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Abstract. The intelligent automated store warehouse (iZMS) research and development project was created to meet the
expectations of a modern automatic store. The project concerns the development of the concept and pilot implementation of an
automated store warehouse adapted to the autonomous and automatic sales of goods selected by retail chains. One of the aims
of the iZMS project is to develop a scalable solution that allows for the simple adaptation of the iZMS to the needs of a potential
customer, taking into account their requirements in terms of the quantity and variety of assortment offered within the iZMS. An
important requirement in the use of the iZMS system is minimizing the customer waiting time for purchased products. This
problem is related, among others, to the placement of products on the shelves of racks and will be solved in the optimizing
process. Running optimization tasks requires a simulator that will mimic the features of a physical device faster than in real time
in order to generate many proposals of the allocation of goods on storage racks in the shortest possible time and choose the best
one, guaranteeing the shortest picking time of a representative basket of goods. A numerical simulator was developed to model
the physical structures of food storage equipment and then simulate the sales process. Among the results obtained, the most
important are the time parameters of individual operations, which will ultimately be used to optimize the placement of goods on
storage racks. After analyzing the needs resulting from the usage of the iZMS system, we decided to develop a dynamic,
deterministic simulator with discrete objects and perform the simulation with a controlled time increment and, in some cases, to
utilize elements of event-driven simulation, in which the flow of goods is simulated with first-in, first-out (FIFO) queues. Finally,
verification of the numerical simulator with a physical model confirmed that it can be employed in optimization processes.

Key words: automated store warehouse; vending machine; numerical simulator; digital twin

1. INTRODUCTION One of the first approaches to this topic is small self-service

In 2017, it was predicted that the value of the entire robot
market will reach $87 billion by 2025, more than half of which
will be in the retail sector [1]. Currently, estimates of the robot
market suggest that it will exceed $200 billion in 2030, with
more than 40% relating to service robots [2]. The
epidemiological threat of COVID-19 helped to look positively
at the development of robots in the e-commerce and retail
industries. The COVID-19 pandemic allowed a change in the
perspective of potential users/customers regarding the use of
service robots [3] and turned out to be a stimulus that increased
interest in the implementation of robotic solutions [4,5].

The widest use of robotic systems occurs in distribution centers
and robotic warchouses [6—10]. Amazon [11,12], Walmart
[13,14], and the British brand Ocado [15] are leading in the
adaptation and implementation of robotic solutions in their
distribution centers. These solutions are dedicated to large-scale
chains of retailers using groups of mobile robots that fulfill
orders for a large group of customers simultaneously. At the
same time, retail chains are constantly looking for solutions that
bridge the existing shopping experience with modern
technologies that meet the expectations of the retail industry.

stores such as Auchan Minute [16], or extended versions of
vending machines such as Carrefour Express [17] and Lewiatan
Go [18]. There are also fully robotic solutions available on the
market such as automated pharmacies [19,20], parcel machines
[21], or robots that distribute DVDs [22]. Existing systems,
despite the high technological advancement, are not
comprehensive solutions combining a large capacity and a wide
range of supported products, such as distribution centers, with
relatively small dimensions and high flexibility in the
configuration of the internal structure, which allows them to be
utilized as small independent stores operating 24/7. There is still
a market gap for a system dedicated to medium and small chain
stores that allows, in a fully automatic way, for selling a wide
range of food products and flexibly adjusting the size of the
system depending on the target location.

The intelligent automated store warehouse (iZMS) research and
development project was created to meet the expectations of
a modern automatic store. The iZMS is a project implemented
by a consortium of HemiTech Sp. z 0. 0., MGL Sp. z 0. 0., and
the Silesian University of Technology, financed by the National
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Centre for Research and Development. The project concerns
the development of the concept and pilot implementation of an
automated store warchouse adapted to the autonomous and
automatic sales of goods selected by retail chains. The iZMS
concept is based on the need to solve significant problems in
the retail industry related to store staff shortages, restrictions on
opening times (trade bans on Sundays and holidays or night
sales) or the need to isolate workers from customers due to an
epidemiological threat. Due to its construction that allows for
the simultaneous storage and automatic release of products, it
can be expected that the iZMS system will significantly
improve sales efficiency by reducing the need for staff,
decreasing the energy needed to store goods, and lowering
supply chain costs. One of the aims of the iZMS project is to
develop a scalable solution that allows for the simple adaptation
of the iZMS to the needs of a potential customer, taking into
account their requirements for the quantity and variety of
assortment served and offered within the iZMS. The scaling of
the iZMS was achieved by using a modular structure,
combining specialized elements — iZMS modules — within
a cluster. Modules are the basic structural element of the entire
system, performing tasks related to the storage and transport of
groups of products that have certain common features (e.g., size
and type of packaging or storage conditions).

An important parameter in the use of the iZMS system is
minimizing the customer waiting time for purchased products.
This problem is related, among others, to the placement of
products on the shelves and will be solved in the process of
optimizing the structure of the location of products in the
warehouse, depending on the customers’ shopping preferences.
Running optimization tasks requires a simulator [23,24] that
will mimic the features of a physical device faster than real time
[25,26] in order to generate many proposals of the allocation of
goods on storage racks [27-29] in the shortest possible time and
choose the best one, guaranteeing the shortest picking time of a
representative basket of goods [30]. According to the
assumptions, the warehouse will be shut down for the duration
of the replenishment/replacement of products, which will also
involve, among other things, with checking the technical
condition of the systems, therefor the numerical simulator was
developed to model the physical structures of food storage
equipment and then simulate the sales process. Among the
results obtained, the most important are the time parameters of
individual operations, which will ultimately be utilized to
optimize the placement of products on storage racks. The
planned optimization algorithm will run the sales simulation
many times for different product placement configurations,
which requires short simulation times from the simulator. An
example is optimization using a genetic algorithm, which
necessitates searching the state space for many chromosomes.
Optimization is time-limited because the distribution of goods
on the shelves will be the basis for generating an order to the
supplier of goods, e.g. once a week. Therefore, the minimum
time needed to perform the sales is important, because then
there will be more potential optimal solutions. For this purpose,
the following criteria that the simulator must meet have been
defined:
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I. The minimum number of different types of goods for
which it will be possible to create a simulation model
>1000. This limitation is the result of an analysis of the
diversity of goods expected by future recipients of the
1ZMS system.

2. The maximum calculation time using the simulation model
for a single sales operation <50 [ms] (with at least 1000
different types of goods). This limitation results from the
estimation of the computing power available in the
designed computer control system.

3. The average relative error of the model in the context of the
time of product release operations during test transactions
<10 [%]. In discussions with the ordering party, it was
found that an error at this level is acceptable for predicting
warehouse performance for the sales department.

This goal will be achieved on the basis of the comparison of the

simulator results and data related to the time of performing

individual operations obtained from the experiment using

a physical system.

2. SIMULATOR DESCRIPTION

2.1. Types of simulators

Each simulator is a simplification of the phenomenon and,
under certain assumptions, reflects the most important features
that result from its purpose and omits others [31]. For known
analytical solutions, one can create a mathematical equation or
a system of equations and solve it. In the case of simulating
logistic processes, we have to model system components [32],
that is, units in the system, the relations between them, and
events that change the state of the system.

Various types of simulations have been discussed [33-35].
Discrete simulations have entities that take many states finitely,
but continuous ones allow their entities to include infinite
values. Dynamic simulations have time as a variable, while
static ones do not. Deterministic simulations apply the rules in
the same way every time, but stochastic ones have a random
component in employing some rules.

If there is no guarantee that events will occur at regular time
intervals and we do not know what value of the time step to take
(too small will increase the duration of the simulation, too high
raises the risk of accumulating supported events, including
mutually exclusive ones), we can use event-driven simulation
[35-38]. This approach utilizes a list of events that occur at
different times and are handled in ascending order in time
[39,40]. A feature of this type of simulation is the time spent
“jumping” between events.

2.2. Warehouse object model

After analyzing the needs resulting from the use of the iZMS
system, we decided to develop a dynamic, deterministic
simulator with discrete objects, perform the simulation with
a controlled time increment, and in some cases to use elements
of event-driven simulation. In time-controlled simulations,
there is a variable that registers the current time, which is
incremented in fixed steps. In the loop, after each increment of
the time quantum, events that may happen are checked and
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handled, e.g., the possibility of picking up the product or putting
it in the required place by the robot. Speeding up the simulation
can be achieved by predicting the moment of occurrence of the
next event and performing a time shift [41]. In the developed
simulator, this was achieved by analyzing the time first-in, first-
out (FIFO) queues assigned to selected system components and
shortening them to the events that would occur the fastest.

It was assumed that the criterion for stopping the simulation
would be the completion of all products ordered by the

customer in the basket. Products that are not in stock are noted

in the shopping list as unavailable.

In practical implementation, the numerical simulator is a set of

program classes that represent:

e The physical structure of the automated warehouse.

e The operating logic of the iZMS cluster and, above all, the
flow of products from storage to the goods issuing zone
(GI12).

Rack: Cells type

Storage: Cell type

Goods: Product type

Ordered goods: Products type

Robot: Robot type
Robot set: Robots type

/

Distance - FIFO queue: StageDist type
Time - FIFO queue : StageTime type
FIFO queue set: Stages type

/

Reloading place: ReloadingPoint type
Reloading place set: ReloadingPoints type

Basket: Basket type ‘
Basket set: Baskets type

ISSUING
ZONE

Fig. 1. Object representation of an exemplary iZMS cluster structure

Fig. 1 shows an exemplary diagram of the physical structure of

the warehouse and its object representation. As a result of the

analysis of the physical layout, several classes of objects were

distinguished for which their object representations were

created in the MATLAB program. Using the example structure

of the iZMS cluster, classes can be distinguished among the

objects:

e The Cell class represents the container where the goods
(products) are.

e The Cells class represents storage racks and shelves that

contain bins.

The Product class represents goods for sale.

The Products class represents a list of purchased goods.

The Basket class represents a shopping basket for goods.

The Baskets class represents a set of shopping baskets for

goods.

e The Robot class represents a robot that moves goods
(products) or baskets of goods.

e The Robots class represents a set of all robots in the iZMS
cluster.

WAREHOUSE
ZONE

A node in the goods flow path: Node type
Goods flow path : Nodes type

e The ReloadingPoint class represents a place where robots
can transfer goods or baskets of goods to each other.

e The ReloadingPoints class represents a collection of
reloading points.

e  The Node class represents a single point on the goods flow
path: a cell, a robot, a reloading point, or a shopping basket.

e The Nodes class represents the product flow path, that is,
from the shelf to the shopping basket.

e The Stage class represents a timed FIFO queue. This can
be of the StageDist type, where the time is calculated based
on speed and distance, or the StageTime type, where the
time is entered directly (equivalent to the delay).

e The Stages class represents a set of timed FIFO queues
assigned to a robot or reloading point.

e The Tools class contains various methods needed to run the
simulator.

e The Simulator class represents an algorithm of relations
and events between objects.
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Fig. 2. An example graph of the flow of goods for a fixed physical structure of the warehouse
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Fig. 3. Rules for creating a goods flow graph

2.3. Graph of the flow of goods

The basic operation of the simulator focuses on mapping the
path of the goods flow from the cell to the issuing zone. An
example graph of the flow of goods for a fixed physical
structure of the warehouse is shown in Fig. 2. The number
before the object type is its identifier, e.g., 1:Cells, 2:Cells and
3:Cells: these are physically different storage racks (see Fig. 1).
The Node and Nodes classes were developed for modeling flow
paths, a container for a set of objects. The nodes of the graph
correspond to the objects involved in the transport of goods, and
the branches are the relationships between these objects. The

basic relationships are picking up or putting away a good by the
manipulator from/to the cell, basket or ReloadingPoint.
Depending on the location in the warehouse, each good is
assigned one transport path. Transport paths are combined and
thus identify nodes that are used repeatedly, such as
a ReloadingPoint or robot.
The developed numerical simulator makes it possible to define
the following combinations of goods flow path nodes (Fig. 3):
o The beginning of the path — a node representing a container
with goods in cells;
e  Path— any combination of allowed connections of selected
objects: robots, reloading points and baskets;
o End of the path — always the shopping basket in the goods
issuing zone.
The set of dependencies between object classes presented in
Fig. 3 makes it possible to define goods flow paths for various,
even very complex, warehouse structures. These structures can
include multiple racks with variously arranged shelves.
Products can be picked up and transferred by multiple robots
and ultimately end up in a shopping basket.
The simulator only takes into account many-to-one conflicts,
e.g., many robots want to put a good into the basket at the same
time. Such a conflict is resolved according to the “first come,
first served” rule. For this purpose, the simulator analyzes the
inputs of FIFO queues at each step. If the input is already
occupied by a goods id, other robots must wait until the input is
released.
Due to the purpose of building the simulator, which is, among
others, optimizing the time for completing the required list of
products, it was decided to map the flow of goods in the form
of a time FIFO queue. For the known values of the path on
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which the goods are transported and the speed of this
movement, the transport time is calculated. The following
classes were created for modeling FIFO queues: Stage and
Stages, a container for these objects, and inherited classes
StageDist (the class allows calculation of transport time based
on speed and distance parameters) and StageTime (the class
allows for simulating the transport time of products by directly
defining this time).

Limitations 2.
distance s 7
max. velocity V., \ e
max. acceleration ag,,, - > :4 :;i?&e[ml]
max. deacceleration-a,,, . % P — acceleration [m/s 2]
o] FImIZBtIOn 'oal 0'5\'.‘ - -
time t - min € X ;
O@'"""/ ™
-0.5F
-1
0 0.5 1 1.5 2 25 3 3.5 4

time [s]

Fig. 4. An example of modeled drive system parameters

The StageDist object facilitates defining the parameters of
propulsion systems by providing a speed model in the form of
a trapezoid shape (Fig. 4). The parameters of the model include:
the maximum allowable speed Vi, the maximum allowable
acceleration @-+m. and deceleration a.nqx, and the displacement
distance s (rotation or translation are available). The numerical
model has a function to minimize the time ¢ needed to perform
the displacement s, taking into account the constraints. This
function implements the following strategies: “accelerate to
maximum speed with maximum allowable acceleration” and
“stop drive with maximum deceleration”.

The StageTime object is represented by a FIFO queue and has
parameters: time increment d7 and set displacement time 7.
During the simulation, an active object of this class moves an
element in the FIFO queue with step d7 until the specified
timeout 77, is reached.

2.4. Simulator operation

Fig. 5 shows the diagram of the simulator operation. During
initialization, simulation parameters are entered into the
simulator (see Tab. 3) and the mechanical structure of the
warehouse (number of racks and shelves, distances between
them, etc.), object parameters (e.g., drive characteristics), goods
flow paths, and a list of necessary goods that the simulator must
put in the basket. The main loop contains a condition that
checks the completeness of the basket with goods. Depending
on availability, items are marked as existing or out of stock. The
goods in the warehouse are transported to the basket according
to the path assigned to them, the choice of which depends on
the location of the goods on the given rack. Each rack should be
assigned a robot that will transport the goods to the next nodes
on this path, up to the basket made available to the customer.
Optionally, a simple rule for the order of picking goods can be
enabled in the simulation, according to the strategy “the good
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closest to the basket is transported first” or vice versa “the good
that is furthest from the basket is transported first”. It should be
noted that research on optimizing the distribution of goods in
the warehouse and the type of their picking strategy will be
carried out in the next stage of the project. The simulator then
prepares a state update by making changes to all active objects,
taking into account their relationships, including conflicts. In
the event that the robot transporting the good reaches the
ReloadingPoint, which is currently busy servicing another
robot, it must wait in the queue. In the event that two robots
with goods reach the ReloadingPoint at the same time, the
conflict is resolved randomly. Conflicts regarding similar
situations, such as placing or taking goods to/from the basket
by the robot, are resolved in the same way.

Initialization

Is the basket
complete?

Get the good from

the shopping list

Is the good
in stock?

yes

Generate report

Mark as missing

Get product parameters,
e.g. location, path

Get the current state
of the product

Perform an pre-update
based on the type of object
in the product path

Update the states of all
objects

t=t+1
Increase the time step

Fig. 5. Simulator activity diagram

In the next step, the state of all objects is updated and then the
simulation step is increased. During the simulation, various
information is saved, such as a prediction of the real time of
picking all goods and each one separately, the filling level of
the shopping basket, and simulation time and efficiency.

Due to the protection of intellectual property, detailed
algorithms of interactions between objects cannot be disclosed
in any publication.

3. PHYSICAL WAREHOUSE PARAMETERS

The developed simulator is ultimately intended to reproduce the
features of a physical sales warehouse. For this purpose, the
simulator has certain characteristic numerical values with
which it can be tuned so that the time of picking goods is
comparable in both systems - physical and numerical.
Research using a physical system consisted of completing a set
of goods placed in cells that were randomly placed on the shelfs.
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Completion of the list of ordered goods was carried out with
aproperly programmed control system and a physical
manipulator. The completed set of goods was placed in the
shopping basket in the issuing zone. During the process of
completing the goods, the control system recorded data,
including data related to the time required to perform individual
operations.

3.1. View of the test stand

Fig. 6 shows the racks, shelves, and cells as well as the location
and orientation of the global coordinate system, known as the
GCS.

Fig. 6. An example of modeled drive system parameters

The cells and goods issuing zone have been described with
identifiers. The reference cell coordinates were read by the
control system. The measurement results are presented in
Fig. 7. The reference position of the issuing zone (id: GIZ) was
set as the coordinates in the GCS system with the following
values: x=2660[mm], y=-450[mm], z=260[mm].

id:50
400 4168 id:501
id:26 id:68$i‘d:683
T 200 id:267id:262
£
N

0 X [mm]

Fig. 7. Location of containers and goods issuing zone (GIZ) in three-
dimensional space in the global GCS coordinate system

3.2. Selection of numerical simulator parameters

The data obtained from the control system were in the form of
cyclically repeated records, examples of which are shown in
Tab. 1. The following values may appear in the "Task type"
column:

e Arrival at cell - Arrival at the pick-up position,

e Identification - Identification of the cell with the good,

e  Grab - The sequence of grab the good from cell,

e Arrival at the issuing zone - Arrival at the position of the
issuing zone,

e Placement - The sequence of putting down the good in the
issuing zone.

TABLE 1. An example set of measurement time for
a goods release cycle

Timestamp Task type Time duration [s]
1641816618 Arrival at cell 0.860
1641816619 Identification 2.008
1641816623 Grab 2.877
1641816623 Placement 0.089
1641816624 Arrival at the issuing zone 1.018
1641816630 Placement 6.124

The cycle of completing a single good consisted of sequentially
performed operations:
Go to the cell — identification of the good (product) —
capture the good — go to the shopping basket — put the good
into the shopping basket (the goods issuing zone).

Only two of these operations, related to the arrival of the
manipulator in the cell or the goods issuing zone, took place
with variable time. Other operations were performed in constant
time within the limits of statistical repeatability.

TABLE 2. Standard deviation analysis of constant time parameters

Task Average_task time Star_lde_trd
duration [s] deviation
Identification 1.999 0.022
Grab 2.841 0.024
Placement 6.184 0.022
Sum 11.024

In the next stage, a statistical analysis of constant time
parameters measured in the physical system related to the
following operations: identification of the good, grab it and
place it in the shopping basket. The analysis showed a high
repeatability of these operations for each of the 12 goods issued
(Tab. 2). Based on this analysis, a time step was defined in the
simulator with a constant value of 11.024 [s], which was added
to each issued good to obtain a simulated goods picking time
consistent with real time.

TABLE 3. Selected parameters of the numeric stimulator

Parameter Description

[s], time increment (accuracy with
which the simulation time is measured)
[m], path increment (accuracy with
which the manipulator displacement
increment is determined)

[m/s], maximum drive speed

[m/s2], maximum acceleration of the
drives

correction factor “a” in linear regression
for the time to reach the cell

correction factor “b” in linear regression
for the time to reach the cell

correction factor “a” in linear regression
for the time to reach the issuing zone
correction factor “b” in linear regression
for the time to reach the issuing zone

SimPar.dT=0.02

SimPar.dS=0.01

SimPar.vMax=3.75
imPar.aMax=3.75

SimPar.posCorrla=1.31

SimPar.posCorr1b=-0.43

SimPar.posCorr2a=1.16

SimPar.posCorr2b=-0.09
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The measurement data and information about the parameters of
the physical system made it possible to create and configure
anumerical simulator. The parameters of the simulator with
their description are presented in Tab. 3.

3.3. Drive parameters

The movements performed by the physical manipulator were
carried out with the following limitations: max. speed: 1.875
[m/s] and max. acceleration/deceleration: 3.750 [m/s2]. As a
result of the manipulator displacement limitations adopted in

this way, they were implemented in accordance with the given
speed variability characteristics, which took the shape of a
trapezoid (the so-called “ramps”). With the basic configuration
of the simulator, the next step was to check the accuracy of
obtaining the time parameters of the drives. For this purpose,
the speed characteristics of the drive were compared with its
simulated equivalent. The example results of these comparisons
(green lines - real velocity and blue lines - simulated velocity)
are shown in Fig. 8. The results obtained were considered very
good, as the time matching error did not exceed 3 [%] for each

drive.
2 T : - 2 . - ; . . |
18t real velocity [m/s]
175+ 1 ’ —e— simulated velocity [m/s]
161 9
o1 14}
. 125+ 1 = 121
9] > L
> 075 | 0.8
real velocity [m/s] 06+
05+ —o—simulated velocity [m/s] 04l
025 [ 1 02 L
0 L L L L L L L oc - . - ‘ -
0 02 04 06 08 1 12 14 16 0 02 0.4 06 0.8 1 1.2
time [s] time [s]

Limitations: s=2.0[m] v,,,,=1.875[mV/s] a,,,=3.750[m/s?]
Real time: #,,,,=1.567[s] Simultaed time: 7,,,,=1.580[s]
Absolute relative time error: |e/=0.83[%]

Limitations: s=1.0[m] v,,,=1.875[m/s] a,,,,=3.750[m/s?]
Real time: ¢,,,,=1.033[s] Simultaedtime: 7,,,,=1.060[s]
Absolute relative time error: |e,|=2.61[%]

Fig. 8. Comparison of selected setpoints of physical and simulated drives

possible to determine the distances covered by the manipulator
during the transport of the goods and to compare them with the
measured times during the transport from the cell and to the
issuing zone. The results are shown in Tab. 4. According to the
parameters adopted by the device, the manipulator covered the
same distances at different times, with arrival at the issuing
zone always taking longer.

3.4. Arrangement of goods on shelves

The next step was to define the geometric representation of the
cell rack and the issuing zone. Fig.7 shows the spatial
arrangement of the characteristic points assigned to the cells
and the issuing zone according to the orientation of the global
coordinate system.

Data on the location of characteristic points assigned to cells
and the issuing zone in a three-dimensional space made it

Table 4. List of the distances and times of displacement measured and simulated by the manipulator

Distance from the measuring Measured time [s] Simulated time [s]
Goods id - system [mmJ - - - -
Arrival at the Arrival at the Arrival at the Arrival at the Arrival at the Arrival at the
cell issuing zone cell issuing zone cell issuing zone
161 22433 2243.3 0.777 1.743 1.56 1.56
162 2244.1 2244.1 1.684 1.746 1.56 1.56
501 852.5 852.5 0.860 1.018 0.98 0.98
502 852.5 852.5 0.963 1.063 0.98 0.98
681 1736.0 1736.0 1.361 1481 1.38 1.38
261 2131.0 2131.0 1.559 1.675 1.54 1.54
262 2130.8 2130.8 1.614 1.680 1.54 1.54
201 1114.0 1114.0 0.940 1.198 1.10 1.10
202 1113.5 1113.5 0.920 1.190 1.10 1.10
263 2130.7 2130.7 1.544 1.707 1.54 1.54
682 1736.1 1736.1 1.326 1.523 1.38 1.38
683 1735.9 1735.9 1.316 1.490 1.38 1.38

7

This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication.



=

4. VERIFICATION RESULTS

4.1.

Taking into account the data and parameters described in the
previous points in the simulator made it possible to simulate the
picking of 12 goods (the number of goods was determined
arbitrarily by the design team).

The summary of the results obtained for variable time
parameters is shown in Tab. 4. For constant distances covered
by the manipulator, the simulated time of arrivals to the cell and
the issuing zone is the same, which is contradictory to the times
measured on the physical object. To modify the simulated
arrival times, a linear regression analysis was performed. The
results of these calculations for the time of arrival to the cell are
presented in Fig. 9 (left), and in the issuing zone in Fig. 9 (right).
Due to the large difference in the time of arrival to the cell of
the first good on the list (good id=161), in the linear regression
analysis performed, this measurement was rejected as too much

Initial simulation results
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of an outlier (an explanation of this problem is included later in
the article).

4.2. Simulation results

The summary of the results obtained for variable time
parameters, taking into account the correction, is shown in
Tab. 5. As can be seen, in the case of the first good release cycle
(id = 161), a very large relative error appeared when the
manipulator arrived in the cell with the good, which was greater
than 105 [%]. This was related to the initial position of the
manipulator. By default, in the simulator, the manipulator starts
from the coordinates of the issuing zone (default parking
position). The initial position of the physical manipulator was
different, and information about this position was not known.
However, it was decided not to reject this measurement and to
include it in the calculations as an excessive deviation resulting
from the initial state. In the case of other goods, this error is not
greater than 10 [%], and on average for the property it is not
larger than 4 [%)].

1.8

1.7 '

1.6 S

1.5 :

14 T y=1.1577x-0.0902
- R?=0.9942

1.3

Real time [s]

1.2 Pt
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1
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0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60

Simulated time [s]

Fig. 9. The result of the regression analysis for the time of arrival to the cell (left) and for the arrival time to the issuing zone (right)

Table 5. List of variable time parameters, ? without taking into account the release of the first good

Task (real time [s]) Task (simulated time [s]) Relative error [%] Average relative
Goods id | Arrival at Arrival at the Arrival at Arrival at the Arrival at Arrival at the g o
— L L error [%]
the cell issuing zone the cell issuing zone the cell issuing zone
161 0.777 1.743 1.60 1.72 -105.87 1.32 -52.28
162 1.684 1.746 1.60 1.72 5.01 1.51 3.26
501 0.860 1.018 0.87 1.08 -1.20 -6.13 -3.66
502 0.963 1.063 0.87 1.07 9.67 -0.62 4.52
681 1.361 1.481 1.36 1.51 0.10 -1.99 -0.94
261 1.559 1.675 1.57 1.69 -0.72 -0.91 -0.82
262 1.614 1.680 1.57 1.69 2.71 -0.60 1.06
201 0.940 1.198 1.00 1.18 -6.33 1.52 -2.40
202 0.920 1.190 1.00 1.18 -8.75 0.83 -3.96
263 1.544 1.707 1.57 1.69 -1.68 1.01 -0.34
682 1.326 1.523 1.36 1.51 -2.58 0.87 -0.86
683 1.316 1.490 1.36 1.51 -3.35 -1.33 -2.34
Mean relative
errors [%] -9.42 -0.38 -4.90
Total relative -112.99 -4.52 -58.76
errors [%]
Standard 29.45 2.08 14.49
deviation
l\i‘r’f‘;rsre[{,f]‘v)e -0.65 -0.53 -0.59
Total relative -7.12 -5.84 -6.48
errors [%]”
Standard 487 2.11 2.54
deviation
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Table 6. Summary of goods issuing times, ? without taking into account
the release of the first good

Goodsid | Real time [s] Simulated time [s] g_reéit&)e]
161 13.54 14.40 -6.35
162 14.43 14.36 0.49
501 12.97 13.00 -0.23
502 13.04 13.00 0.31
681 13.91 13.94 -0.22
261 14.27 14.32 -0.35
262 14.31 14.32 -0.07
201 13.15 13.24 -0.68
202 13.14 13.24 -0.76
263 14.22 14.32 -0.70
682 13.82 13.94 -0.87
683 13.82 13.94 -0.87
Sum 164.62 166.02
Mean relative error [%] -0.86
Total relative error [%] -10.3
Standard deviation 1.71
Mean relative error [%]” | -0.36
Total relative errors [%]” | -3.95
Standard deviation” 0.45

Tab. 6 shows the time taken to issue each of the 12 goods,
broken down into the time measured from the physical system
and the time calculated in the simulator. Taking into account the
situation described above, the error resulting from the
discrepancy in the starting coordinates of the physical and
simulated manipulators also affects the relative error of issuing
a single good and completing a set of 12 goods. As can be
assumed, the highest value of this error occurs for the first good
with id=161 and is greater than 6 [%]. In the case of other
goods, it is not greater than 1 [%]. The total relative error is
greater than 10 [%], but without taking into account the release
of the first good is much lower and is less than 4 [%].

5. RESULTS OF THE PERFORMANCE TEST

The performance tests were carried out in two stages:

L. Determination of the maximum number of various
goods for which the time of a single sales transaction is
less than 50 [ms], for the selection of 12 different goods.
The intermediate goal was to determine the nature of
changes in the number of various goods in random-
access memory (RAM) occupancy and the increase in
computation time.

IL. Determination of the average time of a single sale
transaction for a fixed number of various goods,
specified in Stage I, for the selection of 12 goods.

Simulation tests were performed on a computer with
a computing power of 57 [MOps/s] (in the floating-point math
test) with 16 [GB] RAM, using the MS Windows 10 Pro
operating system and in the MATLAB R2020b environment.
During tests in the simulator, the number of goods in the
warehouse was increased by one, checking whether the
condition <50 [ms] for issuing one good was met. It has been
established that the limit on the number of different goods in
the warehouse must be less than 1536. The simulation time
was always <600 [ms], which gives <50 [ms] for issuing one
good. Memory usage was 172 [kB], which gives 112 [bytes]

www.czasopisma.pan.pl P N www_journals.pan.pl

per one program object. The simulated goods completion time
was approximately 166.02 [s] (see Tab.6) and was
independent of the number of simulation runs and the number
of various goods.

The size of the possible volume of goods created as software
objects depends primarily on the amount of RAM of the
computer on which the simulation is run. More than 1.5
million goods were defined in the tests, which were objects of
the good-in-cell type. In successive simulations, no influence
of the number of good-in-cell objects was observed on the
simulation of the goods picking time. It was observed that the
RAM memory occupancy and computation time depend
linearly on the number of various goods represented by the
objects.

6. CONCLUSIONS

Measurements of the time parameters performed on the

laboratory version of the iZMS system allowed for verification

of the time parameters of the simulator and design
requirements:

1. The simulator should enable the handling of over 1000
different types of goods — the expected functionality by
future recipients of the iZMS system.

2. The maximum simulation time of a single product sales
operation should be less than 50 [ms] (with at least 1000
different types of goods) — the limitation results from the
need to select the optimal combination from among many
thousands of proposals for arranging goods on the
warehouse shelves generated by the optimization
algorithm (e.g., the genetic algorithm) and calculating the
time for picking representative baskets.

3. The average relative error in predicting the picking time of
a good should be less than 10 [%)].

In light of the results obtained, it can be concluded that the
parameters of the numerical simulator were correctly selected
and that they can be used in the process of optimizing the
arrangement of goods in the warehouse zone of the iZMS
cluster.
The analysis of the conducted research, including both the
results and the computational environment, determines the path
of further proceedings. The MATLAB environment is perfect
for rapid prototyping, but unfortunately, it is not
computationally efficient. Switching to another programming
language would speed up the simulation. Preliminary tests
conducted on the alpha version of the simulator written in
C/C++ allowed for a 10-fold acceleration and, at the same time,
generating a larger space in which there can be more optimally
good solutions to the task of arranging goods on warehouse
shelves. Alternatively, we can assume that the space of good
solutions to the optimization task is sufficient and consider
using a processor with less computing power but greater energy
efficiency.

Due to the purpose of building the simulator, which was

primarily to represent the time parameters related to the

movement of goods from cells to the basket at a high level, its
memory requirements are very small. Therefore, there is no risk
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that the target computing computer will need to be equipped
with a large amount of RAM.

It should be emphasized that the reproduction of the operation
of a specific physical prototype of the warehouse and the
maintenance of time regimes in this particular case is only
laboratory confirmation. At the current stage of project
implementation, a verified method of procedure that should be
used in the target solution is important.

7. FURTHER WORK

The hardware (warehouse) and software (simulator) solutions
presented in this article are their laboratory versions, intended
for preliminary tests performed in the first stages of the project.
The next stages concern the development of further versions
and ultimately the development of a device that will be ready
for implementation in the leading retail chain in Poland.
Therefore, intensive work is currently underway, the foundation
of which is the conclusions and experience resulting from
testing the laboratory versions. Finally, a family of warechouses
will be created for the automatic sale of goods with a distributed
control system and integrated with a calculation module that
allows for the optimization of the arrangement of goods on
shelves in order to obtain the minimum sales time for the most
frequently purchased goods.

At the time of writing this paper, a new version of the iZMS
system was created, which allowed us to revise the adopted
assumptions regarding, among others, mechanical systems that
were simplified by building prototypes. The variety of modules
has also been reduced. Thus, the next version of the simulator
will be slightly simplified, leading to faster calculations.
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