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1. Introduction
1. Introduction
The Internet-of-Things (IoT) is a pervasive presence of a variety of things or objects (e.g., sensors, actuators, radioThe Internet-of-Things (IoT) is a pervasive presence of a variety of things or objects (e.g., sensors, actuators, radiofrequency identification (RFID) tags, mobile phones) that are connected to the Internet 11 . Despite originating from
frequency identification (RFID) tags, mobile phones) that are connected to the Internet . Despite originating from
rather simple RFID solutions, the IoT is currently rich in different types of objects as well as heterogeneous wired and
rather simple RFID solutions, the IoT is currently rich in different types of objects as well as heterogeneous wired and
wireless networks. At present, in the context of industrial IoT solutions, the term Industrial Internet is also quite often
wireless networks. At present, in the context of industrial IoT solutions, the term Industrial Internet is also quite often
used. The Industrial Internet is a broad term that describes sensor and communication technologies as well as the
used. The Industrial Internet is a broad term that describes sensor and communication technologies as well as the
data analysis methods used by industries and services. The Industrial Internet therefore encompasses the utilization
data analysis methods used by industries and services. The Industrial Internet therefore encompasses the utilization
of sensor and information networks in an industry to improve business productivity and to generate new business.
of sensor and information networks in an industry to improve business productivity and to generate new business.
Different predictions regarding the number of devices connected to the Internet and the huge business potential of the
Different predictions regarding the number of devices connected to the Internet and the huge business potential of the
Industrial Internet have been proposed, although in practice, only the first small wave has been observed thus far. An
Industrial Internet have been proposed, although in practice, only the first small wave has been observed thus far. An
important development in allowing numerous devices and things to have an Internet connection is a Wireless Sensor
important development in allowing numerous devices and things to have an Internet connection is a Wireless Sensor
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Networks (WSN). WSNs are now widely considered one of the most important technologies for the twenty-first
century 2 . Over recent years, WSNs and their applications have been a focus of both academia and industries all over
the world. Currently, WSNs are widely used in various applications areas, including but not limited to: industry 3,4,5,6 ;
road traffic control 7,8 ; agriculture and food chain 9,10,11,12,13,14 ; civil infrastructure monitoring 15,16,17 ; disaster detection
and alarm systems 18,19 ; home or office automation 20,21,22 ; and health care and medicine 23,24 . Each of these areas has
a specific environment and certain application requirements for WSN.
We have experimented of WSN based industrial IoT application developments and deployments in several projects
including the ongoing project called the Industrial Internet as a Business Enabler (IIBE). The aim of the project is to
strengthen the ability of companies to benefit from the Industrial Internet. While the IIBE project included several
demonstration case solutions of IoT technology, this paper focuses on analyzing the IoT solution for the quality control
in the warehouse storage of seed potatoes, i.e. in the agriculture and food chain sector. In the following sections, we
first discuss some of the previous research focused on the agriculture and food chain sector in Section 2. The actual
use case is briefly described in Section 3. The analysis of measurement is described and the results are discussed in
Section 4. Finally, Section 5 concludes the paper and summarizes the results.
2. Related work
In the content of IoT utilization, the agriculture and the food chain applications are sometimes categorized belonging to the same sector. That is only natural since there are many similar requirements as well as the agriculture
together with the food production and distribution can be thought to form a long, unified supply chain. Indeed, this
kind of product life-cycle classification was used by in the survey 9 where the WSN technology and their applications
were identified as major methodologies to improve productivity and process automation in:
•
•
•
•
•
•

farming: irrigation,
farming: monitoring,
farming: yield mapping,
farming: storage,
food: production,
food: delivery chain to customers.

The similarities of the most suitable IoT solutions are found e.g. between monitoring the optimal growth condition in
green houses to maximize crop yielding and storage conditions ensuring freshness and quality of food products.
The resent study 10 confirms the importance of concerned greenhouse monitoring and control as about 13% of
the great number of examples examined WSN applications considered growth condition monitoring showing the
opportunities for processing IoT data. Similarly, the greenhouses as the major applications of controlled environment
agriculture were raised in the demand for food chain quantity and quality requirements in the study by Tzounis et
al. 11 . They concluded an expectation that agricultural and food sector will be benefited by the IoT as it has already
been highly affected by the opportunities created via utilization of WSNs themselves.
Another classification was used by Wang et al. 12 who divided the agricultural and food sector applications were
divided into five groups:
•
•
•
•
•

environmental monitoring,
precision agriculture,
machine and process control,
facility automation,
traceability systems.

As an example of facility automation, they also presented and discussed some greenhouse controls systems, which
have similar features as our experimental demonstrations in the IIBE project.
A survey of Anisi et al. 13 concerned the state-of-the-art WSN approaches for monitoring farm fields as a part of
precision agriculture (PA). They showed that in PA, WSNs have been deployed to acquire micro-climatological data in
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farm fields including the temperature and humidity among other climatological parameters. The study also discussed
the notable WSN topologies of the star topology, the mesh topology, and the cluster tree-based topology.

3. Use case of the warehouse storage of seed potatoes
One of the agricultural application where WSN solutions add value is the monitoring of conditions during vegetable
storage. When storing vegetables, it is important that the optimum humidity and temperature values do not deviate
disproportionally because exceeding the limit values can lead to a deterioration in quality. Seed potatoes are of
particular importance; therefore, a WSN application for the remote monitoring of environmental conditions in an
industrial warehouse (8 x 30 x 5 meters) was utilized. The left part of Fig. 1 shows the architecture of the whole
solution, which consisted of four parts:
• A star topology WSN solution with 10 WSN nodes (nine temperature and humidity measurement nodes or End
Devices (ED) and a coordination node: Access Point (AP) for collecting measurement data from other nodes);
• A router that transmits measurement data received from a central node over the Internet to a server database;
• A server database where all measurement results are stored (at the main office);
• A remote Graphical User Interface (GUI) that allows the measurement results to be viewed on any computer or
mobile device that has an Internet connection.
The nine measurement WSN nodes that were equipped with the temperature and relative humidity sensors and 868
MHz radios from Atmel were placed in a potato warehouse (see Fig. 1 and Fig. 2) and reported data to the access
point within a period of 16 minutes. The AP was acting also as a central coordinating node of WSN, i.e. a simple star
topology was sufficient in the WSN part of the solution. All WSN nodes were given unique identification numbers
(the EDs had numbers between 52 and 136). The AP node was connected with USB-cable to a laptop computer acting
as a router to Internet. The laptop used WiFi to connect Internet. Every 25 minutes, all novel data received by AP
were stored in the database using an Internet connection (see Fig. 1). The database operated on a remote server located
in the main of the company. To allow access to the data from remote terminals, a special Java-based application was
developed. To support the assessment of the internal status and reliability of the WSN solution, the operating voltage
of each battery of the measuring node and the signal strength of the received radio packets (RSSI: received signal
strength indicator) were also stored in the database.
The radio communication within the WSN was implemented using the modification of a Bitcloud radio stack (a
Carrier Sense Multiple Access with Collision Avoidance [CSMA/CA] was used for media access). Between the
measurements, the WSN nodes utilized the low-power mode to conserve energy. The application was run for around
ten weeks before the batteries energy of the WSN nodes was exhausted (the nodes were supplied energy by 3 AA
Alkaline batteries). Over that time, each node reported over 5,000 original measurements to the access point (the

(a)

(b)

Fig. 1. WSN remote monitoring for storage conditions of seed potatoes: (a) architecture diagram; (b) installation of the demonstration application.
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Fig. 2. Placement of the WSN nodes at the storage warehouse

actual radio packets for each node were even more than 13,000, as the measurements had to be retransmitted one or
more times quite often).
4. Analysis of the measurement results
4.1. Time series of condition measurements
First, the time series of the storage condition measurements was considered. Fig. 3 represents the obtained data
during the tests for the four of nine installed sensors selected. As illustrated by Fig. 3, at the start of operation, the
difference between the temperature values, which was reported by various wireless sensor nodes, was quite large; at
different points in the warehouse, the temperature ranged from minus four to plus four degrees Celsius. It should
be noted that the tested warehouse had already been equipped with an automatic temperature control system that
was configured to maintain the temperature at around three degrees Celsius (the control system naturally included
the temperature sensor). Based on the measurements from the deployed WSN, during the first week, two additional
heaters were installed in the warehouse. This allowed for reducing the temperature variations in a later phase of the
measurement period (see Fig. 3). It should be noted that the warehouse where the WSN was deployed is used for
the long-term storage of temperature-sensitive goods and is usually not attended. Therefore, the environment in the
warehouse is not subject to frequent changes, and during WSN operation, the environment significantly changed only
once (during day 13) when some of the goods were removed from the warehouse. This condition change moment,
which was most clearly visible in the RSSI time series 6 , affected both the temperature and humidity behaviors and
the distributions.
4.2. Analysis of the distributions of the measurement results and the correlations between the measurement series
The time series presentation (Fig. 3) revealed significant differences between the conditions at different measurement locations, which were further analysed. Fig. 4 shows the cumulative distribution functions (CDF) for all the
measurement nodes. The systematic difference between the different measuring points indicates that the temperature inside the storage warehouse was not evenly distributed. Moreover, some nodes (112, 52, and 105) suffered
from a greater dispersion than other nodes. The dispersion was particularly high, resulting in unacceptable freezing
temperatures at nodes 105 and 112, before the installation of the extra heaters.
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(a)

(b)
Fig. 3. Time series of the selected nodes: (a) temperature measurements; (b) relative humidity measurements.

The differences between the distributions after the addition of the heaters were examined more closely. Fig. 5 illustrates the temperature histograms of each node compared with the probability density function of the corresponding
fitted normal distribution with a red line. The conditions changed on day 3 due to the removal of goods from the
warehouse, which caused another peak in the distribution of some nodes. Other interesting observations were found
via a further analysis of the measurement data by calculating the sample correlation coefficients:
n

− x)(yi − y)
,
n
2
2
i=1 (xi − x)
i=1 (yi − y)

r xy = n

i=1 (xi

(1)

where xi and yi are the measurement samples, x and y are the sample mean values, and n is the number of measurements. The analysis revealed that the correlation of the temperature or humidity measurements between different
sensors appeared to be unexpectedly low, as shown in Table 1. The average correlation coefficient of the temperature
measurements for two sensors over ten weeks was equal to 0.85 (the minimum sample correlation coefficient between
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(a)
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(b)
Fig. 4. (a) CDF of all temperature measurements; (b) CDF of temperature measurements after the insertion of extra heaters.

two sensors was just below 0.15). For the relative humidity, the average correlation coefficient was 0.81, and the
minimum was -0.06. The sample correlation coefficients calculated over shorter periods of time were even lower.

Fig. 5. Histograms of temperature measurements at the potato warehouse after the insertion of extra heaters.
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Table 1. Correlation of temperatures at different WSN nodes
Nodes
Node 52
Node 76
Node 105
Node 112
Node 115
Node 120
Node 122
Node 130
Node 136

Node 52

Node 76

Node 105

Node 112

Node 115

Node 120

Node 122

Node 130

Node 136

1.0000
0.8836
0.7975
0.3531
0.8593
0.9427
0.9010
0.5233
0.9330

0.8836
1.0000
0.8789
0.4775
0.8851
0.9636
0.8112
0.6972
0.9332

0.7975
0.8789
1.0000
0.1495
0.7075
0.8280
0.8330
0.4363
0.7996

0.3531
0.4775
0.1495
1.0000
0.6679
0.5046
0.1538
0.8006
0.5323

0.8593
0.8851
0.7075
0.6679
1.0000
0.9316
0.7727
0.7556
0.9422

0.9427
0.9636
0.8280
0.5046
0.9316
1.0000
0.8686
0.6474
0.9826

0.9010
0.8112
0.8330
0.1538
0.7727
0.8686
1.0000
0.2978
0.8652

0.5233
0.6972
0.4363
0.8006
0.7556
0.6474
0.2978
1.0000
0.6475

0.9330
0.9332
0.7996
0.5323
0.9422
0.9826
0.8652
0.6475
1.0000

5. Conclusion
WSNs are key enablers for various IoT solutions in different application domains. This study has confirmed the
applicability of IoT technology for the Industrial Internet area of farming and food chain solutions. In the food chain,
the maintenance of the desired temperature is crucial, and the IoT provides novel and reasonably priced solutions to
implement the required quality control. Although the IoT experiment lacked an actual integrated temperature control,
temperature monitoring revealed the need to increase the warming capability of the storage warehouse. The demonstration example of the storage warehouse revealed that there are temperature differences between the measurement
nodes and a relatively low correlation between points across the whole space, even for a rather stable environment.
This suggests that quality control with temperature and other condition monitoring requires multiple measurement
points at different locations to guarantee the desired behaviors for the entire volume. In the future, research will continue to focus on utilizing and demonstrating the possibilities of data analyses as part of the IIBE project as well as
for an IoT-based system of condition monitoring for greenhouses, including an active control system for temperature,
humidity, and lighting.
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