the Quad-band 
GSM/GPRS module Quectel M95F that works at frequencies of 850/900/1800/1900 MHz. The board 
has an USB serial connector compatible with Raspberry Pi that enables the serial communication via 
USB interface. Besides this, it has inputs, which provide shield powering, serial and control interface. 
The GSM board is equipped with a Li-Po battery charger. The LiPol battery itself is used to provide the 
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additional and necessary power for connecting to the cellular network and maintaining it. To amplify 
the signal, there is a possibility to connect the additional antenna.  

 

6.2.4 Software part 
 

The general architecture of the proposed software system is presented in Figure 13. The core of the 
system, which is framed by a dashed line, consists of ten elements. Raspberry Pi with Linux 4.4.50 is 
designed to enable users to view, manage and edit data and codes. These tasks have to be done remotely 
or by connecting directly to the device. The language, which the device is programmed is Python. Scripts 
written in this language provide the possibility of aggregation and computation of collected data from 
other units. Furthermore, dedicated program allows files to be sent to the cloud for backing up, data 
security and easy access by users authorized to browse them.  

However, the system cannot operate without external containers/devices. The on-board computer of the 
hauler and the printer are a prerequisite for the implementation of our system. Our dairy computer is 
PK4 ProWam. It provides the pump control for milk collection and reads its basic parameters. Upon the 
collection, the computer sends the ASCI code to the printer to print the receipt for the milk supplier. 
With the sniffer, our system reads the data on the PK4-Printer connection and converts them into 
a virtual receipt. 

The software implemented on RPi is based on Raspbian, which is the Debian-based computer operating 
system developed for a Raspberry Pi platform. All applications are developed using Python 3.0. The 
software carries out the OBU functions, which are: data aggregation, storage, data fusion and gateway 
modules.  

Via a serial port, the data aggregation module aggregates the received raw data about external and inside 
the box temperature and humidity sensors, into a data files stored on the RPi’s memory. The developed 
software parses the raw data in a time order to facilitate an extraction of information about the milk 
quantity, milk supplier ID etc. The storage module saves data on an additional local RPi memory for 
a case of any failure related to transferring or processing the data. The Data Fusion module processes 
the data into the clear and concise file. Therefore, the standardized datasets, which consist of all 
information about milk parameters, milk supplier ID and ambient temperature for specified times are 
accessible. The gateway module transfers the dataset prepared by the Data Fused module to the database. 
All records are sent to the online server via SFTP and GPRS module. 

 

6.2.5 The Aggregation Module 
 

This part of the software is responsible for receiving data from all sources. The sources of information 
are the serial port and additional sensors. The aggregation module’s task is to open the serial port with 
specific parameters, maintains the connection and receives the data without neither failures nor data 
losses. It has to operate with the temperature and humidity sensors parallel, without interfering the serial 
communication.  

To receive the data from the serial interface, it is necessary to initiate the serial port with specific 
parameters. The RS232 defines the form of the data frame. The information is sent bit by bit, and each 
frame consists of a start bit, 6-8 data bits, a parity bit and 1, 1.5 or 2 stop bits. The crucial parameter of 
the serial communication is the transmission rate expressed as a baud rate. A baud rate is a number of 
signal state switches per second. The typical baud rate is 9600 bit/s, which means that the one bit is 
transmitted in 1/9600 s.  

Both transmitter and receiver must use the same standards. It means that the receiver port has to be 
configured according to the transmitter specification. The data frame and transmission rate have to be 
the same on both ends of the communication channel.  
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Figure 13. Container diagram 
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a) (b) 

Figure 14. (a) An ambient temperature reading in degrees Celsius. (b) Inside box temperature and humidity 
readings in degrees Celsius and % respectively 

 

The aggregation module consists of two separate threads responsible for the serial communication and 
sensor handlings. The threads are initialized during the start of the system. The serial interface thread 
stays in a standby mode and waits for transmission request. The temperature and humidity sensors 
threads work continuously and send the requests for sensor readings with a time rate of one request per 
5 minutes. The received data are saved in a separate text file. In Figure 14a, there is a file with the 
outside temperature readings.  

In Figure 14b, the file of temperature and humidity readings is presented. The principles of the operation 
are the same as described in the previous paragraph.  

 

6.2.6 Captured data 
 

This section shows the general form of the captured data. Figure 15a presents a paper receipt, which the 
farmer receives as a confirmation of milk collection. The receipt consists of information like a date and 
time, route ID, number of course, IDs of the car, driver, and milk supplier, a number of the tank chamber 
and finally the average temperature of collected milk and its amount.  

The receipt is printed in a place when the milk collection process ends. The on-board computer (PK4) 
reads the data and then forwards it onto the printer using serial communication. Using the RS232 sniffer, 
these data are captured by the OBU. Figure 15 shows the obtained digital receipt, in which the captured 
data are formed. 

 

6.2.7 Data Fusion Module 
 

The data fusion module is responsible for an unification of the received data in to a consistent and clear 
form. This module includes parsing and completing the data. Parsing the data means syntax analysis or 
syntactic analysis, which is the process of analysing a string of symbols, conforming to the rules of 
a formal grammar. 

We use these operations to extract individual parameters from a receipt to store them in a text file in 
a predetermined hierarchy or exclude certain data. Due to this, the final file consists of data from the 
milk collection at the turn of several hours, days or months, which it makes data easier to analyse. The 
process of parsing the data are described in the following section. 
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a) (b) 

Figure 15. (a) The receipt printed after milk collection. (b) The data captured during printing the receipt.  
 
The parsing process proceeds as follow:  

1. Open the file with receipt;  

2. Read line by line of the file and take out specific characters; 

3. Save distinct characters with names (marked with red ellipses in Figure 16) to a file;  

4. Read the outdoor temperature and save it to an another file;  

5. Save gathered information as a ready file to the folder in which the final files are saved. 

After reading the receipt and writing its data to the final file, another python script is called. It scans the 
specific data and examines line by line the specific character strings and writes them into a single line 
of the file, which is created. At the end of each line, the outside temperature is added. The ready file is 
presented in Figure 16a. 

 

 

Figure 16. Collected data in the ordered form.  

6.2.8 Logger 
 

To keep the record of the prototype functioning, the logger is implemented. It allows following all 
events, which occurred during testing and validation of the prototype. The logger consists of information 
about date and time when each part of the program took place. Figure 17 shows the example content of 
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the logger file. It can be seen that each step of the program is executed. For example, the MainThread, 
which is responsible for turning on the GSM module and setting up the serial communication, is 
presented in the logger. There are three different threads, which are running at the same time (the time 
of log from MainThread, GPRSThread and TempOutThread are the same). The logger file is sent to 
a server with the data. The user of the OBU can track the way of working of the program and check if 
any failures occurred during the operation of the device.  

 

 

6.3 Prototype 
 

The described laboratory set had to be adapted to the operating prototype in work environment. To meet 
the requirements, the prototype needed to be powered by the dairy hauler power supply bus and 
protected from the weather and environmental conditions like vibrations. This chapter describes the final 
setup of the prototype. 

 

6.3.1 Construction of the OBU 
 

The OBU prototype wiring diagram is presented in Figure 18. To connect all modules and components, 
we have designed the unique mounting structure made of plexiglass, which is characterized by highly 
resistant to temperature (from -30°C to +80°C), no electrical conductivity, and easy to treat. The specific 
container presented in Figure 19a satisfies an IP67 standard. It provides total immunity to moisture and 
dust from the outside, which is a necessity for working in the external environment of the dairy hauler. 

The Figure 19b presents the prototype implementation in the work environment. Modular and computer 
connections are secured with hot glue and clamp bands to prevent connections and contacts from 
slipping out during the hauler road, resulting in vibration. To lead out the wires from the housing while 
maintaining its robustness, cable gland of 25 mm diameter is used. 

Furthermore, the signalling diodes placed on the walls of the housing are mounted to indicate specific 
activities: 

• Red LED – device is working, 

• Yellow LED - sending data to the server. 

 
  

 

Figure 17. Logger file with different importance levels.  



 

40 
 

 
 

Figure 18. The RPi GPIO wiring diagram 
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(a) (b) 

Figure 19. (a) The prototype housing. (b) The prototype view inside the housing 
 

6.3.2 Realisation of Prototype 
 

The OBU assembly on the dairy hauler was the final phase of the project implementation. It was possible 
thanks to Mlekovita, the dairy which is located in the eastern Poland. The company provided their dairy 
hauler to install our system prototype. The main features that had to be conserned during the OBU 
installation were:  

• Do not impede the driver; 

• Ease of access; 

• Visibility of the LEDs; 

• Minimizing vibrations; 

• Fits into the rest of the subassemblies. 

The OBU was mounted on the control cab of the milking pump system. The holes were made in the 
designed stainless housing of the hauler control chamber. Then, the two 45 mm wide angle brackets 
attached directly to the OBU housing and the large diameter screws, have been bonded together these 
two elements. The permanent fixation has ensured that the vibrations of the device has been minimized. 
Cables out of the OBU were secured with cushions and then attached to the wall of the cassette. The 
location of the OBU (Figure 20) provides an easy access to it and allows visibility the diodes that indicate 
the work of the device. Also, the design makes it possible to disassemble the OBU itself without 
interfering with other components in the cab. 
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Figure 20. The OBU prototype (in the red circle) installed inside the dairy hauler equipment 
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 SYSTEM EVALUATION AND VERIFICATION 
 

The OBU prototype has been installed and tested in the work environment in a dairy plant in eastern 
Poland for 30 days. Every day it provided about 35 reports of milk collections. 

The milk collection proceeded as follow: the dairy hauler had two planned routes of about 16 milk 
suppliers each. The first routes started at about 6 a.m. and ended about three hours later with the delivery 
of the raw milk to the dairy plant. The second route took place between 10 a.m. and 2 p.m. 

 

7.1 Evaluation of information acquired by the system 
 

The tested device was installed in the dairy hauler, which duty involved collecting milk from milk 
suppliers distributed over a wide rural area. Each day, the vehicle visited about 30 milk suppliers during 
its two planned runs. All captured data during the itineraries were sent to the cloud server in the form of 
digital receipts. After 30 days of work, the device provided data of about 98 different suppliers and 870 
milk collections providing 876 thousand litres of milk as shown in Table 3. Each set of data included 
the amount of milk and its temperature, which is crucial in milk should not exceed 8°C.  
Table 3. The test summary of the prototype device 

Number of 
vehicles Days of work Number of 

suppliers 
Number of milk 

collections 
Amount of 

collected milk 

1 30 89 870 876 000 𝑙 

 

The data obtained from the tests were divided into two categories: collections of morning and afternoon 
routes. The amount of milk gathered in 30 days during morning routes is about 460 thousand litres and 
during afternoon routes are about 416 thousand litres. The results presented in Table 4 shows that the 
only exceedance of the milk temperature from the limit value can be observed in the morning milk 
collections and 22% of all morning collections did not fulfilled the temperature demands.  
Table 4. The summary of the data collected by OBU prototype. 

 Morning route Afternoon route 

Amount of collected milk 467 × 103 l 410 × 103 l 

Amount of collected milk with temperature out of 
recommended range 105 × 103 l 0 l 

Percentage of collected milk with temperature out of 
recommended range 22% 0% 

 
For the further analysis, only the data from the morning routes are considered. To have a better 
understanding of the causes of exceeding the recommended milk temperature, the distribution of milk 
temperature is presented in Figure 21. The Figure 21a represents the distribution of the amount of milk 
in different interval of the abnormal temperature. As one can see, the most common interval the 
abnormal temperature is the temperature close to the recommended limit. This graph shows that it could 
happen that the temperature double exceeded the temperature limit. 
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(a) 

 

 
(b) 

 
Figure 21. (a) Distribution of the amount of milk in different interval of the abnormal temperature  

(b) Distribution of amount of milk of the abnormal temperature in time-slots when milk is collected. 
 

The Figure 21b shows distribution of amount of milk of the abnormal temperature in time-slots when 
milk is collected from the supplier. The appearance of the temperature higher than 8°C is most common 
between 7:00 and 7:30 am. Moreover, the data show that later collections, after 8:30 a.m., did not 
encounter temperature problem. 

It is likely that a cause of higher milk temperature is the time of cattle milking just before the product is 
collected. The cooling time was too short to reach the appropriate temperature before the first dairy 
reception. The milking time and necessarily cooling time could be included into agile schedule easily to 
avoid the problem.  

The described problem is not a marginal and according to the data illustrated in Figure 22, 40% of the 
milk suppliers within a test period at least once provided milk with a higher temperature than 
recommended. Among that 40 % of the milk suppliers, there are farmers who provide 1500 litres per 
day and some who provide 200 litres every second day. There is no correlation between the delivering 
milk of abnormal temperature and a size of the dairy farm. The common part for every milk supplier 
who provided raw milk with the higher temperature than recommended is that when they had no problem 
with milk cooling during afternoon routes.  

The presented results indicated the existing problem. The data show that the temperature of milk out of 
acceptable range depends highly on collection time. It excluded that the high temperature could be 
caused by faulty cooling equipment, deliberate action of the farmer or providing spoiled milk. The most 
likely conclusion based on the data analysis is that all failures in milk collection are caused by the wrong 
planning, what can be resolved by developing a close cooperation of the dairy company and milk 
suppliers. 

In this section, it is shown that the OBU prototype is a reliable tool, which can collect data about milk 
parameters during work of the dairy hauler. The analysis of the data gathered by the OBU shows that 
there are numbers of shortcomings during milk transportation, which can cause the decrease of raw milk 
quality, which leads to the bad quality of dairy products. The OBU as a part of the monitoring and 
management system of the raw milk transportation can significantly contribute to the enhancement of 
the milk quality, 
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Figure 22. The percentage distribution of the occurrence the abnormal temperature during morning routes in 
term of milk suppliers and milk collection over 30 days.  

 

7.1.1 Sensors Validation 
 

The OBU prototype was equipped with additional sensors, which were collecting the data about 
environmental parameters. Sensors were described in Chapter 6.2.2. The purpose of the external 
temperature sensors was to define if there are dependencies between external temperature and inside-
box parameters.  

The readings from inside-box sensors are part of the logger content, which helped to verify if the 
protection of the OBU prototype was enough to ensure the optimal work parameters of the device. 
During 30 test days, the results were in an acceptable range. The environment in which the OBU 
prototype was working was not hazardous for the functioning of the device. The external temperature 
sensor helped in verification the inside-box parameters.  

Readings from the sensor from two example days are presented in Figure 23a and Figure 23b. As one 
can see, there is the correlation between the humidity and temperatures. The humidity drops as the 
temperature increases. The inside-box temperature is several degrees higher than the outside one. The 
temperature measurement uncertainty was ± 2°C. In the readings, there are also several null values, 
which can be caused by the temporary malfunction of the sensor. However, these errors occurred few 
and far between.  
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(a) 

 

(b) 

Figure 23. Temperature and humidity sensor readings from the day (a) 28.05.2017 and (b) 01.06.2017 
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 CONCLUSIONS AND FUTURE WORKS 
 

8.1 Conclusions 
 

The objective of this thesis was to propose the system which can improve the conventional DSC in terms 
of transportation efficiency and milk quality. The design was done by applying the UDD approach, 
which ensured that the customized system’s functional and non-functional requirements met the defined 
environmental constraints.  

To apply the agile approach to the DSC, the IoT-based monitoring and management system was included 
in the design process. The system fulfils the requirements of real-time data collection about milk and 
transportation environment parameters from the dairy hauler.  

The prototype of the On-Board Unit was constructed and installed in the dairy hauler. The control device 
based on a Raspberry Pi 3 was connected to the dairy hauler on-board computer and GPRS module. The 
device parses the data obtained from the milk collection receipts and sends them to the cloud server.  

The device has been tested in real environment and provided data from 30-day work. From the analysis 
of gathered data, it can be observed that the milk collected in the morning is more vulnerable to the 
quality degradation due to the high temperature. It is caused by the insufficient cooling time of milk 
between milking and collecting by the dairy hauler. 

The improvement of the milk quality during transportation can be achieved by setting the schedules of 
milk collection with close cooperation with the milk supplier. For this purpose the time window was 
introduced as a tool, which helps the dairy plant to interactively cooperate with the milk suppliers. The 
setting of the time window when the supplier is ready to provide chilled milk brings several advantages, 
such as: 

• Improving the quality of received milk; 
• Prevent delays of milk collections; 
• Farmer's comfort in determining the time of milking and milk collection. 

The overall users’ satisfaction can be measured by an increasing number of the installed systems. The 
users see the great improvement in milk quality, which is gathered by the diary. 

8.2 Future Work 
 

As a future work, the introduced IoT-based monitoring and management system can provide a large 
amount of data over the years. It would allow to build the big database of each milk supplier.  

In future version of the system, each milk supplier should have access to the collected data. It can be 
used to plan the developing of a dairy farm. The historical data can also help in planning and predictions 
of milk amount based on seasonal deviations, which are personalised for each milk supplier. 

Furthermore, using the database, the management part of the system would anticipate the proper time 
window for both milk supplier and a dairy hauler driver s. 

The proposed system can be improved by adding further functionalities to make possible a closer 
cooperation of the dairy plant with the milk supplier should. Each dairy plant can be furnished in IoT 
devices, which would monitor and provide to the cloud server the temperature of milk just after milking. 
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