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Abstract: The Internet of Things (IoT) is widely applied in agriculture and industry. This article proposes a 3-dimensional
temperature monitoring model for cold storage, enhancing the ability to observe and detect abnormal temperature changes
within the storage. Using real-time temperature acquisition and applying trilinear interpolation techniques, this model
determines temperatures at all locations in the storage. It accepts temperature values and sensor locations, appropriately
segmenting the cold storage space to apply trilinear interpolation and determine the temperature value at every location
in the storage. The model was tested based on different number of sensors and different sensor locations. Based on that,
we provide an optimal solution for the number of sensors needed for cold storage.
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Internet van vat (IoT) dugc tGng dung rong rai trong nong nghiép va cong nghiép. Bai bdo nay d& xuit mot mo hinh

gidm sat nhiét do ba chiéu cho kho lanh, ting cudng kha ning quan sit va phat hién nhiing thay d6i nhiét do bt
thudng trong kho. St dung viéc thu thap nhiét do theo thdi gian thuc va ap dung cic k§ thuat ndi suy tam tuyén, mo
hinh nay x4c dinh nhiét do tai tit ci cic vi tri trong kho. N6 chip nhéin céc gid tri nhiét do va vi tri cam bién, phan
doan khong gian kho lanh mot céch thich hop d€ 4p dung ndi suy ba tuyén tinh va xdc dinh gid tri nhiét do tai moi vi
tri trong kho. Mo hinh da dugc thi nghiém dua trén sb lugng cam bién khic nhau va cic vi tri cdm bién khac nhau.

Tiéu dé:  Giam sat nhiét do kho lanh biing phuong phép néi suy ba chiéu
Tém tat:

Dua trén d6, ching t6i cung cAp mot gidi phap tdi wu cho sb lugng cam bién cin thiét cho kho lanh.
Tir khoa:  lot, cold storage, temperature, trilinear interpolation, monitor.

I. INTRODUCTION

IoT applications are widely applied in agriculture and
industry [1]. This article focuses on improving IoT usage
in cold storage temperature management. Specifically, using
temperature sensors in cold storage allows managers to
monitor real-time temperature changes, providing timely
solutions to ensure product quality is maintained optimally.

However, applying temperature sensors in cold storage
has limitations. These include managing the number of
sensors, sensor installation locations, and accuracy when
analyzing data. One significant challenge is determining the
optimal number of sensors to ensure effective monitoring
while minimizing costs. Sensor installation locations sig-
nificantly impact monitoring efficacy, and the accuracy of
temperature data is a concern when sensors cannot cover
all required locations.

To address these issues, we propose a model that calcu-
lates all temperature values within the cold storage and dis-
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plays a 3-dimensional (3D) simulation of these values on a
web platform, called Cold Storage Temperature Simulation
with Trilinear Interpolation. The goal is to support visual
monitoring and plan appropriate sensor installations for
maximum efficiency and cost savings. The model calculates
temperature values at all locations within the cold storage
using trilinear interpolation, even in areas without sensors.
It relies on three factors: storage size for sensor location es-
timation, sensor placement for determining storage division
before temperature calculation, and real-time temperature
values from sensors installed within the storage.

The content of this paper is arranged into six main
parts. The first section is the introduction, which provides
a general presentation of the contents of the study. The
second section is the related work that presents previous
studies in the same field. The third section is the proposed
model that provides a detailed description of the research
problem-solving method. The fourth section is the exper-
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iment that provides detailed test scenarios based on the
proposed model. The fifth section is the conclusion, which
summarizes the problems the study has solved and future
development directions. The final section is the references
that provide annotate the documents used for reference in
the study.

II. RELATED WORK

1. Trilinear Interpolation

Trilinear interpolation is a 3D extension of linear and
bilinear interpolation. It estimates values within a cube by
performing linear interpolation along each axis based on
the values at the cube’s eight corners.
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Figure 1. The 3-dimensional space used for interpolation

The Trilinear interpolation function gives results at any
point (X, y, z) according to formula (1):

f(x,y,2) = ap + arx + ay + a3z + asxy + asxz + agyz + axyz (1)

The values at the vertices are usually known, so we need
to compute the coefficients {ag, a;, az, ..., a7}. These
coefficients are then used in the interpolation function’s
linear equation.

[1 X0 yo zo Xoyo Xozo YoZo Xoyozo|[ao] [cooo]
I x1 Yo zo X1yo X120 Y1Zo X1yoZo| |a1 C100
1 xo y1 2o Xo¥1 Xozi Yozi Xoy12o| |az €010
I x;1 y1 zo xiy1 Xxi1z1 Y121 X1yi2o| |a3 _ 110 (2)
I X0 Yo 21 XoYo X0Zo YoZo XoYoZl||a4 €001
I x1 yo z1 X1yo X120 Y1Zo X1Yozi||das 101
I xo y1 zi Xoyr Xozi YoZi XoyiZ1i||de Co11
11 x1 yi 21 xiy1 x1iz yize xinz] laz] e

Solving equation (2) we get the correlation coefficients

{aj, ap, ..., a7} as in formula (3):
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In short, applying formulas (1), (2), (3), we can calculate
the entire set of coefficients {a;, ap, ..., a;} as shown
above to determine any value inside the space of the given
rectangular box.

2. IoT-Based Cold Storage Monitoring and Control-
ling Systems

Patel et al. [2] introduced a comprehensive Smart Cold
Storage and Inventory Monitoring System that leverages
IoT technology to significantly improve the efficiency and
reliability of cold storage management. Their system inte-
grates real-time monitoring capabilities with early warning
alerts, providing complete end-to-end visibility throughout
the entire product value chain. This integration allows
for precise control of temperature and inventory levels,
which is crucial for maintaining the quality and safety



of stored goods. However, the system’s high complexity
and substantial implementation costs may present barriers,
particularly for smaller operations with limited budgets.
Furthermore, the system’s dependence on continuous inter-
net connectivity could be a critical vulnerability in regions
experiencing unstable network access, potentially impacting
the reliability of the monitoring and control functions.

In contrast, Chen et al. [3] focused on developing an
IoT-Based Low-Cost Cold Storage Atmosphere Monitoring
and Controlling System, aiming to offer a more afford-
able solution while still providing essential monitoring
and control functions. Their system utilizes a combination
of temperature and humidity sensors, a microcontroller,
and a mobile application to deliver real-time updates and
allow for manual adjustments in cold storage environments.
This approach is designed to be cost-effective, making it
accessible for facilities with budget constraints, and helps
in maintaining optimal storage conditions for perishable
goods. However, this low-cost model may impact the sys-
tem’s overall durability and accuracy, as the sensors used
may not be as robust or precise over time compared to more
expensive alternatives. Additionally, the system’s limited
scalability could pose challenges for larger storage facilities
that require more extensive monitoring capabilities.

III. PROPOSED MODEL

This section proposes the "Cold Storage Temperature
Monitoring with Trilinear Interpolation" model (CSTM)
for calculating and monitoring temperature parameters in
cold storage using storage size, sensor locations, and real-
time sensor temperature data. To compare with the research
[2], our proposed model uses interpolation to determine
temperatures at locations without sensors, thereby reducing
the number of sensors needed and lowering costs, while
still providing necessary warnings. In addition, our research
improves upon the research [3] by demonstrating efficient
sensor placement, optimizing the number of sensors needed,
and ensuring cost savings without compromising accuracy.

1. CSTM Overview

In this study, we conduct two main stages:

Firstly, based on sensor numbers, we divide the cold stor-
age space, ensuring compliance with trilinear interpolation
techniques and using all sensor values inside the storage.
This stage outputs divided spaces within the storage.

Secondly, once the storage space is divided, we perform
trilinear interpolation to calculate temperature values at
virtual sensors, using real and virtual sensor values to
interpolate temperatures within all divided spaces. Finally,
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Figure 2. Overview of CSTM

we aggregate these values to form a comprehensive tem-
perature picture of the entire storage.

Finally, we change the location and number of sensors
to create different experiments. From there, the difference
can be evaluated, and improvement methods can be drawn
to help optimize the use of sensors.

2. Simulating and Dividing

In this phase, we determine the number of sensors in the
cold storage, which is the most critical factor in dividing the
cold storage space. Fig.3 is the flowchart of the algorithm
used for dividing and saving all storage spaces.

Input cold storage
and sensor data

‘Go through the entire
space of the storage

Yes

¥
Divide the space according
1o the first sensor location
within the space and store
the divided spaces.

Figure 3. The algorithm divides spaces of the storage

Based on the number of sensors, we divide into 3 cases
that need to be handled as follows:
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Case 1: There are only eight sensors at eight corners of
the cold storage, corresponding to the requirements of the
trilinear interpolation technique. In this case, we propose
to skip the space division step because the cold storage
space already meets the technical conditions and real-time
interpolation can be performed anytime the sensors update
the price new treatment.

Case 2: There are nine sensors inside the cold storage,
including eight sensors at the eight roots (vertices of a
space or the storage) of the storage and one outside of those
locations. In this case, we propose a solution reference table
based on the location of that ninth sensor (X, y, z) as follows:
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Figure 4. Eight sensors at eight vertices of the storage

Table 1
DIVIDING SPACE BASED ON AN ADDED SENSOR
LOCATION — THE 9TH SENSOR’S LOCATION

Situation | Ox axis Oy axis Oz axis Number of separated spaces
Inside Xp < X < X| Yo <y <Yy 20<z<2| 8
Xo=x[lx=x1 | yo<y<yi 20<z2<2z
On face X0 < X < x| Yo=ylly=y1 | 20<z<2z| 4
X0 < X < X Yo <y <1 z0=z[[z=21
X0 <X <x| yo=ylly=y | 20=2llz=2
On edge xo=x[[x=x1 | yo<y <y w=z]lz=2 2
Xo=x[[x=x1 [ yo=ylly=yn [20<z<z
In there:

e Xo (Xqy: is the smallest (largest) x value on the Ox axis.
e Yo (X1): is the smallest (largest) y value on the Oy axis.
e 7o (X1): is the smallest (largest) z value on the Oz axis.

Each situation is reproduced graphically as follows:

. Vertices sensors

o )

(O Addedsensors

@ virtual sensors

Figure 5. The results of divided spaces based on sensor locations

During the division process, roots with no sensors will
be marked as virtual sensors. Their temperatures will be
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updated in the interpolation step using the eight original
sensors of the cold storage. The virtual sensor will have
the same role as the sensor at eight roots.

Case 3: More than nine sensors were added to the
cold storage space. In this case, we propose that for each
new sensor (other than the original eight sensors) added,
the space containing that new sensor will be redistributed
according to the convention of the 9-sensor case in cold
storage. This makes us immediately think of recursive
techniques in programming, and its stopping condition is
when a space only has eight sensors left at eight roots.

Figure 6. Dividing space process based on additional sensor
locations

3. Interpolating and Aggregating

Applying the interpolation technique to the problem of
calculating temperature inside cold storage, we can set some
prerequisites as follows:

« Cold storage’s spaces must be rectangular.

o Fight sensors must be installed at the corners of
the storage or the space, which correlates with the
available values in the example above.

From there, we can calculate all the values inside the
cold storage based on a set of coefficients deduced from
the temperature values of 8 sensors at eight corners. In
particular, temperature values will be calculated in real-time
as soon as the sensors update the values.

In addition, we also built an algorithm to support the use
of trilinear interpolation in cases where there were more
than eight original sensors as the Fig. 7.

This means we can add other sensors to the cold storage
at any location and use them for calculations without vio-
lating the conditions of the trilinear interpolation technique.

During this phase, we execute two main jobs and these
jobs are executed periodically in real time to ensure accu-
racy in temperature monitoring of cold storage.

First, we perform trilinear interpolation based on 8
sensors of the cold storage. From there, we determined
the temperature values at the virtual sensors that were
previously determined in the previous stage.

Second, based on the values at the 8 vertices of each
space, it has been divided to perform the trilinear interpo-
lation technique of all temperature values in that space.
Finally, we aggregate all the divided spaces to form a
temperature picture of the entire cold storage.
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previous step

Lo through
all saved spaces

Is there any space that
hasn't been traversed?

7
Yes
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s vensors values

Aggregate all
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Figure 7. The algorithm interpolates and aggregates spaces of the
storage

Aggregating
—

Figure 8. The aggregated space

As a result, all real-time cold storage temperature values
have been completely calculated.

4. Evaluating the proposed model

Using a cold storage size (length, width, height), position
(X, y, z in the Oxyz coordinate axis) and current temperature
(°C) at all sensors in that cold storage as the input, the
proposed model gives the main result, which is an array
denoted as (4):

T={('x7y’Z’nyZ)|OS'x<a’OSy<b7OSZ<C} (4)

In there, each array will have N =a * b * ¢ elements, where
a = cold storage length + 1, b = cold storage width + 1, c
= cold storage height + 1 because we consider coordinates
from position O to the end of a certain length.

From there, we change sensor locations and the num-
ber of sensors for our experiments differently. Then, we
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measure their difference by the average deviation. This is
necessary to help optimize the cost and the accuracy of
results by finding which locations sensors can be placed
and the number of sensors as an improvement method. For
the 3D array result of each experiment, we call them T; (i
=1, 2, ..., n where n is the number of experiments). To do
that, we follow a series of steps below:

We calculate the absolute deviation between any two of
the above those arrays according to the following formula
(5):

Aij =IT; = Tj| = {er. k € [1;N]} (&)

In there: A;; is a 3D array that stores the absolute deviation
of each pair of values in the two arrays. Based on that, the
absolute deviation between spaces of i and j is A;;.

Then, we perform the sum of all values inside each
absolute deviation array, and the result is as a following
formula (6):

N
Sij= ) exs ex €Ay ©)
k=1
Next, we apply the formula (7) to calculate the average
deviation for each pair of arrays:

@)
In there:

« Dj; is the average deviation for each pair of arrays.

« §;; is the sum of the absolute deviations of all elements

in an array.

o N is the total number of elements in an array (N = a

*b *c).

We can evaluate the influence of the number of divided
spaces based on the average difference between the result-
ing arrays. From there, we can find a way to set the sensor
to increase or decrease the number of divided spaces to
reduce that difference.

IV. EXPERIMENT
1. Install sensors

In this study, we installed a thermal sensor system based
on cold storage. According to recommendation of [4] the
cold storage should have 12 meters in length, 3 meters in
width, and 3 meters in height with a temperature range
from —12°C to —8°C as a suitable temperature to maintain
frozen products. Besides, we conducted three experiments
as follows:

» Scenario 1: Install eight sensors at eight corners of the
cold storage to capture a particular space and perform
interpolation based on that space.
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o Scenario 2: Install the 9" sensor to check the spatial
division according to the output model. Then, interpo-
lation will be performed based on the divided spaces.

« Scenario 3: Install the 10 sensor to check the spatial
division according to the output model recursively.

Based on the evaluation of the average deviation between
the spaces, we evaluated the above 3 scenarios and proposed
an optimization direction in sensor installation.

2. Scenario 1: Install eight sensors at eight vertices

We build a sensor network consisting of 8 sensors at eight
roots of the cold storage. Based on the division method,
the cold storage will be divided into a single space because
there are no sensors other than the eight sensors at the eight
roots attached.

Below is information about the original eight sensors;
the sensor values will change in real-time:

Vertices sensors
(0,0,0)
(0,3,0)
(12,3,0)
(12,0,0)
(0,0,3)
(0,3,3)
(12,3,3)
(12,0,3)

Figure 9. Sensor locations of scenario 1

Below are the resulting parameters after performing
trilinear interpolation for the entire cold storage based on
the number and changes in temperature values of those
Sensors.

30 Temperature Visualization with Voxel Grid

Temperature

Figure 10. The result of scenario 1

3. Scenario 2: Install nine sensors

We add cold storage on a sensor at any location and check
the number of divided spaces. This helps verify the model’s
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ability to divide space according to sensor changes. In this
case, we add a sensor at (8, 0, 0). Based on the number
and location of sensors, our model splits the space into 2
smaller spaces including:

Table 1T
DIVIDED SPACES OF SCENARIO 2
Space No | x0 | yO | z0 | x1 | yl | zl
1 0 0 0 8 3 3
2 8 0 0 12 3 3
Vertices sensors Added sensors Virtual sensors
® 000 @ 600 @ o3
@ 030 ® 633
® 1230 ® 530
® 1200
® ©003
0,33
® 1233
12,0,3)

Figure 11. Divided space of scenario 2

3D Temperature Visualization with Voxel Grid

Temperature

Figure 12. The result of scenario 2

4. Scenario 3: Install ten sensors

We perform additional cold storage on more than one
sensor at any location. In this case, we add the 10 sensor
at (2, 2, 0). Based on the number and location of sensors,
our model splits the space into 5 smaller spaces including:

Table III

DIVIDED SPACES OF SCENARIO 3
Space No | x0 | yO [ z0 | x1 | y1 | z1

1 0 0 0 2 2 3

2 2 0 0 8 2 3

3 0 2 0 2 3 3

4 2 2 0 8 3 3

5 8 0 0 12 | 3 3




Vertices sensors Added sensors Virtual sensors
® woo @ Boo 2,03

030 @ @20 (22,3
(12,3,0) 23,3
(12,0,0 ©2,3)
0,03 8,23
10,3,3)

18,0,3)
12,3,3) 639
112,0,3) o

12,0,0)
23,00
10,2,0)
18:2,0)
83,0

Figure 13. Divided spaces of scenario 3

3D Temperature Visualization with Voxel Grid

Temperature

Figure 14. The result of scenario 3

5. Improvement

Based on the above experiments, we realized that the
more space is divided, the more virtual sensor values are
used to perform interpolation. This can lead to apparent
differences between experiments. However, the temperature
values at the eight original sensors of each experiment are
equal.

To show the difference between experiments, we de-
termine the average deviation of all three experiments as
follows:

We call the three 3D arrays that store temperatures in the
above three experiments: T1, T2, and T3. Each array has a
size of 13x4x4 elements.

We calculate the absolute deviation between any two of
the above three arrays. The results:

« The absolute deviation between arrays 1 and 2 is Ajp
o The absolute deviation between arrays 1 and 3 is A3
o The absolute deviation between arrays 2 and 3 is Ay3

We perform the sum of all values inside each absolute
deviation array, and the result is as follows:

» The total absolute deviation between arrays 1 and 2 is
S12 = 33.60000000000005

» The total absolute deviation between arrays 1 and 3 is
S13 = 64.26666666666671
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« The total absolute deviation between arrays 2 and 3 is
S23 = 43.26666666666675

We apply the formula to calculate the average deviation
for each pair of arrays (T1, T2), (T1, T3) and (T2, T3). The
results:

« The average deviation between arrays 1 and 2 is D, =
0.1615384615384618

« The average deviation between arrays 1 and 3 is D3 =
0.30897435897435915

o The average deviation between arrays 2 and 3 is D3 =
0.2080128205128209

The above results show that the average deviation reflects
the difference in temperature between measurements. The
higher the deviation value, the more significant the differ-
ence. In this case, the largest deviation between spaces 1
and 3 indicates a significant temperature fluctuation. The
deviation between spaces 1 and 2 is the smallest, indicating
that the temperature in this area is relatively stable. From
there, we can see that the division of space and the use of
virtual sensors partly affect the change in temperature after
interpolation because the virtual temperature values will be
used as a parameter of the trilinear interpolation process.
Therefore, we propose an optimal way to install sensors to
eliminate virtual sensor values inside the cold storage. We
propose a method to reduce virtual sensors in cold storage
by strategically placing real sensors to improve temperature
interpolation accuracy. This is done by identifying virtual
sensor locations created by new sensor installations and
replacing them with real sensors.

V. CONCLUSION

This study proposes a model to monitor temperature in
the cold storage, clearly showing each temperature position
inside the cold storage, even where no temperature sen-
sors are installed. In addition, the study also proposed a
solution to optimize the location and number of sensors
used through experiments. In the future, this model will be
applied in practice to help measure and monitor temperature
in cold storages. Furthermore, the model will also be
improved to suggest sensor mounting locations to save the
number of sensors but achieve the highest efficiency.
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